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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 Journal will publish accounts of original research in general microbiology, i.e. the study of bacteria, 
microfungi, microscopic algae, protozoa, and viruses in their biological activities and, more particularly, 
the fundamental aspects of the study of these forms, including structure, development, physiology, 
genetics, cytology, systematics and ecology. Writers of papers on a specialized aspect of their subject 
should describe their work so that its relevance to their own science and to microbiology in general will 
be apparent to readers who may be unfamiliar with the particular aspect.

THE PREPARATION OF PAPERS
‘Easy writing’s curst hard reading.’—Richard Brinsley Sheridan.
‘Easy reading’s curst hard writing.’— The Editors, J . gen. Microbiol.

The Editors wish to emphasize ways in which contributors can help to avoid delays in publication.
(1) Papers must be written in English with the utmost conciseness consistent with clarity. The best 

English for the purpose of the Journal is that which gives the sense in the fewest short words.
(2) A paper should be written only when a piece of work is rounded-off. Authors should not be seduced 

into writing a series of papers on the same subject seriatim  as results come to hand. It is better, for many 
reasons, to wait until a concise and comprehensive paper can be written.

(3) Authors should state the objects they had in view when the work was undertaken, the means by 
which they carried it out and the conclusions they draw. A section labelled ‘Discussion’ should be strictly 
limited to discussing, if this be necessary, and not to recapitulating. Many papers when first sent to the 
Journal are too long for the crucial information they contain. It is unnecessary to describe preliminary or 
abortive experiments.

(4) Figures and tables should be selected to illustrate the points made, to summarize, or to record 
important quantitative results. Well-designed tables or graphs should need little explanatory letterpress. 
Photographs or drawings should not be submitted unless they illustrate facts that cannot be conveniently 
described in the text.

(5) Authors should remember that in preparing their typescript they are giving instructions to the 
printer (about layout, etc.), as well as attempting to convey their meaning to their readers. The latter 
object will be the better attained the more carefully authors consider how their typescripts will be 
converted to the printed page. Ink corrections on a typescript greatly prolong the type-setter’s work; 
the final version of a paper must if necessary be retyped to provide a clean copy for the printer. Type­
scripts which do not conform to the conventions of the Journal will be returned to authors for revision.

(6) Special attention should be given to the details below in ‘Directions to Contributors’. Strict 
observance of these requirements will help to shorten the interval between the receipt of a paper and its 
publication. Where relevant the ‘Suggestions to Authors, Symbols and Abbreviations and Notes on Usage 
and Conventions’ published in the Biochemical Journal (1957), 66 ,1-16  should be followed. The pamphlet, 
General Notes on the Preparation of Scientific Papers, published by the Royal Society, Burlington House, 
Piccadilly, London, W. 1 (2s. 6d . ; post free, 2s. 9d. )  will be found useful.

Editors do not alter authors’ typescripts except to increase clarity and conciseness, or to bring them 
into line with the Journal's conventions. If an editorial alteration changes an author’s meaning one 
implication is that it was expressed ambiguously. When an editor can grasp the meaning of a sentence 
unequivocally it may be assumed that anyone can.

DIRECTIONS TO
Communications. Papers submitted for publication 
should be sent to A. F. B. Standfast (The Journal of 
General M icrobiology), Lister Institute of Preventive 
Medicine, Elstree, Hertfordshire, England. Communi­
cations about offprints should be addressed to The 
University Press, Cambridge.
General. Submission of a paper to the Editors will be 
held to imply that it reports unpublished work, that it 
is not under consideration for publication elsewhere, and 
that if accepted for the J ou rn a l it will not be published 
again in the same form, either in English or in any other 
language, without the consent of the Editors.
Form of Papers Submitted for Publication. The 
onus of preparing a paper in a form suitable for sending

CONTRIBUTORS
to press lies in the first place with the author. Authors 
should consult a current issue in order to make them­
selves familiar with the Journal's typographical and 
other conventions, use of cross-headings, layout of 
tables, etc.

Papers should be headed with the title of the paper, 
the names of the authors (male authors use initials, 
female authors use one given name in full) and the name 
and address of the laboratory where the work was 
performed.

A paper should be submitted in double-spaced typing 
(top copy) with a 1̂  in. left-hand margin, and on paper 
suitable for ink corrections. The paper should in general 
be divided into the following parts in the order 
indicated: (a) Summary:brief and self-contained; (6)



Introduction; (c) Methods; (d) Results (illustrative 
protocols only should be included); (e) Discussion (if 
any), and general conclusions; ( /)  acknowledgements; 
(g ) References.

Tiie position of Tables and Figures should be indicated 
in the typescript.

Typescripts should carry the name and address of the 
person to whom proofs are to be sent, and a shortened 
version of the paper’s title, not exceeding forty-five 
letters and spaces in length, suitable for a running ti'.le 
in the published pages of 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 of 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 i l.  
1944); but papers with more than four authors may be 
cited, e.g. (Cobley et al. 1940) in the first instance. Wilt re 
more than one paper by the same author(s) has appeared 
in one year the references should be distinguished in the 
text and the bibliography by the letters a, 6, e'c. 
following the citation of the year (e.g. 1914a, 19146, or 
1914a, 6).

References at the end of the paper should be given in 
alphabetical order according to the name of the first 
author of each publication, and should include the title 
of the paper. Titles of journals should be abbreviated in 
accordance with the W orld  L is t o f  Scientific P criodica's, 
4th edn. (1963). References to books and monographs 
should include year of publication, title, edition, town of 
publication and publisher, in that order. I t is the duty  
o f the author to check his references and see that the 
correct abbreviations are used.
Illu stra tions. Illustrations and diagrams should je  
approximately twice the size  o f  the fin ish ed  block, each on 
a separate sheet, bearing the author’s names, short title 
of the paper and Plate or Figure numbers on the back. 
Diagrams should be drawn in indian ink on plain wliite 
paper, Bristol board, fainly 61«e-Iined paper, or tracing 
linen (but not plastic tracing linen) with letters, 
numbers, etc. written lightly in pencil. Lettering should 
be clear of the diagram and indicate by blue pencilled 
lines the desired position. Caption and legend should 
be typed on a sheet separate from the illustration and 
numbered to correspond. Drawings and photographs 
should include a statement of magnification. Photo­
graphs should be well-contrasted prints on glossy paper, 
and should be chosen for size and number, bearing in 
mind layout on the finished Plate; layout should be 
indicated. Coloured plates must be paid for by the 
author.
Tables. Tables should carry headings describing their 
content and be comprehensible without reference to the 
text. Each table should be typed on a separate she;t 
and its approximate position in the text indicated on 
the typescript.
Sym bols and A bbreviations. Authors should refer to 
current issues of The J ou rn a l o f  General M icrobiology for 
information in this connection. Attention is particularly 
drawn to the following points: degrees Centigrade are 
written, e.g. 100°, not 100° C.; hr, min., sec. (singular 
and plural); M =  molar; m (milli-) =  10-s and p  
(micro-) =  10—B; ml. (millilitre) should be used instead 
of c.c., and fig. (microgram) instead of y \  N =  normal 
(of solutions); No. or no. =  number. Ratios should be 
written 1:10; dilutions, 1/10.

Chem ical Form ulae. These should be written as far 
as possible on one line. The chemical nomenclature 
adopted is that followed by the Chemical Society 
(J. chem. Soc. 1936, p. 1067). With a few exceptions the 
symbols and abbreviations are those adopted by a 
committee of the Chemical, Faraday, and Physical 
Societies in 1937 (see J . chem. Soc. 1944, p. 717). Care 
should be taken to specify exactly whether anhydrous 
or hydrated compounds were used, i.e. the correct 
molecular formation should be used, e.g. CuSO,, 
CuS04.II20  or CuSOj.SIIjO.

D escription of Solutions The concentrations of solu­
tions are preferably defined in terms of normality ( n ) or 
molarity (m ). The term ‘ % ’ must be used in correct 
sense, i.e. g./lOO g. of solution. For ‘per cent of volume’, 
i.e. ml./lOO ml., the term ‘ % (v/v)’ should be used, and 
for weight of a substance in 100 ml. of solution, the 
term ‘ % (w/v)’.
P rop rie ta ry  Substances and M ateria ls. At first 
mention, the correct designation of a manufacturer 
should be given in the text, with address to enable other 
workers to obtain the product mentioned.
N om enclature of Amino Acids and V itim ins. The 
rules published in the Biochem ical Jou rn al (1952), 52, 
1-2, should be followed.
N om enclature and D escriptions of M icro­
organism s. Binomial Latin names of micro-organisms, 
the generic name only with a capital, must be used in 
accordance with International Rules of Nomenclature; 
in full a t the first mention in each paragraph and in the 
Summary but in subsequent mention with the generic 
name abbreviated. Single initial letter abbreviations are 
used where they are not ambiguous. Binomials should 
be underlined in the typescript. Scientific epithets or 
trivial names are not underlined and should be without 
capitals.

Descriptions of new species of cultivable microbes 
should not be submitted unless an authentic specimen 
of a living culture has been deposited in a recognized 
culture collection.

The word ‘generation’ should not be used synony­
mously with ‘subculture’. For an agreed use of terms 
like strain, type, variant, phase, etc., see the Inter­
national Bacteriological Code of Nomenclature, Sec­
tion 1, Rules 7 and 8.

Except for good reasons, micro-organisms should be 
designated by the names used in the works listed below. 
When other authorities are followed, they should be 
cited whenever obscurity might result from their use. 
M i c r o f u n g i . A insw orth  & B isby 's D ic tion ary  o f  the 

F un gi, 1961, 5th ed. (Kew: Commonwealth Myco- 
logical Institute.)

P l a n t  p a t h o g e n ic  f u n g i  a n d  p l a n t  d i s e a s e s . L is t o f  
Com mon B ritish  P lan t D iseases, 1944. (Cambridge 
University Press.)

P l a n t  v i r u s e s  a n d  v ir u s  d is e a s e s  (1957). R ev. a p p l. 
M ycol. 35, Suppl. 1-78.

B a c t e r ia . Author’s preferences in naming are a t present 
accepted provided that the designation is unambi­
guous and conforms with the International Bacterio­
logical Code of Nomenclature (1949; J . gen. M icrobiol. 
3, 444) and the Opinions issued by the International 
Committee on Bacteriological Nomenclature. If 
desired, a synonym may be added in brackets when 
a name is first mentioned.
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Characteristics and Identification of Oxidative Pseudomonads 
Isolated from Diseased Fish

B y  G. L . B U L L O C K , S. F . S N IE S Z K O  a n d  C. E . D U N B A R

B ureau  o f  Sport F isheries and W ildlife , E astern  F ish  Disease 
Laboratory, Leetown (P .0 . K earneysville), TF. Va., U .S .A .

(Received 14 A ugust 1964)

SUMMARY

Several characteristics of 20 strains of oxidative pseudomonads, all but 
one of which were isolated from freshwater fish, were determined. All 
strains oxidized glucose and gluconate, produced N H 3 from 1 %  peptone, 
grew at 6, 12, 20 and 30° and produced cytochrome oxidase. Lipase wTas 
produced by 17 of the strains, while 15 produced gelatinase, and 16 produced 
fluorescent pigment. These and other characteristics used to identify fish- 
spoilage pseudomonads are also useful for identification of fish-pathogenic 
pseudomonads. Species determinations from the present data were not 
attempted. However, from previously published data on spéciation of 
Pseudom onas, most of the 20 strains appeared to be closely related to or 
identical with P . JIuorescens.

INTRODUCTION

Pseud omonads, which usually oxidize carbohydrates and produce fluorescent 
pigment, have been reported as causing diseases in warm-water and cold-water 
fish (Wolf, 1937; Rucker & Whipple, 1951; Rucker, Earp & Ordal, 1954; Schaper- 
claus, 1954; Seaman, 1951). The identification and separation of these organisms 
from the closely related aeromonads is desirable for diagnosis of the diseases and 
proper control measures. Current methods used for identification of these pseudo­
monads lack the precision needed for separation of closely related species or strains 
isolated from diseased fish. Recent studies on the taxonomy of the genus Pseudo­
m onas have shown the inadequacies of the present classification (Rhodes, 1959; 
Colwell & Liston, 1961). Often spéciation within the genus has been a matter of 
personal opinion, or has been based on particular tests considered important by 
the investigator. This situation is by no means limited to pseudomonads, since one 
has only to look to the closely related aeromonads to find the same disagreement on 
spéciation (Ewing, Hugh & Johnson, 1961; Eddy, 1960, 1962). Sneath (1957o, b) 

stated that many schemes of taxonomy are catalogues rather than true classifica­
tions, and he discussed a computer method for comparing organisms for overall 
similarity. This method has been applied to several groups of bacteria including 
those in the genus Pseudom onas (Rhodes, 1961; Colwell & Liston, 1961; Lysenko,
1961). In our opinion the computer analysis method while having limitations is a 
sound and objective approach, which promises improvement in bacterial classifica­
tion. The present work was undertaken for two reasons. First, it was desirable to 
determine the degree of homogeneity of characteristics of the oxidative pseudo-

V ol. 37, X o . 3 zcas issu ed  29 J a n u a ry  1965
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monads isolated from diseased fish, and secondly it was hoped that, by the use of 
some of their characteristics, better methods of identification of fish-pathogenic 
pseudomonads could be established.

2  G . L . B u l l o c k , S . F .  S n i e s z k o  a n d  C . E .  D u n b a r

M E T H O D S

S e le c tio n  o f  cu ltu re s . The cultures used in this study (Tabic 1) were Gram-negative, 
polarly flagellate rods. With the exception of the two ATCC strains, all cultures came 
from this laboratory’s collection, and all except no. 80 were isolated from fish, most 
of which were diseased. Culture no. 80 was included because it was isolated from 
a cold-blooded vertebrate. Characteristics of many of the cultures had been pre­
viously studied but not reported. To obtain the characteristics of the strains near 
the time of isolation, lyophilized cultures were used except in the case of the two 
ATCC strains and the most recent isolates p - 1 ,  p - 2 ,  p -3. T o  ensure purity, all test 
strains were streaked twice before use.

Table 1. S tr a in s  o f  p se u d o m o n a d s  used

O r ig in a l  s o u rc e  o r  s o u rc e  o f  i s o la t io n

A m e r ic a n  T y p e  C u l tu r e  C o lle c tio n

D r  T r o u tm a n ,  O h io  
Q u i tm a n ,  T e x a s
B r o o k  t r o u t  (Salvelinus fontinalis), B e r lin ,  N .H .
Pseudomonas n o . 2 8 , D r  R .  R .  R u c k e r ,  S t a t e  o f  W a s h in g to n  
P is g a h  F o r e s t  H a tc h e r y ,  N o r th  C a ro lin a  
A d u l t  b ro o k  t r o u t  (.S', fontinalis)
B r o o k  t r o u t  f in g e r l in g  (S. fontinalis), L e e to w n , W e s t  Y a . 
Pseudomonas D r  R .  R .  R u c k e r ,  S t a t e  o f  W a s h in g to n  
D r  P r e v o s t ,  C a n a d a
P u r p l e  s a la m a n d e r  ( Ambystoma s p .) ,  L e e to w n , W e s t  V a .
B la c k  d a c e  (Rliinichthys atratulus), L e e to w n , W e s t  V a .
S p i r i t  L a k e ,  Io w a
F a th e a d  m in n o w  (Pimepludcs promelas), T e n n e s s e e  
B ro o k  t r o u t  b ro o d  s to c k  (S. fontinalis), S p r in g  R u n  T r o u t  

H a tc h e r y ,  P e te r s b u r g ,  W e s t  V irg in ia

C h a ra c ters  e x a m in e d .  Unless otherwise stated, a ll the following tests were 
repeated, a ll media steam sterilized, and a ll cultures incubated at 20-22° for 1 week.

1. Cell form and Grant reaction of 18-24 hr nutrient agar cultures.
2. Flagellation; Novel’s (1939) staining method was used.
3. Hydrogen sulphide in M otility Sulfide Medium (D ifco; Difco Laboratories, 

Detroit, M ichigan, U .S.A .).
4. Nitrate reduction in nutrient broth containing 0-1 %  (w/v) KNOs; zinc powder 

(ZoBell, 1932) was used to detect false negatives. Tested after 1, 2, 7 days.
5. M R-VP in M R-VP (Difco) Broth. V P  test performed after 48 hr and 1 week.
6. Gelatinase by Sm ith’s m odification of Frazier’s technique in the M a n u a l o f  

M ic ro b io lo g ic a l M e th o d s  (1957).
7. Lecithinase in e g g  yolk agar; method and medium as in the M a n u a l o f  

M ic ro b io lo g ic a l M e th o d s  (1957).
8. Levan production on nutrient agar containing 4 %  (w/v) sucrose (Klinge,

1960). A thick slimy growth was considered positive for levan production.

D e s ig n a t io n

P. fluorescens 
n o s .  1 1 2 5 0 ,  1 2 6 3 3  

1 ,  2 .  3  

7  

11 
21 
2 2  b 
3 7  

4 9

5 0 , 51 
06  
8 0  
81
86 , 87 , 88
P - 1

P - 2 ,  p - 3



9. Ammonia production as indicated by increased alkalinity of 1 %  (w/v) peptone 
broth containing pH indicator.

10. Indole production in 1 %  (w/v) tryptone broth by the method of Kovacs, 
as in the M a n u a l  o f  M ic ro b io lo g ic a l M e th o d s  (1957).

11. H ydrolysis of starch in nutrient a g a r  containing 0-2%  (w /v) soluble starch. 
Medium flooded w ith Lugol’s iodine solution after incubation.

12. Oxidation of glucose in O /F Basal Medium (Difco) containing 1 %  (w/v) 
glucose. This commercial medium is almost identical with the medium of Hugh & 
Leifson (1953).

13. Production of fluorescent pigment was tested on Pseudomonas F  Agar 
(Difco) slopes. This commercial medium is designed to enhance fluorescin produc­
tion by Pseudomonas. Fluorescence was tested by exposing inoculated slopes to 
ultraviolet radiation after 24-48 hr incubation. Lyophilized cultures and the same 
cultures which had been kept for 10 years in stock culture were tested.

14. G ro w th  a t d iffe ren t te m p e ra tu re s . All cultures were tested for ability to grow 
at 0, 6, 12, 20, 30, 37 and 42°. The preparation of inocula was a modification of 
Klinge’s (1960) method in that, for each culture tested, a 1/100 dilution, in 0 -8 5% 
(w/v) sterile saline, was made from a 24 hr turbid broth culture. After shaking, 
0-1 ml. of the dilution was inoculated into each tube of nutrient broth, which con­
tained 5 ml. broth. Inoculated and control tubes were placed in covered pans of 
water at the indicated temperatures. Glycerol was added to the pan water at 0° to 
keep the water from freezing. Temperatures were checked at least twice a day during 
the 2-week incubation period and did not fluctuate more than 0-5-1-0°. It  took 
30-45 min. from the time the first tubes of a series were inoculated until all tubes 
of that series had reached proper temperature. Results were recorded daily for 
the first week and three times during the second week. Growth was measured by 
visually comparing turbidity of inoculated tubes with uninoculated controls. Tubes 
were net removed from the incubator for more than 5 min. to record results. 
Ability to grow at 6, 12, 20 and 30° was determined once, while ability to grow at 
0, 37 and 42° was determined twice.

15. Lipase was demonstrated b y: (a )  clearing of 1 %  (v /v ) trib u tyrin  in nutrient 
agar; (b )  change in colour of pH  indicator in Rhodes (1959) medium substituting 
peanut oil for olive oil.

16. The presence of cytochrome oxidase was examined by the method of Ew ing 
& Johnson (1960).

17. The oxidation of gluconate was determined in the medium of Haynes (1951) 
w ith the exception that 2 %  (w /v) peptone was substituted for tryptone. The basal 
medium was autoclaved, and 0-5 ml. of a 40-0 %  (w /v) Seitz-sterilized potassium 
gluconate solution was added to a final concentration of 4 %  (w /v). The inoculated 
medium was shaken twice by hand during incubation. Presence of reducing com­
pounds was tested w ith Benedict’s qualitative reagent.

O x id a t iv e  p s e u d o m o n a d s  f r o m  f i s h  3

R E S U L T S

Of the 20 pseudomonads isolated from fish and one salamander, 15 of the strains 
showed positive reactions for 12 of the 22 applied tests (Fig. 1). Reactions of the 
strains to the other tests listed in Fig. 1 ranged from 11 to none positive. Detailed
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results of all individual strain reactions are given in Table 2. Flagellar stains 
indicated most strains were lophotriehous but a few appeared monotrichous. Also 
the oxidative carbohydrate metabolism of the test strains was confirmed in O/F 
Basal Medium (Difco) containing 1 %  glucose. Although the two ATCC strains were 
similar in their reactions to the test strains, they did differ in lipase production and 
gluconate oxidation. Also, neither produced gelatinase, which, according to B e rg e y 's  
M a n u a l  (1957), is typical for P se u d o m o n a s  f lu o re sc e n s . It  was also found that, when 
Pseudomonas F  Agar (Difco) was used, fluorescence was not lost after repeated 
subcultivation.

G . L . B u l l o c k , S . F .  S n i e s z k o  a n d  C . E .  D u n b a r

Oxidation of glucose 
Cytochrome oxidase 
NH3 from 1 % peptone 
Growth at 6, 12, 20, 30°
Oxidation of gluconate 
Lipase—peanut oil 

Lipase—tributyrin 

Fluorescence 

Gelatinase 

Growth at 0°

Lecithinase 

Nitrate reduction 

Levan production 

Growth at 37°

Growth at 42°

MR-VP, indole 

Amylase, H2S

0 2 4 6 8 10 12 14 16 18 20

N o . p o s i t iv e  s t r a in s

F ig . 1. N u m b e r  o f  P s e u d o m o n a s  s t r a in s  f ro m  fish  a n d  o n e  s a la m a n d e r  h a v in g  p o s i t iv e  
r e a c t io n s  w i th  t h e  a p p l ie d  te s t s .

D IS C U S S IO N

The pseudomonads isolated from diseased fish used in the present study represent 
a fairly  homogeneous group, especially in those characteristics norm ally used for 
identification, nam ely polar flagellation, fluorescence, carbohydrate metabolism 
and cytochrome oxidase reaction. These and other criteria were used by Shewan, 
Hobbs & Hodgkiss (1900 c/, b) to identify and group the very im portant pseudo­
monad spoilage organisms of marine fish. The scheme of B ullock (1961) used to 
identify fish pathogens also incorporates some of these characteristics for Pseudo­
monas identification. However, in  this scheme a peptone basal medium +  carbo­
hydrate was used to determine carbohydrate metabolism and the more definite 
O /F Basal Medium (D ifco) -f carbohydrates is now preferred. A further comparison 
of fish-pathogenic and fish-spoilage pseudomonads would place the pathogens studied 
into groups I  and I I  of Shewan e t a l. (1960a) and, since 16 of the 20 strains
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produced fluorescent pigment, mainly in group I. Organisms producing an alkaline 
or no reaction in the medium of Hugh & Leifson (1953) and corresponding to groups 
I I I  and IV  (Shewan e t  a l . 1960 a )  are rarely encountered as pathogens of fish and 
are of no practical importance in this field.

While speciation was not an aim of this work it may be possible on the basis of 
growth at various temperatures more closely to define our strains. The ability to 
grow at 42° is considered an important feature in the separation of P s e u d o m o n a s  

a e r u g in o s a  from other P s e u d o m o n a s  species (Haynes, 1951; Klinge, 1960; Haynes & 
Rhodes, 1962). Haynes & Rhodes (1962) recommended three successive transfers 
for determining growth at 42°. This was not used in the present work, but since after 
two attempts no strain was found to grow at 42° and only two strains grew at 37°, 
it is unlikely that P .  a e r u g in o s a  plays an important role in diseases of freshwater 
fish. We are mainly concerned with psychrophilic pseudomonads, which are identical 
with or closely resemble P .  f iu o r e s c e n s .

The authors wish to thank Dr K . E . Wolf of this laboratory for his critical review 
of the manuscript and many helpful suggestions.
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The Influence of Previously X-irradiated Aqueous Solutions 
on the Infectivity of the Viruses of Foot-and-Mouth 

Disease and Vesicular Stomatitis

B y  C. D. JOHNSON*

R esea rch  In s t i tu te  ( A n im a l  V iru s  D ise a se s) , P irb r ig h t, S u r r e y  

(R ece ived  16 A p r i l  1964)

S U M M A R Y

The inactivation of foot-and-mouth disease virus and vesicular stomatitis 
virus by long-lived inactivating agents in X-irradiated buffer solutions 
was investigated and compared with the findings of Alper (1952, 1955, 
1956) relating to the inactivation of bacteriophage by similar agents. A 
comparison is made between the effects of these inactivating agents and of 
hydrogen peroxide to which there is a resemblance. Possible reaction 
kinetics are discussed in an attempt to explain the form of the survival 
curves resulting from such inactivation reactions. The radiation sensitiza­
tion of the viruses to these modes of inactivation is also described and 
discussed.

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

Inactivation of bacteriophage by the long-lived products in X-irradiated aqueous 
solutions was reported by Alper (1952, 1955, 1956). She showed that the inactiva­
tion of dilute suspensions of bacteriophage in pre-irradiated buffer solutions could 
not be attributed entirely to the action of formed hydrogen peroxide and that phage, 
irradiated but still infective, was more susceptible to subsequent inactivation by 
hydrogen peroxide or by pre-irradiated buffer solution. During investigation of the 
indirect action of X-irradiation on certain animal viruses a similar behaviour was 
observed and the results so obtained can be partly explained in terms of reactions 
at the surface of the virus particle.

M E T H O D S

V iru s e s  u se d . Foot-and-mouth disease virus of two immunological types was 
used: type C strain 997 and type O strain M. 11 (Davie, 1962). Vesicular sto­
matitis virus of the Indiana type, strain Indiana c-, was also used for comparative 
studies in many experiments.

The foot-and-mouth disease virus was obtained either from the lesions produced 
following the intradermal inoculation of the plantar pads of guinea pigs or by the 
propagation of virus on cell monolayers grown from pig kidney (Sellers, 1955) or 
from a cell line derived from baby hamster kidney (Mowat & Chapman, 1962; 
Capstick, Telling, Chapman & Stewart, 1962). In general the 25 m /t  infective 
component of these virus preparations was separated and concentrated by ultra­
centrifugation (Bradish, Brooksby, Dillon & Norambuena, 1952) for use in these 
experiments. This treatment also decreased the concentration of non-viral protein 

* P r e s e n t  a d d r e s s :  J .  J .  T h o m s o n  P h y s ic a l  L a b o r a to r y ,  U n iv e r s i ty  o f  R e a d in g .
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in the samples. The virus suspensions required for experiment were made up in 
0-04M-phosphate buffer (pH 7-6), or OTM-ammonium bicarbonate adjusted to 
pH 7-6 by acetic acid.

Vesicular stomatitis virus was grown on the chorioallantoic membranes of 7-day 
developing chick embryos. A ll data in the text refer to experiments with pooled 
allantoic and amniotic fluids collected 24 hr after inoculation from batches of about 
thirty eggs. Because of the sensitivity of vesicular stomatitis virus to light (Skinner 
& Bradish, 1954) exposure to light was minimized when handling this virus. The 
experimental procedure was tested in this respect by using suitable virus controls 
which were exposed to the same illumination as the virus samples in the main 
experiment. No significant loss of infectivity was observed in these control samples.

T itr a tio n  o f  in fe c t iv i ty .  The infectivities of suspensions of foot-and-mouth disease 
virus were estimated by intraperitoneal inoculation of series of tenfold dilutions into 
groups of five to ten unweaned mice (Skinner, 1951) or by plaque counts of tenfold 
dilutions on pig kidney cell monolayers (PK monolayers, Sellers, 1955) or on baby 
hamster kidney cell monolayers (B H K  monolayers, Capstick e t a l .  1962). A standard 
inoculum volume of 0-3 ml. was used in the plaque count technique.

Fo r titration of suspensions of the viru s of vesicular stom atitis in mice the in tra­
cerebral route of inoculation was used, otherwise the methods of titration were the 
same as for suspensions of foot-and-m outh disease virus. The results to be described 
showed no significant dependence on the method of infectivity titration.

In  these studies of inactivation the in itia l infectivity ( F 0) and the virus infectivity 
V  survivin g  a certain inactivation process were the quantities measured. F o r in ­
fectivities measured in  mice, V  is the reciprocal of the 5 0 %  end-point dilution 
calculated according to Reed & Muench (1938). F o r infectivities measured by 
plaque assay, V  is the number of plaque-form ing units counted per 0-3 ml. in ­
oculum . The fraction of infectivity surviving, V / V0, is used to express the degree of 
inactivation.

E s tim a tio n  o f  h yd ro g en  p e ro x id e .  Hydrogen peroxide (British Drug Houses Ltd. 
Laboratory reagent grade) was used throughout this work. The starch iodide test 
was used for the detection and determination of hydrogen peroxide at concentra­
tions 1 0 _3 j i  or less (Savage, 1951). A solution of starch +  potassium iodide was 
added to the samples containing hydrogen peroxide and the colour intensity of the 
blue starch +  iodine complex so formed was compared with that of a colour standard 
produced by adding starch +  potassium iodide to known quantities of hydrogen 
peroxide. This standard was based upon previous titration of hydrogen peroxide 
against standard ceric sulphate solution. The extinction coefficients were measured 
on the Coleman Junior Spectrophotometer at 550 m/t.

X - ir r a d ia t io n .  A ll aqueous solutions, including those containing virus, were X - 
irradiated in  closed metal containers lined w ith borosilicate glass. D uring irrad ia­
tion the samples were m aintained at temperatures between 0° and 5°. A  Raym ax 
150 industrial X -ra y  unit (m anufactured by Associated E lectrical Industries, 
London) was used as the source of X -radiation. A ll irradiations were made w ith an 
accelerating voltage of 150 kY p applied to the X -ray  tube and w ith 0-5 mm. 
duralum inium  beam filtration in addition to that provided by the X -ra y  tube 
window. This resulted in a beam having a first half-value-layer thickness of 
0-5 mm. Cu.
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Irrad iation dose rates were 1200 or 3000 r./m in. according to the specimen con­
tainer ir. use. The standard of dose was the ferrous sulphate dosimeter modified by 
the addition of sodium chloride (W eiss, A llen & Schwarz, 1955).

Because of the proximity of the specimen containers to the X -ray  tube anode 
there was considerable variation of dose rate with depth within the specimen. Thus 
under the worst conditions within a specimen depth of 1 cm. at 5 cm. mean distance 
from the focal spot, the difference in dose rate between the top and bottom of the 
sample on account of the inverse square law was 4 0 %  of the value at the mean 
position. Consequently the doses and dose rates quoted in the text refer to mean 
values derived from measurements of the total dose delivered to a volume of 
ferrous sulphate irradiated under geometrical conditions identical with those used 
in the irradiation of virus or other samples.

R E S U L T S

Suspensions of foot-and-m outh disease virus and vesicular stom atitis virus were 
readily inactivated by pre-irradiated buffer solutions provided that the concentra­
tion of viru s and of non-viral protein or other protective agent was sufficiently low. 
The same is true of the inactivation of these viruses by hydrogen peroxide. The 
following features of these reactions were observed.

Inactiva tion  in  pre-irradiated buffer

Pre-irradiated samples of 0-04 M-phosphate buffer, 0-005 M-phosphate buffered 
saline and 0-lM-ammonium bicarbonate all at pH  7-6 were capable of inactivating 
virus to about the same extent. Also, when triple-distilled water was irradiated and 
then added to 0-4M-phosphate buffer solution so as to produce 0  0 4 m  final concen­
tration at p H  7-6, this buffer inactivated virus in a similar manner. Over the 
reaction times involved in these experiments, normally up to 3 hr, the virus sus­
pensions showed no significant decrease of infectivity when mixed with non- 
irradiated buffer solutions; typical survival curves are shown in Fig. 1. A total of 
twenty-eight such curves was obtained for various buffer solutions, virus types and 
irradiation doses, and all were characterized by a slope which decreased con­
tinuously with increasing reaction time.

The overall inactivation of a virus suspension for a fixed time in a sample of pre- 
irradiated buffer solution was found to depend upon the concentration of virus +  
residual non-viral protein present in  the reaction m ixture. This is shown in Fig . 2 in 
which the extent of inactivation of viru s samples of different concentration by 
identical volumes of irradiated phosphate buffer is related to the concentration of 
viru s used. A sim ilar dependence upon viru s concentration was shown when the 
inactivating agent was hydrogen peroxide.

Protection effects

Protein or other protective agents such as glutathione or thiourea, in the absence 
of any toxic effects, decreased the rate of inactivation of virus infectivity in pre- 
irradiated buffer solution. When present in sufficiently high concentrations, these 
agents annulled any observable inactivation. This effect is shown in  Table 1 which 
relates to the inactivation of vesicular stom atitis viru s by pre-irradiated phosphate

P o s t - i r r a d i a t io n  in a c t i v a t io n  o f  v i r u s e s
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buffered saline. The infectivity remaining after reaction for 2 hr at 4C in the presence 
of different concentrations of peptone increased with the concentration of peptone. 
At peptone concentrations in excess of 1 g./l. no significant inactivation was 
detected. Thus a convenient method of studying reaction rates is to take samples 
from the reaction mixture at appropriate times and to stop the reaction in these

R e a c t io n  t im e  (h r)  

F ig .  1

F ig . 1. T y p ic a l  s u r v iv a l  c u r v e s  fo r  t h e  in a c t iv a t io n  o f  f o o t - a n d - m o u th  d is e a s e  (F M D ) 
a n d  v e s ic u la r  s to m a t i t i s  (V S ) v i r u s e s  b y  X - i r r a d i a t e d  b u f fe r  s o lu t io n s .  I r r a d i a t i o n  
d o s e  =  3 0 ,0 0 0  r . • ,  I n a c t i v a t i o n  o f  F M D  v ir u s  b y  i r r a d i a t e d  O lM - a m m o n iu m  b i ­
c a r b o n a te  b u f fe r .  O ,  I n a c t i v a t i o n  o f  F M D  v i r u s  b y  i r r a d i a t e d  0 -005  M -p h o s p h a te  
b u f fe re d  s a l in e . Q ,  I n a c t i v a t i o n  o f  V S  v i r u s  b y  i r r a d i a t e d  0 -005  M -p h o s p h a te  b u f fe re d  
s a l in e . A ll  t i t r a t i o n s  o f  i n f e c t iv i t y  o n  p ig  k id n e y  c e l l  m o n o la y e r s .

F ig . 2 . I n a c t i v a t i o n  o f  v a r io u s  c o n c e n t r a t io n s  o f  f o o t - a n d - m o u th  d is e a s e  v i r u s  i n  h y d r o ­
g e n  p e r o x id e  a n d  p r e - i r r a d i a t e d  b u f fe r  s o lu t io n s .  C o n s t a n t  r e a c t io n  t im e  o f  3 h r  a t  4 ° . 
I n f e c t iv i t i e s  t i t r a t e d  o n  p ig  k id n e y  c e ll m o n o la y e r s .  A , I n a c t i v a t i o n  in  10~3-5M -h y d ro g e n  
p e r o x id e ;  B , i n a c t iv a t io n  in  0 -0 4 M -p h o s p h a te  b u f fe r  i r r a d i a t e d  f o r  30  m in . a t  3 0 0 0 r . /m in . ; 
C , in a c t iv a t io n  in  10~ 3-°M -h y d ro g en  p e ro x id e .

Table I. D epression o f  in fec tiv ity  o f  vesicular stom atitis v irus in  egg flu id s  titrated  
on p ig  k idney  cell monolayers fo llow ing  reaction fo r  3 hr with pre-irradiated phosphate  
buffered saline in  the presence o f  various concentrations o f  peptone at p H  7-6

C o n c e n t r a t io n  o f  
p e p to n e  in  b u f fe r

g-/l-
100

30
10

3
1
0  1 
0-01 

N il

S u r v iv in g  f r a c t io n  
o f  in f e c t iv i ty

v /v 0
0  95  
M O  
1-00 
1-05 
0-95 
0-8 
0-55  
0 1 0
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samples by the addition of an equal volume of, say, a peptone solution at a concen­
tration of 10 g./l. (pH 7-6). The whole set of samples may then be titrated for in- 
fectivity at the termination of the reaction.

Rates o f inactivation

Apart from the dependence upon concentration of reactants the rate of inactiva­
tion of the viruses in pre-irradiated buffer solutions was found to increase with the 
temperature of the reaction mixture and to decrease with the quantity of air or

P o s t - i r r a d i a t io n  in a c t i v a t io n  o f  v i r u s e s

F ig .  3  F ig .  4

F ig . 3 . I n a c t i v a t i o n  o f  v e s ic u la r  s to m a t i t i s  v i r u s  b y  p r e - i r r a d i a t e d  p h o s p h a te  b u f fe r  
s o lu t io n s .  A , b u f fe r  X - i r r a d i a t e d  in  f ro z e n  s t a t e  a t  —6 0 “ f o r  30  m in . a t  3 0 0 0 r . / m i n . ;
B , b u f fe r  s o lu t io n  i r r a d i a t e d  i n  l iq u id  s t a t e  f o r  30  m in . a t  3 0 0 0  r . /m in .

F ig . 4 . I n a c t i v a t i o n  o f  v e s ic u la r  s t o m a t i t i s  (V S ) v i r u s  in  i r r a d i a t e d  p h o s p h a te  b u f fe re d  
s a l in e  (O )  a n d  in  a  s o lu t io n  o f  h y d r o g e n  p e r o x id e  ( A )  c o m p a r e d  w i th  t h e  i n a c t iv a t io n  o f  
t h e  p r e - i r r a d i a t e d  m a te r i a l  b y  th e  s a m e  tw o  i n a c t iv a t in g  a g e n ts ,  p o in t s  •  a n d  A . T h e  
c o n c e n t r a t i o n  o f  h y d r o g e n  p e r o x id e  w a s  a r b i t r a r i l y  s e le c te d  t o  g iv e  a p p r o x im a te ly  t h e  
s a m e  r a t e  o f  i n a c t i v a t i o n  a s  t h e  i r r a d i a t e d  b u f fe r  s o lu t io n .  I r r a d i a t i o n  d o s e s  t o  b u f fe r  
s o lu t io n  a n d  v i r u s  w e re  e a c h  3 x  10 4 r . A> I n a c t i v a t i o n  o f  V S  v i r u s  b y  10 ~ 3 « - h y d r o g e n  
p e r o x id e ;  O , i n a c t i v a t i o n  o f  V S  v i r u s  b y  i r r a d i a t e d  p h o s p h a te  b u f fe r e d  s a l in e ;  A , 
i n a c t iv a t io n  o f  i r r a d i a t e d  V S  v i r u s  b y  1 0 - 3 M -h y d ro g e n  p e r o x id e ;  • ,  i n a c t iv a t io n  o f  i r r a ­
d i a t e d  V S  v i r u s  b y  i r r a d i a t e d  p h o s p h a te  b u f fe r e d  s a l in e .

oxygen dissolved in the buffer solution at the time of irradiation. A ll comparisons 
between rates of reaction subsequently given are for reactions at 4° with air- 
saturated buffer solutions. No inactivation was observed when buffer solution 
irradiated in the frozen state was thawed and used with virus at 4°. This is shown in 
Fig. 3; the upper curve shows no significant loss of infectivity for the reaction 
between vesicular stomatitis virus and phosphate buffer pre-irradiated at about 
— 60°; the lower curve shows the same virus treated with buffer solution pre- 
irradiated at a temperature between 0° and 5°.
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14 C . D . J o h n s o n

V irus sensitiza tion  effect

The X -irrad iatio n of virus suspensions rendered them more susceptible to subse­
quent inactivation by pre-irradiated buffer solution and to the action of hydrogen 
peroxide. Also pre-treatm ent of virus suspensions with hydrogen peroxide rendered 
them more sensitive to inactivation by pre-irradiated buffer. These effects have been 
termed viru s sensitization (A lper, 19.52). The effect of increasing the susceptibility 
of viru s to the inactivating agents of pre-irradiated buffer and to hydrogen peroxide 
was shown in a set of experim ents of which the results are shown in Figs. 4-6.

R e a c t io n  t im e  (m in .)  R e a c t io n  t im e  ( m in .)

F ig .  5  F ig .  6

F ig . 5 . I n a c t i v a t i o n  o f  i r r a d i a t e d  v e s ic u la r  s t o m a t i t i s  (V S ) v i r u s  i n  p r e - i r r a d i a t e d  p h o s ­
p h a t e  b u f fe re d  s a l in e . I n f e c t iv i t i e s  t i t r a t e d  o n  b a b y  h a m s te r  k id n e y  c e ll m o n o la y e r s .
A , i n a c t iv a t io n  o f  n o n - i r r a d i a t e d  V S  v i r u s ;  B ,  in a c t iv a t io n  o f  V S  v i r u s  p r e - i r r a d i a t e d  fo r  
3 0  m in . a t  3 0 0 0  r . / m i n . ; C , in a c t iv a t io n  o f  V S  v i r u s  p r e - i r r a d i a t e d  fo r  90  m in . a t  3 0 0 0  r . /  
m in .

F ig . 6 . I n a c t i v a t i o n  o f  s t o m a t i t i s  (V S ) v i r u s  i n  p r e - i r r a d i a t e d  p h o s p h a te  b u f fe r e d  s a l in e  
b e fo re  a n d  a f t e r  t r e a t m e n t  w i th  h y d r o g e n  p e r o x id e . I n f e c t iv i t i e s  t i t r a t e d  o n  b a b y  h a m s te r  
k id n e y  m o n o la y e r s .  A , V S  v i r u s  i n a c t iv a t e d  b y  p r e - i r r a d i a t e d  p h o s p h a te  b u f fe re d  s a l in e ;
B , V S  v i r u s  t r e a t e d  w i th  h y d r o g e n  p e r o x id e  a n d  s u b s e q u e n t ly  i n a c t iv a t e d  b y  p r e - i r r a d i ­
a t e d  p h o s p h a te  b u f fe re d  sa lin e .

A dose of 3 x 101 r. of X-radiation was delivered to a 1/10 dilution of pooled egg 
fluids infected with vesicular stomatitis virus. This resulted in a 6 0 %  loss of in- 
fectivity, probably due primarily to the action of short-lived free radicals in solution 
(Lea, 1946). The irradiated virus was then immediately further diluted 1/300 into: 
(a) phosphate buffer which had received an irradiation dose of 3 x 104 r. at the same 
time as the virus itself; (b ) into hydrogen peroxide diluted to 10-3m in phosphate 
buffer solution. Similar reaction mixtures were prepared from non-irradiated virus. 
Fig. 4 shows the resulting inactivation of virus in the four reaction mixtures. It  is 
apparent that 10_3M-hydrogen peroxide inactivated the virus at a very similar rate 
to that of the pre-irradiated buffer and that in each case the pre-irradiation of the 
virus suspensions resulted in an increased rate of inactivation. The concentration of 
hydrogen peroxide in the four reaction mixtures was determined at the start and 
end of the reaction time by the starch iodide test. The concentration of hydrogen 
peroxide, as detected by this test, was more than one hundred times greater in the 
samples containing 10~3M-hydrogen peroxide than in those containing pre-irradi-
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ated buffer solution. Also the concentration of hydrogen peroxide did not decrease 
significantly during the reaction, but in the case of pre-irradiated buffer the concen­
tration of formed hydrogen peroxide was near the limit of detection. Thus this 
observation could not be made fully quantitative. This experiment was repeated 
with only irradiated phosphate buffer as the inactivating agent, but two identical 
samples of virus were pre-irradiated for different times at the same dose rate. The 
subsequent rates of inactivation of the surviving virus were compared with that of 
the non-irradiated virus in the control samples. The rate of inactivation increased 
with the extent of pre-irradiation (Fig. 5).

P o s t - i r r a d i a t io n  in a c t i v a t io n  o f  v i r u s e s

F ig . 7  F ig . 8

F ig . 7 . I n a c t i v a t i o n  b y  t h e  in d i r e c t  e f fe c t . A , i n a c t iv a t io n  o f  f o o t - a n d - m o u th  d ise a se  
(F M D ) v i r u s  ( s t r a in  c /9 9 7 )  b y  X - i r r a d i a t i o n  in  a q u e o u s  s o lu t io n  o f  lo w  n o n - v i r a l  p r o te in  
c o n c e n t r a t i o n ;  in f e c t iv i t i e s  t i t r a t e d  in  u n w e a n e d  m ic e . B ,  i n a c t iv a t io n  o f  v e s ic u la r  s t o ­
m a t i t i s  (V S ) v i r u s  ( I n d i a n a )  b y  X - i r r a d i a t i o n  in  a q u e o u s  s o lu t io n  o f  lo w  n o n - v i r a l  p r o te in  
c o n c e n t r a t i o n ;  in f e c t iv i t i e s  t i t r a t e d  o n  b a b y  h a m s te r  k id n e y  c e ll m o n o la y e r s .

F ig . 8. T h e o r e t i c a l  s u r v iv a l  c u r v e  T  d e r iv e d  b y  c o m b in in g  c u r v e  A  f o r  a  s in g le - s te p  
m e c h a n is m  w i th  c u r v e  B  f o r  a  th r e e - s t e p  m e c h a n is m , w e ig h te d  in  t h e  r a t i o  9 :1 .  T h e  e x ­
p e r im e n ta l  p o in t s  a r e  f o r  t h e  i n a c t iv a t io n  o f  v e s ic u la r  s to m a t i t i s  (V S ) v i r u s  b y  i r r a d i a t e d  
p h o s p h a te  b u f fe re d  s a l in e . C u rv e  A  h a s  t h e  e q u a t io n  V /V 0 = e kt a n d  c u r v e  B  h a s  th e  
e q u a t io n  V /V 0 = e~kt( 1 +  kt +  f/c2i 2) w h e re  k  h a s  t h e  n u m e r ic a l  v a lu e  0  0 3 3  w h e n  t im e  
t is in  m in u te s .

To examine whether virus sensitization could be produced by pre-treatment of 
virus with hydrogen peroxide, a suspension of vesicular stomatitis virus was diluted 
1/10 in 10_3M-hydrogen peroxide. After 3 hr at 4° this virus suspension showed a 
20 %  loss of infectivity, indicating that sufficient hydrogen peroxide had been used 
to produce a significant effect. However, when further diluted 1/300 in irradiated 
phosphate buffer solution, this treated virus was inactivated much more rapidly 
than normal virus at the same overall dilution. The results of an experiment of this 
type are shown in Fig. 6.

It  may be noted that the high dose rates used in these irradiations were necessary

f i î î - i Q v i y i r ô ' i 1̂ 3'
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in order that the time of irradiation should be short compared with the time required 
for observation of the inactivation by the long-lived agents. In this way the two 
distinct modes of inactivation, the instantaneous indirect effect and the post­
irradiation effect, were separated. In the discussion of the effects of pre-irradiation 
on virus samples it is justifiable to assume that the depression of infectivity caused 
by the irradiation was almost wholly due to the indirect effect of short-lived free 
radicals in solution.

As a supplement to the data on post-irradiation effects, typical exponential 
survival curves for the inactivation of the infectivity of suspensions of foot-and- 
mouth disease virus and vesicular stomatitis virus by free radicals in aqueous 
solutions are presented in Fig. 7. These curves were obtained by irradiating aqueous 
suspensions of the viruses at high dose rates. Samples of virus taken for titration of 
infectivity during the irradiation were immediately diluted into a solution of 
peptone (50 g./l.) in order to prevent any subsequent inactivation by the post­
irradiation effects. Exponential survival curves result from this mode of inacti­
vation.

D I S C U S S IO N

From the data presented here three main points emerge. First, in connexion 
with the effect of hydrogen peroxide solutions on virus infectivity, it is clear that 
there are some similarities between hydrogen peroxide and the inactivating agents 
present in X-irradiated buffer solutions. One agent responsible for inactivation in 
the latter case may be formed hydrogen peroxide. There is, however, a considerable 
quantitative difference between the amount of hydrogen peroxide formed in an 
X-irradiated buffer solution and that which must be added to a non-irradiated buffer 
solution in order to achieve the same rate of inactivation. This difference has been 
attributed to the presence of stabilizers in commercial preparations of hydrogen 
peroxide (Alper, 1954).

The second observation, which is o; more immediate interest in virology, is that 
X-irradiation in aqueous solution can modify the viruses of foot-and-mouth disease 
and vesicular stomatitis in such a way that, although still infective, they become 
more sensitive to the subsequent action of hydrogen peroxide or irradiated buffer 
solution. This implies a modification of the intact virus particle of such a nature 
that its ability to infect the animal cell is not impaired. As this modification is 
probably brought about by free radicals in solution and as some free radicals can 
also themselves produce inactivation, it is reasonable to suppose that the virus 
sensitization effect is a result of those reactions between the virus and the free 
radicals which do not result in direct inactivation. It  is thought that there are 
many such reactions for every one which causes an inactivation (Allen, 1961).

The third observation relates to the shape of the inactivation curves which, as 
shown in Fig. 1, are non-linear and ir. all cases show a gradual decrease in rate of 
inactivation as the reaction proceeds. When inactivation of virus is caused by the 
indirect effect, exponential survival curves are obtained for both foot-and-mouth 
disease virus and vesicular stomatitis virus (Fig. 7). The reaction kinetics which 
describe this form of inactivation make the following assumptions (Allen, 1961): 
(1) That a constant dose rate is maintained and hence a constant free radical con­
centration exists during the inactivation. (2) That the virus particle is capable of
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reacting with free radicals to produce either loss of infectivity or other modifications 
which may not be detected. (3) That inactivation results from reactions of the 
single-event type occurring at random among the other reactions. (4) That a virus 
after inactivation continues to react as readily with the free radicals as it did before 
the inactivation. If  the post-irradiation inactivation process were due to a similar 
single-event interaction produced by a constant concentration of inactivating agents 
capable of combining with infective and non-infective virus alike, then ex­
ponential survival curves would be expected. The observation that such curves are 
not obtained implies that one or more of the conditions set out above is not ful­
filled.

The shape of the survival curves is generally consistent with what might be 
expected if the concentration of inactivating agents became less, either as a result of 
loss due to recombination or decay, or as a result of combination with virus and 
other protein within the reaction mixture. It  was shown, however, that inactivation 
curves of the same characteristic shape were obtained when 10_3M-hydrogen 
peroxide was used as the inactivating agent (Fig. 4) and also that in this instance the 
concentration of hydrogen peroxide remained unchanged during the course of the 
reaction. Nevertheless, it is possible that, when the inactivation is due to agents in 
X-irradiated buffer solution, the inactivating agent does, in fact, become less con­
centrated during the reaction; and in the experiment with hydrogen peroxide 
mentioned above, some other agent, undetected by the starch iodide test, might 
account for the inactivation. It  might be possible for this associated agent to 
become less concentrated during the reaction, thus producing a survival curve of 
the observed shape, without any apparent decrease in the concentration of hydrogen 
peroxide itself. This might also partly account for the relatively high concentration 
of hydrogen peroxide needed to simulate the effect of irradiated buffer solutions.

An alternative explanation of the shape of the survival curves is that the inacti­
vation is in part a multi-step process. Fig. 8 shows how a virus sample of which 
90 %  is inactivated by a single-step reaction and 10 %  by a cumulative three-step 
reaction can result in an overall survival curve of the observed shape. There are 
many parameters in an analysis of this type; for example, the reaction constant k  

may not be the same for the one-step and the three-step reactions, and higher-order 
reactions may be involved. Consequently a considerable variety of theoretical 
shapes is possible when the different processes are combined. On a model of this 
form it is necessary to assume that the proportion of virus particles which are 
inactivated by, say, the three-step process cannot be inactivated by the single-step 
mechanism, otherwise the latter would dominate. In other words there are different 
degrees of sensitivity to inactivation by irradiated buffer within the virus sample. 
The one-step reaction may be merely the last stage of the multi-step reactions. 
Another possibility is that the inactivating agents in irradiated buffer do not com­
bine equally readily with infective and non-infective virus, thus modifying the 
reaction kinetics as the ratio of infective to non-infective particles changes.

Any acceptable model of the types outlined above must attempt to explain the 
virus sensitization effect which is observed in parallel with the inactivation process. 
Although it is difficult to correlate the virus sensitization effect with a single-step 
inactivation mechanism, the effect can be broadly accounted for in terms of the 
multi-step inactivation mechanism. I f  the mean number of steps required to

P o s t - i r r a d i a t io n  i n a c t i v a t io n  o f  v i r u s e s
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produce inactivation in  a given sample is decreased then there w ill be an overall 
increase in the rate of inactivation compared w ith that of the original viru s sample. 
There may also be some change in  the shape of the inactivation curve, but con­
sideration of this is outside the accuracy and scope of this work.

If, as a result of sensitization irradiation, a  viru s suspension had lost 60 % of its 
in itia l infectivity by the indirect effect, the residual infective viru s would have 
combined w ith free radicals in  the types of reaction not producing direct in activa­
tion. These reactions m ight have modified the viru s sample in  such a way that the 
relative population of infective particles requiring only single-step inactivation in 
pre-irradiated buffer was increased. This would have the net effect of increasing 
the sensitivity of the virus sample to inactivation by pre-irradiated buffer. I t  would 
therefore be expected that the degree of sensitization would depend upon the pre­
irradiation dose delivered to the v iru s; this was shown to be so in  F ig . 6. There is an 
obvious lim it to the amount of pre-irradiation which may be employed w ithout 
destroying the m ajority of the viru s infectivity.

I t  is interesting to speculate on the possibilities that the viru s sensitization effect 
may be demonstrated by means other than these observations on the rate of in ­
activation in  hydrogen peroxide or pre-irradiated buffer solutions. It  is conceivable 
that the specific reactions between viru s and its antiserum  m ay be altered by 
irradiation treatm ent of the virus. This treatm ent m ay also m odify the sen sitivity 
to therm al and other degradation processes which influence the complex surface of 
the viru s particle.

I  wish to thank Miss H . W igman, Miss R . Jow ett and Mr M. R y a l for their 
valuable assistance; Miss H . E . N . F errier for supplying much of the viru s used, 
and D r C. J . B radish for his advice and encouragement.
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The Effect of Nitrogen Starvation on the Activity of Nitrate 
Reductase and other Enzymes in Chlorella

B y  I .  M O R R IS  a n d  P. J . S Y R E T T

D e p a r tm e n t o f  B o ta n y , U n iv e r s i ty  C ollege L o n d o n , W .C .  1

(.R ece ived  27 M a y  1964)

S U M M A R Y

C h lo re lla  v u lg a r is  grown with nitrate as nitrogen source had high nitrate 
reductase activity. During nitrogen starvation the rate of nitrate assimila­
tion increased but the specific activity of nitrate reductase in extracts 
decreased sharply; a similar decrease occurred after transfer to an 
ammonium medium. Organisms grown with ammonium as nitrogen source 
did not assimilate nitrate but acquired the ability to do so after nitrogen 
starvation; nitrate reductase activity in these organisms was initially very 
low but increased during nitrogen starvation and then decreased. After 
18 hr of nitrogen starvation ammonium-grown and nitrate-grown 
organisms assimilated nitrate rapidly at a rate some ten times greater than 
the activity of nitrate reductase in cell-free extracts would allow. The 
specific activity of glutamic dehydrogenase was about 4 0 %  higher in 
extracts from ammonium-grown organisms than in extracts from nitrate- 
grown organisms and its activity increased by 40-100 %  during nitrogen 
starvation. The activity of malic dehydrogenase was unaffected by 18 hr 
of nitrogen starvation. The activity of isocitrate lyase decreased by about 
one-quarter when acetate was present but decreased much more markedly 
when the organisms were nitrogen-starved in the presence of glucose.

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

Amm onium -N is assim ilated much more rap idly by nitrogen-starved C h lore lla  
v u lg a r is  than by norm al organisms (Syrett, 1953; Bongers, 1956). G enerally the 
rate of nitrate assim ilation also is higher, although the difference is less marked 
(Bongers, 1956; Syrett, 1956). Nothing is known of the changes in  cellular enzym ic 
com position which m ay occur during nitrogen starvation. Follow ing recent 
investigations into the control of nitrate assim ilation in  Chlorella (Syrett & M orris, 
1963; M orris & Syrett, 1963) we have measured changes in the rate of nitrate 
assim ilation and in  nitrate reductase a ctiv ity  during nitrogen starvation. The effect 
on some other enzyme activities was also studied for comparison.

M E T H O D S

C h lo re lla  v u lg a r is  (Pearsall strain) was grown under sterile conditions as described 
in a previous paper (Syrett & M orris, 1963). N itrate assim ilation was followed by 
measuring the disappearance of nitrate from the medium w ith a colorim etric phenol 
disulphonic acid method (Syrett & M orris, 1963).

P r e p a r a t io n  o f  n itro g e n -s ta rv e d  o rg a n ism s .  A utotrophically grown organisms were 
harvested by centrifugation (500g for 5 m in.), washed and resuspended in  nitrogen-
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free growth medium. In some experiments, the cultures were then illuminated 
(tungsten-filament lamp giving about 600 foot-candles to cultures) and aerated 
with air containing 0 -5 %  (v/v) carbon dioxide for 18 hr. In other experiments, 
glucose ( 2 % , w/v, final concentration) was added to the cultures, which were then 
aerated for 18 hr in darkness. The temperature was always 25°. Comparative 
results showed that both methods of nitrogen starvation induced similar changes in 
nitrate assimilation and in nitrate reductase activity.

P re p a r a t io n  o f  cell-free  ex tra c ts . Organisms suspended in 0T M-tris +  H C l buffer 
(pH 7-4) were passed through a French pressure cell (Morris & Syrett, 1963), centri­
fuged at 10,000g for 20 min. and the supernatant fluid used for determination of 
enzyme activities. Protein contents of the extracts were determined by the method 
of Lowry, Rosebrough, Farr & Randall (1951) with bovine albumin dissolved in 
tris buffer as a standard.

N itr a te  red u c ta se  a c t iv i ty .  This was determined by measuring the rate of nitrite 
formation from nitrate as described by Morris & Syrett (1963).

M a lic  d eh yd ro g en a se  a c tiv i ty .  This was determined by measuring the oxidation of 
N A D H  in the presence of oxaloacetate and cell extract. The reaction mixture con­
tained, in 2-5 ml., 210 /¿moles tris buffer (pH 7-4); 25 /¿moles oxaloacetate and 
0T5 mg. N AD H. Extract containing about 10 jug. protein was added at zero time 
and the change in light extinction at 840 m y  measured. The incubation temperature 
was 22-26°. The change in extinction was linear with time for 5 min. following 
the addition of cell extract and the rate of change was proportional to the volume of 
extract added.

G lu ta m ic  d eh yd ro g en a se  a c tiv i ty .  This was measured by following the oxidation of 
N A D PH  in the presence of a-oxoglutarate, ammonium and cell extract. The reac­
tion mixture contained in 2-5 m l.: 185 //.moles tris buffer (pH 7-4); 25 //moles 
(NH4)2S04; 25 «moles a-oxoglutarate; 0T5 mg. N A D PH . Cell extract containing 
about 100-200 y g .  protein was added at zero time and change in extinction at 
340 m y  measured. Incubation temperature was 22-26°. The rate of reaction was 
constant for 5 min. after the addition of extract and proportional to the volume of 
extract added.

I s o c itr a te  ly a se  a c t iv i ty .  This was measured by determining the rate of glyoxylate 
formation from isocitrate catalysed by frozen suspensions of acetate-adapted 
organisms (Syrett, Merrett & Bocks, 1963).

R E S U L T S

T h e  effect o f  n itro g e n  s ta rv a tio n  on  the ra te  o f  n itra te  a s s im ila t io n

C h lo re lla  v u lg a r is  (Pearsall strain) grown with ammonium sulphate as sole source of 
nitrogen did not assimilate nitrate until after a delay of 2 -3  hr, whereas organisms 
grown with potassium nitrate assimilated nitrate immediately (Fig. la ). After in­
cubation in nitrogen-free medium for 4 hr, ammonium-grown organisms assimilated 
nitrate immediately and at a rate equal to that of similarly treated nitrate-grown 
organisms (Fig. 1 b). More prolonged nitrogen starvation increased the rate at which 
nitrate was assimilated by both types of organism (Fig. lc).

Assimilation of nitrate by nitrogen-starved organisms was accompanied by rapid 
changes of oxygen uptake and carbon dioxide output (Syrett, 1956). Manometric
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study of these gas exchanges is a sensitive method for detecting nitrate assimilation. 
Such studies confirmed that nitrate assimilation by nitrogen-starved organisms 
(whether grown on potassium nitrate or ammonium sulphate) was immediate.

E n z y m e  a c t i v i t y  i n  C h lo r e l la

F ig . 1. T h e  a s s im i la t io n  o f  n i t r a t e  b y  n i t r a te - g r o w n  ( - # - # - )  a n d  a m m o n iu m -g r o w n  
( -O - O - )  Chlorella vulgaris a f t e r  (a )  0 , (6) 4 , (c) 16  h r  o f  n i t r o g e n  s t a r v a t i o n .  N i t r o g e n  s t a r v a ­
t i o n  w a s  d o n e  b y  in c u b a t in g  c u l tu r e s  (3 -2  m g . d r y  w t . /m l . )  a t  25° w i th  2 %  (w /v )  g lu c o s e . 
S a m p le s  w e re  r e m o v e d  a t  s u i t a b le  t im e s ,  t h e  c o n c e n t r a t i o n  a d j u s te d  t o  e q u iv .  6 -4  m g . 
d r y  w t . /m l .  i n  f r e s h  N - f r e e  m e d iu m  a n d  n i t r a t e  a d d e d .  T h e  c u l tu r e s  w e re  t h e n  in c u b a te d  
in  d a r k n e s s  a t  2 5 °  w i th  1 %  ( w /v )  g lu c o s e  p r e s e n t  a n d  t h e  d i s a p p e a r a n c e  o f  n i t r a t e  f ro m  th e  
m e d iu m  w a s  fo llo w e d .

Changes in  nitrate reductase activity  during  nitrogen starvation

Rates of nitrate assimilation by Chlorella incubated in nitrogen-free medium for 
different periods of time, together with the accompanying changes in nitrate 
reductase, are summarized in Fig. 2. The nitrate reductase activity of nitrate-grown 
organisms was initially high and this decreased markedly during nitrogen starvation. 
A  comparable decrease in nitrate reductase activity was found when nitrate-grown 
organisms were transferred to an ammonium medium (Fig. 3). The nitrate reductase 
activity of ammonium-grown organisms was negligible initially; it increased during 
the first 4 hr of nitrogen starvation and reached a value corresponding to 6-12 units 
of enzyme activity. After remaining constant for some time, the activity decreased 
and, af-er 18 hr of nitrogen starvation, extracts from both ammonium- and nitrate- 
grown organisms had the same rather low activity, namely about 1 -3  units (Fig. 2). 
The decline in nitrate reductase shown in Figs. 2 and 3 is a decrease in specific 
activ ity , that is, it is a decrease in relation to general cellular protein. During these 
experiments there was little significant increase in number of organisms (e.g. top of 
Fig. 3): the decrease in nitrate reductase activity was not, therefore, a consequence 
of dilution due to multiplication.

The decline of specific activity may be due either to a loss of nitrate reductase 
protein or to loss of some essential cofactor(s). Addition to extracts of possible 
cofaetors (e.g. flavin adenine dinucleotide, flavin-mononucleotide) had no effect
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on nitrate reductase activity in extracts from normal or nitrogen-starved 
organisms. When an extract from normal nitrate-grown organisms was mixed with 
that from nitrogen-starved organisms no stimulation of activity was observed; a 
stimulation might be expected if some unknown cofactor was present in extracts 
from normal organisms but absent from extracts of nitrogen-starved organisms.

I .  M o r r i s  a n d  P .  J .  S y r e t t

F ig .  2 F ig .  3

F ig . 2 . C h a n g e s  i n  t h e  r a t e  o f  n i t r a t e  a s s im i la t io n  ( u p p e r  g r a p h )  a n d  n i t r a t e  r e d u c ta s e  
a c t i v i t y  ( lo w e r)  w h e n  a m m o n iu m -g r o w n  Chlorella vulgaris ( o p e n  s y m b o ls )  a n d  n i t r a te -  
g ro w n  C. vulgaris ( b la c k  s y m b o ls )  w e re  i n c u b a te d  in  n i t r o g e n - f r e e  m e d iu m  in  d a r k n e s s  a t  
25° w i th  2 %  (w /v )  g lu c o s e  p r e s e n t .  S a m p le s  w e r e  r e m o v e d  a t  s u i t a b le  t im e s  a n d  a f t e r  
r e s u s p e n d in g  t h e  o r g a n is m s  in  ic e -c o ld  t r i s  b u f fe r  c e ll- fre e  e x t r a c t s  w e re  m a d e  a n d  n i t r a t e  
r e d u c ta s e  a c t i v i t y  m e a s u re d .  O th e r  s a m p le s  w e re  r e s u s p e n d e d  in  f r e s h  N - f r e e  m e d iu m , 
t h e  c o n c e n t r a t i o n  a d j u s t e d  t o  e q u iv .  6-4  m g . d r y  w t . /m l .  a n d  n i t r a t e  a d d e d .  T h e  c u l tu r e s  
w e re  t h e n  in c u b a t e d  i n  d a r k n e s s  a t  2 5 °  w i th  1 %  (w /v )  g lu c o s e  p r e s e n t  a n d  t h e  d i s a p p e a r ­
a n c e  o f  n i t r a t e  f ro m  t h e  m e d iu m  fo llo w e d  fo r  1 50  m in .

F ig . 3. C h a n g e s  in  n i t r a t e  r e d u c ta s e  a c t i v i t y  i n  c e ll- f re e  e x t r a c t s  o f  Chlorella vulgaris 
w h e n  n i t r a te - g r o w n  o r g a n is m s  w e re  t r a n s f e r r e d  t o  n i t r o g e n - f r e e  m e d iu m  ( - # - • - ) ,  o r  t o  
m e d iu m  c o n ta in in g  O O lM -a m m o n iu m  s u lp h a te  ( - 0 - 0 - ) -  C o n c e n t r a t io n  o f  o r g a n is m  e q u iv .
2 0  m g . d r y  w t . /m l .  T h e  s u s p e n s io n s  weTe i n c u b a te d  a t  2 5 °  i n  d a r k n e s s  w i th  2 %  (w /v )  
g lu c o s e  p r e s e n t .  T h e  u p p e r  p a r t  o f  t h e  f ig u re  s h o w s  l i t t l e  c h a n g e  in  n u m b e r  o f  o r g a n is m s  
d u r in g  t h e  e x p e r im e n t .

Morton, Dickerson & England (1960) observed an increase in proteinase activity 
when P e n ic i l l i u m  g r i s e o f u lv u m  was starved of nitrogen. High proteinase activity in 
nitrogen-starved Chlorella might destroy nitrate reductase during extraction; the 
extracts would then have less enzyme activity than extracts from normal Chlorella. 
To test this hypothesis, suspensions of normal and nitrogen-starved organisms were 
mixed before preparing extracts. An active proteinase might be expected to depress 
the activity extracted from the mixed suspension; no such depression was observed. 
Consequently the evidence at present available suggests that the decline in nitrate 
reductase activity which accompanied nitrogen starvation represented a real loss of 
nitrate reductase protein from the organisms.
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C om parison o f  nitrate reductase activity in  cell-free extracts 
w ith  the rate o f  nitrate assim ila tion  by intact Chlorella

The average nitrate reductase activity extracted from nitrate-grown organisms 
corresponded to the formation of about 1-8 /¿moles nitrite/mg. protein/hr. After 
complete breakage, equiv. 1 mg. dry wt organisms gave 0-24 mg. protein in the super­
natant fluid of the cell-free extract. Thus a cell-free extract from equiv. 1 mg. 
dry wt organism contained sufficient nitrate reductase activity to reduce about 
6 f ig . nitrate-N/hr. The observed rate of nitrate reduction by whole organisms was

F ig .  4 . T h e  e f fe c t  o f  n i t r o g e n  s t a r v a t i o n  o f  Chlorella vulgaris o n  i s o c i t r a te  ly a s e  a c t i v i t y .  
O r g a n is m s  w e re  s h a k e n  in  d a r k n e s s ,  a t  25°, i n  0 07 M -p h o s p h a te  ( p H  0-7) w i th  t h e  
fo l lo w in g  a d d i t i o n s :  0-2%  a c e t a t e  +  N ;  0-5%  g lu c o s e  +  N ;  n o
c a r b o n  s o u rc e  +  N . -O -O - , 0-2%  a c e t a t e  — N ;  -V"V"> 0 -5 %  g lu c o s e  — N ;  - A -A - , n o  
c a r b o n  s o u rc e  — N . N i t r o g e n  w a s  s u p p l ie d  a s  0-01 M -a m m o n iu m  n i t r a t e .  C h a n g e  in  
e n z y m e  a c t i v i t y  w a s  s to p p e d ,  a t  t h e  t im e s  s h o w n , b y  f r e e z in g  t h e  s u s p e n s io n . T h e  
n u m b e r  o f  o rg a n is m s  d id  n o t  c h a n g e  m a r k e d ly  d u r in g  t h e  e x p e r im e n t  e x c e p t  w h e n  
g lu c o s e  w a s  p r e s e n t ; i n  t h e  a b s e n c e  o f  n i t r o g e n ,  t h e  n u m b e r  o f  o rg a n is m s  t h e n  in c r e a s e d  
tw o -  t o  t h r e e f o ld ;  i n  i t s  p r e s e n c e  i t  in c r e a s e d  f o u r fo ld . I s o c i t r a t e  ly a s e  a c t i v i t y  p e r  
o r g a n is m  th e r e f o r e  d e c l in e d  m o re  s te e p ly  i n  t h e  g lu c o s e  c u l tu r e s  t h a n  t h e  g r a p h  sh o w s.

between 1 and 2 f ig . nitrate-N/mg. dry weight organism/hr. In contrast, cell-free 
extract from equiv. 1 mg. dry wt. nitrogen-starved organisms contained only enough 
activity to reduce 0-5 f ig .  nitrate-N/hr. The observed rate of nitrate assimilation by 
intact nitrogen-starved organisms was 4-4-5 f ig .  nitrate-N/mg. dry wt./hr. Thus, 
whereas extracts of nitrate-grown organisms possessed an excess of nitrate reductase 
in comparison with the rate at which whole organisms reduced nitrate, extracts from
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nitrogen-starved organisms contained only about 10 -12  %  of the activity equivalent 
to the observed rate of nitrate reduction by these organisms.

T h e  e ffe c t o f  n i tr o g e n  s ta r v a t io n  o n  i s o c i t r a te  l y a s e  a c t i v i t y

Isocitrate lyase activity is high in Chlorella grown on acetate in darkness (Syrett 
e t  a l .  1963). When such organisms were transferred to nitrogen-free medium for 
20 hr, isocitrate lyase activity declined to about 7 0 %  of the original value (Fig. 4). 
Greater decreases were observed when acetate was removed and particularly when 
it was replaced by glucose. The results in Fig. 4 are expressed as enzyme activity/ 
unit volume culture. In  those cultures supplied with glucose, the numbers of 
organisms increased during the experiment; activities expressed/organism would 
therefore show more marked changes in such cultures than is apparent from Fig. 4.

Table 1. T h e  e ffe c t o f  n i t r o g e n  s ta r v a t io n  o n  th e  a c t i v i t y  

o f  th e  m a l i c  d e h y d r o g e n a s e  o f  C h lo r e l la  v u lg a r i s

N o  s ig n i f ic a n t  c h a n g e  in  n u m b e r  o f  o r g a n is m s  w a s  o b s e rv e d  d u r in g  n i t r o g e n  s t a r v a t io n .
T h e  o r g a n is m s  w e re  s t a r v e d  o f  n i t r o g e n  fo r  16 h r  u n d e r  a u t o t r o p h ic  c o n d i t io n s ,  (a) a n d
(6) d e n o te  d u p l ic a te  e x t r a c t io n s  f ro m  t h e  s a m e  c u l tu r e .

M a lic  d e h y d r o g e n a s e  a c t i v i t y
N i t r o g e n (m //m o Ie s  N A D H  o x id iz e d /m g . p r o te in /m in . )

s o u rc e  f o r A
N

g r o w th E x p t . N o r m a l  o r g a n is m s N - s t a r v e d  o rg a n is m s

k n o 3 1 (a) 156 0 16 5 0
(,b) 2 6 1 0

2 — 134 0

( N H 4)„SO,, 1 17 2 0 206 0
2 2 0 0 0 1940

Table 2. T h e  e ffe c t o f  n i t r o g e n  s ta r v a t io n  o n  th e  a c t i v i t i e s  o f  g lu ta m ic  

d e h y d r o g e n a s e  a n d  n i t r a t e  r e d u c ta s e  i n  C h lo r e l la  v u lg a r i s

N i t r o g e n - s ta r v e d  c u l tu r e s  o f  Chlorella vulgaris w e re  p r e p a r e d  b y  a e r a t i o n  u n d e r  a u t o ­
t r o p h ic  c o n d i t io n s  f o r  16  h r .  A  m a x im u m  o f  4 0  %  in c r e a s e  i n  n u m b e r  o f  o rg a n is m s  d u r in g  
n i t r o g e n  s t a r v a t i o n  w a s  o b s e rv e d  in  so m e  c u l tu r e s .  T h e  e x p e r im e n t  n u m b e r s  d e n o te  r e p l i ­
c a te  c u l tu r e s ;  (a) a n d  (b) d e n o te  d u p l ic a te  e x t r a c t io n s  o f  t h e  s a m e  c u l tu r e .

N i t r a t e  r e d u c ta s e  a c t i v i t y  G lu ta m ic  d e h y d r o g e n a s e  
(m /iin o le s  N 0 2'/m g .  a c t i v i t y  (m /tm o le s  N A D P H

p r c t e in /m in . )  o x id iz e d /m g . p r o te in /m in . )
N i t r o g e n ,-------------------- A—------------------> ,-------------------- -----------------5

s o u rc e  fo r N o r m a l N - s t a r v e d N o r m a l N - s t a r v e d
g r o w th E x p t . o r g a n is m s o rg a n is m s o rg a n is m s o rg a n is m s

k n o , 1 (a )  26-2
(b) 34-0

5 1 (а) 48 -0
(б) 48 -3

9 9 0

2 — 4-3 — 78-5
3 — 6-2 — 66-5

( N H 4)2SO „ la 0-9 4 0 7 4 0 1 1 6 0
lb — 6 0 — 9 5 0
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T he effect o f  nitrogen starvation on m alic dehydrogenase and glutam ic  
dehydrogenase activity

Nitrogen starvation appeared to have no effect on m alic dehydrogenase a ctiv ity  
(Table 1). The a ctiv ity  of glutam ic dehydrogenase extracted from  nitrogen-starved 
organisms was greater than from norm al organisms, the increase in  activity  varying 
between 40 and 100 % (Table 2). The increase was sim ilar when either ammonium- 
grown or nitrate-grow n organisms were starved of nitrogen, but generally the 
a ctiv ity  extracted from anmonium-grown organisms was about 40 % greater than 
from nitrate-grow n organisms.

B y a calculation similar to that above for nitrate reductase activity, it can be 
shown that the glutamic dehydrogenase activity of nitrogen-starved Chlorella was 
about equal to the rate at which whole organisms assimilated ammonium, while the 
activity in extracts of normal organisms was about three times that required to 
account for the rate of ammonium assimilation by whole normal organisms. 
However, this comparison assumes that all the ammonium assimilation by intact 
cells proceeds through glutamic dehydrogenase. The recent work of Sims & Folkes
(1964) with yeast indicates that this may not be so; other pathways of ammonium 
assimilation must exist, to the guaninido group of arginine, for example. Con­
sequently, from both normal and nitrogen-starved organisms, the extracted glutamic 
dehydrogenase activity probably exceeded the activity of this enzyme in  vivo.

D I S C U S S IO N

The effect of nitrogen starvation of Chlorella vulgaris on the activity of the two 
constitutive enzymes, malic dehydrogenase and glutamic dehydrogenase, differed 
from its effect on the inducible enzymes isocitrate lyase and nitrate reductase. The 
activity of malic dehydrogenase was unchanged after nitrogen starvation while that 
of glutamic dehydrogenase increased. Barratt (1963) showed that the glutamic 
dehydrogenase activity of Neurospora increased after nitrogen starvation and con­
cluded that excess available nitrogen repressed the formation of this enzyme; our 
results are consistent with this interpretation.

In  contrast, isocitrate lyase activity  decreased when Chlorella was starved of 
nitrogen. The decrease was much greater when the inducer acetate was replaced by 
glucose, which represses isocitrate lyase form ation in  this organism (Syrett et al.
1963). Glucose serves as a readily available carbon source for Chlorella and, in  its 
presence, the organisms m ultiplied during the experim ental period even in  the 
absence of nitrogen; thus the drain on available nitrogen in  the organisms was larger 
when glucose was supplied. The behaviour of the other inducible enzyme, nitrate 
reductase, resembled that of isocitrate lyase in  that the high nitrate reductase 
a ctiv ity  in  nitrate-grow n organisms declined rap idly when the organisms were 
nitrogen-starved. Transfer to an ammonium medium had a sim ilar effect; ammon­
ium  is known to repress the form ation of nitrate reductase (M orris & Syrett, 1963).

Two explanations of these effects are possible: (i) the rate of turnover of nitrate 
reductase and isocitrate lyase is always rather fast and, when synthesis is prevented 
by the rem oval of an inducer or the addition of a repressor, this results in  a rapid 
loss of a ctiv ity ; or (ii) the conditions used, i.e. nitrogen starvation in  the presence of 
freely available carbon, in  some way stim ulate the breakdown of these enzymes. The
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behaviour of isocitrate lyase, in particular, resembles that of the inducible enzyme 
galactozymase in a yeast. Spiegelman & Reiner (1947) showed that this enzyme was 
lost when the substrate was removed and the loss was much faster when the yeast 
was incubated with glucose in the absence of a nitrogen source. They suggested that 
the enzyme was not inherently unstable in the absence of its substrate and that its 
rapid loss on incubation with glucose was a consequence of the synthesis of other 
enzymes. This explanation appears to imply a balance between the induced enzyme 
molecules and amino acids which is shifted towards breakdown when the amino 
acids are used for the synthesis of other proteins. It  is uncertain whether this is so, 
but the hypothesis would explain why loss of enzyme was faster when an exogenous 
nitrogen source was not available.

Ammonium-grown Chlorella acquired nitrate reductase activity and the capacity 
to assimilate nitrate after a short period of nitrogen starvation. Evidently the 
presence of nitrate was not essential for the formation of this enzyme. Nitrogen- 
starved Chlorella, whether grown on nitrate or ammonium initially, assimilated 
nitrate rapidly and at a rate some ten times higher than the nitrate reductase 
activity recovered in cell-free extracts should allow. It  appears that only a propor­
tion of the nitrate reductase activity of whole nitrogen-starved cells was recovered 
in cell-free extracts. If  the same is true for normal nitrate-grown organisms, which 
assimilate nitrate more slowly but show considerably higher nitrate reductase 
activities in extracts, this would imply that much of the nitrate reductase activity 
of normal nitrate-grown Chlorella is inhibited i n  v iv o .  There is evidence for an 
inhibition of nitrate reductase by a product of ammonium assimilation (Syrett &  

Morris, 1963); possibly, too, an inhibitor is formed during nitrate assimilation by 
normal nitrate-grown Chlorella.
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SUMMARY

The molar growth yield of Aerobacter aerogenes growing anaerobically 
with glucose in a mineral medium was almost doubled when X 03~ was 
added as hydrogen acceptor. About half a mole of X 0 3 " was reduced to 
XH4+ per mole of glucose. The amount of ATP produced from glucose 
fermentation calculated from the molar growth yield and the acetate 
production was about 3 moles ATP/mole glucose. The total amount of 
ATP produced, deduced from the molar growth yield, was used to calculate 
that about 3 moles ATP were produced per mole of X 0 3 ~ reduced. 
Comparable experiments with mannitol as carbon source gave the same 
results. When nitrite was used as hydrogen acceptor the anaerobic molar 
growth yield was the same or even smaller than in its absence, although the 
acetate production increased. The results suggest that during X 0 2 ~ 
reduction no ATP is produced and that the ATP formed during reduction 
of X 0 3_ to XH4+ is completely produced during the reduction of X 0 3_ to 
X 0 2 .

INTRODUCTION

The relation between energy production and growth has been studied and dis­
cussed by Bauchop & Elsden (1960), Gunsalus & Shuster (1961) and Senez (1962). 
Bauchop & Elsden found that the growth yield per mole of ATP ( =  YATP) was the 
same for different micro-organisms. Recently Hadjipetrou, Gerrits, Teulings & 
Stouthamer (1964) found that the yield of Aerobacter aerogenes per mole of ATP pro­
duced during glucose fermentation was 10-2 g. By measuring the molar growth 
yield under aerobic conditions and the oxygen uptake during growth the molar 
growth yield per atom oxygen taken up ( =  Y°) has been determined. By dividing 
Y° by YATr the number of ATP molecules formed per atom oxygen taken up is 
found. In this way it was found that the P/O ratio is about three. Many facultative 
aerobic micro-organisms can utilize X 03_ as ultimate hydrogen acceptor (see review 
by Xason, 1962). The influence of nitrate on the formation of fermentation products 
from glucose with Aerobacter aerogenes was studied by Forget & Pichinotv (1964). 
They concluded that under anaerobic conditions in the presence of X 0 3~ the citric 
acid cycle did not function ; that the production of hydrogen, ethanol and formate 
was decreased and the formation of acetate and C02 increased. Until now very 
little has been known about the production of ATP during nitrate reduction in 
facultative aerobic organisms. There exists some indirect evidence (increased 
phosphorus turnover in resting organisms during X 03~ reduction) which suggests 
that in Escherichia coli and Pseudomonas denitrificans phosphorylation coupled to
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electron transport from substrate to nitrate takes place (Takahaski, Taniguchi & 
Egami, 1957; Ohnishi & Mori, 1960). Therefore we decided to  study the efficiency of 
n itrate respiration in Aerobacter aerogenes as a continuation of our previous aerobic 
experiments.

METHODS

The minimal medium and the growth conditions were as described previously 
(Hadjipetrou et al. 1964). NOs~ was determined as described by Middleton (1959), 
N 0 2~ by the method of Rider & Mellon (1946) and N H 2OH by the method of Czaky 
(1948). Acetate was determined with a purified preparation of acetatekinase as 
described by Rose, Grunberg-Manago, Korey & Ochoa (1954). Dry weight was 
estimated by measuring the extinction at 660 rn/i in an Unicam SP 600 spectro­
photometer. From the extinction the dry weight was calculated with the previously 
determined relation: fig. dry weight bacteria/ml. =  380 x extinction a t 660 m fi 
(Hadjipetrou et al. 1964).

RESULTS

Influence o f nitrate on the molar growth yield, w ith glucose and m annitol

The molar growth yields of Aerobacter aerogenes growing: (1) anaerobically, (2) 
anaerobically with n itrate as hydrogen acceptor and (3) aerobically with glucose are 
given in Table 1. I t  is evident th a t N 0 3 ~ increased the anaerobic molar growth 
yield with glucose. However, the growth yield was not as high as when 0 2 was the

Table 1. M olar growth yields and acetate production o f Aerobacter aerogenes 
grown under different conditions with glucose as sole carbon source

The glucose concentration in all experiments was 3 /¿moles/ml. The nitrate concentra­
tion varied but was larger than 1-33 /¿moles/ml. (see text); yields of organism are given as 
equivalent dry weight bacteria obtained turbidimetrically; the numbers in parentheses 
give the number of determinations.

Molar growth yield Acetate production 
Growth condition (g./mole glucose) (/imoIe//unole glucose)
Anaerobic 
Anaerobic +  N 03~ 
Aerobic

261 ±0-5 (17) 
45-5 ±0-3 (10) 
72-7 + 1-0 (21)

0- 84 + 0-04 (15)
1- 63 + 0-08 (4)

ultim ate hydrogen acceptor. In  the presence of N 0 3~ about the same amount of 
fermentation occurred as in its absence (Forget & Pichinoty, 1964): pyruvate was 
decomposed by a thioclastic reaction to acetyl-CoA and formate, then acetyl-CoA 
converted to  acetate by means of phosphate acetyltransferase and acetatekinase. 
Thus, above the net gain of 2 moles ATP from the conversion of 1 mole glucose to 
2 moles pyruvate, an additional mole of ATP is generated for each mole of acetate 
formed. Ethanol, which is also formed in this fermentation, is produced by reduc­
tion of acetyl-CoA (Dawes & Foster, 1956) by the NADH produced during the forma­
tion of pyruvate. During this reduction the energy-rich bond present in acetyl-CoA 
is lost. The gross fermentation balance for this type of fermentation is: glucose 
-+-1 acetate + 1  ethanol +  2 formate. Therefore the net gain of ATP from the 
fermentation can only be calculated when the amount of acetate is known. The 
amount of acetate produced a t the moment of maximal growth is included in Table 1 
for the anaerobic cultures growing in the presence or in the absence of N 0 3~. I t  is



31
evident from Table 1 th a t the production of acetate was much higher in the presence 
of N 0 3_ than in its absence; this confirms the results of Forget & Pichinoty (1964). 
In  contrast to their results, however, no pyruvate accumulation from glucose under 
an aerobic conditions in the presence of n itrate was detected.

Similar experiments were made with mannitol as sole carbon source. Mannitol is 
more reduced than glucose and one oxidation step is required to convert mannitol to 
the hexose oxidation level. Therefore the am ount of NADH produced during the 
conversion of mannitol to pyruvate is larger than  the am ount produced during the 
formation of pyruvate from glucose. Thus more of the acetyl-CoA is reduced to 
ethanol than when glucose is the carbon source. The gross fermentation balance is : 
1 mannitol -+0-5 aceta te+  1-5 ethanol+  2 formate. The results of the growth 
experiments and of the acetate determinations are given in Table 2. The molar 
growth yield with mannitol under anaerobic conditions was smaller than  with 
glucose; this is in accordance with the smaller acetate production. In  the presence 
of n itrate as hydrogen acceptor the growth yield with mannitol was larger than with 
glucose.

Table 2. M olar growth yield  o f  Aerohacter aerogenes 
grown with m annitol as sole carbon source

The mannitol concentration was 3 /tmoles/ml. and the N 03~ concentration 6 /tmoles/ml.; 
other data as for Table 1.

Molar growth yield Acetate production 
Growth condition (g./mole) (/tmole//tmole mannitol)
Anaerobic 21-8 + 0-6 (5) 0-42
Anaerobic+ NOj_ 50-6(3) 1-07

Products o f  nitrate reduction

To calculate the am ount of ATP produced per mole of N 0 3_ we should know how 
much N 0 3-  is reduced per mole of glucose. Therefore experiments were performed in 
which we studied the growth yield with a fixed amount of glucose (3 /tmoles/ml.) 
and different amounts of n itrate (from 0 to 35 /tmoles/ml.). The growth yield in­
creased with N 0 3~ concentrations between 0 and 1-33/tmoles/ml., but did not 
change when higher n itrate concentrations were used. This suggests th a t a t least
1 -3 3 / 3  =  0-44 /tmole NOs~ per /tmole glucose was necessary to increase the molar 
growth yield from the anaerobic value to the maximum value for anaerobic growth 
in the presence of NOs~. Chemical estimation of n itrate revealed th a t indeed 0-44 
/tmole n itrate was reduced per /tmole glucose a t the moment of maximal growth. 
The amount of n itrite produced from this amount of n itrate was very small: only 
0-06 /tmole//tmole glucose. In  similar experiments with mannitol it was found th a t 
0-93 /tmole/N03-//tmole mannitol were needed to obtain the maximum molar 
growth yield for anaerobic growth in the presence of N 03~. The am ount of nitrite 
produced in this experiment was 0-42 //,mole///mole mannitol.

These results suggest th a t n itrate was reduced beyond the nitrite stage; this was 
confirmed by the observation th a t larger amounts of nitrite were present before 
maximal growth was obtained. In  this aspect our strain differs from the one used by 
Forget & Pichinoty (1964) because their strain reduced N 0 3~ only to N 0 2~.

In the supernatant fluid no hydroxylamine was detected and, as expected, N 03 - 
was not reduced to  such gaseous products as N2 or N20 . T hat N 03~ was reduced to

E n e r g y  'p r o d u c t io n  d u r i n g  n i t r a te  r e s p i r a t i o n



NH4+ was confirmed by observing th a t our Aerobacter aerogenes grew in a minimal 
medium with NOs_ as sole nitrogen source. The molar growth yields are given in 
Table 3. Under aerobic conditions the molar growth yield with N 0 3_ as sole 
nitrogen source was much smaller than with NH4+ as nitrogen source; a similar 
observation was made by Pichinoty i t 960). Under anaerobic conditions nearly the 
same yield of organism was obtained in a medium with NH4+ as N-source and N 0 3~ 
as hydrogen acceptor, as in the medium with N 0 3_ as combined nitrogen source and 
hydrogen acceptor. These results confirm th a t N 0 3~ is reduced to NH4+.
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Table 3. M olar growth yields o f  Aerobacter aerogenes grown with N 0 3 
as sole nitrogen source and glucose as sole carbon source

The glucose concentration in these experiments was 1-5 /¿moles/ml.; nitrate con­
centration 35 /¿moles/ml. Other data as for Table 1.

Molar growth yield 
Growth conditions (g./mole glucose)

Aerobic 52
Anaerobic 43

Table 4. M olar growth yield  and acetate production o f Aerobacter aerogenes grown  
anaerobically with glucose as sole carbon source and w ith various concentrations of 
nitrite as hydrogen acceptor

The glucose concentration in these experiments was 3 /¿moles/ml. Other data as for 
Table 1.

Nitrite concentration Molar growth yield Acetate production
(/¿moles/ml.) (g./mole glucose) /¿moles//¿mole glucose

0 261 0-84
0-5 27 1-2
1 24-5 1-58
1-5 22-4 1-6
2-6 20-6 Not determined
5 16 Not determined

10 No growth

The influence o f  nitrite on the molar growth yield  with glucose

The previous results suggested th a t the production of some ATP by our Aero­
bacter aerogenes was coupled to the reduction of N 0 3~ to NH4+. To know to which 
step in this reduction the ATP production was coupled, experiments were made in 
which N 0 2-  was used as ultim ate hydrogen acceptor. N 0 2~ was very toxic to the 
bacteria, especially when there was no other hydrogen acceptor (0 3, N 0 3_) present. 
A similar phenomenon was observed for A . aerogenes by Lewis & Hinshelwood 
(1948). The growth yield and the acetate production with different amounts of 
nitrite are given in Table 4; acetate production was increased in presence of N 0 2~ 
indicating th a t it indeed acted as hydrogen acceptor. About 0-3 /¿mole X 0 2~ were 
reduced per /¿mole glucose, independent of the initial X 0 2~ concentration. Although 
the acetate production increased, the molar growth yields were similar to or smaller 
than those obtained in the absence of N 0 2-  and decreased as the X 0 2~ concentration 
was increased. This effect was undoubtedly due to  growth inhibition by N 0 2~. In 
experiments in which X 0 2~ was added to a complete medium with NH4+ as N-



source and the organisms were grown under aerobic conditions, we also found a  

lower growth yield. A similar decrease in growth yield was obtained when, under 
anaerobic conditions, a m ixture of 35 //moles N 0 3_ and 0-5 /¿mole N 0 2~ was used 
as hydrogen acceptor. Our strain could also utilize N 0 2~ as sole N-source. The 
yields o: organisms are given in Table 5; they are much smaller than  when N 0 3~ 
was used as sole N-source (compare Table 3). In  all these experiments the growth 
ra te  was decreased by the presence of N 0 2_. The results indicate th a t the growth 
yield was decreased a t lower growth rates.

E n e r g y  p r o d u c t io n  d u r i n g  n i t r a te  r e s p i r a t i o n  3 3

Table 5. M olar growth yield  o f Aerobacter aerogenes grown with N 0 2~ 
as sole nitrogen source and glucose as sole carbon source

The N 0 2-  concentration in both experiments was 5 /¿moles/ml.; glucose concentration 
3 //moles/ml.

Molar growth yield 
Growth condition (g./mole glucose)

Aerobic 39
Anaerobic 16

DISCUSSION

YATP was calculated from the results of Table 1 (Hadjipetrou et al. 1964) to be 
Ygi™8e =  10-2. This value was used to calculate the ATP yield from growth yields 
under anaerobic conditions in the presence of nitrate, by dividing it into the molar 
growth yield with nitrate. In  this way we find th a t 45-5/10-2 =  4-46 moles ATP 
were produced. Hadjipetrou et al. (1964) showed th a t the carbon content of the Aero- 
bacter aerogenes is 40% , hence 45-5 g. glucose were converted to cell material and 
180 — 45-5 =  134-5 g. were fermented. As the net gain of ATP/mole glucose trans­
formed to pyruvate is 2 moles and as one extra mole is formed per mole of acetate, 
the amount of ATP formed during fermentation of one mole of glucose was 
2(134-5/180) +1-63 =  3-12 moles of ATP. From the growth yield we find th a t the 
total production of ATP was 4-46 moles, therefore 4-46 — 3-12 =  1-34 moles of ATP 
m ust have been produced by phosphorylation coupled to  n itrate reduction. The 
am ount of n itrate used as hydrogen acceptor during the fermentation of glucose was 
0-44 //mo]e///molc glucose. Thus the reduction of 1 mole of N 0 3~- gave (1/0-44)1-34 
=  3-0 moles of ATP.

From the growth and acetate yields after anaerobic growth with mannitol, we 
can calculate th a t YAPLtoi =  10-0. This is in good agreement with ¥% %  (10-2) and 
YfnjctoBe (10-6) determined by Hadjipetrou et al. (1964). The molar growth yield for 
anaerobic growth in the presence of NOs~ was larger with mannitol than  with 
glucose. In  the same way as for glucose we can calculate th a t during anaerobic 
growth with mannitol 2-46 moles of ATP m ust have been produced by phosphoryla­
tion coupled to  n itrate reduction, which is much more than  when glucose is the 
growth substrate. As mannitol is more reduced than  glucose more N 0 3~ is needed 
per mole of mannitol (0-93 mole N 0 3-/mole mannitol). From  the mannitol results 
we find th a t 2-46/0-93 =  2-6 moles of ATP are produced per mole of N 0 3-, which 
is in good agreement with the value of 3-0 found for glucose.

The growth with N 0 3~ as sole nitrogen source shows th a t N 0 3~ is reduced to 
NH4+. I t  is likely th a t ATP production is not coupled to the reduction of N 0 2~ to 
NH4+, since no increased growth yield was obtained with N 0 2~ as a hydrogen 
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acceptor (Table 5). That N 0 2~ acts as a hydrogen acceptor follows from the increase 
in acetate production. This increase implies th a t an increase in growth yield m ight have 
been expected. Instead, the molar growth yields were similar to or even smaller than 
those obtained in the absence of N 0 2- . The explanation for this phenomenon is th a t 
in the presence of nitrite the growth rate is decreased by the growth inhibitory 
properties of NOa~. When the growth rate is decreased part of the ATP m ay be 
dissipated, which explains the lowered molar growth yields.

Thus it is most likely th a t the formation of three ATP molecules is coupled to the 
reduction of N 0 3_ to  N 0 2~, indicating th a t the hydrogen from NADH produced 
during fermentation is transferred to n itrate in several steps and th a t cytochromes 
are involved. Several schemes in which cytochromes are involved in n itrate reduc­
tion were given by Nason (1962). N itrite and the other intermediates of n itrate 
reduction were most probably reduced directly by NADH. Several such enzymes have 
been reported present in a number of micro-organisms (Nason, 1962).

The authors are very grateful to Professor Dr P. G. de Haan for stimulating 
discussions.
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SUMMARY

Twelve phages isolated from sewage and active on lactobacilli were 
examined by electron microscopy with a negative-staining technique. 
Those phages active on Lactobacillus ferm enti (heterofermentative) possess 
icosaliedral heads and sheathed tails which end in base-plates and pins. 
Those phages active on Lactobacillus casei (homofermentative) differ in 
that their heads are octahedral or icosahedral and they possess collars.
The overall length of all the phages is similar and their base-plates remain 
attached to the sheaths when these contract. No tail fibres were seen.
A temperate Lactobacillus ferm enti phage was also examined. It has 
a small hexagonal head and a long unsheathed tail which ends in a star­
shaped structure.

INTRODUCTION

An electron micrograph of a shadow-cast preparation of a phage active on 
Lactobacillus casei was presented in an M.S. thesis (Walter, 1958). De Klerk, 
Coetzee & Theron (1963) examined shadow-cast preparations of a number of 
phages active on lactobacilli. These phages are morphologically heterogeneous and 
it was decided to study their fine structure.

METHODS

M edia. Media used were MRS broth and agar (de Man, Rogosa & Sharpe, 1960).
Phages. These phages were isolated from sewage and were as follows: nos. 41, 69, 

206, 222, 222 a, 315, 514 and 517 active on Lactobacillus ferm enti strains; 300, 316, 
356 and 780 active on strains of L . casei (de Klerk et al. 1963). The temperate 
phage 535/222a (Coetzee & de Klerk, 1962) was also examined.

Electron m icroscopy. Lysates of the sewage phages were prepared, purified and 
concentrated as previously described (de Klerk et al. 1963). H igh-titre lysates of 
the tem perate phage were prepared by a double agar layer method (Hershey, 
Kalmanson & Bronfenbrenner, 1943). The purified phages (plaque-forming titres 
about 1 x 1012/ml.) were suspended in 0-1 M-ammonium acetate (pH 7-2). The 
negative staining method of Brenner & Horne (1959) was used. Perforated carbon 
films were prepared on Yeco 400 mesh/in. support grids (Sjostrand, 1956); these 
were freed from formvar and oil by immersion in redistilled chloroform. The 
specimens were mounted by the spreading technique (Bradley, 1962) and examined 
with a Philips EM 200 electron microscope.

3 - 2
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RESULTS

Phages active on Lactobacillus fermenti, Plate 1, figs. 1-5, shows Lactobacillus 
fermenti phages 206, 222a, 315 and 514. Their heads are composed of capsomeres. 
Some of the latter show a central core filled with phosphotungstate and are pre­
sumably hollow. The arrangement of the capsomeres has not been determined bu t 
the shapes of the heads are consistent with th a t of a regular icosahedron. The tails 
are composed of thin central cores surrounded by contractile sheaths composed of 
subunits in a helical arrangement. No collars are present and the terminal tail 
structures are rosette-like when the sheaths are extended. When the sheaths 
contract the central cores are exposed. The tail structures then show base-plates 
carrying no more than  six tail pins, attached to the sheaths. No tail fibres were 
seen. The dimensions of these L. fermenti phages are presented ir_ Table 1. The other 
sewage phages active on L. fermenti organisms which were examined had identical 
features and similar dimensions.

Table 1. Dimensions (Angstrom units) of Lactobacillus bacteriophages
Sheath width

Phage Head*
Tail

length
Un­

contracted Contracted
Core

width
Overall
length

206 720f 1380 — 180 55 2100
222 a 690 1380 160 200 55 2070
315 720 1480 160 — — 2200
514 720 1380 — 180 60 2100
300 820 1230 150 190 70 2050
356 820 1270 160 — — 2120

535/222 a 500 1820 — — 80 2320

* Dimension from apex to tail joint, 
f  Figures are the mean of 25 to 30 measurements.

Temperate phage. The tem perate phage 535/222 a possesses a different morphology 
(PI. 1, figs. 6, 7). Its  head is hexagonal and capsomeres were not seen. The tail is 
long, hollow and unsheathed and terminates in a star-shaped blob. The dimensions 
arc presented in Table 1.

Phages active on Lactobacillus casei. Plate 2, figs. 8-10, shows Lactobacillus casei 
phages 300 and 356. The heads are composed of hollow capsomeres. The shape of 
the heads appears to be octahedral bu t few structural details have been discerned, 
and the head shape of phage 356 may be icosahedral. These phages also differ 
from those active on heterofermentative lactobacilli in th a t collars are present 
which have the same diameters as the tail sheaths. The remaining tail structures 
are similar to  those of the phages active on heterofermentative lactobacilli. The 
dimensions of these phages are given in Table 1. Phages 316 and 780 revealed an 
identical morphology and similar dimensions. The periodicity of the tail sheaths of 
both groups of sewage phages in the contracted state was 36 A and 28 A when 
extended.



L a c to b a c i l lu s  b a c te r io p h a g e s 37

DISCUSSION

A clear distinction is possible between sewage phages active on heterofermentative 
and homofermentative lactobacilli. Not only do they differ serologically (de Klerk 
et al. 1963) bu t the la tter have collars and probably octahedral heads while the 
former possess icosahedral heads and lack collars. The collars are thicker than those 
of coliphage T4 (Bradley, 1963) and resemble the collar of B acillus sub tilis  phage 
SP3 (Eiserling & Romig, 1962). The overall length of the two groups of phages is 
similar, although the heads of those active on homofermentative organisms are 
larger. Their dimensions are similar to those of many other phages (Shirling, 1956; 
Bradley & Kay, 1960; Davison, 1963). The sheaths of both groups of phages, when 
contracted, remain attached to the base-plates. However, methods to  produce 
contraction which may dissociate the base-plate from the contracted sheath 
( Ivellenberger & Arber, 1955) were not used. The tail endings of these phages in 
the uncontracted state resemble th a t of B . sub tilis  phage SP8 (Davison, 1963), which 
is described as a mass of fibres and pins. However, no tail fibres or fibrous network 
around the sheaths of these phages were detected. This is not exceptional, for tail 
fibres and the fibrous networks detected in coliphages T 2 and T 4 have not been 
described in phages active on Gram-positive organisms (Bradley & Kay, 1960; 
Eiserling & Romig, 1962; Davison, 1963). The tem perate lactobacillus phage differs 
from the sewage phages in having a smaller head and a longer and unsheathed tail 
which is distinctly broader than  the cores of the other phages. No tail pins or fibres 
have been identified in the rosette-shaped tail ending of this phage, which is similar 
to the tem perate B . cereus phages described by Dawson & Smillie (1962).

One of us (J.N.C.) was in receipt of a grant from the South African Council for 
Scientific and Industrial Research.
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EXPLANATION OF PLATES
The magnification in all figures is x 276,000. All phages in ammonium acetate and phospho- 

tungstate.
P l a t e  1

Fig. 1. Phage 206.
Figs. 2, 3. Phage 222 a.
Fig. 4. Phage 514.
Fig. 5. Phage 315.
Figs. 6, 7. Phage 535/222 a.

P l a t e  2

Figs. 8, 9. Phage 300. 
Fig. 10. Phage 356.
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Antigens from Vaccinia Virus Particles
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SUMMARY

Soluble material extracted from purified vaccinia virus particles 
produced eight precipitin lines with antiserum  by immunodiffusion. 
The m aterial contained about 20 % of the viral nitrogen and was obtained 
by extraction with alkaline buffers up to pH  10-5, by prolonged autolysis 
or, more conveniently, by digestion with trypsin. I t  appeared to originate 
mainly from the virus surface but, as it also contained about 5 % of the 
viral DNA and a small proportion of the virus particles were converted to 
ghosts, some of the precipitin lines probably represented internal com­
ponents of the virus. When more material (up to 75%  of the viral-N) 
was extracted no further precipitin lines were detected but some immuno- 
specificities may have been destroyed. Serial extractions a t increasing 
alkaline pH values separated the antigens from most of the viral DNA 
and indicated th a t the ‘nucleoprotein antigen’ of earlier workers was 
probably an artifact.

INTRODUCTION

The difficulty in studying the constituents of vaccinia virus was considered by 
Smadel & Hoagland (1942) as due to  ‘its extreme insolubility in all bu t the most 
drastic reagents’; 0-04 N-NaOH a t 56° dissolved about half the weight of purified 
virus particles. The extracted material, which included the viral DNA, formed 
precipitates with vaccinia virus antiserum and was named ‘ nucleoprotein antigen ’ 
(Smadel, Rivers & Hoagland, 1942). No other method of obtaining antigens in 
solution from the virus particles has been reported apart from some early observa­
tions bv Craigie & W ishart (1936), who detected th a t small amounts of antigen 
slowly dissociated from the particles in suspension. The effect of proteolytic 
enzymes was investigated by Hoagland, W ard, Smadel & Rivers (1940). Pepsin 
and papain partially digested the virus b u t trypsin, chymotrypsin and ficin did not. 
Later, Dumbell, Downie & Valentine (1957) noted th a t trypsin could decrease 
the infectivity of vaccinia virus.

The relatively large size and complex morphology of vaccinia virus suggest the 
possibility of disrupting the particles by mechanical methods. We have subjected 
virus suspensions to  prolonged ultrasonic treatm ent, repeated freezing and thawing, 
grinding a t —60°, treatm ent in the Hughes press and osmotic shock. As with 
earlier attem pts by other workers, we could detect little or no effect on the virus 
and no antigens were released. Thus it appeared necessary to  attack  the virus 
with chemical reagents and to  find conditions which caused minimal loss of 
antigen specificity. The principal chemical constituents of the virus are protein,



DNA and lipid. Small amounts of oilier substances reported in the early chemical 
investigations (Smadel & Hoagland, 1942) are probably not true components of the 
virus (Zwartouw, 1964).

METHODS

Virus purification. Vaccinia virus was obtained from the skin of infected rabbits 
and purified by centrifugation in a sucrose density gradient as described by Zwartouw, 
Westwood & Appleyard (1962). Samples of purified virus were stored as frozen 
aqueous suspensions a t —80°.

Assay methods. Nitrogen, DNA and virus infectivity were determined as de­
scribed previously (Zwartouw, 1964).

Immunodiffusion. For most tests the double-diffusion technique of Ouchterlony 
(1948) was used with a 2 mm. depth of gel prepared from 1 % Ion-agar (Oxoid) in 
0-9% NaCl solution. R eactant wells wTere 7 mm. diameter with 14 mm. between 
centres. Precipitin lines were recorded after 4 days a t room tem perature. The 
more sensitive microtechnique of Crowle (1958) was used to detect the maximum 
number of precipitin lines.

Antiserum. After an initial dermal vaccination, rabbits were hyperimmunized 
with four intravenous injections of 5 x 109 pock-forming units of vaccinia virus. 
The sera from six rabbits were pooled.

General extractio-n procedure. Purified virus was suspended in the required reagents 
so th a t the final virus concentration was 1 mg. (dry weight)/ml. After treatm ent, 
a sample was removed for infectivity assay and then the mixture centrifuged a t
30,000 g  for 15 min. to obtain a clear extract. The extract was tested for precipitin 
antigens by immunodiffusion and the amounts of viral-nitrogen (viral-N), and DNA 
determined and expressed as a percentage of the to tal viral-N or DNA.

Electron microscopy. Specimens were negatively stained with potassium phos- 
photungstate solution (0-2%, pH  6-8) as described in the text and examined in 
a Siemens Elmiskop 1 electron microscope operating a t 80 kV.

RESULTS

Alkaline extraction
An extract was prepared by treating virus with 0-04 N-NaOH for 15 min. a t 563 

as described by Smadel et al. (1942) for the preparation of 4nucleoprotein antigen’. 
The extract contained all the viral DNA and about 60 % of the total-N  bu t produced 
only faint precipitin lines with antiserum in gel diffusion tests. Extracts prepared 
a t less alkaline pH  values and lower tem peratures produced stronger precipitin lines 
although they contained smaller amounts of the viral material. Therefore, attem pts 
were made to  obtain the best yield of precipitins by first extracting a t pH  9 and 
then a t increasingly alkaline pH values. The material remaining insoluble after each 
extraction was collected by centrifugation and extracted a t the next higher pH 
value of the series. Each extraction was carried out for 30 min. a t 37° with 0T m- 
N a2H P 0 4 and sufficient NaOH to give the reqiured pH  value. For the final extrac­
tion a t pH  12-8, 0T x-NaOH was used. Table 1 shows the amounts of material 
extracted from the virus and the precipitin lines produced by the extracts. Similar 
results were obtained with 0T m -glycine +N aO H  buffer, bu t this was less convenient 
for measuring the extracted viral-N.

4 0  H .  T .  Zw artouw , J .  C . N .  W estw ood  and  W . J .  H arris



Extracts 1-4 (pH 9-10-5, Table 1) contained most of the precipitins and 20%  
of the viral-N. Extracts 6 and 7 (pH 11-5-12-0) contained 31 % of the N and 71 % 
of the viral-DNA but did not produce any precipitin lines. Although a small amount 
of DNA was obtained in the first two extracts, possibly from virus particles with 
defective or damaged outer structures, the precipitins were clearly separated from 
the main part of the DNA.

Comparison by gel diffusion indicated th a t the weak precipitin lines produced 
by ‘nucleoprotein antigen’ extract were also present in the lines produced by the 
pH 9-10-5 extracts. This was confirmed when the pH  10-5 extract, in which DNA 
was not detected, was treated with NaOH in the way used for ‘nucleoprotein 
antigen’ extraction. The precipitin line formation was considerably weakened and 
the residual weak reaction appeared similar to th a t of ‘nucleoprotein antigen’.

Table 1. Serial alkaline extraction of vaccinia virus 

E x tr a c t  S o lu b le -N  S o lu b le  D N A  F o rm a tio n  o f

A n t i g e n s  f r o m  v a c c in ia  v i r u s  p a r t i c le s  4 1

no. p H (%  o f  to ta l-N )  (%  o f  to ta l  D N A ) p re c ip itin  lines

1 9-0 5 7 +  +
2 9-5 4 2 +  +
3 10-0 3 0 +
4 10-5 8 0 +  +
5 11-0 12 6 +
6 11-5 22 35 —

7 12-0 9 36 —

8 12-5 3 7 —

9 12-8 4 0 -
R e sid u e 26 0

Table 2. Tryptic digestion of vaccinia virus
D ig es t T ry p s in  cone. In fe c tiv ity Solub le-N * F o rm a tio n  of

n c . (% ) (%  o f o rig in a l) (%  o f  to ta l-N ) p re c ip it in  lines

1 0 109 3 T ra c e
2 0-00001 119 6 +
3 0-0001 122 10 +  +
4 0-001 30 19 +  +  +
5 0-01 9 23 +  +
6 0-1 0-2 22 +  +

* A f te r  c o rre c tio n  fo r t ry p s in  c o n te n t.

Digestion with proteases
Several proteolytic enzymes were tested a t 0-01 % for their ability to liberate 

antigens from 0-1 % (dry weight) virus suspensions. Digestion with pepsin a t 
pH  2-5 did not produce any material which formed precipitin lines by immuno­
diffusion. Trypsin, chymotrypsin, papain and ficin, enzymes which could be used 
a t pH  7-8, all liberated m aterial which formed similar precipitin lines; trypsin 
was selected for further study. Digestion was carried out with a range of different 
concentrations of crystallized trypsin (Armour & Co. Ltd.) in 0-01 M-phosphate at 
pH  8 for 3 hr a t 37°. Table 2 shows the amounts of viral-N obtained in solution 
and the precipitin lines produced by the soluble materials. Both intensity of 
precipitin lines and am ount of N released increased with the trypsin concentration



up to  0-001 % trypsin. Higher concentrations released only a little more N and 
caused some loss of the precipitin lines. At the lower trypsin concentrations the 
virus infectivity was apparently enhanced (Table 2) and in a few experiments it was 
increased to  150% of the original infectivity titre. This was most likely due to  the 
separation of virus particles from aggregates when the enzyme started  to  attack 
the surface of the particles. The higher trypsin concentrations caused loss of 
infectivity.

W ith 0-001 % trypsin similar results were obtained when the pH was varied 
between 7-7 and 9-0 bu t slightly less m aterial was released between 7-0 and 7-4. 
A second digestion of the insoluble residue with trypsin released only a further 
S % of the total-N. As a standard procedure for obtaining the precipitin antigens, 
0-1 % (dry weight) of virus in 0-01 M-sodium phosphate a t pH  8-0 was incubated 
with 0-001 % trypsin for 3 hr a t 37°. The material obtained in solution contained 
about 20%  of the to tal viral-N and small amounts of DNA (3-7%  of the total). 
The latter may have originated from damaged virus particles as suggested for the 
similar amounts of DNA extracted with alkaline buffer a t pH 9-9-5.
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Table 3. Autolysis of vaccinia virus at pH  7-5 and 37°

S am p le T im e  a t  37° In fe c tiv ity S o lub le-N F o rm a tio n  of
no. (h r) (%  o f o rig ina l) (%  o f to ta l-N ) p re c ip itin  lines

1 4 107 4 T ra c e
2 8 110 6 +
3 16 102 8-5 +
4 24 93 9-5 +  +
5 48 87 12 +  +  +
6 72 52 13 +  -  +  +
7 144 14 15 +  +  +  4-

Autolysis of virus suspensions
Control samples of virus incubated a t 37° for 3 hr without trypsin released a 

small amount of m aterial which produced weak precipitin lines (see Table 2). 
Prolonged incubation of virus suspended in dilute buffer a t pH 7-5-8-0 with 0-1 % 
sodium azide, to  prevent growth of any contaminating organisms, resulted in a slow 
autolysis. The intensity of the precipitin lines produced increased with the time 
of incubation up to  72 hr when 13 % of the viral-N was in solution. Incubation for 
an additional 72 hr released only a further 2 % of N with no detectable increase in 
the precipitin lines produced (Table 3). The virus infectivity usually decreased 
slowly during the autolysis, bu t in some experiments almost no loss was apparent 
up to 72 hr. This was probably due to disaggregation of virus which masked any 
ioss of infectivity.

Number of precipitin lines detected
Comparison of the precipitin lines produced by the materials released from virus 

with alkaline buffer up to pH  10-5, tryptic digestion or autolysis showed th a t they 
were similar. Some immunodiffusion patterns suggested the presence of six precipitin 
lines b u t usually the components did not separate clearly. The line patterns were 
not improved by altering the distance between reactant wells, adjusting the agar 
concentration or including buffer in the gel. However, with the more sensitive 
micro-immunodiffusion method of Crowle (1958) eight precipitin lines were detected.
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Morphological changes accompanying the extraction of antigens 
Some evidence which indicated th a t trypsin digested a superficial layer of protein 

from the surface of vaccinia virus has already been reported (Westwood, Harris, 
Zwartouw, Titmuss & Appleyard, 1964). Virus negatively stained with phospho- 
tungstic acid (PTA) usually appeared to have a surface consisting of coiled threads. 
Digestion with trypsin had little effect on the thread layer although it allowed some 
increased penetration of PTA into the virus. More definite evidence for the digestion 
of a superficial layer external to the thread layer has been obtained as follows. 
U ntreated virus was allowed to dry on a carbon film and negatively stained by 
allowing fine droplets (3-5/i diameter) of PTA solution to fall on to the particles. 
In areas where the PTA solution dried rapidly so th a t penetration of the stain was 
prevented, virus particles had a relatively smooth appearance and the thread 
layer was not revealed (PI. 1, fig. 1). When about 20%  of the viral-N had been 
dissolved by digestion with trypsin, no superficial smooth layer could be detected 
by the same staining technique and the surface of the virus appeared to consist 
of the thread layer (PI. 1, fig. 2). Digestion with trypsin also converted a small 
proportion of the virus particles to em pty ghosts. These particles presumably 
accounted for the 3-7 % of the total viral-DNA obtained in the soluble material. 
Similar ghosts (PI. 1, fig. 3) were obtained from all virus particles after the serial 
extraction with alkaline buffers. This final residue, insoluble in 0-1 x-NaOH, 
contained 26%  of the total-N  and no DNA.

Attempts to extract further antigens
The extracted material which formed precipitin lines represented only 20%  of 

the total viral-N. Further material dissolved with alkaline buffer above pH 10-5 
did not form precipitin lines so some other methods of extraction were examined. 
The small amounts of DNA obtained with the precipitin components suggested th a t 
a defective fraction of the virus particles released internal components and attem pts 
were made to  increase the damaged or defective fraction. However, no further 
precipitin components could be extracted by tryptic digestion or with alkaline 
buffer from freeze-dried virus (which had lost 90%  of its infectivity on drying), 
virus treated by ultrasonic vibration in anhydrous suspension (freeze-dried virus 
suspended in carbon tetrachloride), or virus treated with 0-1 x-HCl or 0T x-NaOII 
for 3 min. a t 0°.

Lipid was removed from virus by adding a 1 % (dry weight) suspension to 100 
volumes of acetone a t —60° and the treated virus was recovered by centrifugation. 
The weight of lipid obtained after evaporating the acetone (5 % of the original virus 
weight) showed th a t extraction of the lipid was almost complete. Although the 
lipid-free virus was not more soluble in alkaline buffer, it was digested to a greater 
extent by trypsin. The soluble digest contained 43 % of the viral-N but the pattern 
of precipitin lines produced was not more intense and did not appear to contain 
any different components wrhen compared with the digest from untreated virus. 
A similar result was obtained when 75%  of the viral-N was dissolved by tryptic 
digestion of lipid-free virus which had been treated with 2-mercaptoethanol (2 % 
for 1 hr a t 20°).



After digestion of native virus with trypsin, 0-1 m-KCN (pH 11) a t 37° for 1 hr 
extracted a further 42%  of the viral-N compared with 16% extracted by 0-1 m - 

N a2C 03 +  N aH C03 a t the same pH. The materials extracted by either reagent 
appeared to contain a little of the same precipitin components which had already 
been obtained with trypsin.

4 4  H .  T .  Z w a r t o u w , J .  C . N .  W e s t w o o d  a n d  W .  J .  H a r r i s

DISCUSSION

The earlier observation of Craigie & W ishart (1936) th a t antigen was slowly 
released from vaccinia virus suspensions has been confirmed. At 37° the material 
released contains up to  15%  of the viral-N after 144 hr. Similar material was 
obtained more conveniently by suitable digestion with trypsin, which rapidly 
released about 20%  of the viral-N. Serial extraction with alkaline buffers up to 
pH  10-5 also dissolved the same material from the virus. However, extraction 
above pH  10'5 dissolved the viral-DNA with further amounts of protein which did 
not produce precipitin lines. Thus the. ‘nucleoprotein antigen’ extracted with NaOH 
by Smadel et al. (1942) was probably a mixture of nucleic acid and protein with 
partially degraded precipitin components.

Eight precipitin lines were produced by the extracted material, although only 
about 20%  of the viral-N was dissolved. When more than  20%  was obtained in 
solution no further precipitin lines were detected but some antigens may have 
been destroyed. Indirect evidence for one further antigenic component of the virus 
is reported in the accompanying paper (Westwood, Zwartouw, Applevard & Titmuss, 
1964), which describes a comparison of the virus particle antigens with the soluble 
antigens found in vaccinia virus infected tissue. Most of the immunospecific material 
appeared to be extracted from a surface layer of the virus. However, the conversion 
of a small proportion of the virus particles to empty ghosts by tryptic digestion 
and the presence of about 5 % of the total viral-DNA in the soluble m aterial indi­
cated th a t some virus particles were completely dissolved except for the residual 
ghosts. Thus it seems likely th a t some of the eight precipitin lines represented 
internal components of the virus. Some experiments suggested th a t the surface 
layer could be dissolved away to leave virus which was still infective. However, the 
results were inconclusive since partial loss of infectivity might have been masked 
by the increased infectivity due to disaggregation of virus. Some observations of 
Morgan, Rifkind & Rose (1962) indicate a definite surface layer of antigens on 
vaccinia virus. These authors found th a t antibody labelled with ferritin combined 
with the surface of m ature vaccinia virus b u t not with immature vims. The surface 
layer of antigens appears to be present as an envelope around the ‘ thread layer and 
the latter is probably the most insoluble part of the virus which constitutes the 
ghosts left after alkaline extraction. Reagents which allow more m aterial to  be 
extracted from the virus, such as 2-mercaptoethanol and KCN, probably dissociate 
disulphide bonds in the insoluble thread layer.

The authors wish to thank Mr D. J . Algar for valuable technical assistance.
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EXPLANATION OF PLATE 1 
Figs. 1-3. Electron micrographs of vaccinia virus.

Fig. 1. Untreated virus with minimal penetration of PTA stain showing the smooth surface 
( x 190,000).
Fig. 2. Virus after digestion with 0-001 % trypsin and stained with PTA as in Fig. 1; showing the 
thread layer at the surface ( x 240,000).
Fig. 3. Residual ghosts left after extraction of virus with alkali ( x 135,000).
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SUMMARY

Soluble antigens extracted from rabbit skin infected with vaccinia virus 
produced immunodiffusion patterns containing up to  17 lines. A t least 5 of 
the components which produced lines were labile when heated a t 60°. 
Soluble material obtained from purified vaccinia virus particles produced 
8 precipitin lines and an additional virus component was detected with 
antiserum prepared against inactivated virus particles. Seven of the virus 
particle precipitin lines were identical with soluble antigen lines, bu t up to 
10 of the soluble antigen lines did not appear to represent components of the 
virus particle. I t  is suggested th a t they represent specific substances 
(perhaps enzymes) required for virus replication but not incorporated 
into the virus.

INTRODUCTION

Early studies of vaccinia virus antigens by classical methods of serology were 
reviewed by Smadel & Hoagland (1942). The serological activity of filtered extracts 
of vaccinia virus infected tissue (soluble antigen) was attributed to a single sub­
stance called LS-antigen. This antigen had two specificities, one of which was labile 
and the other stable when heated. Vaccinia virus particles were considered to have 
LS-antigen as a surface component as well as another antigen X-agglutinogen and 
to contain an internal nucleoprotein antigen. To account for the production of virus 
neutralizing antibody and immunity to infection a further antigen was also postu­
lated. Application of immunodiffusion techniques has revealed that poxvirus 
soluble antigen is more complex than the earlier classical methods could show. 
Gispen (1955) found up to 6 precipitin lines and Rondle & Dumbell (1962) detected 
at least 9 precipitin lines produced by extracts from vaccinia virus infected tissue. 
Appleyard, Westwood & Zwartouw (1962) found that a total of about 15 precipitin 
lines was produced by the partially separated soluble components in extracts of 
tissue cultures infected with rabbit poxvirus.

The simplest explanation for the existence of the soluble antigens is th a t they 
represent excess synthesis of virus particle components which have not been 
incorporated into complete virus. However, some early experiments of Salaman 
(1937) and Downie (1939) suggest th a t this may not be the complete explanation. 
These authors found th a t antiserum which had been absorbed with virus particles 
still reacted with vaccinia soluble antigen preparations. We have investigated this 
problem by immunodiffusion comparison of soluble antigens with antigens obtained

* Present address: Department of Bacteriology, University of Ottawa.
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from vaccinia virus particles. The method for extracting nucleoprotein antigen 
from virus described by Smadel, Rivers & Hoagland (1942) destroys some viral 
antigens and nucleoprotein antigen is believed to be an artifact. Soluble components 
which produce up to 8 precipitin lines can, however, be obtained from vaccinia 
virus particles, as described in the previous paper (Zwartouw, Westwood & Harris,
1964).

METHODS

Antigens
Vaccinia virus soluble antigens. Infected dermal pulp was obtained from the skin 

of infected rabbits, as described by Hoagland, Smadel & Rivers (1940). The material 
from each rabbit was collected into 25 ml. of 0-004M-Mcllvaine buffer (pH 7-8) con­
taining 0-1% sodium azide (to inhibit growth of contaminating organisms) and 
dispersed by shaking with glass beads. The suspension was clarified by centrifuga­
tion a t 800 g  for 10 min. and the deposit re-extracted with half the original volume 
of buffer. The to tal suspension was then centrifuged a t 35,000 g  for 30 min. to 
sediment virus particles. The supernatant fluid, which contained between 5 and 
7 mg. protein/ml., was the m aterial used as soluble antigens.

Purified vaccinia virus particles. The virus sedimented from the soluble antigen 
solution was washed and purified by centrifugation in a sucrose density gradient, 
as described by Zwartouw, Westwood & Appleyard (1962). The purified virus 
produced no precipitin lines in immunodiffusion tests.

Extraction of antigens from, vaccinia virus particles. Antigens were obtained from 
purified virus particle suspensions (1 mg. dry-weight/ml.) in 0-01 M-phosphate 
buffer (pH 8 0) by incubation with 0-001 % crystallized trypsin (Armour & Co. Ltd.) 
for 3 hr at 37°. Clear solutions containing about 20 % of the virus N were obtained 
after centrifugation at 30,000 g  for 15 min. (Zwartouw et. al. 1964).

Antisera
Complete vaccinia antiserum. Rabbits were initially vaccinated on the skin and 

then hyperimmunized with two to  four intravenous injections of 5 x 109 pock 
forming units of virus from the skins of rabbits. Sera from nine rabbits were 
pooled. The method of preparation made the possibility of any reaction with rabbit 
tissue antigens very unlikely and this was confirmed by the absence of precipitin 
lines when the antiserum was tested against extracts from uninfected rabbit skin.

Soluble antigen antiserum. Soluble antigen was freed from infective virus by two 
Seitz filtrations followed by two filtrations through collodion membranes (average 
pore diameter 330 m /i). Rabbits were injected subcutaneously with 4 weekly 
doses of 1 ml. of the filtered soluble antigen emulsified with Freund’s complete 
adjuvant (Difco Laboratories).

Virus particle antiserum. Two alternative methods were used to inactivate 
purified virus for immunization. (1) Formaldehyde was added to  an aqueous virus 
suspension to  make final concentrations of 0-4% formaldehyde and 1-3 mg. dry 
weight of virus/ml. The m ixture was kept a t 20° for 1 hr. (2) An aqueous virus 
suspension (1-3 mg./ml. dry weight) was irradiated as a layer 1-7 mm. in depth and 
gently agitated by rocking a t 34 cm. from a 15 W. Phillips ultraviolet lamp for 
5 min. No infective virus was detected when either type of preparation was tested 
in chick embryos. The inactivated virus suspensions were emulsified with 1-5 vol.



of Freund’s complete adjuvant and 2 ml. volumes of the mixtures (containing 1 mg. 
dry weight of virus) injected intramuscularly into rabbits. A second injection was 
given subcutaneously 6 weeks later.

I  mmunodiffus ion
Double diffusion tests in gels were carried out on microscope slides as described 

by Crowle (1958). The diffusion medium was 1%  Ion-agar (Oxoid) in 0-9% NaCl 
and antigen reservoirs were spaced in the Perspex templates either 4 or 6 mm. from 
a central antiserum reservoir. After 3 days a t room temperature, the gel layers were 
washed and stained and the precipitin lines recorded photographically.
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RESULTS 

Soluble antigens
Immunodiffusion patterns produced by the complete vaccinia antiserum with 

samples of the soluble extract from infected tissue were very complex. I t  was 
difficult to resolve all the precipitin lines and the full number was not always 
distinguishable. The maximum number counted was 17. Samples of soluble antigen 
differed in th a t the components which produced the 4 lines nearest the antigen 
reservoirs were not present in all samples. These particular components, which were 
subsequently found to be im portant in the comparison with virus particle antigens, 
were detected in four out of the six soluble antigen preparations tested. One of the 
deficient samples had been Seitz filtered, a process which was generally applied by 
earlier workers to remove virus particles from soluble antigen, and this appeared 
to  be a cause of the deficiency. F iltration of soluble antigen through a collodion 
membrane (average pore diameter 350 m/i) produced a similar loss. Although the 
unfiltered material was not completely free from virus particles, the small number 
present could not account for the extra precipitin lines. No precipitin lines were 
produced by purified in tact virus particles a t 1000-times the concentration present 
in soluble antigen.

In order to relate the precipitin line pattern to the earlier concept of a heat- 
labile and a heat-stable group on what was regarded as the single precipitating 
soluble antigen, the stability of the components revealed by immunodiffusion was 
similarly tested. A comparison was made of untreated soluble antigen with the 
same material after heating a t 60° for 90 min. The stability of components pro­
ducing some of the fainter lines could not be assessed, b u t the presence of five labile 
and six stable components was demonstrated.

Comparison of soluble antigens with virus particle antigens 
The material obtained in solution by tryptic digestion of purified virus particles 

produced up to 8 precipitin lines with the complete vaccinia antiserum. When these 
lines were compared with the lines produced by filtered soluble antigen samples, 
no linkages could be detected between the two sets of lines. Thus, there appeared to 
be no immunological identity between any of the components in the two sets of 
antigens. However, when the comparison was made with unfiltered soluble antigen 
samples, linkages were detected between the extra soluble antigen lines (the 4 nearest
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the antigen reservoir) and the centre 4 lines of the group produced by the virus 
particle antigens.

Since evidence of immunological identity with virus components was shown only 
by the extra soluble antigen components, the possibility was considered th a t their 
presence in soluble antigen might bs due to breakdown of virus particles during 
preparation of the materials. Incubation of purified virus suspensions a t 37° 
produced a slow release over 72 hr of the same antigens th a t were rapidly released 
from virus particles by tryptic digestion (Zwartouw et al. 1964). Preparations of 
soluble antigen and virus were normally obtained from batches of ten or more 
rabbits. On this scale, extraction of the material from infected skin and subsequent 
clarification extended over 1-2 days before most of the virus was separated from 
the soluble antigens by centrifugation. Although the material was kept a t 4° for 
most of this time, some release of antigens from the virus into the soluble fraction 
could have occurred. We tried to eliminate this possibility by rapidly processing 
material obtained from single rabbits. In  this way, virus was separated from soluble 
antigens within 4 hr of harvesting the material from infected rabbit skin. Two 
samples of rapidly processed soluble antigen both contained the components which 
produced lines linking with virus particle antigen lines as in the previous patterns. 
Further tests were carried out to detect any release of antigens from the small 
am ount of virus remaining in unfiltered soluble antigen after centrifugation. 
Samples of the rapidly processed soluble antigen were incubated for 72 hr a t 37°. 
This treatm ent caused no apparent increase in any of the components producing 
precipitin lines bu t some loss of one component was noted.
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Components detected with, soluble antigen antiserum
I t  was impossible to be certain th a t no linkages occurred between some of the 

fainter lines produced by soluble antigens and virus particle antigens in the complex 
patterns obtained with the complete vaccinia antiserum. Further evidence was 
sought by testing an antiserum prepared against soluble antigen. To avoid any 
antibodies produced directly against virus particles, the antiserum was prepared by 
injecting filtered soluble antigen. This preliminary filtration probably accounted 
for the inability of the antiserum to produce all the soluble antigen lines. In 
particular, it did not reveal the extra components of unfiltered soluble antigen or 
the stronger virus antigen lines which formed linkages in the previous tests. 
However, the immunodiffusion pattern  obtained with the soluble antigen antiserum 
confirmed th a t some soluble antigen components were not present in the extract 
from virus particles. I t  also revealed th a t two weak lines produced by the virus 
particle antigens appeared to link with soluble antigen lines.

Components detected with virus particle antiserum
An attem pt to detect any further virus particle antigens, which were not repre­

sented in the soluble extract prepared from virus particles, was made by testing 
antiserum against inactivated whole virus particles. Two alternative methods of 
inactivation, formaldehyde treatm ent and ultraviolet irradiation, were used to 
reduce the possibility of antigen destruction by the inactivation treatm ent. 
Although no infective virus coidd be detected in the treated preparations, addi-
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tional evidence th a t virus replication had not occurred in the immunized rabbits 
was obtained by testing the antisera for anti-haemagglutinin. A vaccinia haemag- 
glutination test system was inhibited by a 1/160 dilution of the complete vaccinia 
antiserum, but not by 1/10 dilutions of the virus particle antisera. On the other 
hand, the sera had high 50%  neutralization titres (200,000-500,000) when tested 
with infective vaccinia virus by the method of Boulter (1957). Immunodiffusion 
patterns produced by antiserum prepared against virus particles inactivated by 
either method were similar. Only one weak precipitin line was produced by the 
soluble antigens and the same component was not detectable as a linking precipitin 
line produced by the virus particle extract. Thus the line indicated a component 
present in both soluble antigens and virus particles which had not been obtained 
in solution by tryptic digestion of the virus.

DISCUSSION

Immunodiffusion analysis has shown th a t soluble antigens produced in poxvirus 
infections contain a large number of different components. Seventeen precipitin 
lines were produced by extracts from rabbit skin infected with vaccinia virus and 
recently Appleyard & Westwood (1964) detected over 20 lines produced by extracts 
of tissue cultures infected with rabbitpox virus. Heating the vaccinia virus soluble 
antigens a t 60° demonstrated five labile and six stable components. Some of the 
components were probably not included in the earlier investigations of filtered 
infected tissue extracts since losses occur during filtration. However, it seems likely 
th a t the original concept of a single LS-antigen was an expression of the collective 
behaviour of a number of antigens.

S o lu b le  a n t ig e n s  a n d  v a c c in ia  v i r u s  p a r t i c le s

Table 1. Summary of immunodiffusion tests
Precipitin

Antigen Antiserum lines

Soluble antigens
Total detected Complete 17

Linkages with extracted components of virus Complete 4
Linkages with extracted components of virus Soluble antigen 2
Present in virus but not in extract of virus Virus particle 1

Total shared with virus particle 7

Virus particle antigens
Present in extract of virus Complete 8
Detected as antibody Virus particle 1

Total detected 9

We have attem pted to  determine whether the soluble antigens represent excess 
synthesis of virus particle components by testing for their presence in virus particles. 
In  direct comparisons with the lines produced by soluble material obtained from the 
virus particles, the appearance of immunodiffusion patterns suggests th a t the major 
components of virus particle extracts were identical with minor components of 
soluble antigen. Evidence for identity of two minor components in both sets of 
antigens was obtained with soluble antigen antiserum. However, the strongest lines 
produced by the soluble antigens clearly did not correspond to any component in

4-2
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the solution of virus particle antigens. The antigen solution obtained from virus 
particles contained about 20 % of the to tal viral N. Although no further precipitin 
components were detected when larger amounts of the virus were obtained in 
solution (Zwartouw et al. 1964), it was possible th a t some antigens were destroyed 
by the treatm ents used. If  such antigens were also present in the soluble antigen 
mixture, they should have been detectable as precipitin lines formed by soluble 
antigen with antiserum prepared against inactivated virus particles. When this 
system was tested, only one weak precipitin line was produced by soluble antigen. 
A summary of the results is shown in Table 1.

Two vaccinia virus antigens could be detected by specific properties which showed 
th a t one was present in both virus particle and soluble antigen but the other only 
in soluble antigen. The first is the antigen reacting with virus neutralizing antibody 
which was demonstrated in soluble antigen by Appleyard (1961). The second is the 
haemagglutinin which is present in infected tissue extracts. Purified virus does not 
haemagglutinate (Zwartouw et al. 1962) and antiserum prepared against inactivated 
virus particles does not inhibit the specific haemagglutination. I t  is possible th a t 
these two antigens were not represented in the precipitin line patterns. Appleyard, 
Zwartouw & Westwood (1964) were not able to  correlate the serum blocking activity 
of soluble antigen with any specific precipitin line and the relatively large size 
(65 mfi) of the haemagglutinin (Chu, 1948) may have prevented this antigen from 
diffusing in the gel system. Most of the virus particle antigens were also detected 
in the soluble antigen mixture. These soluble antigen components are readily 
explained as excess virus particle components which have not been utilized to  form 
complete virus. However, there appear to  be up to  ten further components in 
soluble antigen which could not be detected in virus particles. A possible explana­
tion for these is th a t they are specific enzymes for synthesis of new virus material 
and their formation in cells is initiated by the infecting virus. Increased amounts of 
several enzymes concerned with DNA synthesis in vaccinia virus infected cells have 
been reported and were reviewed by Cohen (1963). These increased amounts m ight be 
due to enzymes with virus rather than  host cell specificity. Furthermore, Appleyard 
& Westwood (1964) have recently shown th a t some soluble antigens are produced 
in tissue cultures infected with rabbitpox before the viral DNA is replicated.
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SUMMARY

The concentration of phospholipids in pigmented Rhodopseudomonas 
spheroides was higher than that in organisms lacking the photosynthetic 
pigments; the amounts of lipid phosphorus/mg. protein were, respectively,
157 a n d  90 m /tm oles. P h o sp h a tid y le th an o la m in e  com prised  a b o u t 4 0 %  
o f th e  phospho lip ids, th e  rem a in d e r consisting  of p h o sp h a tid ic  acid, 
p h o sp h a tid y lg ly cero l a n d  p h o sp h a tid y lch o lin e . T he phospho lip ids w ere 
confined to  th e  m em b ran e  fra c tio n  o f th e  organism s. As organism s a d a p te d  
from  th e  n on -p igm en ted  to  th e  p ig m e n te d  s ta te  th e  a m o u n t o f lip id  
p h ospho rus/m g . p ro te in  increased . E x p e rim e n ts  w ith  rad io a c tiv e  phos­
p h a te  show ed p h o sp h a tid y l g lycerol to  in co rp o ra te  label m ore rap id ly  th a n  
th e  o th e r  phospholip ids. I t  is suggested  th a t  th e  fo rm a tio n  of th e  p h o to ­
sy n th e tic  p igm en ts m a y  be accom pan ied  b y  m odifications to  th e  m em ­
b ran e  s tru c tu re  so th a t  i t  can  accom m odate  m ore phospholip ids.

INTRODUCTION

The pigments of photosynthetic bacteria together with enzymes and cofactors 
required for photophosphorylation are located in relatively homogeneous particles 
termed chromatophores ; these can be separated by differential centrifugation of 
cell-free extracts (Schachman, Pardee & Stanier, 1953). In electron micrographs of 
sections of some photosynthetic bacteria the chromatophores appear as membrane- 
bound vesicles, the number of which varies with the degree of pigmentation (Cohen- 
Bazire, 1963). In Athiorhodaceae grown aerobically, and consequently almost 
devoid of the pigments, few vesicles can be seen ; they become more numerous and 
extend more deeply into the cytoplasm as the organisms increase in pigment con­
tent (Cohen-Bazire & Kunisawa, 1963). There is now evidence that the vesicles are 
derived from the peripheral membrane and that the chromatophore fractions 
obtained from cell-free extracts arise by comminution of the membranes. Some 
electron micrographs of intact and lysed organisms have shown continuity between 
the vesicles and the peripheral membrane, suggesting that they may arise by in­
vagination of this structure (Cohen-Bazire & Kunisawa, 1963; Drews & Giesbrecht, 
1963; Boatman, 1964). Also, the photosynthetic pigments and photophosphoryla­
tion activity have been shown to reside in the ‘ghost’ fraction of Rhodospirillum 
rubrum disrupted by osmotic lysis (Tuttle & Gest, 1959). The possibility that 
chromatophores arise from the peripheral membrane raises the question of whether 
adaptation of Athiorhodaceae from the non-pigmented to the pigmented state 
involves the synthesis of new membrane which contains the photosynthetic pig-



ments incorporated into it. If so, it m ight be expected th a t pigmented organisms 
would contain a higher proportion of membrane than  non-pigmented organisms.

In  other types of bacteria there is abundant evidence th a t the phospholipids are 
largely confined to the membrane fraction (Kolb, Weidner & Toennies, 1963; 
Robrish & Marr, 1962) and the high content of phospholipids in chromatophore 
preparations again suggests their origin from the membrane (Newton & Newton, 
1957; Gibson, Neuberger & Tait, 1962; Bull & Lascelles, 1963). In the present work 
evidence for membrane synthesis associated with the development of photo­
synthetic pigments has been sought by following phospholipid synthesis in relation 
to bacteriochlorophyll formation in Rhodopseudomonas spheroides.
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METHODS

Organisms. Rhodopseudomonas spheroides N.C.I.B. 8253 and the non-pigmented 
m utant strain L-70 were used. The latter was derived from the parent organism by 
repeated aerobic subculture on agar slopes and had completely lost the ability to  
form bacteriochlorophyll and carotenoids; it was therefore unable to grow anaero­
bically in the light.

Stock cultures were grown on malate +  glutam ate +  yeast extract agar; cultures 
of the parent organism were maintained as stabs, grown in the light (Lascelles, 1956), 
while the m utant was kept on slopes incubated in the dark a t 30° for 24 hr.

Growth of cultures. Organisms were grown on the malate +  glutam ate medium 
aerobically in the dark or anaerobically in light, as described by Lascelles (1959). 
Organisms grown under the former conditions are termed ‘ncn-pigmented’ and 
under the latter as ‘pigm ented’.

Experiments with suspensions of organisms. Aerobic cultures were harvested a t the 
end of the exponential phase and resuspended in phosphate-free medium ( —P  
medium). This was modified from the normal m alate +  glutam ate medium (Las­
celles, 1959) by omission of potassium and ammonium phosphates and by the 
addition of 50 mM-tris buffer (pH 7-5) and 10 mM-NH4Cl. The initial protein con­
centration of the suspensions was 0-8-1-2 mg./ml. After addition of [32P]K H 2P 0 4 
(mM; about 3 /¿c./ml.), suspensions were incubated under low aeration a t 34° as 
described previously (Lascelles, 1959). Samples were removed at intervals for 
determination of protein, lipid phosphorus and bacteriochlorophyll.

Determination of protein, bacteriochlorophyll and lipid phosphorus. Protein was 
determined by the method of Lowry, Rosebrough, Farr & Randall (1951) after 
digestion of the organisms with 0-5 N-NaOH a t 100° for 7 min. The standard used 
was crystalline bovine plasma albumin, treated  in the same way. B acteriochlorophyll 
was estimated by the method of Cohen-Bazire, Sistrom & Stanier (1957).

Lipid phosphorus was determined after extraction of lipids from acid-treated 
organisms or lysates with chloroform +  methanol as follows. Samples of suspension 
or lysate equivalent to 10-20 mg. protein were treated with trichloroacetic acid 
(5% , w/v, final) and centrifuged. The pellet was suspended in 5%  trichloroacetic 
acid (10 ml.) and recentrifuged. The supernatant fluid was completely sucked off 
and the pellet homogenized with 5 ml. chloroform +  methanol (2 +  1, by vol.). 
After centrifugation, the supernatant fluid was removed and the pellet re-extracted 
with 5 ml. chloroform +  methanol. The combined supernatant fluids were made to  a



57
known volume (10-15 ml.) and represented the extracted lipids. Total phosphorus 
was determined on 0-5-1-0 ml. samples of this extract by the method of B artlett
(1959).

Distribution of phosphorus in phospholipids. The proportion of the various 
phospholipids in the extracted lipids was determined by methods based on those 
used by Dawson (Dawson, 1960; Dawson, Hemington & Davenport, 1962) and by 
Gray & MacFarlane (1964). In  principle, the phospholipids were deacylated by 
mild alkaline hydrolysis; the water-soluble deacylated compounds were separated by 
paper chromatography and estimated by determination of phosphorus after elution.

Samples (4-6 ml.; 0-25-1-0 /¿mole phosphorus) of the chloroform +  methanol ex­
trac t prepared as above were shaken twice with an equal volume of 2 m-KCI and 
once with water; after each treatm ent the aqueous layer was removed. The washed 
extract was taken to  dryness under an air stream  a t 60°. The residue was dissolved 
in 0-4 ml. chloroform and 0-6 ml. methanolic NaOH (0-1 n ) added. The m ixture was 
incubated a t 37° for 20 min., neutralized with n -HCI, and taken to dryness under an 
air stream. The residue, consisting of unsaponifiable lipid, free fa tty  acids and 
deacylated phospholipids, was shaken with 1 ml. of the upper phase and 2 ml. of 
the lower phase of a m ixture containing chloroform +  methanol +  water (27 +  13 +  
10 by voh). The aqueous phase, containing the deacylated phospholipids, was 
removed and freeze-dried. The product was dissolved in 0-2 ml. water and 0-04 ml. 
applied to  W hatm an paper No. 1 which had been washed with 2 N-aeetic acid. 
Descending chromatography was used, the solvents being either w ater-saturated 
phenol +  acetic acid +  ethanol (100 +  10 +  2 by vol., Dawson, 1960) or water- 
saturated phenol containing 0-1 % (v/v) ammonia sp.gr. 0-88 (Kanfer & Kennedy, 
1963).

The developed chromatograms were sprayed with ninhydrin to  reveal the com­
pound corresponding to phosphatidylethanolamine. In  samples labelled with 32P 
the phosphorus-containing compounds were made visible by radioautography on 
Kodak ‘Blue B rand’ X-ray film (4-24 hr exposure). Non-radioactive samples were 
run beside labelled samples and the phosphorus-containing areas delineated by 
extrapolation.

Elution was as follows. The areas containing phosphorus were cut out and rolled 
in aluminium foil allowing about 1 mm. of paper to show a t one end; the rolls were 
fixed to  the top of conical centrifuge tubes with adhesive tape and about 5 drops of 
water applied to  the top edge of the paper. The tubes were centrifuged for about 
1 min., the eluate collecting a t the bottom  of the tube; this procedure was repeated 
twice more. The to tal phosphorus of the eluates was determined by the method of 
B artlett (1959).

Measurement of radioactivity. The colour developed after treatment of the eluates 
by the Bartlett method was measured spectrophotometrically. The solutions were 
then transferred to a thin glass-walled liquid counter, Type M6M (Panax Equip­
ment Ltd., Surrey) and the radioactivity determined using an Ekco automatic 
scaler Type N530D (Ekco Electronics Ltd., Essex). Results are expressed as counts/ 
100 sec. (minus background)/m/*mole phosphorus.

Materials. 32P was obtained from the Radiochemical Centre, Amersham, 
Buckinghamshire; it  was in the form of carrier-free orthophosphate.

P h o s p h o l i p i d  a n d  p i g m e n t  s y n th e s i s
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RESULTS

Phospholipid content of pigmented and non-pigmented organisms
Rhodopseudomonas spheroides 8253 grown anaerobically in the light and therefore 

containing the photosvnthetic pigments had 50-70 % more phospholipid than  did 
non-pigmented organisms grown with high aeration. The m utant organism, which 
does not form photosynthetic pigments, contained about the same am ount of lipid 
phosphorus as the parent strain grown in the non-pigmented state (Table 1).

The difference in phospholipid content between the pigmented and non-pigmented 
forms of the parent organism was reflected in the rate of phospholipid synthesis by 
cultures growing photosynthetically and aerobically (Fig. 1). The differential rate 
(ratio of increase in phospholipid to  increase in protein) was about 1-8 times higher 
in the photosvnthetic culture, and this difference was maintained throughout the 
growth curve.

The proportion of individual phospholipids was determined on the deacylated 
products as described in the methods. When samples containing 32P were subjected 
to  radioautography four major radioactive spots were detected. The RF values in 
the phenol +  acetic acid +  ethanol solvent were: 0-35, 0-51, 0-66 (ninhydrin-positive) 
and about 0-9. These values corresponded to the deacylation products of, respec­
tively, phosphatidic acid, phosphatidylglycerol, phosphatidylethanolamine and 
phosphatidylcholine (Dawson et al. 1962). Phosphatidylethanolamine predomi­
nated, comprising about 40 % of the total phospholipids; this pattern  of phospho­
lipids was found in both pigmented and non-pigmented R. spheroides 8253 and in 
the m utan t organism (Table 1). Identification of these phosphatides was also con­
firmed by other methods (Szilagyi & Lascelles, to be published).

Location of lipid phosphorus in membrane fraction
Treatm ent of Rhodopseudomonas spheroides 8253 with lysozyme in the presence of 

EDTA resulted in rapid lysis and within 5 min. few if any intact organisms were 
visible microscopically. Centrifugation of the lysates, after treatm ent with DNA­
ase to render them less viscous, resulted in a pellet fraction containing all the photo­
synthetic pigments. This pellet presumably is derived largely from the cytoplasmic 
membrane though the presence of cell-wall fragments cannot be excluded. Analysis 
of lipid phosphorus in the washed pellet fraction showed th a t more than 90 % was 
located in the pellet derived from both pigmented and non-pigmented organisms 
(Table 2). I t  can therefore be concluded th a t the phospholipids of R. spheroides, as 
in other bacteria, are largely confined to the particulate or membrane fraction of 
the organisms.

Phospholipid synthesis by suspensions 
of Rhodopseudomonas spheroides

Phospholipid synthesis was studied with suspensions of aerobically grown 
R. spheroides during adaptation to form photosynthetic pigments under conditions 
of low aeration (Lascelles, 1959). Over a period of 3 hr the lipid phosphorus 
content/mg. protein increased by about 1-7-fold, while the bacteriochlorophyll con­
ten t increased by about 200-fold (Fig. 2 a). Suspensions of the m utan t strain of 
R. spheroides, which does not form pigments, were incubated under the conditions
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which promoted pigment formation by the parent organism. Though phospholipid 
synthesis occurred it was matched by the increase in protein and consequently the 
amount of lipid phosphorus/mg. protein did not change (Table 3).

To determine whether there were differences in the rate of synthesis of the various 
phospholipids under these conditions, experiments were done with [32P]phosphate. 
The specific activity of the deacylated lipids was determined after separation by
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Fig. 1. Differential rate of phospholipid synthesis by cultures of R hodopseudom onas 
spheroides 8253 growing anaerobically in the light ( • )  and aerobically in the dark (O).

paper chromatography. Phosphatidylglycerol increased in radioactivity a t a more 
rapid rate than the other phospholipids; phosphatidylcholine was formed at the 
slowest rate (Fig. 2 b). This pattern of incorporation of 32P into the phospholipids 
was, however, not uniquely associated with pigment synthesis. The same rapid 
incorporation into phosphatidylglycerol occurred with suspensions of the parent 
organism incubated under high aeration which represses pigment synthesis. Also, 
the mutant strain showed the same pattern of labelling as the parent organism when 
incubated under comparable conditions (Table 3).

DISCUSSION

The concentration of phospholipid in Rhodopseudom onas spheroides is of the same 
order as that found in other Gram-negative organisms; values varying from about 
90 to 180 m/tmoles lipid phosphorus/mg. protein have been found in a variety of 
non-photosynthetic organisms (MacFarlane, 1964; Kaneshiro & Marr, 1962). The 
pattern of phospholipids found in R . spheroides is also not unique; phosphatidyl-
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ethanolamine is the predominant phosphatide in many bacteria, though the occur­
rence of phosphatidylcholine is less common (MacFarlane, 1964). The experiments 
with suspensions of R . spheroides with [32P]-phosphate suggest that phosphatidyl- 
glycerol is the most metabolically active of the phospholipids. In growing cultures

Phospholipid and pigment synthesis

Fig. 2 a, b. Synthesis of phospholipids and bacteriochlorophyll by suspensions of 
R . spheroides 8253 under low aeration. Aerobically grown organisms were suspended in 
P-medium supplemented with [32PJKH2PO, ( I m M ;  3/tc./ml.) The suspensions were 
incubated under low aeration and samples removed at intervals for the determination of 
lipid phosphorus ( • )  and bacteriochlorophyll (O) (Fig. 2a). The deacylated phospho­
lipids were separated by paper chromatography and the specific radioactivity determined 
as described in the Methods (Fig. 26). Phosphatidylglycerol, O; phosphatidic acid, • ;  
phosphatidylethanolamine, x ; phosphatidylcholine, A .  Initial protein cone. =  0-8 mg./ 
ml.; after 120 min., 1-4 mg./ml.

of Escherichia coli this phosphatide is subject to rapid turnover suggesting again 
that it plays some dynamic metabolic role, which has yet to be established (Kanfer 
& Kennedy, 1963).

Since the phospholipids are located in the membrane fraction of Rhodopseudo-
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monas spheroides the higher concentration found in pigmented organisms might 
suggest th a t pigment formation is associated with increased membrane formation. 
Such an interpretation would be consistent with the results of electron microscopy. 
However, there are other observations th a t do not support this. In  both R. 
spheroides and Rhodospirillum rubrum the proportion of protein in the particulate 
fraction (assumed to be derived from the membrane) is similar in extracts from 
pigmented and non-pigmented organisms (Cohen-Bazire & Kunisawa, 1960; 
Sistrom, 1962; Bull & Lascelles, 1963). As suspensions of non-pigmented R. 
spheroides adapt to  form bacteriochlorophyll protein synthesis occurs, bu t the 
distribution of protein between the soluble and particulate fractions remains the 
same (Bull & Lascelles, 1963). Thus, there is no evidence for a higher proportion of 
membrane protein in pigmented organisms, though the membrane fraction is 
apparently richer in phospholipid. Possibly, the pigmented organisms have a 
membrane structure differing from th a t in non-pigmented organisms in th a t it 
accommodates more phospholipid; this may serve as a medium for orientation of 
the hydrophobic pigment molecules. The problem of how the extra phospholipids 
and the photosynthetic pigments become incorporated into the membrane structure 
as organisms adapt from the non-pigmented to the pigmented state now requires to 
be answered. Perhaps the preferential turnover of protein in the particulate 
fraction th a t accompanies the adaptation (Bull & Lascelles, 1963) m ay represent 
some form of differentiation of the membrane into a lipid-enriched form.

Phospholipids may play an im portant role in all structures associated with elec­
tron transport. They comprise about 20%  of the dry weight of preparations of 
respiratory particles from bacteria and their importance in mitochondrial electron 
transport is well established (Green & Fleischer, 1963). Studies of mitochondrial 
substructure have suggested th a t phospholipids are bound to  a structural protein 
m atrix as well as to the electron transport particles which are thought to  be attached 
to  the m atrix (Richardson, Hultin & Green, 1963). W hether this concept can be 
extended to the photosynthetic and electron transport systems of bacteria requires 
fractionation of the complexes combined with cytological studies.

Phospholipid and pigment synthesis
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S U M M A R Y

The synthesis and breakdown of long chain polyphosphate in Chlorobium 
thiosulfatophilum was studied. An enzyme is present which reversibly 
transfers phosphate groups from polyphosphate to adenosine diphosphate 
to give adenosine triphosphate. A second enzyme, an adenosine triphos­
phatase probably located in the cytoplasmic membrane, hydrolyses the 
adenosine triphosphate so formed to adenosine diphosphate and ortho­
phosphate.

IN T R O D U C T IO N

Hughes, Conti & F u lle r (1963) characterized long chain ‘ acid-insoluble’ poly­
phosphate from the green sulphur bacterium  Chlorobium thiosulfatophilum, and 
showed that this was associated w ith granules which were electron dense in  thin 
sections in  the electron microscope and stained m etachrom atically when treated 
w ith basic dyes such as toluidine blue. Experim ents designed to measure photo- 
phosphorylation in  cell-free extracts demonstrated a release of orthophosphate (P ) 
which was stim ulated by adenosine diphosphate (A D P ), but was absent from cells 
depleted of polyphosphate. It  was suggested that polyphosphate in  Chlorobium  is 
degraded in  the presence of A D P  to give adenosine triphosphate (A T P ), and that 
this is hydrolysed by an adenosine triphosphatase (ATPase) to release orthophosphate 
and regenerate A D P  according to the following scheme:

(Polyphosphate),, +  ADP ^  (Polyphosphate),,^ +  ATP 
ATP -> ADP +  orthophosphate

Polyphosphate +  ADP -> orthophosphate +  ADP

In the present paper, it is shown that the orthophosphate does arise from poly­
phosphate breakdown under the control of ADP; ATP is formed as an intermediate 
and can be utilized for other energy-consuming processes such as the phosphoryla­
tion of glucose.

M E T H O D S

Growth of organism. The growth medium used for the strict anaerobe Chlorobium 
thiosulfatophilum, strain 8346, was that described by Larsen (1953). The m ixed 
medium was poured into sterile P yrex reagent bottles (1, 2, 51. w ith ground-glass 
stoppers), inoculated, and the bottles then filled com pletely to avoid trapping air 
bubbles w ith the stopper. The freshly inoculated bottles were stored overnight in

G. M icrob. x x x v m5
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complete darkness to remove any traces of oxygen by interaction with the hydrogen 
sulphide in the medium. They were then transferred to the photosynthesis room, 
which was illuminated with and maintained at 30° by a thermostatically controlled 
bank of 100 W. tungsten lamps. The inoculum consisted of organisms grown for
3-5 days and its volume was 20-30% (v/v) of the medium into which it was 
inoculated, this high volume being necessary to achieve satisfactory growth of 
dark-green to yellow-green organisms. Elementary sulphur was deposited in 
variable amounts in the medium during growth ; very high light intensities appeared 
to increase the deposition of sulphur and led to low yields of organisms yellow in 
colour instead of green.

Preparation of cell-free extracts. Cultures were harvested after 3-6 days, depending 
on the rate of growth, by centrifugation at 14,000 g  in 250 ml. containers (MSE 
Speed 17 centrifuge). Organisms were washed by suspending them in 0-lM-tris + 
maleate buffer (pH 7-0) and centrifuging again a t 14,000 g . Organisms together 
with fine particles of sulphur collected from the medium were crushed in a Hughes 
(1951) bacterial press at —25°. The disintegrated organisms were collected and 
resuspended in 0-lM-tris-f maleate buffer (pH 7-0) at 0° by using a Kontés type 
glass homogenizer. Next, 0-1 mg. deoxyribonuclease (DNAase) in distilled water 
was added for each 5-0 ml. of cell extract, and the preparation left a t 0° for 30 min. 
Digestion of the deoxyribonucleic acid (DNA) was indicated by a marked decrease 
in the viscosity which facilitated further fractionation by differential centrifugation.

Electron microscopy. Whole organisms or fractions obtained by centrifugation 
were mounted by the ‘blot d ry’ method on formvar-coated grids, the preparations 
being unfixed or fixed in 1 % osmic acid. A mixture of 10 % Pd and 90 % Au was 
used for shadowing. Grids were examined in the Akashi TS It 50 Tronoscope at 
magnifications from x 500 to x 17,000.

Extraction of polyphosphate. Polyphosphate was extracted from organisms in two 
fractions as described by Muhammed (1959). First the organisms were shaken with 
5 % trichloroacetic or perchloric acid at 0°. This procedure was repeated, the flask 
being shaken for 1 hr each time. The residue was collected by centrifugation, and 
the extract contained ‘acid-soluble’ low molecular weight polyphosphate. The 
residue was then washed with distilled water and extracted with 10% trichloro­
acetic or perchloric acid, previous work (Muhammed, 1959) having shown that all 
the remaining polyphosphate is extracted by 10 vol. of acid within 4 hr at 20°. 
Both extracts were neutralized with alkali, brought to pH 3-5 with 5M-acetate 
buffer, and treated with saturated BaCl2 solution. Barium polyphosphate was 
allowed to separate out at 0° overnight and then collected by centrifugation. The 
barium salt was washed twice with acetate buffer (pH 3-5) and once with acetone, 
and the polyphosphate content estimated as orthophosphate liberated after hydro­
lysis with n-HCI for 7 min. at 100°.

Chemicals. Sodium polyphosphate was prepared by heating K II2P 0 4 at 780° as 
described by Pfanstiel & Her (1952). When uniformly 32P-labelled material was 
prepared, up to 1 me. of carrier-free orthophosphate was added.

Adenosine triphosphate (ATP) was labelled in the terminal position by the method 
of Glynn & Chappel (1964). 1 me. of 32P-orthophosphate yielded 0-8 me. of radio­
active ATP, 98 % of the 32P being in the terminal position; small amounts of ADP 
were also present.



All other chemicals were commercial specimens, and were used without further 
purification.

Chemical estimations. Inorganic orthophosphate was estimated by the method 
of Fiske & SubbaRow (1925). Polyphosphate was estimated as orthophosphate 
after hydrolysis at 100° for 7 min. Any orthophosphate present was determined 
before hydrolysis.

Chromatography. Nucleotides were isolated by the method of Krebs & Hems
(1953) in which orthophosphate is separated by ascending chromatography in the 
Hanes & Isherwood (1949) solvent. The paper was dried, phosphate removed, and 
nucleotides resolved by descending chromatography in isobutyric acid + ammonia. 
Orthophosphate or nucleotide spots were located either by their 32P activity by 
using an end-window counter, or colorimetrically by a modification of the method of 
Hanes & Isherwood (1949) in which the nucleotides were hydrolysed by heating in 
an oven at 80° after the ammonium molybdate spray; the blue colour was developed 
by illumination from an ultraviolet lamp for 10 min.

Samples expected to contain 32P-labelled glucose-6-phosphate (G-6-32P) were 
chromatographed by the descending technique with the isobutyric acid +  ammonia 
solvent described above to separate other phosphorus compounds from the sugar 
phosphates. The paper was dried, examined under the u.v. lamp and segments 
between the origin and the ATP spot cut off. These were eluted with water for 2 hr 
to bring the bulk of the 32P activity in this segment into solution. The eluate was 
then chromatographed by descending chromatography with solvent 80 vol. 
methanol +15 vol. 90% (w/v) formic acid + 5vol. of 0-002 m-EDTA as solvent 
(Bandurski & Axelrod, 1951). After 6 hr the chromatogram had run 30 cm. and a 
separation of G-6-P from glucose-1-phosphate and other sugar phosphates was 
obtained. The paper was dried, and the position of the G-6-32P determined by an 
end-window counter, and confirmed by comparing it with the position of unlabelled 
marker G-6-P after development of both by spraying with the Hanes & Isherwood 
(1949) reagent described previously.

Measurement o f 3iP  radioactivity. The end-window counter used was the Panax 
Scaling Unit type D657 (Redhill, Surrey) the end-window counter operating at a 
voltage of 1625 V.

Liquid ionization counting was done in a 10 ml. counting tube type M6 (supplied 
by 20th Century Electronics Ltd., Croydon, Surrey) operating at 1090 V. in a lead 
castle from E.R.D. Engineering Co. Ltd. (Slough, Middlesex). The scaling unit with 
‘autocounts’ and ‘Autotime’ refinements was type N 530 F obtained from Ecko 
Electronics Ltd. (Southend-on-Sea, Essex).

Estimation of enzymic activity. Cell extracts and other components to be incubated 
were put into 5 ml. Pyrex tubes standing in ice at 0°, made up to standard volume 
and mixed. Before and after incubation, 0-1-1-0 ml. samples were transferred to 
tubes containing the same volume of 1 % (w/v) solution, and allowed to stand at 0° 
for several hours in the cold. Trichloroacetic acid (0-5 ml., 10%, w/v, TCA) was 
then added to precipitate protein and polyphosphate as a protein-polyphosphate 
complex and the tubes centrifuged at 6000 g  for 2 min. Samples of the clear super­
natant fluid were then immediately analysed for orthophosphate. Control experi­
ments to study the efficiency of this procedure for removing polyphosphate showed 
that the method finally adopted was satisfactory.
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r e s u l t s

Phosphate content of whole organisms and extracts. Approximately 5 g. (wet wt.) 
organisms were collected by centrifugation, washed with 0-9 % saline and extracted 
twice with 5%  and once with 10% trichloroacetic acid. Acid-labile phosphate 
present in the 10% TCA extract was taken as the polyphosphate content of the 
organisms, and amounted to 40% of the cell total-phosphorus.

Cell-free extracts from such organisms were centrifuged at various speeds and the 
polyphosphate content of supernatant fluids and solid residues estimated (Table 1). 
Both supernatant fluids and solid residues contained polyphosphate in sufficient 
amounts to account for the orthophosphate formation studied in the subsequent 
sections. This widespread distribution of polyphosphate in fractions separated from 
disintegrated organisms is similar to that found by Muhammed (1939) and is 
probably due to the fragmentation of the metachromatic granules.

Table 1. Polyphosphate content of cell-free extracts of Chlorobium 
thiosulfatophilum prepared by centrifugation

C ru d e  e x t r a c t  (1 2  0  m l.)  w a s  c e n t r i f u g e d  a t  2 5 ,0 0 0 g  f o r  3 0  m in . ;  t h e n  a t  1 0 ,0 0 0 #  fo r  
1 h r  a n d  t h e n  2 0  h r .  P o ly p h o s p h a te  w a s  e x t r a c t e d  a n d  e s t im a te d  in  t h e  s o lid  r e s id u e s  
a n d  s u p e r n a t a n t  f lu id s  a s  d e s c r ib e d  i n  t h e  t e x t .

S u p e r n a t a n t
f lu id s . R e s id u e s .

P o ly p h o s p h a te  P o ly p h o s p h a te
c o n te n t c o n te n t

F r a c t io n (/¿m o le ) (/¿m o le )

2 5 ,0 0 0  g  e x t r a c t 38 9 84
1 0 0 ,0 0 0 #  (1 h r )  e x t r a c t 3 55 34
1 0 0 ,0 0 0  g  (2 0  h r )  e x t r a c t 162 193

Table 2. AD P dependence of orthophosphate release from crude cell-free 
extracts of Chlorobium thiosulfatophilum

C r u d e  e x t r a c t  ( 1 0  m l. c o n ta in in g  0 1  g  w e t  w e ig h t  o rg a n ism /! ) /¿ m o le  s y n t h e t i c  p o ly ­
p h o s p h a te )  a n d  A D P  in  a  t o t a l  v o l. o f  2  0  m l. w e re  i n c u b a te d  a t  2 7 °  f o r  4  h r .  0-5  m l. 
1 %  (w /v )  b o v in e  s e r u m  a lb u m in  s o lu t io n  w a s  u s e d  t o  p r e c i p i t a t e  p o ly p h o s p h a te .  S a m p le s  
w e re  a n a ly s e d  f o r  o r th o p h o s p h a te  b e fo re  a n d  a f t e r  in c u b a t io n .

A D P  O r th o p h o s p h a te
a d d e d  re le a s e d

(/¿m ole ) (/¿m ole)

E x p t .  1 0  0-4
3-5  2-7
7 0  2-9

1 4 0  0  1

E x p t .  2 0  3-3
1-6 4-9
9 -5  6-9

3 8 0  1-6

Phosphate formation by cell-free extracts. The crude cell-free extract was incubated 
with and without added ADP. Low concentrations of ADP stimulated, but high 
concentrations inhibited the release of orthophosphate (Table 2). After centrifuging



at 6000 g  for 10 min. to remove uncrushed organisms and larger pieces of cell debris, 
the supernatant fluid was incubated with 3-2/¿moles uniformly 32P-labelled synthetic 
polyphosphate, with and without ADP. Release of orthophosphate, measured 
either colorimetrically or by radioactivity, was higher in the presence of ADP 
(Table 3). The ratio of orthophosphate release with and without ADP (1-4) was 
approximately equal to the corresponding ratio of the increase in radioactivity 
(1-26). This agreement supports the idea that the bulk of the orthophosphate formed 
arose from polyphosphate and that added synthetic polyphosphate was metabolized 
at the same rate as the endogenous material.
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Table 3. Metabolism of radioactive synthetic polyphosphate by crude 
extracts of Chlorobium thiosulfatophilum

T h e  c e ll- fre e  e x t r a c t  w a s  i n c u b a te d  w i th  3 -2 /¿m o le  32P - la b e l le d  s y n th e t i c  p o ly p h o s p h a te ,  
a n d  w i t h  a n d  w i th o u t  a d d e d  A D P .

A D P O r t h o p h o s p h a te
I n c r e a s e  in  

r a d io a c t iv i t y
a d d e d r e le a s e d a f t e r  in c u b a t io n

(jitm ole) (/¿m o le ) ( c o u n ts /1 0 0  se c .)

7 1 4 0 5 92
0 9 1 4 6 3

Table 4. Effect of centrifugation on orthophosphate release 
from Chlorobium extracts

1 0  m l. s a m p le s  o f  c e ll- f re e  e x t r a c t s  o b t a in e d  a f t e r  d i f f e r e n t  d e g re e s  o f  c e n t r i f u g a t io n  
(se e  “e x t )  w e re  i n c u b a te d  a t  2 7 °  f o r  5  h r  w i th  a n d  w i th o u t  a d d e d  A D P  a n d  p o ly p h o s p h a te .  
B o t h  t h e  i n c r e a s e  i n  r a d i o a c t i v i t y  in  t h e  o r th o p h o s p h a te  f r a c t io n ,  a n d  t h e  o r th o p h o s p h a te  
r e le a s e d  d u r in g  t h e  in c u b a t io n  p e r io d  w e re  a s s a y e d .

2 5 ,0 0 0  g 1 0 0 ,0 0 0  g 32P f

2 5 ,0 0 0  g s u p e r n a t a n t 1 0 0 ,0 0 0  g s u p e r n a t a n t A D P P o ly  32P p  *i r e le a s e d
re s id u e f lu id re s id u e f lu id a d d e d a d d e d r e le a s e d ( c o u n ts /

(m l.) (m l.) (m l.) (m l.) m o le m o le m o le 1 0 0  se c .)

1 0 _____ — — — 3-5 0 1 24
1 0 — — — 7 3-5 0 1 44
— 1-0 — — — 3-5 4-8 40 5
_____ 1 0 — — 7 3-5 9-3 591
_____ — 1*0 — — 3-5 0-3 36
— — 1*0 — 7 3-5 0-5 182
— — 1 0 — — — 0-6 —
_____ — 1*0 — 7 — 0-5 —
_____ — — 1*0 — 3-5 4-6 4 7 2
_____ — — 1 0 7 3-5 9 0 62 0
_____ — — 1*0 — — 5-3 —
_____ — — 1*0 7 — 10-8 —

* P 4 +  in o r g a n ic  P .
f  T h e s e  r e s u l t s  g iv e  th e  in c r e a s e  i n  S2P  a c t i v i t y  (c o u n t,s /1 0 0  se c .)  i n  t h e  o r th o p h o s p h a te  s a m p le s  

a s s a y e d .  P o ly p h o s p h a te  h a d  b e e n  r e m o v e d  a s  t h e  p r o t e in  c o m p le x  w i th  T C A .

Effect of centrifugation. The crude extract was centrifuged at 25,000 g  for 30 min. 
and separated into supernatant fluid and residue fractions. The supernatant fluid 
contained most of the dark green pigment and the particles measuring about 200 À 
in diameter which appeared to be similar to those previously found to photo- 
phosphorylate (Hughes et al. 1963). An attempt was made to isolate these particles



free from contaminating cytoplasmic membrane by further centrifugation at
100,000 g  for 1 hr and then for 20 hr a t this relative centrifugal force (RCF). 
Electron micrographs showed that all fractions obtained contained small pieces 
of cell membrane, and that these tended to associate in clumps with other organelles 
and cell fragments. The stimulation of orthophosphate release was greater in the 
supernatant fluids of these centrifuged fractions. They also were found to yield 
labelled orthophosphate from added synthetic 32P-labelled polyphosphate (Table 4).

Some preliminary experiments were made in which a bacterial ATPase prepared 
from Lactobacillus arabinosus was added to the extracts. Stimulation of ortho­
phosphate release from polyphosphate was found, but the experiments were un­
satisfactory because the ATPase preparation was found to have polyphosphatase 
and a marked ADPase activity which gave rise to high blanks.
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Table 5. Formation of 32P -orthophosphate from radioactive A T P

S u p e r n a t a n t  f lu id s  f ro m  c e n t r i fu g e d  e x t r a c t s  o f  Chlorobium thiosulfatophilum w e re  
in c u b a te d  w i th  32P - la b e l le d  A T P .  S a m p le s  w e re  c h r o m a to g r a p h e d  b e fo re  a n d  a f t e r  
i n c u b a t io n  to  s e p a r a te  o r th o p h o s p h a te  a n d  n u c le o t id e  p h o s p h a te s ,  a n d  t h e  r e le a s e  o f
32P - o r th o p h o s p h a te  f ro m  A T P  d e te r m in e d .

2 5 ,0 0 0  g  1 0 0 ,0 0 0  g
s u p e r n a t a n t  s u p e r n a t a n t

f lu id  f lu id
/¿m o le  P , r e le a s e d  9 -7  2-9

I n c r e a s e  in  32P - a c t i v i t y  i n  P J I O 1. i n c u b a t io n  1 1 6 0  4 3 6
m ix tu r e /4 0 0  sec .

C o r re s p o n d in g  d e c re a s e  in  A T P  r a d io a c t iv i t y  9 2 0  4 0 4

Most fractions formed 32P-orthophosphate from added AT32P (Table 5). The 
activity was greatest in the crude fractions and was decreased in the supernatant 
fluids of fractions centrifuged at highest speeds (100,000 g ). This is consistent with 
the idea that the bulk of the bacterial ATPase activity is associated with particulate 
fractions which in some bacteria are derived wholly from the cytoplasmic membrane 
(Hughes, 1962). As stated above, it has not yet been found possible to prepare 
purified membrane fractions from Chlorobium.

The supernatant fluids were incubated with ATP (5//m) and ADP. Phosphate 
formation was decreased from 9-7 to 6-0//mole for the 25,000 g  supernatant fluid 
when extra ADP was present, and from 2-9 to 2-0//.mole for the 100,000 g  (1 hr) 
extract. This suggests that the ATPase is inhibited by ADP.

Formation of A T P  from polyphosphate. The 25,000 g  supernatant fluid extract 
was incubated with 32P-labelled polyphosphate and ADP, and samples were chroma­
tographed to separate nucleotide phosphates and orthophosphates from poly­
phosphate. Spots corresponding in position to ATP, ADP, orthophosphate, were 
found to be labelled together with an unidentified spot. The ATP spot was the most 
active; the orthophosphate had about 60 % of the ATP activity, and both the ADP 
and the unidentified spot approximately 25 % of that of the ATP. These proportions 
suggest that ADP and the unidentified fraction arose from secondary reactions of 
orthophosphate and ATP. The unidentified spot had an R F  value, relative to 
marker AMP, of 0-4, the value characteristic of sugar phosphates. These results are 
consistent with the presence of an enzyme similar to that in Escherichia coli



(Kornberg, Kornberg & Sims, 1956) which can form ATP from polyphosphate and 
ADP.

To establish further that polyphosphate gave rise to A T P  directly, glucose and 
hexokinase were added to the usual incubation m ixture. A fter incubation, 3 % (v /v ) 
bovine serum album in and 10%  (w /v) TCA  were added to remove polyphosphate, 
cell debris and protein, and the supernatant fluid after centrifugation was chrom ato­
graphed to separate G-6-P from  nucleotide phosphates and other sugar phosphates. 
The sugar phosphate spot was eluted and concentrated by evaporation. Standard 
m arker G-6-P was chromatographed alone and w ith the test sample, and in  each 
case the standard and the radioactive spot had identical B F  values. The 32P -activity  
found in  G-6-P after incubation was 70% of the a ctiv ity  originally added as poly­
phosphate. In  previous experim ents w ith synthetic polyphosphate in  which ortho­
phosphate release was followed, about 10%  of the added polym er only was 
metabolized.

The reversibility of the enzyme which catalysed the phosphorylation of ADP by 
polyphosphate was tested by incubating the 25,000 g  supernatant fluid extract with 
32P-labelled ATP, and isolating the polyphosphate formed. After 5 hr at 31°, carrier 
Kurrol’s salt, 5 % (v/v) albumin and 10 % (w/v) TCA were added to the incubation 
mixture. The resulting precipitate was collected by centrifugation, extracted with 
10 % (w/v) TCA for 4 hr and barium polyphosphate precipitated a t pH 3-5. This 
was washed with two volumes of water and two of ethanol to ensure complete 
removal of ATP. The precipitate was then spread on a filter paper, air dried, and 
the radioactivity counted with the end-window apparatus; 12-9% of the original 
activity added as AT32P was found in this polyphosphate.
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D I S C U S S IO N

The presence of two enzymes, one reversibly forming ATP from polyphosphate 
in the presence of ADP, and the other hydrolysing ATP to ADP + orthophosphate, 
would account for these and all previous observations of ADP-stimulated phosphate 
release in cell-free extracts of Chlorobium thiosulfatophilum. The polyphosphate 
metabolic pathway may be summarized as :

(Polyphosphate),, + ADP ^  ATP + (polyphosphate)n_x (1)
ATP + H 20 ^  ADP + H3P 0 4 (2)

The inhibition of orthophosphate release by high concentrations of ADP, the 
decrease in ATPase activity in the presence of added ADP, and the high rate of 
formation of G-6-P when excess glucose + hexokinase are present, all suggest that 
reaction (2) is the rate-limiting one and that polyphosphate breakdown is controlled 
by the concentration of ADP. The reversibility of enzyme (1) shows that it is 
similar to that found in Escherichia coli by Kornberg et al. (1956) and Kornberg 
(1957). Both enzymes reversibly transfer terminal ‘ high energy ’ phosphate units from 
polyphosphate to ADP to form ATP. I t would appear that, in this phototrophic 
organism Chlorobium thiosulphatophilum, when ATP is formed in excess of other 
requirements by photophosphorylation (Arnon, 1959), polyphosphate is synthesized. 
Under conditions where ATP utilization is high, net breakdown of polyphosphate 
could occur. This would be similar to the mechanism proposed for chemohetero-
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trophs (Hughes & Muhammed, 1962) where the disappearance of polyphosphate and 
metachromatic granules has been associated with rapid growth (Harold, 1963). 
Polyphosphate in this organism, by its ability to give rise to ATP, may be regarded 
as an ‘energy store’ or ‘phosphagen’. No evidence has been found in the present 
work for transference of phosphate from polyphosphate to other acceptors directly 
without the intermediation of ATP (Szymona, 1962).

Thanks are due to Miss H. Volman and Miss A. West for valuable technical 
assistance. This work was aided by grants to the Department from the Rockefeller 
Foundation, National Institutes of Health, Bethesda, Md., U.S.A., and the United 
States Air Force.
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S U M M A R Y

Hexokinase was determined in extracts of Escherichia coli by measure­
ment of the reduction of nicotinamide-adenine dinucleotide phosphate by 
glucose-6-phosphate dehydrogenase, and the glucose-6-phosphate formed 
by the action of hexokinase. This method gave reproducible results. 
Extracts of E. coli contained low hexokinase activity when the organism 
had been grown in the absence of glucose and this enzyme activity was 
increased after adaptation of the organism to growth on glucose. The E. 
coli needed 2-2-5 divisions to reach the degree of hexokinase activity of 
glucose-grown bacteria when transferred to salts + glucose from media not 
containing glucose.

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

Previous studies (Scott & Chu, 1959) showed that glucose-6-phosphate (G-6-P) 
dehydrogenase activity -was higher in extracts of Escherichia coli when the bacteria 
had been grown in the presence of glucose than when grown in media containing other 
sources of carbon. Phosphogluconate (PG) dehydrogenase activity was relatively 
constant in the extracts from bacteria grown in different media. In further studies 
of the uptake and utilization of glucose by E. coli, the activity of hexokinase was 
determined to see whether it behaved like G-6-P or PG dehydrogenase (see below). 
I t was found that certain changes in the media involving carbon sources or other 
additions produced changes in the degree of activity of the hexokinase in extracts 
which were not, however, as great as the changes in G-6-P dehydrogenase.

h e x o k in a s e  G -6 -P  d e h v d r o g e n a s e
G lu c o s e  +  A T P  -----------------> e lu e o s e -6 - p h o s p h a te  ----------------- ------------------*-

M g 2^ N A D P + , M g 2+

P G  d e h y d r o g e n a s e
p h o s p h o g lu c o n a te  -------------------------------- > r ib u lo s e - 5 -p h o s p h a te

N A D P + , M g 2^

M E T H O D S

The method for cultivation of ‘weekly’ and ‘overnight’ cultures was described 
previously (Scott & Chu, 1959). The cultures of Escherichia coli strain b  were 
grown at 37° in an aerated medium of Bacto-beef extract and Bacto-peptone (Difco
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Laboratories, Detroit, Michigan, U.S.A.) or salts media (Cohen & Arbogast, 1950), 
with glucose 2 mg./ml. medium. Casein hydrolysate (an acid hydrolysate of casein; 
General Biochemicals, Inc., Chagrin Falls, Ohio, U.S.A.) 4 mg./ml. medium, or 
Difco yeast extract (the water-soluble portion of autolysed fresh yeast) 2 mg./ml. 
medium, was added to the salts media instead of glucose as indicated.

The ‘weekly’ culture, which was a salts + glucose culture, was used to inoculate 
two ‘ overnight ’ cultures of either one form of salts medium or nutrient broth. One 
culture was harvested to be extracted. The other was centrifuged and the bacteria were 
resuspended in salts medium to inoculate the final cultures, which were allowed to 
grow 1, 1-5 or 2 divisions as noted in Table 1. The harvested organisms were washed 
in saline, recentrifuged, the bacterial pellet weighed, ground with alumina (2-5 x wet 
weight) in the cold and extracted with 0-05M-tris buffer adjusted to pH 7-4 with 
2n-HC1. The extracts were centrifuged 1 hr a t lO.OOOg at 4° in an International 
Refrigerated Centrifuge PR-2. The amounts of protein in the extracts were deter­
mined by light extinction after precipitation with 10% (w/v) perchloric acid.

The methods of measurement of G-6-P and PG dehydrogenases were as reported 
previously (Scott & Cohen, 1953). The direct method for the hexokinase reaction 
was done in 1ml. of a mixture containing 0-05M-tris chloride buffer (pH 7-4), 
1 /imole glucose, 10/imoles MgS04, 0-02N-nicotinamide and extract containing 
0-05-1 mg. protein. NADP+ was added and the endogenous reaction recorded. 
With the addition of 1 /miole ATP, the G-6-P formed was oxidized by the G-6-P 
dehydrogenase, permitting the rate of NADPH formation to be measured at 
340 mn  at 37° in a Beckman DU spectrophotometer. Two other methods were also 
used for comparison; these were measurement of glucose removed and measurement 
of G-6-P formed. The mixture described above that was used for the direct measure­
ment was incubated in a 37° water bath and 1 ml. samples removed at selected 
times into cold HC1 (0-04 m M ). After centrifugation at 4°, the supernatant fluid was 
neutralized with NaOH (0-04m). Glucose and G-6-P concentrations were measured 
in the samples. The glucose was determined by the ‘Glucostat’, a preparation of 
glucose oxidase (Worthington Biochemical Corp., Freehold, New Jersey, U.S.A.). 
The assay for G-6-P was done in 1 ml. of a mixture of 0-05M-tris chloride buffer 
(pH 7-4), 10/imoles MgS04, 0-4//mole NADP+ and the sample. Purified G-6-P 
dehydrogenase was added and the total formation of NADPH was measured in a 
Beckman DU spectrophotometer at 340 mju at 37°. The G-6-P dehydrogenase was 
obtained either from Sigma Chemical Co. (St Louis, Missouri, U.S.A.) or was 
purified in our laboratory from extracts of Escherichia coli by methods previously 
reported (Scott & Cohen, 1953).

R E S U L T S

Figure 1 shows the rate of reduction of NADP+ by G-6-P formed when ATP was 
added to mixtures of glucose and an extract of Escherichia coli grown in salts +  
glucose medium. The rate of reaction with G-6-P indicated that G-6-P dehydro­
genase was present in large excess in the extract and was not limiting in the measure­
ment of the rate of the hexokinase reaction. In the hexokinase assay during the 
first few minutes the G-6-P formed was limiting; then a constant rate was attained 
which was taken as the measure of the hexokinase activity. There was no NADPH  
oxidase activity in these extracts when magnesium ions were present unless oxidized
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glutathione was added. There was slight or no activity with ATP or glucose 
omitted. The presence of nicotinamide inhibited NADP+ase. It was not necessary 
to make corrections for NADPH produced by PG dehydrogenase since the NADPH  
was in high enough concentration to inhibit PG dehydrogenase activity. The 
presence of some activator in the extracts was indicated by the lack of proportion­
ality of activity to protein content at low dilutions of extracts, as is illustrated in 
Fig. 2.
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T im e  (m in .)  n ig . p r o te in

F ig .  1 F ig .  2

F ig .  1. H e x o k in a s e  o f  e x t r a c t s  o f  Escherichia coli g r o w n  i n  s a l t s  +  g lu c o s e  m e d iu m . 
E a c h  1-5 m l. c u v e t t e  c o n ta in e d  1 0 /a n o le s  M g S 0 4, 0  01  m l. e x t r a c t  ( e q u iv . 81 fig. p r o te in ) .  
▲ , G -6 -P  d e h y d r o g e n a s e  r e a c t io n :  1 / tm o le  G -6 -P , 0 0 5 M - t r i s  c h lo r id e  b u f fe r  ( p H  8-7). 
9■ H e x o k in a s e  r e a c t io n :  0  0 5  M -tris  c h lo r id e  b u f fe r  ( p H  7 -4 ), 1 //.m ole g lu c o s e , 1 / /m o le  
n ic o t in a m id e ;  0 -03  m l.  N A D P +  (1 0  m g ./m l.)  w a s  a d d e d  t o  e a c h  c u v e t te .  A f te r  3  m in . 
1 /tm o le  A T P  w a s  a d d e d .  T o ta l  v o lu m e  w a s  1 m l.  ■ ,  H e x o k in a s e  r e a c t io n  w i th  e i th e r  
A T P  o r  g lu c o s e  o m i t t e d .  E x t in c t io n ,  E ,  a t  3 4 0  m / t  w a s  r e a d  o n  a  B e c k m a n  D U  s p e c t r o ­
p h o to m e te r  a t  37°.

F ig . 2 . E f f e c t  o f  s a m p le  s iz e  o n  h e x o k in a s e  a c t i v i t y .  T h e  s a m p le  u s e d  w a s  a n  e x t r a c t  f ro m  
a  s a l t s  +  g lu c o s e  c u l tu r e  o f  Escherichia coli t h a t  c o n ta in e d  e q u iv .  8 1  m g . p r o te in /m l .  T h e  
o t h e r  c o n te n t s  o f  t h e  c u v e t t e  w e re  a s  in  F ig .  1.

F ig . 3 . C o m p a r is o n  o f  t h r e e  m e th o d s  t o  d e te r m in e  h e x o k in a s e  o f  Escherichia coli 
e x t r a c t s .  T h e  e x t r a c t  u s e d  w a s  f ro m  b a c t e r i a  g r o w n  o n  s a l t s + g lu c o s e  m e d iu m  a n d  c o n ­
t a i n e d  e q u iv .  9 -82  m g . p r o te in /m l .  T h e  m e th o d s  a r e  e x p la in e d  in  t h e  M e th o d  s e c t io n . T h e  
d i r e c t  m e th o d  (*) w a s  a  m e a s u r e m e n t  o f  /¿m o le  N A D P H /m l .  r e a c t io n  m ix tu r e .  T h e  g lu ­
co se  u p t a k e  m e th o d  ( # )  w a s  a  m e a s u r e m e n t  o f  /¿m o le  g lu c o s e  r e m o v e d /m l.  r e a c t io n  
m ix tu r e  a n d  t h e  G -6 -P  m e a s u r e m e n t  (■ )  w a s  a  m e a s u r e m e n t  o f  /¿m o le  G -6 -P  fo u n d /m l . 
r e a c t io n  m ix tu r e .

The comparison of the three methods used for determination of hexokinase is 
shown in Fig. 3. The initial rates of glucose disappearance and appearance of G-6-P 
were the same for the first 2 min. After 2 min. the G-6-P was metabolized by other 
pathways, so that it became unavailable for measurement. The glucose was taken 
up at a decreasing rate because of the inhibition of hexokinase by G-6-P formed and 
not removed (Crane & Sols, 1954).
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Table 1. Effect of transfer of Escherichia coli to different 
media on enzyme activities*

G -6 -P  P G
H e x o k in a s e  d e h y d r o g e n a s e  d e h y d r o g e n a s e

N u m b e r U n i ts / U n i ts / U n i ts / U n i t s / U n i t s / U n i t s /
o f m g . 1 0 9 m g . 1 0 9 m g . 1 0 9

M e d iu m d iv is io n s p r o te in b a c t e r i a p r o te in b a c t e r i a p r o te in b a c t e r i a

I .  I n o c u lu m  n u t r i e n t — 100 100 100 100 100 100
b r o t h  (o v e rn ig h t )

A . 1 v o l. n u t r i e n t i 285 40 0 110 137 92 124
b r o t h  +  i  v o l. 2-5 232 164 116 76 10 4 70
s a l t s  +  g lu co se

B . S a l t s  +  g lu c o s e 1 92 86 112 112 9 3 86
1 100 21 2 132 2 7 4 96 20 0
1 5 2 59 21 8 2 27 9 7 105
1-5 2 0 6 271 132 158 7 8 10 0
1-5 150 35 0 12 0 31 3 78 18 6

I I .  I n o c u lu m 2 100 100 100 10 0 1 00 1 00
s a l t s  +  g lu c o s e

A . 1 v o l. n u t r i e n t 1 74 — 56 — 88 —

b r o t h +  i  v o l. 
s a l t s  +  g lu c o s e

B . N u t r i e n t  b r o t h 1 34 6 32 6 109 19
2 44 — 57 — 82 —

2 52 10 76 14 10 6 19
3 54 — 60 — — —

3 56 12 54 10 96 19

I I I .  I n o c u lu m  l v o l. 1 100 100 100 10 0 100 100
n u t r i e n t  b r o t h  +  
|  v o l. s a l ts  +  
g lu c o s e

N u t r i e n t  b r o th 1 67 — 62 — 108 —

IV . I n o c u lu m  s a l t s  4- 1 1 00 10 0 10 0 100 1 00 10 0
c a s e in  h y d r o ly s a te  
(o v e rn ig h t )

S a l t s  +  g lu c o s e 1 191 30 0 190 3 14 8 4 132
1 89 9 4 157 170 114 120
1 2 0 7 30 0 20 7 278 79 106
1-5 2 28 238 22 8 245 100 102
1-5 12 6 1 44 184 20 6 102 174
1-5 2 3 0 55 0 322 73 3 72 171

V . I n o c u lu m  s a l ts  +  1-5 
c a s e in  h y d r o ly s a te  +

100 100 100 100 100 100

y e a s t  e x t r a c t  
(o v e rn ig h t )

S a l t s  +  g lu c o s e 1 162 150 182 170 105 10 0
1 1 70 20 0 126 158 91 113
1-5 218 22 5 300 29 0 11 0 107
1-5 168 230 167 239 1 14 160

V I .  I n o c u lu m  s a l ts  + 1-5 100 100 100 100 100 100
y e a s t  e x t r a c t  
(o v e rn ig h t)

S a l t s  +  g lu c o s e 1 107 32 5 186 59 0 118 33 8
1 67 125 114 21 6 108 21 9
1-5 1 10 4 0 0 161 62 0 10 6 37 5
1-5 106 35 0 163 4 2 6 118 33 3

* T h e  e n z y m e  a c t iv i t i e s  o f  t h e  in o c u lu m  w e re  s e t  a t  100.
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Table 1 lists the results from experiments testing the effects of growth in different 

media on values of hexokinase activity. The activity of the original inoculum is 
taken as 100 %. In the first series (I), the overnight inoculum was grown in nutrient 
broth. When the bacteria were transferred to media of equal parts of nutrient broth 
and salts +  glucose, in only one division striking increases (3-fold) were found in hexo­
kinase activity. The Escherichia coli grown on nutrient broth were smaller in size 
than those organisms grown on defined media with glucose. This difference in size 
was reflected in differences in enzyme activity/109 bacteria as compared to activity/ 
mg. protein. The G-6-P dehydrogenase showed some fluctuation but the PG de­
hydrogenase (/mg. protein) remained in the same range for all the series with a mean

Adaptation of hexokinase

Table 2. Average division times of growing cultures of Escherichia coli

T im e
I n o c u lu m M e d iu m D iv is io n (m in .)

S a l t s  +  g lu c o s e S a l ts  +  g lu c o s e 1 73
2 60
3 60

N u t r i e n t  b r o th S a l t s  +  g lu c o s e 1 175
1-5 48

S a l ts  +  c a s e in  h y d r o ly s a te S a l t s  +  g lu c o s e 1 1 0 8 , 78*
1-5 48
2 67*

S a l ts  +  y e a s t  e x t r a c t S a lts - ( -g lu c o s e 1 105
1-5 40

S a l ts  +  c a s e in  h y d r o ly s a te  + S a l ts  +  g lu c o s e 1 142
y e a s t  e x t r a c t 1-5 52

S a l t s  +  g lu c o s e N u t r i e n t  b r o t h 1 62
2 58
3 46

J  v o l .  s a l t s  +  g lu c o s e  + N u t r i e n t  b r o t h 1 30
J v o l. n u t r i e n t  b r o th

N u t r i e n t  b r o t h N u t r i e n t  b r o t h 1 65
N u t r i e n t  b r o th $ v o l .  n u t r i e n t  b r o t h +  ) 1 ITA

£  v o l. s a l t s  +  g lu c o s e  j
1 t u
2 88

S a l t s  +  g lu c o s e J  v o l. n u t r i e n t  b r o t h  + 1 1 62
£ v o l. s a l t s  +  g lu c o s e  j

S a l t s  +  c a s e in  h y d r o ly s a te S a l t s  +  c a s e in  h y d r o ly s a te 1 95
2 7 0

S a l t s  +  y e a s t  e x t r a c t S a l t s  +  y e a s t  e x t r a c t 1 7 5
2 6 0

S a l t s  +  y e a s t  e x t r a c t + S a l t s  +  y e a s t  e x t r a c t  +  )
90

c a s e in  h y d r o ly s a t e c a s e in  h y d r o ly s a te  J

* W i th  8 m g . c a s e in  h y d r o ly s a te /m l .

of 97-5% ±11 ( s . d .) . When the overnight inoculum grown in nutrient broth was 
put into salts + glucose containing no nutrient broth, the first division was delayed. 
Division occurred at 175 min. instead of 73 min. when the inoculum was grown in 
salts +  glucose. The hexokinase ranged from 50 to 100 % of control but, a t \  division 
time (48 min.) later, the activity increased sharply. Table 2 shows a comparison of 
division times in different media.

In series II  (Table 1) where the bacteria were grown in salts + glucose for two 
divisions and then were transferred to media made up of equal parts salts +  glucose
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and nutrient broth for 1 division, the hexokinase activity was decreased 25 % and 
the G-6-P dehydrogenase was decreased 50%. When bacteria grown in salts+ 
glucose + nutrient broth media for one division (Table 1, series III) were transferred 
to nutrient broth for 1 division, the activity of both enzymes fell 40 % from their 
previous values or 80% from the original salts +  glucose values. Series II (Table 1) 
shows the greater decreases when bacteria grown on salts + glucose (2 divisions) 
were transferred to nutrient broth for 1 division. Both hexokinase and G-6-P 
dehydrogenase activities were only 30 % of original values/mg. protein. When the 
Escherichia coli organisms were allowed to grow 2 or 3 divisions in nutrient broth, 
the activity of both enzymes levelled off at 50 % of original activity of the salts + 
glucose inoculum. The activity of both enzymes/109 bacteria decreased to 15% of 
those grown in glucose because the bacteria were so much smaller.

Bacteria grown in salts +  casein hydrolysate overnight and transferred to salts +

F ig . 4 . G r o w th  a n d  e n z y m e  v a lu e s  o f  Escherichia coli g ro w n  in  s a l t s + c a s e in  m e d iu m  a n d  
t r a n s f e r r e d  t o  s a l t s  +  g lu c o s e  m e d iu m . T w o  t o w e r s  e a c h  c o n ta in in g  2 0 0  m l. o f  s a l t s  +  c a s e in  
m e d iu m  w e re  g ro w n  o v e r n ig h t .  O n e  w a s  h a r v e s t e d  t o  b e  e x t r a c t e d ;  t h e  o t h e r  w a s  c e n t r i ­
fu g e d , t h e  o r g a n is m s  w a s h e d  a n d  s u s p e n d e d  in  s a l t s  m e d iu m . T h is  s u s p e n s io n  w a s  u s e d  t o  
in o c u la te  tw o  to w e r s  e a c h  c o n ta in in g  to ~ a l 2 0 0  m l. s a l ts  m e d iu m  +  g lu c o s e  (2  m g ./m l.) .
T u r b id i ty  c u r v e s  a r e  s h o w n  a s ----- a n d  v ia b le  c e ll c o u n ts  a s  — . A r ro w  |  in d ic a te s  t im e
o f  h a r v e s t in g .  E n z y m e  a c t iv i t i e s  o f  t h e  e x t r a c t s  o f  t h e  w a s h e d  p e l le ts  e x p r e s s e d  in  /tm o le  
N A D P + /m in . /m g .  p r o t e in  a r e  s h o w n  in  t h e  h is to g r a m s ,  s h a d e d  f o r  h e x o k in a s e  (H ) , c le a r  
fo r  G -6 -P  d e h y d r o g e n a s e  a n d  c r o s s -h a tc h e d  f o r  P G  d e h y d r o g e n a s e .  T h e  tu r b id i t y  
w a s  m e a s u re d  w i th  a  4 2 0  m / i  f i l t e r  i n  t h e  K l e t t  p h o to m e te r  a t  t h e  t im e  o f  h a r v e s t  is  
i n d ic a te d  b y  lo g 2 T jT0.
F ig . 5 . G r o w th  a n d  e n z y m e  v a lu e s  o f  Escherichia coli g r o w n  in  s a l ts - ( - c a s e in  +  y e a s t -  
e x t r a c t  m e d iu m  a n d  t r a n s f e r r e d  t o  s a l ts  — g lu c o s e  m e d iu m . T w o  to w e r s  e a c h  c o n ta in in g  
2 0 0  m l. o f  s a l t s  +  c a s e in  +  y e a s t - e x t r a c t  w e re  g ro w n  o v e r n ig h t .  O n e  w a s  h a r v e s t e d  f o r  e x ­
t r a c t i o n  a n d  th e  o t h e r  w a s  c e n t r i fu g e d ,  w a s h e d  a n d  s u s p e n d e d  in  s a l t s  m e d iu m . T h is  w a s  
u s e d  t o  in o c u la te  tw o  to w e r s  e a c h  c o n ta in in g  t o t a l  2 0 0  m l. s a l t s  m e d iu m  w i th  g lu c o s e  
(2  m g ./m l .) .  S y m b o ls  a r e  a s  i n  F ig . 4 .

30 60 120 180

T im e  (m in .)

F ig .  4

T im e  ( m in .)  

F ig .  5
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glucose showed a two- to threefold increase in activity of hexokinase and G-6-P 
dehydrogenase as seen in series IV  (Table 1). When the overnight cultures also had 
yeast extract added (Table 1, series V ), the same pattern resulted. However, when 
the overnight inoculum was grown in salts +  yeast extract (Table 1, series V I), there 
was essentially no gain in hexokinase activity/mg. protein and a 1-5-4-fold gain/109 
bacteria. The G-6-P dehydrogenase showed a gain of 1-5-fold/mg. protein and of
2-6-fold/109 bacteria. Figures 4 and 5 show typical experiments with turbidity and 
enzyme activities plotted.

D I S C U S S IO N

The experiments showed that the spectrophotometric method for determining 
hexokinase was reproducible. Cochrane, Peck & Harrison (1953) showed with 
extracts of a Streptomyces a reduction of NADP+ by glucose and ATP and by 
G-6-P dehydrogenase and PG dehydrogenase, indicating the presence of hexokinase. 
Changes in hexokinase activity in Escherichia coli could be induced by changes in 
media. The hexokinase activity was increased after changes from media not con­
taining glucose to media containing glucose. I t  was reported by Damodaran, 
Jagannathan & Singh (1955) for an Aspergillus that most of the enzymes of the 
glycolytic pathway and the hexosemonophosphate shunt, including hexokinase, 
decreased as the culture aged while growing on glucose and accumulating citrate. 
Hamilton & Dawes (1959, 1960, 1961) reported that Pseudom onas aeruginosa, when 
grown on medium containing half glucose and half citric acid from an inoculum 
grown on citric acid, used first the citric acid and then the glucose, so that a 1 diauxie ’ 
was shown. However, when the inoculum organism was grown on glucose, both 
citric acid and glucose were metabolized simultaneously. In our experiments when 
Escherichia coli grown on nutrient broth was used to inoculate a medium containing 
half salts +  glucose medium and half nutrient broth, there was a lag while the hexo­
kinase built up, and then growth began. The E . coli needed 2-5 divisions to reach the 
degree of hexokinase activity of glucose-grown bacteria when transferred to salts + 
glucose from any medium tested, except casein hydrolysate +  yeast extract, which 
needed only 2 divisions. The mechanism of adaptation must be the same as or similar 
to that reported by Hamilton & Dawes. There does not seem to be a substance in the 
casein hydrolysate, yeast extract or nutrient broth which acts as a repressor of 
hexokinase because glucose induced hexokinase in their presence. In an attempt to 
find the activator in the extracts a whole series of amines and other compounds were 
tested in our system. A report of these results is in preparation.

A preliminary report of a part of this work was presented at the Fifty-Ninth 
General Meeting of the Society of American Bacteriologists, May, 1959. This study 
was supported by grants C 4170 and CY 2189 from the National Cancer Institute, 
National Institutes of Health, United States Public Health Service.
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S U M M A R Y

Cocoa yellow mosaic virus from Sierra Leone is readily transmitted by 
sap to many woody and herbaceous dicotyledonous plants. I t  is sero­
logically related to wild cucumber mosaic virus and to turnip yellow 
mosaic virus, and has similar chemical and physical properties. I t  is 
stable when frozen or lyophilized, inactivated when kept for 10 min. 
at 65°, and is precipitated without loss of infectivity in a half-saturated 
ammonium sulphate solution. The particles appear to be 25 m/i across when 
mounted in neutral phosphotungstate, and 29 mft, when shadowed. All 
preparations contained infective nucleoprotein particles which sedimented 
at 108 S, and non-infective protein shells which sedimented at 49 S.

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

In 1958 cocoa plants with unusual symptoms were found in Sierra Leone, from 
which Blencowe, Brunt, Kenten & Lovi (1963) obtained a virus apparently different 
from any virus previously recognized in cocoa in West Africa. In the present paper 
we report the results of further experiments with this virus, which we propose shall 
be called cocoa yellow mosaic virus (CYMV).

M E T H O D S

A stock culture of CYMV from Giehun, Sierra Leone, was kept in graft-infected 
cocoa seedlings (Theobroma cacao L.) and in Chenopodium amaranticolor Coste 
& Reyn and C. quinoa Willd. seedlings infected originally by inoculation with cocoa 
leaf extracts.

The infectivity of different virus suspensions was compared by counting either 
the numbers of lesions that developed on the inoculated leaves of Chenopodium 
amaranticolor or the proportion of inoculated cocoa beans which later produced 
seedlings showing symptoms (after about 80 days). Cocoa beans were used in 
preference to cocoa seedlings, not only for convenience, but also because they 
showed symptoms sooner, usually on the first leaves produced. In the first experi­
ments one cotyledon was removed from each bean before it was inoculated, but 
later whole beans were used because, as with cocoa swollen shoot virus (Brunt, 
Kenten & Nixon, 1964), they were more susceptible: in nine tests a total of 149

* P r e s e n t  a d d r e s s : G la s s h o u s e  C ro p s  R e s e a r c h  I n s t i t u t e ,  L i t t l e h a m p to n ,  S u s s e x , E n g la n d .
t  S in c e  r e n a m e d :  C o c o a  R e s e a r c h  S ta t i o n ,  G h a n a  A c a d e m y  o f  S c ie n c e s , T a fo , G h a n a .

G. M icrob. x x x v m6
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out of 197 (75%) inoculated whole beans, but only 76 out of 192 (40%) inoculated 
half beans, were infected. Cocoa beans and plants were inoculated by using a small 
hog’s bristle brush (Reeve’s no. 3) that had been dipped in inoculum; C. amaranti­
color and other plants were inoculated by finger. An abrasive was usually added to 
the inocula: Celite 545 (Johns Manville Ltd.) for cocoa beans and hard-leaved plants 
and Hyflo Super Cell (Johns Manville Ltd.) or 600-mesh carborundum for other 
plants.

Some purified preparations of the virus were made from infected cocoa leaves. 
The leaves were mechanically macerated in twenty times their weight of water or 
a neutral buffer containing either 0 05 M-Na2H P 0 4 + 0-005 M-diethydithiocarbamate 
(DIECA) or 0 05 M-Na2H P 0 4 + 0-01 M-thioglycollic acid + 0 005 m-DIECA. The 
slurry was then filtered through muslin, and the resulting extract clarified by 
centrifugation for 20 min. at 8000 g  The virus was then either sedimented from the 
clarified extract by centrifugation at 75,000 g  for 2 hr or precipitated by half- 
saturating the extract with ammonium sulphate and centrifuging at 8000 g  for 
20 min. The pellet was then resuspended in s^th to aoiyih of the original volume of 
water, or neutral 0-03 M-phosphate, or in normal saline when used to inject rabbits. 
Other preparations of the virus were made from leaves of infected Chenopodium 
amar anticolor. Infected leaves were macerated mechanically in at least five times 
their weight of a solution containing 0 05 M-ascorbic acid +  0-1 M-disodium hydrogen 
phosphate (pH 7-0). Chloroform (a quarter of the volume of buffer) was then 
added, and, after the mixture had been macerated further to form an emulsion, it 
was centrifuged at 8000 g  for 10 min. and the aqueous phase removed. The virus 
was then purified and concentrated from the aqueous extract by two or more 
cycles of differential centrifugation, with 0-03 M-phosphate (pH 7-5) as the sus­
pending fluid. Finally the preparations were dialysed against 0-03 M-phosphate to 
remove traces of ascorbic acid. The other viruses used in the serological tests were 
purified in the same way.

Preparations were fractionated by centrifuging them in  sucrose density gradients, 
and were examined in  a Siemens Elm iskop I  electron microscope by the methods 
described by N ixon & H arrison (1959).

Antisera were prepared by injecting rabbits intravenously with partially purified 
virus preparations obtained from artificially infected cocoa seedlings by ultra­
centrifugation. The virus was injected into the rabbits either intravenously or 
intramuscularly, after being emulsified in an equal volume of Freund’s complete 
adjuvant. The rabbits were bled about 10 days after the last injections. One 
rabbit produced a serum with a titre of 1/512 after three intravenous injections at
3-day intervals, whereas another gave a titre of 1/1280 after one intravenous in­
jection followed by two intramuscular injections a t fortnightly intervals, with a 
final intravenous injection 1 week later. Serological tests were done by the tube 
precipitation method (Bawden, 1958).

R E S U L T S

Host-range and symptoms
The two plant species we found to be most useful for work with cocoa yellow 

mosaic virus (CYMV) were cocoa and Chenopodium amar anticolor. Blencowe et al. 
(1963) described the mosaic symptoms shown by infected cocoa (PI. 1, fig. 2).
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C. amaranticolor was readily infected by inoculation with water extracts of infected 
cocoa or C. amar anticolor ; numerous necrotic lesions developed on inoculated leaves
1-2 weeks after inoculation, and tip leaves produced later showed chlorotic and 
necrotic flecks and many were distorted (PI. 1, fig. 3).

The susceptibility of other plant species to CYMV was tested. Most species were
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Table 1. Hosts of cocoa yellow mosaic virus

(a) S p e c ie s  s u s c e p t ib le  t o  C Y M V  (* t lio s e  in f e c te d  s y s te m ic a l ly )

A p o c y n a c e a e
B e g o n ia c e a e
B o m b a c a c e a e

C h e n o p o d ia c e a e

C u c u rb i ta c e a e

P a p i l l io n a c e a e
S o la n a c e a e

S te r c u l ia c e a e

Vinca rosea L .*
Begonia
Adansonia digitata L .* ,  Ceiba pentandra (L .)  G a e r tn .* ,  Pachira 

oleagina D e c n e .
Beta vulgaris L .  ( s u g a r  b e e t  v a r .  K le in  E . ) f ,  Chenopodium 

amaranticolor C o s te  & R e y n .* f ,  C. quinoa W il ld .J
Cucurbita ficifolia B o u c h e ,  C. melo-pepo L .  (D e lic io u s  G o ld e n ) , 

C. pepo L . (O ra n g e  G o u rd ) ,  Cucumis meló L . ( C a n ta lo u p  
C h a ra n ta is ) ,  C . sativus L . ( L o c k ie s  P e r f e c t io n ,  T e n d e r  a n d  
T r u e ,  G h e rk in ) ,  Luffa cylindrica R o e m .,  Momordica charantiaL.

Voandezia subterránea, Vigna sinensis L . f
Nicotiana tabacum L .  ( W h i te  B u r le y ) ,  N. clevelandii G ra v y , 

Nicandro physaloides L .*
Abroma augusta L .* ,  Cola lateritia K .  S c h u m , v a r .  maclaudi 

(A . C h e v .)  B r e n a n  & K e a y * ,  Leptonychia pubescens K e a y ,  
Sterculia foetida, Theobroma cacao L .* ,  T. bicolor H u m b .  & 
B o n p l .* ,  T. grandiflora K .  S c h u m .* , T. speciosa S p re n g *

(b) S p e c ie s  i n o c u la te d  w i t h  C Y M V , b u t  w h ic h  s h o w e d  n o  s y m p to m s ,  a n d  f ro m  w h ic h
C Y M V  w a s  n o t  r e c o v e r e d

A m a r a n th a c e a e
B o m b a c a c e a e
C a e s a lp in ia c e a e
C o m p o s i ta e
C u c u rb i ta c e a e
C ru c ife ra e
E u p h o r b ia c e a e
G r a m in e a e

M u s a c e a e
N y c ta g in a c e a e
P a p i l l io n a c e a e

P o le m o n ia c e a e
P o r tu la c c a c e a e
S o la n a c e a e

Sterculiaceae

T il ia c e a e
U m b e ll i fe ra e

Gomphrena globosa L . f  
Bombax brevicuspe S p ra g u e  
Caesalpinia pulcherrima S w .
Calendula officinalis L . ,  Lactuca taraxifolia, Zinnia elegans J a c q .  
Momordica foetida
Brassica chinensis L .} ,  Raphanus sativus L .
Ricinodendron heudelotii (B a il ie )  P ie r r e  e x  P a x .
Avena sativa L. ( v a r .  B l e n d a ) t ,  Dactylis glomerata L . f ,  Hordeum 
vulgare L . ( v a r .  P r o c t o r ) f ,  Lolium perenne L . (v a r .  S 2 2 ) f ,  
Zea mays L .

Musa balbisiana L . f  
Boerhavia diffusa
Arachis hypogea L . ,  Phaseolus lunatus L .,  P. vulgaris L . ( C a n a d ia n  

W o n d e r  I m p r o v e d ,  K e n t u c k y  W o n d e r ,  M a s te rp ie c e , P r in c e } ) ,  
Pisum sativum L .  ( L a x to n ’s W o n d e r  S u p e r b ) ,  S o ja  m a x } ,  
Trifolium incarnatum L . f  

Phlox drummondii H o o k  
Montia perfoliata (W illd .)  H o w e l l . f
Capsicum frutescens L . ( T a b a s c o ) ,  Datura stramonium L ., 
Lycopersicum esculentum M ill., Nicotiana glutinosa L . ,  Petunia 
hybrida V illm .} , Physalis floridana L . f ,  P. peruvia L ., P. 
pruinosa L . ,  Solanum melongea L .,  S. verbascifolium 

Cola gigantea A . C h e v ., Guazama ulmifoKa L a m .,  Sterculia tra- 
gacantha L in d l .

Corchorus aestuans L .
Daucus carota L . f

A ll  p l a n t s  in o c u la t e d  w i t h  C Y M V  f ro m , a n d  b a c k  t e s te d  t o  Theobroma cacao; e x c e p t  th o s e  
m a r k e d  f ,  w h ic h  w e re  i n o c u la te d  w i th  p a r t i a l l y  p u r i f ie d  C Y M V  a n d  b a c k  t e s t e d  t o  Chenopodium 
amaranticolor, a n d  th o s e  m a r k e d  } , w h ic h  w e re  t e s t e d  i n  b o t h  w a y s .
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inoculated with infective cocoa leaf extracts but some were inoculated with pre­
parations of the virus purified from Chenopodium amaranticolor. All were tested 
for infection after about 1 month by inoculating sap from the leaves which had been 
inoculated and from the uninoculated tip leaves to either cocoa beans or C. amar- 
anticolor. Table 1 shows that CYMV has many hosts, which include woody and 
herbaceous species of different dicotyledonous families. The failure to infect some 
species may have been caused by inhibitors of infection in the cocoa leaf extract 
or preparations from C. amaranticolor; however, some species known to be influenced 
by such inhibitors, including Cucumis and Nicotiana spp., were readily infected in 
these tests.

Properties of the virus
In these tests water extracts of the first flush leaves of cocoa seedlings, infected 

as beans, were used. Since cocoa leaf extracts are very mucLaginous, they were 
diluted to contain the equivalent of 1 g. leaf in 20 ml. distilled water. Such diluted 
extracts were at about pH 6-3. Extracts were made only from leaves showing 
clear symptoms, for these were more infective than extracts of symptomless leaves 
or other parts of infected plants. Such extracts sometimes caused infection when 
diluted to 10-4 with water and inoculated with Celite (Table 2) which increased the 
infection end-point a thousand-fold.
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Table 2. Thermal inactivation of cocoa yellow mosaic virus

D ilu t io n  o f  
e x t r a c t

1 /1
1 /1 0
1 /1 0 0
1/1000

C o c o a  le a f  e x t r a c t s  h e a t e d  f o r  10  m in . a t
( ' '

65°  6 0 °  5 5 °  5 0 °  45 "  U n h e a t e d

%  in f e c te d  b e a n s  ( a b o u t  25  b e a n s  p e r  t r e a tm e n t )

0* 5 25 80 67 74
-— 0 3 41 63 87
— 0 0 3 23 30
— 0 0 0 0 7

* 1 g . le a f  e x t r a c t e d  in  2 0  m l. d is t i l le d  w a te r .

Stability at different temperatures. When 2 ml. samples of extracts were heated to 
different temperatures, some infectivity remained after 10 min. at 60°, but not at 
65° (Table 2). At 25-30° the extracts were infective after 16 days, but not after 
32 days; at 0-4° they were still infective after 76 days; other extracts containing 
0-2 M-phosphate buffer (pH 8-0) were highly infective after 100 days a t 0-4°. 
Infected cocoa leaves and water extracts of the leaves were frozen and thawed with 
no apparent effect on the infectivity of the virus they contained. Infectivity was 
also retained in cocoa leaves dried and stored over anhydrous alumina at 25°, and 
in lyophilized cocoa leaf extracts or Chcnopodimn amaranticolor sap.

Precipitation of the virus. CYMV precipitated from water extracts when these 
were half saturated with ammonium sulphate. Precipitates were suspended in 
distilled water, dialysed for 24 hr against 0-003 M-phosphate (pH 8-0), and centri­
fuged briefly at 8000 g  to sediment insoluble material. The resulting suspensions 
wrere almost colourless, slightly turbid, and contained most of the infectivity of the 
original extract. By contrast, when extracts of infected cocoa leaves were mixed 
with different amounts of ethanol cr acetone in the cold to give concentrations of



30-75% and 25-60% (v/v), respectively, the sparse precipitates which formed 
were not infective when resuspended in water.

The virus was not precipitated when extracts of infected cocoa leaves were 
adjusted to different pH values between pH 3 and pH 6, though infectivity was 
apparently destroyed when the extract was acidified to pH 3-0.

Partially purified preparations
P a rtia lly  purified preparations made by differential centrifugation were slightly 

turbid and usually colourless or slig htly yellow. The viru s crystallized when am ­
monium sulphate was added slow ly to these preparations as described by M arkham  
& Sm ith (1949) for crystallizing turnip yellow  mosaic viru s (T Y M V ); these crystals 
were sim ilar to but sm aller than those of T Y M V . They were kept in  the ammonium 
sulphate solution for 12 months at 4°, w ithout increasing in  size; they dissolved 
when the ammonium sulphate was removed by dialysis.

Electron microscopy. Extracts of infected cocoa or Chenopodium amaranticolor 
leaves contained many approximately spherical particles, not found in comparable 
preparations from uninfected plants. The particles appeared to be 25-2 m/t across 
when negatively stained (PI. 1, fig. 5) and 29-0 m¡i when shadowcast after fixation 
with 2 % (v/v) formalin for 1 hr. The first figure is presumably an underestimate 
because stain penetrates into the particles, and the second an overestimate because 
the particles flatten on drying. The apparent size of negatively stained CYMV 
particles is almost the same as that recorded by Nixon & Gibbs (1960) for similarly 
treated turnip yellow mosaic virus particles, but fixed and shadowed CYMV 
particles appear to be slightly larger than untreated shadowed TYMV at 26 m/t 
(Cosentino, Paigen & Steere, 1956). CYMV particles shadowcast without fixation 
with formalin always appear very flattened, unlike TYMV particles, which retain 
their shape well. Some of the particles in negatively stained preparations of CYMV 
seemed empty because they were penetrated by the phosphotungstate and were 
visible only as outlines (PI. 1, fig. 4). Others were partly penetrated by the stain 
and were an intermediate grey tone on the plate (PL 1, fig. 5, near the upper edge).

In  the best electron m icrographs, particles were indistinguishable from  those of 
turnip  yellow  mosaic viru s (H u xley & Zubay, 1960; N ixon & Gibbs, 1960), and 
showed the same arrangement of m orphological subunits.

Centrifugation. Purified CYM V preparations, suspended in  neutral 0 1  m-K C I, 
were exam ined in  a Spinco Model E  analytical centrifuge. A ll showed two boundaries, 
w ith sedim entation coefficients of 49S and 108 S (corrected to infinite dilution in 
water at 20°), which we have called the top component and whole virus, respectively 
(M arkham  & Sm ith, 1949). The top component absorbed much less ultraviolet (u .v.) 
radiation than the whole virus, and during preparation by differential centrifugation 
some of it was inevitably lost. W hen the viru s in extracts from  infected Chenopodium 
amaranticolor leaves was concentrated and purified by precipitation w ith ammonium 
sulphate and examined in  the analytical centrifuge the area of the schlieren peak 
for the top component was about tw o-thirds of that from  whole virus.

The two components were separated by centrifugation in  sucrose density 
gradients. E lectron m icroscopy showed that the whole viru s fraction contained 
m ostly intact viru s particles, unpenetrated by phosphotungstate. I t  had the u.v.- 
absorption spectrum  of a nucleoprotein (F ig . 1), and was highly infective. B y
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contrast, the top component contained mostly particles penetrated by phospho- 
tnngstate, had the u.v.-absorption spectrum of a protein (Fig. 1), and was only 
slightly infective. We have assumed that the few intact particles and slight in- 
fectivity of the top component was due to incomplete separation, and that 
apparentlv empty particles seen in the whole virus fraction were either due to in­
complete separation or to damage during mounting for electron microscopy. The
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F ig . 1 . U l t r a v io le t  a b s o r p t io n  s p e c t r a  o f  s e p a r a te d  c o c o a  y e llo w  m o s a ic  v i r u s  c o m p o n e n ts .  
U p p e r  l in e  is  s p e c t r u m  o f  t o p  c o m p o n e n t ,  lo w e r  l in e  t h a t  o f  t h e  b o t t o m  c o m p o n e n t  
(w h o le  v iru s ) .

separated components each reacted with an antiserum made by injecting a rabbit 
with an unfractionated CYMV preparation. In gel diffusion tesrs each component 
gave only one line of precipitate, and in suitable tests these lines were confluent.

Thus CYMV preparations contain both fast sedimenting infec tive nuclcoprotein 
particles and more slowly sedimenting non-infective protein particles, which have 
the shape and size of and are antigenically similar to the nucleoprotein particles.

Electrophoresis. CYMV preparations were dialysed against neutral 0-06 m- 
phosphate buffer and then examined in a Perkin-Elmer Model 38 A electrophoresis 
apparatus with a schlieren optical system.

All the preparations examined separated into two components, the major one 
migrating at —11-8 x 10-5 cm./sec./V./cm. and the minor at —11-3 x 10-6 cm./ 
sec./V./cm. Because of the small difference in the n obilities of these electrophoretic 
components it was impossible to separate them and study their composition. They 
seem not to correspond to the protein and nucleoprotein components of the virus 
preparation, for in one experiment the separated whole virus contained both electro­



phoretic components in the same relative amounts as in the unfractionated 
preparations.

Serology. Our results show that CYMV resembles turnip yellow mosaic (TYMV) 
and wild cucumber mosaic (WCMV) viruses in many respects. TYMV and WCMV 
are serologically related (MacLeod & Markham, 1963), so tests were made to find 
whether CYMV is serologically related to them and to cowpea mosaic virus, which 
is also transmitted by beetles (Dale, 1949; Chant, 1959). Table 3 shows the sources 
of the viruses and antisera used in the tests.
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Table 3. H osts and sources o f  v irus antigens

V iru s
H o s t  sp e c ie s  f o r  H o s t  sp e c ie s  f o r

v i r u s  f o r  i n je c t io n  v i r u s  u s e d  a s  a n t ig e n S o u rc e

C o c o a  y e l lo w  m o s a ic  Theobroma cacao 
W ild  c u c u m b e r  m o s a ic  Cucurbita pepo 
T u r n ip  y e l lo w  m o s a ic  Brassica chinensis 
C o w p e a  m o s a ic

N ig e r ia  Phaseolus vulgaris
T r in id a d  Phaseolus vulgaris
S u r in a m  ?

Chenopodium amaranticolor S ie r r a  L e o n e  
C . pepo M a c L e o d  &  M a rk h a m
B. chinensis S c o t la n d

P. vulgaris N ig e r ia
P .  vulgaris T r in id a d
—  H a r i  A g r a w a l

Table 4. A n tise ru m  titrations

A n t i s e r u m  t i t r e  ( r e c ip r o c a l  o f  d i l u t i o n  e n d - p o in t )  a f t e r  4 - h r  in c u b a t io n  a t  37 °. I n  p a r e n th e s e s  
l e a s t  d i l u t i o n  t e s te d ,  w h e n  n o  r e a c t io n .

C o c o a W ild
y e llo w c u c u m b e r
m o s a ic m o s a ic

A n t i s e r u m v ir u s v i r u s

C o c o a  y e l lo w  m o s a ic 5 1 2 0 ( 2 )
W ild  c u c u m b e r  m o s a ic 8 - 1 6 10 2 4
T u r n ip  y e llo w  m o s a ic 0 ( 2 ) 8
C o w p e a  m o s a ic

N ig e r ia n 0 ( 1 ) 0 ( 2 )
S u r in a m — —

A n tig e n

T u r n ip  C o w p e a  m o s a ic  v i r u s  H e a l t h y  s a p
y e llo w f b A(
m o s a ic T r in i - C. amar- P.
v i r u s N ig e r ia d a d anticolor vulgaris

0  (2) 0 ( 2 ) — 0 ( 2 ) —
16 0 ( 2 ) — — —

1 0 2 4 0 ( 2 ) — — —

0 ( 2 ) 64 64 — 0 ( 2 )
— 0  (16) 128 — —

The serological relationships between the viruses were estimated by determining 
the precipitation end-points of the antisera when titrated against purified pre­
parations of the different viruses. First the precipitation end-point of each virus 
preparation was found using the homologous antiserum, then the preparation was 
used as antigen in the antiserum titration tests a t approximately four times the 
concentration at the precipitation end-points.

The tests (Table 4) confirmed the results of MacLeod & Markham (1963) and 
showed r, distant serological relationship between TYMV and WCMV. The WCMV 
antiserum, but not the TYMV antiserum, precipitated CYMV, whereas the CYMV 
antiserum did not precipitate either TYMV or WCMV. The failure of CYMV anti­
serum to precipitate WCMV, when the reciprocal test was positive, may be because 
it had a lower titre than the WCMV antiserum.

Thus CYMV is apparently serologically related to WCMV but not to TYMV, 
even though TYMV and WCMV are related. However, further tests showed that 
WCMV has some antigenic groups common to both TYMV and CYMV, for when
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WCMV antiserum was mixed with excess CYMV it did not precipitate TYMV, and 
when mixed with excess TYMV it did not precipitate CYMV.

Neither CYMV, WCMV, TYMV nor their antisera gave precipitates in tests with 
the cowpea mosaic viruses or their sera. Limited tests showed that the different 
cowpea mosaic viruses were serologically related.

All the precipitates formed in these tests were white and granular, as usually 
obtained with isometric virus antigens, and unlike the less-dense microgranular and 
often coloured precipitates formed when plant proteins react with their antisera.

Dorner, Kahn & Wildman (1958) and van Regenmortel (1963) found that the 
‘ Fraction 15 proteins of different plant species were serologically related. Van Regen­
mortel (1963) has suggested that reactions with such proteins, which are often 
present in plant-virus preparations, might be responsible for the reports of distant 
serological relationships between viruses, such as those reported by MacLeod & 
Markham (1963). However, our results confirm those of MacLeod & Markham 
(1963) and provide further evidence to suggest that plant proteins are not responsible 
for the observed serological reactions. Dorner et al. (1958) anc van Regenmortel 
(1963) apparently found one cross-reacting plant protein antigen in all species. 
However, our results (Tables 3, 4) show the presence of at bast three distinct 
antigens; one in Phaseolus vulgaris only, one in both Brassica chinensis and Cucur- 
bitapepo only, and another in C. pepo and Chenopodium amaranticolor only. Further­
more, the preparations of CYMV, WCMV, and TYMV used as antigens in our tests 
were highly purified and concentrated, and they were therefore diluted 1/32, 1/100, 
and 1/150 respectively for use in serological tests. The WCMV and TYMV pre­
parations showed no components attributable to plant proteins when examined 
in the analytical centrifuge. By contrast, the cowpea mosaic preparation was 
relatively impure. I t  was diluted only to 1/10 for serological tests, and contained 
more plant protein than the other virus preparations. Out of all those tested, it 
should therefore have been the most readily precipitated by antibodies to plant 
proteins, and yet it reacted only with its homologous antiserum. Dorner et al.
(1958) found that the precipitation end-point of untreated tobacco sap was only 
1/320 when tested in ring interface tests with an antiserum specifically prepared 
against ‘Fraction 1 ’ protein. Thus it is unlikely that enough plant protein to give 
a precipitate was present in the diluted antigen preparations we used except with 
cowpea mosaic virus preparations.

D I S C U S S IO N

An interesting feature of cocoa yellow mosaic virus (CYMV) is its similarity to 
turnip yellow mosaic virus (TYMV) and wild cucumber mosaic virus (WCMV). 
Their particles have similar shape, size, external morphology, and sedimentation 
rates; moreover, MacLeod & Markham (1963) and MacLeod (personalcommunica­
tion) found that the nucleoprotein particles of all three viruses contain similar 
amounts of nucleic acid, of similar composition (with 37-40% cvtidylic acid). 
Therefore it is perhaps not surprising that these viruses are serologically related; 
however, the relationship is unusual in that WCMV antiserum reacted with both 
CYMV and TYMV, though there was no reaction between TYMV and CYMV 
antiserum or CYMV and TYMV antiserum.

The natural vector of CYMV in Sierra Leone is not known. Blencowe et al. (1963)



failed to transm it the viru s by three species of m ealy-bug, and attempts in  Sierra 
Leone to transm it the viru s by soil and seed also failed; 60 pots of soil collected 
from  around the roots of n atu rally  infected cocoa plants were each sown w ith 
5 cocoa beans, none became infected, and 150 beans from  n atu rally  infected cocoa 
plants a ll produced apparently healthy seedlings. However, the sim ilarity of 
CYM V to T Y M V  and W CM V, both of which are transm itted by chrysom elid 
beetles, suggests that C Y M V  m ay also have a beetle vector.

Other viruses have been found to be beetle transm itted, including cowpea mosaic 
viruses in  T rinidad (Dale, 1949) and in  N igeria (Chant, 1959). O ur tests, and those 
of Shepherd (1963) and Agraw al & M aat (1964) have shown that the two cowpea 
viruses are closely serologically related, but that they are apparently unrelated to 
CYM V, T Y M V  or W CM V. Cowpea mosaic viru s also differs from  C Y M V  in  other 
ways, for although preparations of it  have two components, like those in  CYM V 
preparations, the particles appear different in  the electron microscope (Chant, 1959) 
and do not show clearly defined subunits when mounted in  phosphotungstate. 
Furtherm ore, bean pod mottle viru s, w hich has recently been shown to be beetle- 
transm itted (Ross, 1963; W alters, 1964) and is serologically closely related to 
cowpea mosaic virus (Shepherd, 1963), has a nucleic acid composition (Sem ancik & 
Bancroft, 1964) quite different from  that of CYM V.
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E X P L A N A T I O N  O F  P L A T E  1

F ig .  1. N e c r o t ic  lo c a l  le s io n s  o n  l e a f  o f  Chenopodium amaranticolor in o c u la te d  w i th  a  p u r i f ie d  
c o c o a  y e l lo w  m o s a ic  v i r u s  (C Y M V ) p r e p a r a t io n .

F ig .  2. T ip  le a f  o f  C . amaranticolor p l a n t  s y s te m ic a l ly  in f e c te d  w i th  C Y M V , s h o w in g  d i s to r t i o n  
a n d  n e c r o t ic  fleck s.

F ig .  3 . C h lo ro t ic  p a t t e r n s  o n  s y s te m ic a l ly  in f e c te d  l e a f  f ro m  a  m e c h a n ic a l ly  in o c u la te d  c o c o a  
s e e d lin g .

F ig . 4 . E le c t r o n  m ic r o g ra p h s  s h o w in g  e m p ty  p r o t e in  p a r t i c le s  o f  t h e  t o p  c o m p o n e n t  o f  C Y M V , 
s e p a r a te d  f ro m  a  p u r i f ie d  p r e p a r a t io n  in  a  s u c ro s e  d e n s i ty  g r a d ie n t ,  a n d  m o u n te d  in  p h o s p h o -  
t u n g s t a t e ;  a b o u t  x  2 4 0 ,0 0 0 .

F ig .  5 . N u c le o p r o te in  p a r t i c le s  f ro m  t h e  b o t to m  c o m p o n e n t .  D e ta i l s  a s  fo r  fig . 4 .

F ig .  6. S c h l ie r e n  p a t t e r n  f ro m  a  p u r i f ie d  p r e p a r a t io n  o f  C Y M V  s e d im e n tin g  in  t h e  a n a ly t i c a l  
u l t r a c e n t r i f u g e .  S e d im e n ta t io n  is  f ro m  le f t  t o  r ig h t .
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SUMMARY

Sixteen serological types of M ycoplasma previously distinguished by 
com plem ent-fixation tests were compared by means of a gel precipitin 
(O uchterlonv) technique. Each of the sixteen gave a consistent pattern 
of three to seven precipitation lines w ith its homologous antiserum . 
Cross-reactions occurred between heterologous strains, especially w ith 
antisera produced w ith the aid of an adjuvant. Homologous reactions 
were com plex and sufficiently distinctive for the technique to be used to 
identify unknown strains. Two of the sixteen types, Mycoplasma mycoides 
var. mycoides and M. mycoides var. capri, had certain antigenic com­
ponents in common. The appearance of other cross-reactions suggested 
that the m ajority were due to the presence in different species of partly 
related rather than identical antigens.

INTRODUCTION

A previous com m unication (Lem cke, 1964«) reported the results of using a com­
plem ent-fixation (C F) test to characterize mycoplasmas from a variety of sources. 
Among 82 strains, 17 serological types were distinguished, although two of these, 
Mycoplasma arthritidis and strain r 38, both from rats, were p artly  related. Although 
these serological types were easily distinguishable by com plem ent-fixation tests, 
cross-reactions of the order of 1/16 to 1/32 of the homologous titres occurred 
between a ll of them. This phenomenon was also noted in  com plem ent-fixation tests 
by Card (1959) and Coriell, Fabrizio  & W ilson (1960). Non-specific reactions w ith 
certain constituents of the medium were responsible at least in  part, but it  was not 
clear whether certain antigenic components common to different species were also 
involved (Lem cke, 1964a). To clarify  this point, an agar gel double-diffusion 
technique was used to examine the reactions of various M ycoplasma strains w ith 
homologous and heterologous antisera.

METHODS

Organisms. D etails of the organisms used are given in  Table 1. The sources of a ll 
the strains except b r a  were described in  earlier reports (Lem cke, 1964a, b). Strain 
b r a  was freshly isolated from the rectum  of a woman w ith vaginal cervicitis.

Media and growth conditions. The liq uid  medium used for cultures from which the 
gel diffusion antigens were prepared consisted of H artley’s digest broth (O xoid)
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supplemented with: unheated horse serum 20% (v/v); yeast extract (Oxoid), 
0-5% (w/v); deoxyribonucleic acid, 0-002% (w/v); penicillin, 50 units/ml. For the 
growth of cultures for immunizing rabbits, yeast extract was omitted and un­
heated pooled normal rabbit serum was substituted for horse serum. All strains were 
incubated at 37°, Mycoplasma salivarium, M . orale and M.fermentans anaerobically 
and the rest aerobically with continuous shaking.

Table 1. Mycoplasma strains

D e s ig n a t io n  o f  s t r a i n  S o u rc e  S e ro lo g ic a l  t y p e  o r  sp e c ie s

h 3 4 ,*  h 33 , m j w , 4 3 8 7  p , h 2 7 M a n  ( g e n i ta l  t r a c t ) M y c o p la s m a  h o m in is  t y p e  1
h 68 , b r a  

B l ,  b 3 ,*  b 5 M a n  ( m o u th ) M .  s a l iv a r iu m
8 3 7 ,*  E T is s u e  c u l tu r e  1

M .  o r a le \s , BM, 8 9 8 /2 M a n  ( t h r o a t )  J
g 2 * M a n  ( g e n i ta l  m u c o s a ) M .  fe r m e n ta n s
N a v e l* M a n  (u m b ilic u s ) U m b il ic a l
FH M a n  ( p r im a r y  a ty p i c a l M . p n e u m o n ia e

p n e u m o n ia )
C a m p o  (p g 2 7 )* , o 7 M a n  ( g e n i ta l  t r a c t ) ‘M .  h o m in is  t y p e  2 ’
J a s m in * R a t  ( p o ly a r th r i t i s ) M .  a r th r it id is
b.38 R a t  ( rh in i t i s ) P a r t l y  r e l a t e d  t o  M .

a r th r i t id is
M l* M o u s e  ( lu n g ) M .  p u lm o n is
KSA* M o u s e  ( ‘ r o l l in g  d i s e a s e ’) M .  n e u r o ly tic u m
P G l l * C a t t l e  ( g e n i ta l  t r a c t ) M .  b o v ig e n ita liu m
G la d y s d a le * C a t t l e  ( c o n ta g io u s  p le u re  - j

G 1 /6 1 *
p n e u m o n ia )  1 

G o a t  ( c o n ta g io u s  p le u r e -  I

1
t  M .  m y c o id e s  v a r .  m yco id es

p n e u m o n ia )  Ji

p p .  g o a t* G o a t  ( c o n ta g io u s  p le u r o ­ M .  m y c o id e s  v a r .  c a p r i
p n e u m o n ia )

A g a la c t ia * G o a t  ( a g a la c t ia ) M .  a g a lac tiae
F o w l* C h ic k e n  ( u p p e r  r e s p i r a to r y M .  g a l l in a r u m

t r a c t )
a 36* C h ic k e n  ( t r a c h e a l  e x u d a te ) N o n - p a th o g e n ic  a v i a n
T* E m b r y o n a t e d  eg g M .  g a l l is e p t ic u m  (N e ls o n ’s

c o c c o b a c i ll i fo rm  b o d ie s )
L a id la w  a * S e w a g e M .  la id la w ii

* P r e c i p i t a t i n g  a n t i s e r a  a v a i la b le  a g a in s t  th e s e  s t r a in s .
t  N a m e  a s s ig n e d  t o  n e w  o r a l  t y p e  (D r  D . H e r d e r s c h e ê ,  p e r s o n a l  c o m m u n ic a t io n ;  T a y lo r -  

R o b in s o n ,  C a n c h o la ,  F o x  &  C h a n o c k , 196 4 ).

Preparation of antigens. Cultures were grown for 2-4 days since it  was found that 
fewer precipitation lines were obtained w ith strain h 34 when incubation was con­
tinued for 6-14 days. Organisms were harvested by centrifugation at 10,000g- for 
30 m in. at 4°, washed twice in  0-85 % (w /v) saline and fin ally  suspended in  saline 
to a concentration 100 times that of the original culture. Although some precipita­
tion lines were formed w ith suspensions of whole organisms, more were obtained w ith 
suspensions which had been cooled in  ice and water and treated for 10 m in. w ith a 
Branson S-75 Sonifier (Branson Instrum ents In c., Stamford, Connecticut, U .S.A .) 
at 20 lccyc./sec. Suspensions in  de-ionized water, which were frozen and thawed 
ten times in  solid carbon dioxide +  ethanol at —25°, gave precipitation patterns 
sim ilar to those given by organisms disrupted ultrasonically. The freeze/thaw method 
was suitable for sm all quantities of culture. In  most of the work reported below



suspensions of organism from 250 or 500 ml. medium were disrupted ultrasonically. 
Suspensions were stored at —25° to —30° in volumes of 0-5-1-0 ml. Storage in 
large volumes was impracticable because some antigens deteriorated during the 
repeated thawing and freezing required for the removal of samples for test. Sus­
pensions preserved at 4° with the addition of thiomersalate (the procedure for 
storirig’cornplement fixation test antigens) gave fewer precipitation lines than those 
stored frozen. To detect non-specific reactions with the medium, a control1 antigen ’ 
consisting of the resuspended residue obtained by centrifugation of sterile broth was 
prepared.

Antisera. Most of the antisera used had been prepared for use in complement- 
fixation tests (Lemcke, 1964a). They were selected for their ability to give preci­
pitation lines with a suspension of homologous organism and were tested for 
reactivity with the medium and the control ‘antigen’.

Antisera induced by antigen +  Freund’s adjuvant gave the best results in gel 
diffusion tests and new antisera were prepared by this method. The adjuvant con­
sisted of a mixture of 9 parts Drakeol 6-VR (Pennsylvania Refining Co., Butler, 
Pa., U .S.A .) and 1 part Arlacel (Atlas Chemical Industries Inc., Wilmington, Del., 
U .S.A .). The organisms from 500 ml. of a 3- to 4-day culture were harvested by 
centrifugation, washed, resuspended in 2 ml. normal saline and homogenized with 
an equal volume of adjuvant. Rabbits were inoculated subcutaneously in the 
flank. Those receiving samples of strains b  3, g  2  and Campo were given one inj ection, 
those receiving strains 837 and Navel two injections separated by an interval of 
3 weeks. Three weeks after the last subcutaneous inoculation, all the rabbits were 
given a course of six intravenous injections of the appropriate organism suspended 
in saline. The best antisera were obtained 5-7 days after the last intravenous 
injection.

Double-diffusion tests. The medium and pattern of the reservoirs used were those 
described by Lemcke (1964a). Precipitation was allowed to take place at room 
temperature; at 4° fewer lines developed and at 30-37° the lines became very 
diffuse. Optimal development occurred between 2 and 5 days, depending on the 
antiserum.

RESULTS

Of the stock antisera tested for ability to give precipitation lines with homo­
logous antigen preparations, only those against Mycoplasma pneumoniae and 
strain b,38 did not react. Thus, precipitating antisera were available against 15 of 
the 17 serological types previously described (Lemcke, 1964 a) and against M. 
gallinarum, another ‘ avian ’ species which proved to be serologically distinct by the 
complement-fixation test (Table 1). Of these 16 type antisera, 14 gave no sign of 
precipitation with the medium or control ‘antigen’. The remaining two, an anti­
serum against strain k s a  (Mycoplasma neurolyticum) and one against strain Gladys- 
dale (M. mycoides var. mycoides) gave diffuse zones of precipitation with both the 
medium and the control ‘antigen’. With both, the reaction was eliminated by 
absorption of the sera with an equal volume of medium. The absorbed sera, even 
though diluted 1/2 by this procedure, gave several clear precipitation lines with 
the homologous antigen; only the rather diffuse non-specific band disappeared. 
In  the case of strain k s a , the absorbed antiserum did not react with suspensions of 
any other strains.

C o m p a r is o n  o f  m y c o p la s m a s  b y  g e l d i f f u s io n  93
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A djuvant-induced antisera gave more precipitation lines w ith their homologous 

antigens than did antisera produced by the intravenous inoculation of saline 
suspensions (Table 2).

The results of cross-testing suspensions with 16 antisera against strains repre­
senting different serological types are shown in Table 3. When two antisera were 
available against any one strain, as was the case for strains h 34, b 3, 837, g2, 
Navel and Campo, the results obtained with the adjuvant-induced serum are given. 
Although heterologous cross-reactions were frequent, the homologous reaction in 
each case was always more complex and characteristic of the particular strain. To 
make sure that none of the cross-reactions represented non-specific reactions, all

Table 2. Comparison of antisera produced by suspensions of 
mycoplasmas, 'with and without adjuvants

N o . o f  p r e c ip i t a t i o n  l in e s  C ro s s - re a c t io n s  w i th
w i t h  h o m o lo g o u s  s u s p e n s io n s  h e te r c lo g o u s  s u s p e n s io n s

R. M. Lemcke

M y c o p la s m a  s t r a i n
W i th

a d j u v a n t
N o

a d j u v a n t
W i th

a d j u v a n t
N o

a d j u v a n t

h 34 6 1 - 2 + —
b 3 4 - 5 2 + —
83 7 6 - 7 2 + —

g 2 5 - 7 2 + —
N a v e l 3 1 — —
C a m p o  (p g 27) 5 - 6 2 + +

cross-reacting sera were tested against concentrations of the complete medium up to 
twenty-five times and against two-fold dilutions down to 1/4096 of the complete 
medium, Hartley’s digest broth, undiluted horse serum, yeast extract (10%, w/v), 
and deoxyribonucleic acid (0-2 %, w/v). No precipitation lines were detected in any 
of these tests.

There was a substantial degree of cross-reaction between the strains h 34 
(Mycoplasma hominis type 1), b 3 (M . salivarium), 837 (M. orale), g2 (M. fer- 
mentans) and Navel, which represented five different serological types of human 
origin (Table 3). Of these, only antiserum to strain Navel was entirely monospecific, 
despite the use of adjuvant in its preparation; suspensions of this strain did, how­
ever, react with antisera to the other serotypes of human origin. Table 3 also shows 
extensive cross-reactions between the five strains of human origin and Campo, 
a strain of the so-called ‘Mycoplasma hominis type 2 ’. Although strain Campo and 
another ‘type 2 ’ strain, o7, were isolated from the human genital tract, comple­
ment-fixation tests have shown them to be indistinguishable from strains of M. 
arthritidis associated with polyarthritis in rats (Lemcke & Csonka, 1962; Lemcke, 
1964 a). Gel diffusion tests confirmed that strains Campo and o7 were very closely 
related to M . arthritidis strain Jasmin. With antiserum to strain Campo, strain 
Jasmin shared at least four precipitation lines with strain Campo, but lacked 
another line (A) given by the latter (Fig. la). With antiserum to strain Jasmin, 
strains Campo, o7 and Jasmin shared three lines of precipitation (Fig. lb). In 
addition strains Campo and Jasmin had a fourth line, nearest the antigen well, 
which formed a spur at the point of junction (B) and was therefore not quite 
identical in the two organisms; this component was apparently missing from o7.
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The technique thus revealed a slight difference, not apparent from the results of 
complement-fixation tests, between the ‘type 2 ’ strains from man and M . arthri- 
tidis from a rat. Nevertheless, since strains from both sources shared the majority 
of their antigens, there seems to be no justification for regarding ‘M. hominis 
type 2 ’ as a species distinct from M. arthritidis (Lemcke, 1964a).

Fig. 1. Agar gel precipitin reactions of (a) antiserum to ‘Mycoplasma hominis type 2 ’ 
strain Campo with homologous strain and M. arthritidis strain Jasmin (A, extra band 
formed by homologous strain), and (h) antiserum to M . arthritidis strain Jasmin with 
homologous strain and ‘M . hominis tyoe 2 ’ strains Campo and o7 (B, partial intersection 
of lines from strains Jasmin and Campo). as. =  antiserum well.

Fig. 2. Agar gel precipitin reactions o:‘ (a) antiserum to Mycoplasma mycoides var. capri 
strain pp. goat with homologous strain and M. mycoides var. mycoides strain Gladysdale 
(A, line common to both strains; B, line partly intersecting with one of homologous lines), 
and (b) antiserum to M . mycoides var. mycoides strain Gladysdale with homologous strain 
and M. mycoides var. capri strain pp. goat (C, D, E, lines common to both strains), as. =  
antiserum well.

With regard to the nature of the cross-reactions between the sixteen serological 
types, two of them, Mycoplasma mycoides var. mycoides from contagious bovine 
pleuropneumonia and M. mycoides var. capri from contagious pleuropneumonia in 
a goat, clearly had common antigens. With antiserum to M. mycoides var. capri 
strain pp. goat, M . mycoides var. mycoides strain Gladysdale gave one precipita­
tion line which fused completely with one produced by the homologous strain 
(Fig. 2 a, line A). A second line partially intersected with one of -he other two homo­
logous lines giving spur formation T ig. 2 a, line B ). This suggested the presence of 
one identical and one partly related CDmponent in the two organisms. The reciprocal

PP- g<

PP g<
as.

pp. goat
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test with antiserum to M . mycoides var. mycoides strain Gladysdale (Fig. 2b), showed 
that three of the precipitation lines (C, D, E) formed by ‘mycoides’ and ‘capri’ were 
identical. Tests with an antiserum to M . mycoides var. mycoides strain g 1 / 6 1  (a 
strain from goat pleuropneumonia but indistinguishable from strain Gladysdale) 
showed that ‘ mycoides ’ and ‘ capri ’ had one antigenic component in common and 
one partly related. The rather more complex picture obtained with antiserum to 
strain Gladysdale was probably due to the use of adjuvant in its production; strains 
pp. goat and G l / 6 1  antisera were prepared without adjuvant. ‘Mycoides’ and 
‘ capri ’ also had an identical line in their cross-reaction with antiserum to M . bovi- 
genitalium , suggesting an antigenic component common to both.

C o m p a r is o n  o f  m y c o p la s m a s  b y  g e l d i f f u s io n

F ig . 3 . A g ar gel p re c ip itin  reactions o f (a ) an tiserum  to M y c o p la s m a  h o m in is  typ e  1 
stra in  h 34 w ith  hom ologous s tra in , M . s a liv a r iu m  s tra in  b 3 , ‘ M .  h o m in is  typ e  2 ’ stra in  
Cam po, M . orale s tra in  837, M . p u lm o n is  s tra in  m 1 and stra in  N a ve l, and (b) an tiserum , 
obtained a fte r one subcutaneous ino cu la tio n , to  ‘M .  h o m in is  typ e  2 ’ s tra in  Cam po w ith  
hom ologous s tra in , M . s a liv a r iu m  s tra in  b 3 , M . h o m in is  typ e  1 stra in  h 34 , M .fe r m e n ta n s  
stra in  g 2 , M . ora le  s tra in  837 and stra in  N a ve l, as. =  antiserum  w e ll.

F ig . 4 . A g ar gel p re c ip itin  reactio ns o f an tiserum  to M y c o p la s m a  ora le  s tra in  837 w ith  
hom ologous stra in  and M . h o m in is  typ e 1 s tra in  h 34 (A , d iffuse band ap p aren tly  fusing  
w ith  one o f hom ologous lin e s ; B , lin e  p a rtly  in tersectin g  w ith  one o f hom ologous lin e s), 
as. =  antiserum  w e ll.

In most of the other cross-reactions spur formation occurred where the hetero­
logous precipitation lines joined one or other of the homologous lines (Fig. 3a, b 
and Fig. 4, line B). In some cases, the complexity of the homologous pattern tended 
to obscure the junction of homologous and heterologous lines. Nevertheless, 
reactions with less complex sera obtained after a single subcutaneous injection 
suggested that spur formation did indeed occur (Fig. 3b). Both Figs. 3a  and b

7  G . M icrob. x x x v m
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illu s tra te  reac tions w ith  several d iffe ren t hetero logous s tra in s . S p u r fo rm a tio n  
occurred  n o t on ly  be tw een  th e  hom ologous an d  th e  a d ja c e n t hetero logous system s, 
b u t  also be tw een  d iffe ren t hetero logous s tra in s .

Besides the partly related antigens indicated by spur formation, a few strains may 
have identical antigens in common. With Mycoplasma orale strain 837 antiserum, 
M. hominis type 1, M. salivarium, M . fermentans, Navel, ‘ M. hominis type 2 ’ and 
M. gallinarum all showed a rather diffuse precipitation band which apparently 
fused with the homologous line nearest the antiserum well. The width and diffuse­
ness of the bands may however give a false appearance of fusion (Fig. 4, line A). 
Similar reactions were observed between M. salivarium strain b3 antiserum and 
M. orale, and between M. fermentans strain g2 antiserum, and M. orale and M. 
gallinarum.

The technique was also used to compare strains which were indistinguishable by 
the complement-fixation test. Thus, with any one antiserum to Mycoplasma 
hominis type 1, strains from a post-operation wound infection (h 34), non-gonococcal 
urethritis (h 33, m j w , 4387p ), Reiter’s disease (h 27), Bartholin’s abscess ( h 6 8 )  and 
the rectum ( b r a ) gave similar reactions. No difference was detectable between the 
freshly isolated strain b r a  and the others, which had been maintained in the 
laboratory for some time. The only differences noted between strains were in the 
intensity of certain of the weaker precipitation lines. Such differences were pro­
bably due to the deterioration during storage of the more labile antigenic com­
ponents, since the same lines were found to be missing when suspensions of strain 
h 34 were stored at 4° with thiomersalate and when cultures to be used as antigens 
were incubated for 6-14 days instead of 2-4 days.

Apart from differences in intensity, the precipitation reactions of these seven 
human genital strains were indistinguishable and the results thus confirm those 
obtained by the complement-fixation test (Lemcke, 1964a). Some earlier obser­
vations (Nicol & Edward, 1953; Card, 1959; Oates, Whittington & Wilkinson, 
1959; Lemcke & Csonka, 1962 and Taylor-Robinson, Somerson, Turner & Chanock, 
1963) suggested that there might be slight antigenic differences between strains of 
Mycoplasma hominis type 1. There was, however, no evidence from the strains 
examined here that some possessed antigenic components not present in others.

Three strains from the human mouth ( b 1 , b 3, b 5; Card, 1959) appeared identical 
when tested with antiserum to strain b 3, just as in complement-fixation tests.

The similarity of certain tissue culture contaminants isolated by Hayflick to a 
new oral type (Herderschee, Ruys & van Rhijn, 1963) was reported previously 
(Lemcke, 19645). This type has been named Mycoplasma orale (Dr D. Herderschee, 
personal communication; Taylor-Robinson, Canchola, Fox & Chanock, 1964). The 
precipitation patterns of the strains from tissue cultures (strains 837, e ) and from 
the human throat (strains s, b m , 898/2) were closely similar, the only difference 
being in the intensity of the precipitation band nearest the antigen wells. This may 
have been due to the better preservation of a labile antigenic component in some 
suspensions than in others or it may have reflected differences in the amount of a 
particular antigen present in different strains.
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DISCUSSION

It  is clear that in  m any of the M ycoplasma species examined here there was a 
com plexity of antigenic components not revealed in  previous im m unodiffusion 
studies (e.g. Villem ot & Provost, 1959; Taylor-Robinson et al. 1963). Clearly, much 
depends on the q u ality of the antiserum  used; some of the best antisera were pro­
duced w ith the aid of adjuvant in the prim ary subcutaneous inoculation of rabbits, 
followed by a secondary course of intravenous injections. The disrupted cell sus­
pensions need to be concentrated, and the contained antigens (some of which are 
labile) preserved from deterioration. Homologous reactions were always clearly 
distinguishable from the cross-reactions. The gel diffusion technique therefore 
constitutes a relatively simple method of identification, provided the appropriate 
antisera are available. I t  has been successfully used in  this laboratory for identi­
fying mycoplasmas from  hum an genital infections.

However, the results are probably of greater significance as a basis for further 
work on the separation and purification of the various antigenic components. 
Im m unochem ical studies of this kind have so far been concerned m ainly w ith the 
contagious bovine pleuropneum onia organism M. mycoides var. mycoides (D afaalla, 
1957; Yoshida, 1961; Plackett, B uttery & Cottew, 1963). Sim ilar work on species 
of human origin would be of value in im proving serological methods for diagnosing 
mycoplasma infections in  man.

There was no evidence from the present work, after exhaustive tests, that the 
cross-reactions observed between different species in gel diffusion tests were non­
specific. Cross-reactions in the complement-fixation test were thought to be 
associated, at least in part, with the broth medium (tryptic digest of horse meat) 
used to grow cultures for both the complement-fixation test antigen and for 
immunizing rabbits (Lemcke, 1964a). In fact, a different broth medium (Hartley’s 
digest of beef heart muscle) was used to grow the suspensions used in gel diffusion 
tests. I t  seems clear from these tests that cross-reactions between species of Myco­
plasma are due to specific antigenic components. More cross-reactions between 
species would probably have been detected if potent sera against each strain had 
been available.

The cross-reacting antigenic components were sometimes identical. Mycoplasma 
mycoides var. mycoides and capri probably possessed three antigens in  common. 
Because they can be distinguished serologically, the author previously thought that 
there was little  justification for regarding the goat pleuropneumonia organism as a 
variant of the bovine pleuropneum onia organism  and for nam ing them both as 
varieties of M. mycoides (Lem cke, 1964a). However, the precipitation patterns show 
that these two organisms are more closely related than any of the other serological 
types examined. Most of the other cross-reactions appeared to be due to p artly  related 
rather than identical antigens. There was no evidence of the widespread distribution of 
the same antigens am ongvery diverse species of Mycoplasma, as suggested by Villem ot 
& Provost (1959). Nevertheless, the use of complex m ixtures of antigens which com­
prise the disrupted suspensions makes it  difficult to determine the exact relationship 
between some of the cross-reacting components. These need further study, w ith 
cross-absorbed antisera and w ith, if possible, the separate ind ivid ual components.

7 - 2
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SUMMARY

The growth of Brucella abortus, B. melitensis and B. suis in laboratory 
media was inhibited by several analogues of erythritol. The use of ery­
thritol analogues in this manner was suggested by previous work on the 
localization of brucellas in brucellosis. The growth of B. abortus within 
bovine phagocytes was inhibited by analogues of erythritol under condi­
tions in which streptomycin was ineffective. Although selected erythritol 
analogues did not eliminate brucellosis in guinea pigs, they produced a 
significant diminution in infection and showed no toxicity to the host.

INTRODUCTION

The treatment of human brucellosis with antibiotics and other drugs suffers from 
the disadvantage that large doses must be used and the relapse rate is high (Eisele, 
1950; Spink, 1956; Stableforth, 1959). Undoubtedly the tendency for relapse is due 
to the intracellular nature of this chronic disease, which results in latent infection at 
sites inaccessible to the drugs. Hence, therapy against brucellosis might benefit 
from a drug which could attack the intracellular organism even if this drug were not 
as active as other antibiotics against freely growing brucellas. The possibility that 
analogues of erythritol might have some inhibitory action on intra- as well as 
extracellular brucellas was suggested by a recent investigation into the cause of the 
localization of brucellas in susceptible tissues of susceptible animals (cattle, goats, 
sheep, swine). I t  was shown, first in cattle, that localization of Brucella abortus in 
infected pregnant animals was due to the presence, in foetal but not in adult 
tissues, of erythritol, a growth stimulant for B. abortus, which was concentrated in 
tissues (placenta, foetal fluids, chorion) most prone to heavy infection (Smith et al. 
1961, 1962a; Pearce et al. 1962; Williams, Keppie & Smith, 1962). Later, similar 
observations were made relating to B. melitensis and B. suis infections in sheep, 
goats and pigs (Williams et al. 1963; Keppie, Williams, W itt & Smith, 1965). On the 
other hand, no detectable erythritol was found in the placenta of humans, rats, 
rabbits or guinea pigs, which do not suffer intense placentitis in brucellosis (Keppie 
et al. 1965). In relation to the present paper, the main points of previous work
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w e re : (i) th e  p ecu lia r preference o f b ruce llas fo r e ry th r ito l in  th e  presence of glucose 
w hich  has been  fu r th e r  em phasized  b y  rec en t w ork  in  a  defined m ed ium  (A nderson 
& S m ith , 1963; A nderson  & S m ith , 1965); (ii) th a t  s tim u la tio n  b y  e ry th r ito l o f th e  
g ro w th  of B . abortus occurred  b o th  in  vivo  an d  w ith in  phagocy tes in  a  sy stem  w here 
ex tra ce llu la r g ro w th  of th e  o rgan ism  h a d  been  in h ib ited  b y  s trep to m y c in  (P earce  
et al. 1962). T hese p o in ts , coupled  w ith  th e  re la tiv e  in su scep tib ility  o f e ry th r ito l to  
m etabo lism  b y  m am m alian  tissue  (B a tt ,  D ickens & W illiam son, 1960), suggested  
t h a t  su itab le  analogues of e ry th r ito l m ig h t a c t as an tim e tab o lite s  an d  in h ib it th e  
g ro w th  o f ex tra -  an d  possib ly  in tra ce llu la r  b rucellas, w ith o u t being  p a r tic u la rly  
to x ic  to  th e  hosts , such  as m an , la b o ra to ry  an im als an d  n o n -p re g n an t u n g u la tes . 
This p a p e r  describes th e  ex am in a tio n  of a  few e ry th r ito l analogues to  see w h e th e r a n y  
ex p e rim en ta l su p p o rt cou ld  b e  gained  fo r these  hypo theses.

M E T H O D S

E rythrito l analogues. 2-D eoxy-2-fiuoro-D i.-ery thrito l an d  -th re ito l w ere sy n ­
thesized  b y  th e  m ethods of T ay lo r & K e n t (1956) an d  B a rn e tt  & K e n t (1963).
2-D eoxy-D L -erythrito l (( +  )-b u ta n e-l,2 ,4 -tr:o l)  an d  ( + )-b u ta n e-l,3 -d io l w ere o b ­
ta in e d  as described  b y  B a rn e tt  & K e n t (1963), 1-deoxy-l-fluoro-D L-glycerol b y  th e  
m e th o d  of G ryskiew icz-T rochim ow ski (1947) a n d  6 -deoxy-l-fluoro-D -galactose 
accord ing  to  T ay lo r & K e n t (1958). 1 ,4-D im esyl-D L-threitol, 1 ,4 -d im esy le ry th rito l,
1 ,6 -d im esyl-D -m annito l (M annito l M yleran), 2 ,3 -d iace ty l-l,4 -d ib ro m o -l,4 -d id eo x y - 
DL-threitol, 2 ,3-d ibenzoyl-l,4 -d im esyl-D L -threito l, 1 ,2 ,3 ,4 -te tram esy l-e ry th rito l an d
1.2.3.4- te tram esy l-D L -th reito l w ere p rep a re d  b y  th e  m ethods o f B row n & T im m is
(1961). 1 ,2 -3 ,4-D ianhydro-D L -threito l (m .-b u ta n e  d iepoxide) w as o b ta in ed  b y  th e  
m e th o d  of Bose, F o s te r  & S tephens (1959), l,4 -d ib rom o-l,4 -d ideoxy -D L -th re ito l,
1.4- d ib ro m o -l,4 -d id e o x y -e ry th rito l an d  2 ,3 -d ib rom o-2 ,3 -d idecxy -m .-th reito l b y  
th e  m e th o d  of F e it  (1960), l,6 -d ib ro m o -l,6 -d id eo x y -D -m an n ito l b y  th e  m e th o d  of 
O verend , M ontgom ery  & W iggins (1948) an d  2 ,6-d im esyl-a-D -glucopyranose b y  
th e  m e th o d  o f  M itra , B a ll & L ong  (1962).

1.4- D ib rom o-l,4 -d ideoxy -2 ,3 -d ipa lm itoy l-D L -th reito l w as p rep a re d  b y  D rs G. M, 
T im m is a n d  S. S. B row n  b y  th e  follow ing m e th o d . P a lm ito y l ch loride (11 g.) w as 
a d d e d  dropw ise, d u rin g  45 m in ., to  a  s tirred  so lu tion  o f l,4 -d ib ro m o -l,4 -d id eo x y - 
D L-threitol (5 g.) dissolved in  p y rid in e  (100 m l.) an d  k e p t be tw een  5° an d  10°. W hen  
th e  a d d itio n  w as com plete a  su b s ta n tia l p re c ip ita te  fo rm ed . T he m ix tu re  w as k e p t 
a t  0° fo r 18 h r  a n d  th e n  m ixed  w ith  w a te r  (300 m l.) a t  0°. T h e  p ro d u c t w as collected , 
w ashed  a n d  d ried  in  a  d es icca to r to  y ie ld  13 g. o f crude  m ateria l. R ecry sta lliza tio n  
from  an equa l vo lum e m ix tu re  o f m e th an o l an d  ace tone  (app rox . 150 m l.) y ie lded  
10 g. o f th e  p u re  m a te ria l, m .p . 70-75° (F o u n d : C, 59-8; H , 9-8; Br. 22-4. C36H 68B r20 4 
requ ires C, 59-7; H , 9-5; B r, 22-1).

1.4- D im esyl-D -threito l an d  1 ,4-d im esyl-L -threito l w as generously  supp lied  b v  
D r  F . W . F e it  (Leo P h a rm a c e u tic a l P ro d u c ts , D enm ark ).

In h ib itio n  o f  growth o f  Brucella  abortus in  tryp tic  m.eat broth. S rerile c o n c en tra ted  
so lu tions of analogues (0-1 m l.; co n ta in in g  a m o u n ts  e q u iv a le n t zo 100, 50, 25 an d  
lO /ig ./m l. in th e  final m ed ium ) w ere ad d ed  to  try p tic  m e a t b ro th  (5 m l.) co n ta in in g  
1-10 x  108 Brucella  abortus ¡ml. T hese cu ltu res, to g e th e r  w ith  contro ls, w ere sh a k en  
a t  37° in  5 %  C 0 2 in  a i r  fo r 24 h r  a n d  th e  co n cen tra tio n s o f organism s d e te rm in ed
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photometrically (570 m/i) at 16 and 24 hr. When an analogue inhibited growth, the 
lowest concentration of analogue which produced 50 % inhibition as compared with 
the population of the control a t 24 hr was noted. Any material, 100/ig./ml. of which 
produced no inhibition at 24 hr, was scored as inactive.

Inhibition of growth of Brucella abortus in a defined medium containing glucose. 
Sterile solutions of the inhibitors (1 ml., 5/imole/ml.) and the inoculated defined 
medium (4 ml. containing 2-5 x 107 Brucella abortus/ml.) were mixed in flasks 
(25 ml.) and shaken at 37° in 5 % C02 in air as described by Anderson & Smith
(1965). At various time intervals, the extinctions of the contents of duplicate flasks 
were compared as described by Anderson & Smith (1965) with those of similar 
control samples.

Inhibition of growth of Brucella abortus within bovine phagocytes. The test was that 
described by Pearce et al. (1962) for testing substances which affect the growth of 
Brucella abortus (strain 544) within bovine phagocytes. Sterile solutions of the 
analogues in Locke solution (0-5 ml.; the concentrations were such that analogue at 
200, 100, 50, 25 and 10//g./nil. was present in the final mixture at incubation) were 
the test materials (see Pearce et al. 1962; under the heading ‘Addition of test 
material and incubation for 40 h r ’). They were mixed with a suspension (1-3 ml.) of 
bovine white blood cells in which intracellular B. abortus (strain 544) would grow on 
incubation despite the fact that the suspending fluid was a mixture of fresh (bacteri­
cidal) bovine serum containing streptomycin (2/ig./ml.). After incubation for 
40 hr, the growth of intracellular B. abortus was estimated as described by Pearce 
et al. (1962). When the analogue inhibited growth, the lowest concentration of 
analogue which produced 50% inhibition as compared with growth in control 
samples was noted.

Action of analogues against Brucella abortus infection in the guinea pig. Guinea 
pigs were infected with Brucella abortus (strain 544; 1 x 104 organisms intramuscu­
larly). After 7 days, the guinea pigs were treated daily with the test material 
injected subcutaneously and at intervals of 3, 6, 9 and 12 weeks groups of guinea 
pigs were withdrawn from the main batch, weighed, left 1 week without treatment, 
and then the number of organisms in their spleens estimated by the method de­
scribed by Smith et al. (19625). Comparisons were made with the infections in 
control animals.

Inhibition of growth of Brucella melitensis and B. suis in a laboratory medium. 
V arious co n cen tra tio n s  o f 2-deoxy-2-fluoro-D L -erythrito l a n d  1,4-dim esyl-DL- 
th re ito l w ere d isso lved  in  a  m ix tu re  o f try p tic  m e a t b ro th  (1 m l.) an d  saline (2 m l.) 
in  flasks (25 m l.). A fte r in o cu la tio n  (100 organism s/m l.) th e  flasks w ere sh a k en  a t  
37° for 27 h r. V iab le co u n ts  (see P earc e  et al. 1962) in d ic a ted  th e  in h ib itio n  of 
g ro w th  as co m p ared  w ith  co n tro l sam ples. T h e  low est co n cen tra tio n  o f ana logue 
w hich  p roduced  50 %  in h ib itio n  w as recorded .

I n h i b i t io n  o f  b r u c e lla  g ro w th

R E S U L T S

The action of erythritol analogues and related compounds on the 
growth of Brucella abortus in tryptic digest meat broth 

The results in the first column of Table 1 show that certain fluoro-, mesyl- and 
bromo- derivatives of erythritol and threitol inhibited the growth of Brucella



abortus in  t ry p tic  m e a t b ro th . T h e  lack  o f a c tiv i ty  show n b y  fluoro-, m esyl- an d  
b ro m o -d e riv a tiv es  o f o th e r  sugars an d  polyols in d ic a ted  th e  specificity  o f th e  in ­
h ib ito ry  effect. T he h igh  a c tiv ity  o f 1 ,2 -3 ,4 -d ianhydro-D L -th re ito l w as n o t su r ­
p ris in g  in  view  of th e  know n cy to to x ic  ac tio n  o f epoxides. A p a rt from  th is  epox ide, 
th e  m o st ac tiv e  m a te ria ls  w ere th e  1 ,4 -d im esy l-th reito ls especially  th e  l  com pound .
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T ab le  1. Action of erythritol analogues and related compounds on the growth of 
Brucella abortus in tryptic meat broth and within bovine phagocytes

C o n c e n t r a t io n  o f  c o m p o u n d  
p r o d u c in g  50  %  in h ib i t io n  

( / ig ./m l.)

I n  t r y p t i c I n  b o v in e
C o m p o u n d m e a t  b r o th * p h a g o c y te s ’

E r y t h r i t o l  d e r iv a t iv e s

2 -D e o x y -2 - f lu o ro -D L -e ry th r i to l 100 5 0 -1 0 0
1 ,4 - D im e s y l - e ry th r i to l 100 5 0 -1 0 0
l ,4 - D ib r o m o - l ,4 - d id e o x y - e r y th r i to l I n a c t i v e ! —
2 -D e o x y -D L -e ry th r i to l I n a c t iv e —

T h r e i to l  d e r iv a t iv e s

2 -D e o x y -2 - f lu o ro -D L - th re ito l I n a c t iv e I n a c t iv e
1 ,4 -D im e s y l-D L - th re ito l 2 5 -5 0 25
1 ,4 -D im e s y l-D - th re i to l 50 100
1 ,4 -D im e s y l-L - th re i to l 25 25
1 ,2 -3 ,4 -D ia n h y d ro -D L - th re ito l 5 5
l ,4 - D ib ro m o - l ,4 -d id e o x v - D L - th r e i to l 100 —
2 ,3 -D ib ro m o -2 ,3 -d id e o x y -D L - th re i to l I n a c t iv e —

R e la te d  c o m p o u n d s

1 ,6 -D im e s y l-D -m a n n ito l I n a c t iv e —
1 ,6 - D ib ro m o - l  ,6 -d id e o x y -D - m a r n i to l I n a c t iv e —
1 -D e o x y - l- f lu o ro -D L -g ly c e ro l I n a c t iv e —
6 -D e o x y -6 - f lu o ro -D -g a la c to s e I n a c t iv e I n a c t iv e
( +  ) -B u ta n e - l ,3 - d io l I n a c t iv e I n a c t iv e
2 ,6 -D im e s y l- a -D -g lu c o p y ra n o s id e I n a c t iv e —

—  =  n o t  t e s te d .
* F o r  d e ta i l s  o f  t e s t s  se e  M e th o d s . I n  t h e  t e s t  w i th  in t r a c e l lu l a r  B. abortus, 2 -d e o x y -2 - f lu o ro -  

D L -e ry th r ito l  p r o d u c e d  n o  to x i c  e f fe c ts  o n  th e  p h a g o c y te s  ( fo r  e v id e n c e  o f  to x i c i t y  se e  P e a r c e  et 
al. 1 9 6 2 ) ;  a t  h ig h  c o n c e n t r a t io n s  t h e  m e s y l  c o m p o u n d s  a n d  a n h y d r o - th r e i t o l  s h o w e d  s o m e  
to x i c i t y ,  b u t  a t  t h e  c o n c e n t r a t io n s  u s e d  fo r  g r o w th  in h ib i t io n  n o  s ig n i f ic a n t  to x i c  e f fe c ts  w e r e  
o b s e rv e d .

f  N o  s ig n if ic a n t  i n h ib i t io n  a t  lO O /tg ./m l.

The action of erythritol analogues and related compounds on the 
growth of Brucella abortus within bovine phagocytes 

T he resu lts  in  th e  second  co lum n o f T ab le  1 show  th a t  th e  com pounds w hich  
in h ib ited  th e  g ro w th  o f Brucella abortus in  a  la b o ra to ry  m ed ium  also in h ib ited  th e  
g ro w th  of in tra ce llu la r  B. abortus. T his m eans th a t ,  un like  th e  s trep to m y c in  w hich  
w as p re se n t in  th e  su spend ing  fluid (see M ethods), th e  in h ib ito ry  analogues p en e ­
t r a te d  in to  th e  bov ine phagocy tes. In  th e  in tra ce llu la r  te s t, th e  re la tiv e  a c tiv ity  o f  
th e  d iffe ren t in h ib ito rs  w as th e  sam e as th e ir  re la tiv e  a c tiv ity  in  th e  la b o ra to ry  
m ed ium . A t th e  co n cen tra tio n s te s te d , th e  com pounds w ere w ith o u t a p p a re n t 
dele te rious effect u p o n  th e  phagocy tes.
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The action of erythritol analogues and related compounds on the growth of Brucella 
abortus in a defined medium containing an optimal amount of glucose 

The results in Table 2 show th a t in a defined m edium  a representative selection  
o f analogues produced in ibition o f  the growth o f Brucella abortus com parable w ith  
th a t found in tryptic m eat broth and in bovine phagocytes. Furtherm ore, the in ­
hibitory effects o f 2-deoxy-2-fluoro-DL-erythritol and 1,4-dim esyl-DL-threitol were 
annulled b y  m ixing them  w ith  an equim olar quan tity  o f erythritol.

Table 2. The effect of erythritol analogues on the growth of Brucella abortus in a 
defined medium containing glucose; the effect of mixing certain inhibitors with erythritol

P o p u la t i o n  a s  %  o f  c o n t r o l  
a f t e r  in c u b a t io n  fo r

A n a lo g u e ,--------------------------- A ---------------------------------- %

(1 / tm o le /rn l .) 16  h r 2 4  h r 4 0  h r

2 - D e o x y -2 - f lu o ro -D L -e ry th r i to l  (A ) 70 62 37
1 ,4 - D im e s y l - e ry th r i to l 95 85 69
1 ,4 - D ib ro m o - l  ,4 - d id e o x y - e r y th r i to l 82 69 7 7

1 ,4 -D im e s y l-D L - th re ito l  (B ) 95 65 53
1 ,4 - D ib ro m o - l  ,4 -d id e o x y -D L - th re i to l 85 73 56
2 ,3 -D ib ro m o -2 ,3 -d id e o x y -D L - th re i to l 98 98 95
1 ,2 -3 ,4 -D ia n h y d ro -D L - th re ito l 30 19 13
l,D e o x y - l- f lu o ro -D L -g Iy c e ro l 96 97 89
1 ,6 -D im e s y l-D -m a n n ito l 100 95 96

E r y t h r i t o l 2 3 2 27 1 * 180
A  +  e r y th r i t o l 1 84 20 6 119
B  +  e r y th r i t o l 22 2 2 0 4 139

* A ll  e r y th r i t o l  w a s  u s e d  b y  2 4 -3 0 h r .

effect of erythritol analogues on Brucella abortus infections in guinea pigs
T he resu lts  in  T ab le  3 show  th a t  2-deoxy-2-fluoro-D L -erythrito l, 1,4-dim esyl-DL- 

th re ito l an d  l,4 -d ib ro m o -l,4 -d id eo x y -D L -th re ito l h a d  no  d ra m a tic  effect on  b r u ­
cellosis in  gu inea  pigs. H ow ever, 1 ,4-dim esyl-D L-tlireitol an d  l ,4 -d ib ro m o -l,4 -  
d ideoxy-D L -threito l p ro d u ced  a  s ign ifican t decrease (s ta tis tic a l ana ly sis  b y  o u r 
colleague M r S. P e to ) in  in fec tion  an d  show ed no ev idence o f  to x ic ity  for th e  h o s t 
d esp ite  th e  p ro longed  ad m in is tra tio n . T h e  epoxide, 1 ,2 -3 ,4-d ianhydro-D L -threito l, 
w as to o  to x ic  fo r use as a  th e ra p e u tic  ag e n t. T he analogues show n in  T ab le  3 w ould  
h av e  been  ex c re ted  rap id ly , b u t  a t te m p ts  to  p ro d u ce  a n  effective d e p o t effect b y  
using  less-soluble ana logues (2 ,3-d ibenzoyl-l,4 -d im esyl-D L -threito l, 2 ,3 -d iace ty l-
1,4-dibrom o-D L-threito l, 1 ,2 ,3 ,4-te tram esyl-D L -threito l, 1 ,2 ,3 ,4 -te tram esy l e ry ­
th r ito l, l,4 -d ib rom o-l,4 -d ideoxy -2 ,3 -d ipa lm itoy l-D L -th re ito l) w ere w ith o u t success.

The inhibitory effect of 2-deoxy-2-jluoro-m-erythritol and 1,4-dwnesyl-DL-threitol 
on the growth of Brucella melitensis and B. suis in vitro

T h e g ro w th  in  t ry p tic  m e a t b ro th  o f th re e  s tra in s  o f Brucella melitensis (6015,1374, 
b  115) an d  tw o  s tra in s  o f  B. suis (k g 25, 1330) w as in h ib ited  to  th e  e x te n t  o f 50 %  b y
1,4-dim esyl-D L -threito l (50 /tg ./m l.) a n d  2-deoxy-2-fluoro-D L -erythrito l (100/ig ./m l.).
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Table 3. The effect of erythritol analogues on Brucella abortus injection in guinea pigs
T r e a t m e n t  w i t h  a n a lo g u e s *

2 -D e o x y -2 -  1 ,4 -D ib ro m o -

E x a m in a t io n  o f  a n im a l s f C o n tro ls
fluoro-DL-
e r y th r i t o l

1 ,4 -D im e sy l-
r a , - th r e i to l

1 ,4 -d id e o x y -  
m .- th r e i to l

N o . o f  a n im a ls  e x a m in e d  a f t e r 1 5 -2 0 5 10 10
e a c h  p e r io d  o f  t r e a t m e n t  

A t  3  w e e k s
%  a n im a ls  w i th  s p le e n  c o u n t  

<  30 0 N il N il N il N il
>  3 0 0  a n d  <  1 x  1 0 6 60 80 80 80

A v e ra g e  b o d y  w e ig h t  (g .) 57 5 5 70 5 4 0 54 0

A t  6  w e e k s
% a n im a ls  w i th  s p le e n  c o u n t  

<  30 0 N il 3 0 N il
>  3 00  a n d  <  5 x  1 0 5 40 — 40 40

A v e ra g e  b o d y  w e ig h t  (g .) 65 0 — 58 0 6 00

A t  9 w e e k s
%  a n im a ls  w i th  s p le e n  c o u n ts  

<  30 0 N il N il N il 20
>  3 0 0  a n d  <  5  x 10 4 45 60 7C 60

A v e ra g e  b o d y  w e ig h t  (g .) 70 0 7 2 0 62C 6 5 0

A t  12  w e e k s
%  a n im a ls  w i th  s p le e n  c o u n t  

<  30 0 25 50 50
>  3 0 0  a n d  <  1 x  1 0 1 5 — 30 4 0

A v e r a g e  b o d y  w e ig h t  (g .) 69 0 — 7 5 0 7 3 0

* G u in e a  p ig s , i n f e c te d  7  d a y s  p r e v io u s ly  w i th  1 x  1 0 4 B. abortus g iv e n  in t r a m u s c u la r ly ,  w e re  
t r e a t e d  d a i ly  f o r  t h e  p e r io d s  s t a t e d  w i th  10  m g . o f  t h e  a n a lo g u e  g iv e n  s u b c u ta n e o u s ly .

f  T h e  e x t e n t  o f  in f e c t io n  i n  t h e  s p le e n  w a s  o b ta in e d  b y  m e th o d s  d e s c r ib e d  b y  S m i th  et al. 
(1 9 6 2 6 ).

D I S C U S S IO N

Although only relatively few erythritol analogues have been examined in this 
work, the results support the hypotheses stated in the introduction to this paper. 
Some erythritol analogues inhibit the growth of Brucella abortus: (1) in vitro in two 
media; (2) within bovine phagocytes in a test in which extracellular streptomycin 
has no bactericidal action intracellularly; (3) in infected guinea pigs without being 
toxic to the host. I t  appears also that, like the stimulatory effect of erythritol, the 
inhibitory effect of erythritol analogues extends to growth of B. melitensis and B. 
suis. This work adds weight to the evidence of a specific relation between the carbo­
hydrate metabolism of Brucella and erythritol. The inhibitory action of at least two 
of the analogues is reversed by addition of erythritol; the analogues inhibit growth, 
just as erythritol stimulates growth, in the presence of large and optimal amounts of 
glucose and usage of glucose by B. abortus is decreased by addition of erythritol or
2-deoxy-2-fluoro-DL-erythritol (Anderson & Smith, 1965). The significance of these 
observations will only become clear when we know more about the metabolism of 
erythritol by B. abortus.

Since re la tiv e ly  few  analogues w ere ava ilab le  fo r ex am in a tio n , li t t le  can  be said  
a b o u t th e  reasons fo r th e  re la tiv e  a c tiv ity  o f d iffe ren t analogues, e.g. th e  differences



in  a c tiv i ty  be tw een  th e  1,4- a n d  2,3-dibrom o- d eriv a tiv es  o f D L-threitol, th e  fluoro- 
d e riv a tiv e s  of e ry th r ito l a n d  D L-threitol a n d  th e  d - an d  L -  form s o f 1 ,4-dim esyl- 
th re ito l. P e rh a p s  th e  su p e rio r a c tiv i ty  o f th e  th re ito l ov er e ry th r ito l com pounds is 
due to  th e  fa c t th a t  th re ito l, lib e ra te d  b y  sp o n tan eo u s hyd ro ly sis  o r a f te r  a lk y la tio n  
of enzym es, does n o t, in  c o n tra s t to  e ry th r ito l, s tim u la te  th e  g ro w th  o f Brucella  
abortus. Also, th e  m olecu lar co n fo rm ation  o f 2 -deoxy-2-fluoro-D L -erythrito l b ea rs  
a  v e ry  close resem b lance to  t h a t  o f e ry th r ito l so as to  m ake  a  co m p etitiv e  m echan ism  
likely .

I t  was hoped that the dimesyl- and dibromo-derivatives might be capable of some 
degree of irreversible inhibition. 1,6-Dimesyl-D-mannitol appears to inhibit fructose 
diphosphate irreversibly, an effect which was speculatively attributed to the alkyl­
ating ability of this compound (Timmis, Weber & Singhal, 1963), which perhaps 
suggests a stable bond between the drug and the enzyme. Although it is not 
suggested that this particular enzyme is concerned in the inhibition of Brucella 
described here, the fact that 1,4-dimesyl-L-threitol was more active than the d  

isomer indicates that the enzyme concerned has a type of specificity dependent 
upon optical isomerism of polyols, similar to fructose diphosphatase, which is not 
inhibited by 1,6-dimesyl-L-mannitol. Although some erythritol analogues will 
inhibit the intracellular growth of Brucella, no analogue so far examined is suffi­
ciently active to be considered as a therapeutic agent. Nevertheless, sufficient work 
has been done to indicate that such an agent might emerge from further exploration 
along these lines.

Part of this work was supported by grants to the Chester Beatty Research 
Institute (Institute of Cancer Research: Royal Cancer Hospital) from the Medical 
Research Council, the British Empire Cancer Campaign and the National Cancer 
Institute of the National Institutes of Health, U.S. Public Health Service.
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SUMMARY

The growth of a virulent strain of Brucella abortus was stimulated by 
low concentrations of erythritol in a medium containing high concentra­
tions of glucose and a wide range of amino acids. During growth in this 
medium the organisms used about I t  times their weight of erythritol as 
a carbon and energy source. The effect of erythritol was specific, since 
several C3toC6homologues had no growth-stimulating activity. Radiotracer 
studies showed that a large proportion of the carbon of the erythritol was 
excreted as carbon dioxide; that remaining in the organisms was fairly 
uniformly distributed over all components. Erythritol and 2-deoxy-2- 
fluoro-DL-erythritol inhibited incorporation of glucose by the organism.

INTRODUCTION

In bovine brucellosis the preferential growth of Brucella abortus in certain foetal 
materials (placenta, chorion, the fluids) appeared to be due to the presence in these 
tissues of erythritol, a growth stimulant for B. abortus which is absent from maternal 
tissues (Smith et al. 1962; Pearce et al. 1962; Williams, Keppie & Smith, 1962). This 
polyol had already been shown to be the best of nine carbohydrates tested as a sole 
carbon source for the growth of Brucella in a simple medium (McCullough & Beal,
1951). Further work showed that the course of brucellosis in other animal species 
might also be explained by the presence of erythritol in susceptible tissues (Keppie, 
Williams, W itt & Smith, 1965). The importance of erythritol metabolism by
B. abortus in animal infections prompted the present in vitro investigation and 
influenced the choice of experimental conditions. The effect of erythritol has been 
studied during the growth of a virulent strain (544) of B. abortus in a complex 
defined medium containing adequate carbohydrate in addition to erythritol. Kin­
etic and radiotracer studies soon showed that, despite the presence of an optimum 
amount of glucose, B. abortus used erythritol as a carbon and energy source. The 
growth-stimulating effect of small quantities of erythritol (0-001 /¿mole/ml.) 
previously reported (Smith et al. 1962; Pearce et al. 1962) had occurred because only 
correspondingly small populations were studied. Hence, the uptake and subsequent 
fate of erythritol have been investigated together with the influence of erythritol on 
glucose metabolism. This work was reported briefly elsewhere (Anderson & Smith, 
1963) and is complemented by parallel work on the effect of erythritol analogues on 
the growth of B. abortus (Smith et al. 1964).
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m e t h o d s

Erythritol. Commercial erythritol was recrystallized from aqueous acetone to 
yield a chromatographically pure sample.

Organism. The virulent, C02-dependent strain 544 of Brucella abortus was freeze- 
dried for storage. Cultures from the freeze-dried stock on slopes of tryptic meat 
agar (37°; 5 % C02 in air) were stored at 4C for up to one month to provide seed. A 
subculture (37°; 5% C02 in air, overnight) on a tryptic meat agar slope was 
washed off with the defined medium (see below), centrifuged, resuspended in fresh 
defined medium and then grown overnight (shake culture; 37°; 5% C02 in air) to 
provide inoculum for the growth experiments.

Table 1. Composition of a  defined medium for studies of the metabolism 
of erythritol by Brucella abortus

8-fl- m g ./ l .

S o d iu m  c h lo r id e 7-5 G ly c in e 100
D ip o ta s s iu m  h y d r o g e n  p h o s p h a te 1 0 D L -œ -A lan ine 100
M a g n e s iu m  s u lp h a te  h e p t a h y d r a t e 0 1 D L -V ah n e 100
S o d iu m  th io s u lp h a t e  p e n t a h y d r a t e 0 1 D L -L eu c in e 50
G lu c o s e 7 0 D L -M O -L eucine 5 0
A m m o n iu m  s u lp h a te 1-35 dl-A s p a r t i c  a c id 2 0 0

m g ./ l .
D L -S erin e 25
D L -T h r s o n in e 25

F e r r o u s  s u lp h a te  h e p t a h y d r a t e 0 1 0 L -P ro lin e 100
M a n g a n o u s  s u lp h a te  t e t r a h y d r a t e 0 1 0 L -C y s tin e 5
T h ia m in e 0-20 D L -M e th io n in e 5 0
N ic o t in ic  a c id 0 -20 D L -P h e n y la la n in e 25
C a lc iu m  p a n t o t h e n a t e 0 0 4 L -T y ro s in e 25
B io t in 0 0 0 1 L - T r y p to p h a n 25

L -A rg in in e 10 0
L -L y s in e 10 0
L -H is t id in e 10 0

Adjusted (NaOH) to pH 6-8 a t 37°.

Defined media. The medium shown in Table 1 is a modification of that of Rode, 
Oglesby & Schuhardt (1950); the large glutamic acid component (3000 jug. I ml.) was 
replaced by ammonium sulphate and additional glucose. The stimulatory effect of 
erythritol could not be demonstrated in the original medium and, although smaller 
amounts of glutamic acid (10-1000 /¿g./ml.) did not interfere with the erythritol 
effect, all glutamic acid was excluded from the medium. A stock medium (4 x 
strength, without biotin) was stored at —25°. When required, biotin was added to 
the diluted stock medium adjusted to pH 6-8, and the medium sterilized by filtra­
tion through a double layer of Oxoid membrane filter (Grade AP; Oxoid Ltd.) Any 
modifications of the chosen medium were stored and sterilized in a similar manner.

Growth of Brucella abortus in a liquid medium, with and without erythritol. Ap­
paratus was washed successively in detergent, chromic +  sulphuric acid, water, 
nitric acid and distilled water, then sterilized at 160° for 2 hr. Inoculated medium 
(4-9 ml.) and various concentrations of erythritol in Locke’s solution (0-1 ml.) were 
placed in flasks (25 ml.) plugged with gauze-covered cottonwool. The flasks were 
shaken (5 cm. throw, 100 oscillations/min.) a t 37° in gas-tight aluminium boxes 
filled with humidified 5 % C02 in air. Flasks were removed for examination at 
intervals up to 60 hr.
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Growth occurred consistently from inocula of 2 x 107 bacteria/ml. or more but 

with small inocula (1 x 104 bacteria/ml.) erratic results were obtained unless gelatin 
(Simeon & Co. Ltd, Luton; solution sterilized at 120° for 15 min.) was added to the 
medium (10 /ig./ml.; see ZoBell & Meyer, 1932).

Measurement of bacterial growth. Most bacterial populations were estimated by 
optical extinction measurements a t 430 m/t (Coleman spectrophotometer, Model 14, 
for populations greater than 1 x 108 bacteria/ml.; the Unicam (S.P. 500) spectro­
photometer with the 4 cm. cell for populations down to 2 x 107 bacteria/ml.) after 
treatment with formalin (3%, v/v; 30 min.). A linear relation between extinction 
readings and Helber chamber counts was obtained for the range 2 x 107 to 5 x 109 
bacteria/ml. (statistical analysis by Mr S. Peto); and this relation, originally 
determined on cultures without erythritol, held for cultures of Brucella abortus 
grown with various concentrations of erythritol and examined before and after the 
erythritol had been depleted. Comparison of Helber chamber counts and viable 
counts (on tryptic meat agar—with 5 % peptic sheep blood) showed the bacteria to 
be greater than 85 % viable.

2-05 x 1010 organisms weighed 1 mg. (log-phase bacteria treated with formalin 
3% , v/v, washed twice with water, then dried a t 105°). This relation did not change 
significantly when the bacteria were grown with erythritol. Populations below 
2 x 107 bacteria/ml. were estimated by viable counts.

Examination of culture filtrates for erythritol, erythrose and erythrulose. Cultures 
were filtered through Oxoid (grade A.P.) membranes, de-ionized by passage through 
a mixed bed of Amberlite IR-120 (H) and Permutit deacidite-G (HCOa) ion- 
exchange resins, then submitted to paper chromatography. Chromatograms were 
treated with silver nitrate and sodium hydroxide reagents (Trevelyan, Proctor & 
Harrison, 1950) orjj-anisidine and periodate (Bragg & Hough, 1958) reagents. Control 
experiments showed that, despite the large concentration of glucose in the medium, 
erythritol, erythrose or erythrulose at 0-1 /imole/ml. could be detected in culture 
filtrates.

Erythritol homologues. ‘AnalaR’ grade glycerol was supplied by British Drug 
Houses Ltd (Poole, Dorset). DL-threitol was prepared from 1,2-3,4-dianhydro-DL- 
threitol supplied by Dr G. M. Timmis. Ribitol (adonitol), D-glucitol (sorbitol), 
D-galactitol (dulcitol) and D-mannitol were supplied by George T. Gurr Ltd, 
London, and d - and L-arabitol by Mann Research Laboratories Inc. New York. 
For growth studies, solutions of the homologues (1 ml. containing 5 /¿mole) in the 
defined medium were mixed with the inoculated medium (4 ml. in 25 ml. flasks) 
then treated as described previously for studies with erythritol.

[uC]-Labelled compounds. [U-14C]-Erythritol (2 mC/mmole) from the Radio­
chemical Centre, Amersham, Buckinghamshire, was diluted (25/<mole/ml.; 
1 /tC/ml.) and stored at —20°. [14C1]-Erythritol (0-9 mC/mmole), synthesized by 
Dr P. W. Kent of the University of Oxford, was treated similarly. [U-14C]-D-Glucose 
(8-5 mC/mmole) was also diluted (10/iC/ml.; negligible weight of glucose) and 
stored similarly.

Measurement of radioactivity. Radioactivity was measured by a ‘coincidence’ 
scintillation counting technique (Apparatus by Isotope Developments Ltd, Reading, 
Berkshire: liquid measuring head No. 2022, coincidence control unit No. 2032; and 
a decade counter) at room temperature in disposable polythene tubes (25 ml. with
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lids; catalogue No. XT 1580; X-Lon Products Ltd, London, S.W. 1). ‘Scintillation 
Grade’ dioxane, formamide, and a dioxane-based scintillator (NE 220) were 
obtained from Nuclear Enterprises (G.B.) Ltd, Edinburgh. The solvents were stored 
under oxygen-free nitrogen but the polythene tubes were not flushed with nitrogen 
during assay. Replicate counts agreed within ±3% , but counting efficiencies 
(about 30-60%) varied with the nature of the solvent mixture in which the experi­
mental sample was examined. Thus, comparisons of experimental samples with 
standard amounts of radiotracer were made in identical solvent mixtures. Since 
some mixtures were non-aqueous, standards were dissolved in dioxane, which could 
be included in every solvent system. More than 104 counts were determined for each 
sample and appropriate background and coincidence corrections applied.

The radioactivity of aqueous solutions or suspensions (0-5 ml.) was measured after 
mixture with formamide (0-5 ml.), dioxane (4 ml.) and scintillator (5 ml.) The 
formamide and dioxane decreased the possibility of phase separation in saline 
solutions. Any suspensions which were assayed in these aqueous systems were 
insufficiently dense to affect the counting efficiency. Samples in organic solvents 
(1 ml.) were mixed with dioxane (4 ml.) and scintillator (5 ml.) for assay. Insoluble 
protein residues (5-20 mg.) from the solvent extraction of bacteria (see below) were 
dispersed in hot 6 n-HCI (1-5 ml. a t 100°). Portions (0-5 ml.) of this suspension 
were mixed with water (1 ml.) and 1-0 M-hyamine hydroxide (1 ml.; see below). 
Portions (1 ml.) of this mixture with added dioxane (4 ml.) and scintillator (5 ml.) 
were assayed as described above for organic solutions.

[14C]-Carbon dioxide (see below) was absorbed in a methanolic solution (0-3 m )  of 
hyamine hydroxide(2-methyl-4-(l, 1,3, 3-tetramethylbutyl)-phenoxy-ethoxy-ethyl- 
dimethylbenzyl ammonium hydroxide; Passmann, Radin & Cocper, 1956) for assay 
as described above for organic solvents.

Estimation of radiotracer in components of protein hydrolysates. Two-dimensional 
chromatograms of protein hydrolysates were placed against X-ray film (Ilford, 
Industrial G, 14 x 17 in.) in a suitable holder. After an appropriate exposure, the 
developed film was used to locate the individual spots; these were cut out and 
placed with water (0-5 ml.) in assay tubes. The tubes were gently agitated for a few 
minutes and the radiotracer determined after addition of formamide (0-5 ml.), 
dioxane (4 ml.), and scintillator (5 ml.). Duplicate chromatograms sprayed with 
ninhydrin reagent were used to identify the spots by comparison with standard 
mixtures of amino acids.

Collection of 14C02 produced during growth of Brucella abortus on [C7-uC]-erythritol. 
Narrow-necked conical flasks (100 ml.) with rubber stoppers and provided with 
inlet and outlet tubes were joined to cottonwool filters by thick-walled rubber 
tubing. Gas flow through this tubing could be blocked with double screw clips. The 
length of the tubing was kept as short as possible to minimize loss of C02 by diffusion 
through the rubber. Suspensions (10 ml., containing 2 x 107 bacteria/ml.) of the 
organism in medium (containing 0-5 /tmole/ml. and 0-02 /tC/ml. of [U-14C]-ery- 
thritol) were placed in the flasks. A stream of 5% C02 in air (0-5 l./min. for 2 min.) 
was introduced and the clips on the inlet and outlet tubes were then closed. The 
whole apparatus was then shaken at 37° in the aluminium boxes already described.

At intervals, flasks were removed and gently agitated whilst their atmospheres 
were flushed out with a stream of air (0-5 1. over 2 min.). To remove remaining
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traces of 14C02, carbon dioxide (5 ml.) was flushed in with a little air and after 
agitation for a further minute the flasks were again flushed out with air (1-0 1. over 
2 min.). Carbon dioxide displaced from the flasks was trapped for measurement in a 
bubbler containing 0-3 M-mcthanolic hyamine hydroxide (25 ml.). This procedure 
removed all 14C02 from the apparatus. After removal of the 14C02 the extinction of 
the bacterial suspension was measured photometrically and bacteria and super­
natant fluid separated by centrifugation (5000g  for 20 min.) for radio-assay.

Examination of fractions of Brucella abortus for the presence of 
radiotracer derived from [U -14C]-erythritol

Growth of organisms. Cultures (30 x 100 ml. flasks each containing 10 ml. 
medium) of Brucella abortus (inoculum 5 x 107 bacteria/ml.) containing [U-14C]- 
erythritol (1 /tmole/ml., 0-04 pC/ml.) were grown overnight in shake flasks as 
described previously until about 80 % of the erythritol had been used. The bacteria 
were harvested by centrifugation, washed twice with water, then fractionated as 
described below and the weights and radiotracer content of the various fractions 
determined.

Method of fractionation. A convenient method for the solvent fractionation of 
Brucella abortus was developed from that of Roberts et al. (1957). A portion (equiv. 
about 10 mg. dry weight) of the washed bacterial suspension was dried (100°, 
30 min. to halt enzyme action; then as described below) and the remainder (equiv. 
about 20 mg. dry weight) was treated with 5% (w/v) trichloroacetic acid (10 ml.) in 
a tared centrifuge tube. After 10 min. insoluble material was centrifuged down, 
washed twice with water, dried and weighed. The residue from this extraction was 
treated successively with methanol (10 ml.) and methanol + chloroform (1+2 by 
vol.; 10 ml.) then centrifuged down, dried, and weighed. The methanol +  chloroform 
mixture (Folch et al. 1951) appeared to extract all lipid, since no appreciable 
amounts of bound lipid were removed by a mixture of ether + ethanol + cone. 
HC1 (450+300 + 13, by vol.; Stahl, Pennell & Huddleson, 1939), or by extraction 
with ether after refluxing with methanol +  water (19 + 1, by vol.; Reichert, 1944). 
The residue from the lipid extraction was treated with hot trichloroacetic acid 
(5%, w/v; 10 ml. at 90° for 15 min.) then centrifuged down, washed twice with 
water, dried and weighed.

All fractions were dried to constant weight under reduced pressure over phos­
phoric oxide and paraffin chips. The lipid solvents were removed in a stream of 
warm nitrogen before the fraction was dried. To obtain preliminary information on 
the chemical nature of the fractions a large quantity (3 g. dry weight) of bacteria 
was grown on a defined medium (Rode et al. 1950) without erythritol and extracted 
and examined in a similar way.

Analysis of fractions. Hydrolyses in sealed tubes were carried out with n-H2S04 
(100°, 18 hr, neutralized with BaCOs), N-NaOH (100°, 3 hr, neutralized with Amberlite 
IR-120 (H) ion exchange resin) and 6 n-HCI (100°, 18 hr, dilute, filter, then con­
centrated to dryness to remove excess acid) as appropriate. Sugars and polyols were 
identified by single dimension chromatography in several solvents. Free sugars 
were detected with p-anisidine spray reagent (Hough, Jones & Wadman, 1950) and 
polyols with periodate and anisidine (Bragg & Hough, 1958) and periodate-SchifTs 
reagents (Baddiley, Buchanan, Handsehumacher & Prescott, 1956). Phosphates
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were detected with molybdate-f perchloric acid reagent (Hanes & Isherwood, 1949). 
Our colleague Mr A. G. Ness identified amino compounds by two-dimensional paper 
chromatography and confirmed the identity of a,e-diaminopimelic acid (Powell & 
Strange, 1956); amino compounds were detected with ninhydrin reagent (Consden 
& Gordon, 1948). Similar protein hydrolysates were examined by auto-radiography, 
as described above.

T he [14C ]-con ten t o f p u rin e  ribose w as d e te rm in ed  b y  d ilu tio n  ana lysis. A  p o rtio n  
(5 m l.) o f th e  h o t trich lo ro ace tic  ac id  e x tra c t  (10 m l.) w ith  ribose ca rrie r  (100 m g.) 
w as refluxed  w ith  n -HCI (1  h r  az 1 0 0 °), de-ionized, a n d  c o n c en tra ted  to  y ie ld  
ribose on c ry s ta lliza tio n  from  aq u eo u s  ace tone . T h e  specific a c tiv i ty  of th is  ribose 
rem ain ed  u n ch an g ed  on  fu r th e r  rec ry s ta lliza tio n .

F u r th e r  ana lyses w ere m ade  on sam ples from  th e  la rge  scale p re lim in a ry  f ra c ­
tio n a tio n  w hich  could  n o t be perfo rm ed  on  th e  sm alle r ava ilab le  q u a n titie s  of 
rad io a c tiv e  frac tions. T hese ana lyses in c lu d ed : n itro g e n  (N essleriza tion  a f te r  
K je ld ah l d igestion ); to ta l  p h ospho rus (a f te r  perch lo ric  ac id  d igestion ; K in g , 1951); 
p ro te in  (L ow ry  et til.. 1951; a g a in s t h u m a n  se ru m  a lb u m in  as a  s ta n d a rd  a f te r  
d ispersion  in  N -N aO H  a t  100° fo r 5 m in .) ; p o ly sacch arid e  as glucose (D ische, 1955); 
D N A  (d ipheny lam ine rea c tio n  a g a in s t pu rified  ca lf  th y m u s  D N A  as s ta n d a rd )  an d  
R N A  (orcinol re a c tio n  a g a in s t pu rified  ribose  as a  s ta n d a rd ) b y  th e  m e th o d s  of 
M orse & C arte r (1949); nucleo tides sp e c tro p h o to m e trica lly  (assum ing  6269111/, M for 
nucleo tides =  1 0 4) b y  o u r colleague M r H . E . W ade.

Preparation  o f  cell walls fr o m  B rucella  abortus which had metabolized  []4C1]-, and  
[U -UC]-erythritol. The organism was grown in the presence of the two forms of 
[14C]-erythritol as previously described, then harvested by centrifugation and diluted 
with carrier bacteria to form a sufficient quantity for disintegration (100 mg.). Cell 
walls were then prepared by disintegration (apparatus by H. Mickle, Hampton, 
Middlesex), treatment with heat (60° for 1 hr), DNAase and RNAase, and purifica­
tion by centrifugation (Dr D. C. Ellwood; private communication).

Effect o f  erythritol and  2-deoxy-2-fluoro-DL-erythritol on glucose incorporation by 
Brucella  abortus. T o o b ta in  a  m easu rab le  u p ta k e  o f ra d io a c tiv ity  b y  th e  c o m p a ra ­
tiv e ly  sm all a m o u n t o f b a c te ria  (th is  is lim ited  b y  th e  ava ilab le  e ry th r ito l) , th e  
no rm al glucose c o n te n t (39 /¿m ole/m l.) o f th e  defined m ed ium  Lad to  b e  decreased  
an d  [U -14C]-D-glucose o f h igh  specific a c tiv i ty  h a d  to  be used . T h e  m odified m ed ium  
co n ta in ed  [U -u C]-D-glucose (5 /tm ole/m h , 0-2 /;C /m l.) w ith  a d d itio n a l N aC l 
( 1  m g./m l.). This m ed ium  (1 m l.) a lone, o r co n ta in in g  e ith e r  e ry th r ito l ( 1 0  /¿mole/ 
m l.) o r 2-deoxy-2-fluoro-D L -erythrito l (10 /¿m ole/m l.), w as d ispensed  in to  flasks 
(100 m l.). A d d itio n a l m ed ium  (9 m l.) in o cu la ted  w ith  th e  o rgan ism  (1-0 x lO 8 

bac te ria /m l.)  w as th e n  ad d ed  a n d  g ro w th  u n d e r  th e  s ta n d a rd  cond itions in  sh ak e  
cu ltu re  d e te rm in ed  as described  p rev iously . H ea t-k illed  b a c te ria  (60°, 1 h r, 3-5 m g. 
d ry  w t) w ere ad d ed  as ca rrie r  to  p o rtio n s (9 m l.) o f th e  suspensions o f rad io a c tiv e  
b ac te ria . A fte r ce n tr ifu g a tio n  (5000g; 2 0  m in .) th e  b a c te r ia  w ere w ashed  (orig inal 
m ed ium  co n ta in in g  [12C]-D-glucose in s tea d  o f th e  ra d io tra c e r; 10 m l.) a n d  su spended  
in  form ol sa line (3 % , v /v ) fo r rad io -assay . T he h ea t-k illed  b a c te ria  d id  n o t abso rb  
rad io tra ce r  w hen  ad d ed  alone to  th e  labelled  m edium .
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Short-term uptake of [U-uC]-erythritol and [U-uC]-D-glucose by dense 
suspensions of Brucella abortus

Apparatus. ‘Medical flat’ bottles (8 oz.) were provided with metal screw tops in 
which were punched several small holes so that, although the punched cap with its 
intact rubber washer formed a secure seal, samples of the contents could be removed 
with a hypodermic syringe. A slight vacuum was maintained in the bottles and a 
tight rubber cap was fitted over the top to prevent contamination during sampling. 
Bottles were filled and handled at 37° and during the uptake studies were rotated 
end over end (60 rev./min.).

Uptake of [E7-UC]-erythritol. The virulent organism (Brucella abortus strain 544) 
was grown on standard medium supplemented with erythritol 1 /¿mole/ml. and 
harvested by centrifugation before the erythritol was depleted. After re-suspension 
in fresh medium, the suspension was rotated in the ‘medical flat’ (5% C02 in air) 
for 10 min. before injection of [U-14C]-erythritol through the cap. A sample (4 ml.) 
of the bacterial suspension (initially 60 ml. containing equiv. 200 /¿g. dry weight 
bacteria/ml. and [U-14C]-erythritol 0-5 /¿mole/ml., 0-020 /¿C/ml.) was withdrawn 
immediately and further samples were taken at convenient intervals over 40 min. 
The samples were filtered quickly through a double ‘Oxoid’ membrane (grade A.P.) 
to separate the culture medium for determination of radiotracer loss.

Uptake of [U-u C]-D-glucose in the presence and absence of erythritol. Cells were 
grown as described above for the virulent strain of Brucella abortus and the uptake 
of [U-14C]-D-glucose was studied in a similar manner. The quantity of bacteria 
required for this work (i.e. those harvested during log phase before erythritol 
depletion) was limited. Hence, to obtain a measurable loss of radiotracer from the 
medium by the relatively small quantity of bacteria, the concentration of glucose in 
the normal medium (39 mole/ml.) had to be drastically decreased. One ‘medical 
flat’ contained bacteria (equiv. 200 /ig. dry weight/ml.) and the defined medium 
with the glucose content decreased to 0-5 /¿mole/ml. (0-02 /¿C/ml.). A second 
‘medical flat’ contained the same system with added erythritol (0-5 /¿mole/ml.).

Examination of a hot water extract of Brucella abortus for erythritol. The organisms 
were grown in the presence of [U-14C]-erythritol as described previously. The washed 
bacteria (equiv. about 20 mg. dry weight) were treated with water (10 ml.) at 
100°; the extract was de-ionized, treated with Na2C03 (2%, w/v; 100°; 30 min.) and 
then de-ionized again (Adcock, 1957). The concentrated extract was examined 
chromatographically for radioactive erythritol.

Attempts to obtain broken-cell preparations which would metabolize erythritol. 
Organisms were grown on the standard medium supplemented with erythritol 
(1 /¿mole/ml.) and harvested by centrifugation before depletion of the erythritol. The 
bacteria were disrupted by disintegration of a suspension with glass beads (appara­
tus by H. Mickle, Hampton, Middlesex), by alternate freezing and thawing (Ger- 
hardt et al. 1953) and by disintegration of a frozen suspension in a suitable press 
(Hughes, 1951).

The various preparations (final concentrations equal to whole bacteria, 1 mg./ml. 
were incubated (37°) with, and without, glucose (7 mg./ml.) in a buffer (K2H P04, 
0-10 %; NaH2P 0 4.2HaO, 0-33 %; NaCl, 0-10 %; MgS04.7H20, 0-07 %; pH 7-0) con­
taining NAD, NADP, ATP (0-02 /¿mole/ml. each) and [U-14C]-erythritol (0-5/tmole/
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ml., 0-02 /iC/ml.) Samples (1 ml.) withdrawn at intervals up to 30 min. were 
heated (100°, 2 min.) to halt enzyme activity then diluted to 5 ml. and filtered 
through Oxoid membranes (grade AP). The filtrate was treated (100°, 2 hr) with 
Biodeminrolite (Permutit Co. Ltd, London, W. 4) mixed-bed ion-exchange resin 
(2 g.) to remove ionic compounds and sugars from polyols (Anderson, Andrews & 
Hough, 1961). After dilution to 10 ml. the radiotracer content of the supernatant 
fluids were determined as a measure of their erythritol content, on the assumption 
that products of erythritol metabolism would be associated with the cell debris or be 
removed by the mixed-bed resin.

RESULTS

The metabolism of erythritol by Brucella abortus during growth in the presence of 
an optimum {high) concentration of glucose

In previous work with small inoeula (see references in Introduction) minute 
quantities of erythritol (less than 0-01,«mole/ml.) stimulated the growth of Brucella 
abortus in bovine phagocytes and in laboratory media. Similarly, in the present 
work with a defined medium, small quantities of erythritol (0-005 /¿mole/ml.) had a 
significant effect on the growth of B. abortus provided that the inoculum was small 
(about 1 x 104 bacteria/ml.). However, larger quantities of erythritol were needed 
if the inoculum was to be sufficiently large (about 2-5 x 107 bacteria/ml.) to allow 
increases in growth to be followed turbidimetrically.

Fig. 1 shows the effect of various concentrations of erythritol on the growth of 
Brucella abortus strain 544. Stimulation of growth continued for a period which was 
determined by the original concentration of erythritol. After this period, the growth 
rate approached that of the control. These results suggest that, despite the presence 
of an optimum high concentration of glucose, erythritol was a main carbon or energy 
source and had been exhausted at the points of inflexion of the curves. Examina­
tion of culture filtrates obtained in similar growth experiments with various con­
centrations of erythritol up to 5 «mole/ml. confirmed that at the points of inflexion 
of the growth curves all detectable erythritol had disappeared. At these inflexion 
points, the ratios of erythritol used to dry weight of bacteria formed were from 
1:1-4 to 1:2-0. A similar large usage of erythritol by B. abortus was confirmed in 
experiments with small inoeula (about 1 xlO1 bacteria/ml.).

Although a large quantity of erythritol was needed to produce the growth 
stimulation of Brucella abortus in this system containing glucose, too high an initial 
concentration of erythritol (about 10-50 /tmole/ml. for an inoculum of 5 x 107 
bacteria/ml.) was inhibitory. For this reason, the initial concentration was related 
to the size of the original inoculum to produce the maximum stimulation of growth. 
Erythritol concentrations up to 5 //mole/rnl. have been used in this work.

The specificity of the effect of erythritol on Brucella abortus 
in a medium containing glucose

A wide range of erythritol homologues had little effect on the growth of the organ­
ism in this medium containing glucose (Table 2). This specificity of growth enhance­
ment by erythritol was supported by the inhibition of the growth of Brucella abortus, 
in vitro and in vivo, by analogues of erythritol (Smith et al. 1964). The effect of one 
of these analogues (2-deoxy-2-fluoro-DL-erythritol) on glucose utilization by



B. abortus will be discussed later; its inhibitory effect on growth and the annulment 
of this inhibition by addition of erythritol is shown in Table 2.
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The fate of erythritol when metabolized by Brucella abortus in the 
presence of glucose

The results of radiotracer studies on the growth of Brucella abortus with [U-14C]- 
erythritol (0-5 /¿mole/rril.), shown in Fig. 2, indicated that all erythritol had been 
depleted at 19-20  hr; this was confirmed by analysis of the culture filtrates. At 
this time, the ratio of erythritol used to weight of organisms formed was 1 :1-4  (see 
above). At 21 hr, the distribution of original activity was: bacteria 23 % , medium 37 % ,

Table 2. The action of erythritol homologues and analogues on the growth 
of Brucella abortus in a medium containing glucose

P o p u la t i o n  a t  
16  h r  a s  %  o f  
p o p u la t io n  o f

S u b s t r a t e s  (1  /¿ m o le /m l.)  a  c o n t r o l

G ly c e ro l  
m .- T h r e i to l  
R ib i to l  
X y l i to l  
o - A r a b i to l  
L -A ra b ito l  
D -G lu c ito l 
D -G a la c t i to l  
D -M a n n ito l  
D - E r y th ro s e  
E r y t h r i t o l
2-Deoxy-2-fluoro-DL-erythritol 
2-Deoxy-2-fluoro-DL-erythritol 

+  erythritol

* A t  4 0  h r  s im i la r  r a t io s  w e re  o b ta in e d .

Table 3. The incorporation of \U-uC]-erythritol by Brucella abortus 
during growth in the presence of glucose

P e r io d  o f  g r o w th  C a rb o n  e x  e r y th r i t o l
(h r) T o ta l  c e ll c a r b o n

12 20
14 26
16 24
19 22
21 22

E r y t h r i t o l  d e p le te d  a f t e r  21 h r  

39 5

carbon dioxide 40 %; thus indicating that erythritol was used as a general carbon 
and energy source.

Material in the medium containing radiotracer has not been identified but paper 
chromatography has excluded the presence of significant amounts of erythrose or 
erythrulose which might have been formed by the partial oxidation of erythritol as 
occurs with Acetobacter suboxydans (Whistler & Underkofler, 1938). Only small

100 (±5)*

125*
22 5

64

195
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amounts of radiotracer were present in glucose and glycerol regions of autoradio­
grams, although large amounts of glycerol were excreted into the medium.

The results in Table 3 show that up to the time when the polyol was depleted only 
about one-quarter of the carbon content of the organisms (assumed to be 55 % of the 
dry weight) was derived from erythritol despite the fact that the bacteria had used 
approximately 1 \  times their own weight of erythritol during growth.

The incorporation of \U-u C]-erythritol into cell fractions 
of Brucella abortus

Table 4 summarizes the distribution of activity and the nature and yield of 
fractions obtained from Brucella abortus 544 grown in the presence of [U-14C]- 
erythritol until about 80% of the erythritol had been depleted. Evidence on the 
chemical nature of fractions shown in Table 4 was supplemented by the following

Table 4. The incorporation of \U-uC\-erythritol into cell fractions of
Brucella abortus

W e ig h t
a s

%  Of d r y  
w e ig h t  o f

R a d io ­
a c t i v i t y  a s  
%  o f  r a d i o ­
a c t i v i t y  in

F r a c t io n C h e m ic a l c o m p o s it io n o r g a n is m o r g a n is m

M a te r ia l  s o lu b le  
in  c o ld  t r ic h lo r o ­
a c e t ic  a c id

D if fu s ib le  m a te r ia l  ( a b o u t  7 0 % )  w i th  a  n o n - 
d if fu s ib le  r e s id u e  c o n ta in in g  g lu c o s e , 
g ly c e ro l,  e th a n o la m in e  a n d  a m in o  a c id s

17-4 11-6

M a te r ia l  s o lu b le  
i n  m e th a n o l  a n d  
in  m e t h a n o l +  
c h lo ro fo rm

L ip id s  c o n ta in in g  f a t t y  a c id s ,  g ly c e ro l ,  e th a n o l -  
a m in e ,  p h o s p h a te  a n d  t r a c e s  o f  a m in o  a c id s

15-7 14-3

M a te r ia l  s o lu b le  
in  h o t  t r ic h lo r o ­
a c e t ic  a c id

N u c le ic  a c id s 12-2 15-8

I n s o lu b le  ce ll 
r e s id u e

P r o t e in  c o n ta in in g  la r g e  a m o u n t s  o f  v a l in e , 
a la n in e ,  t h e  le u c in e s , g lu ta m ic  a n d  a s p a r t i c  
a c id s  w i th  le s s e r  a m o u n t s  o f  s e r in e , g ly c in e , 
th r e o n in e ,  a r g in in e ,  ly s in e  a n d  ty r o s in e  a n d  
w i t h  t r a c e s  o f  h is t id in e ,  p ro l in e , p h e n y la la n in e ,  
m e th io n in e  a n d  a ,e - d ia m in o p im e l ic  a c id

56-3 5 8 0

analyses (expressed as % of dry weight of original bacteria) of the fractions obtained 
from a large quantity of B. abortus in a preliminary experiment: material soluble in 
trichloroacetic acid, 14% (containing diffusible material 70% including 12% 
nucleotides, and 30% of non-diffusible material including 30% glucose and 10% 
protein); the lipid fraction, 11-4% (containing 53% acetone-insoluble material, 
P, 2-6%; N, 4-2%; and 47% of an acetone-soluble material, P, 0-9%; N, nil); the 
nucleic acid fraction, 10-5% (containing 66% RNA and 34% DNA); and the in­
soluble residue, 66% (containing 98% protein).

The even distribution of radiotracer over all fractions is apparent. Further 
evidence that radiotracer was evenly distributed within the solvent fractions was 
provided by the study of two selected cases, namely, the purine-bound ribose of the 
nucleic acids and the amino acids obtained on hydrolysis of the protein residue. The 
purine-bound ribose contained 17 % of the total radioactivity and made up 18 % of
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the total carbon in this fraction (assuming the fraction was 67 % RNA and 26 % of 
the RNA carbon was in purine-bound ribose). The distribution of radioactivity in 
the amino acids of the protein fraction (see Table 5) roughly correlated with the 
relative amounts of the individual components (estimated by visual comparison of 
spots on paper chromatograms). No single amino acid appeared to contain an un­
due proportion of the radio-activity.

E r y th r i to l  m e ta b o l is m  b y  B r u c e l la  a b o r tu s

Table 5. Radiotracer content of the amino acids in the protein of Brucella 
abortus grown in the presence of glucose and [U-UC]-erythritol

A m in o  a c id

A s p a r t i c  a c id  
L e u c in e s  
A la n in e  
G lu ta m ic  a c id  
V a lin e  
L y s in e  
T y ro s in e  
S e r in e  +  g ly c in e

[14C ] -C o n te n t  
o f  in d iv id u a l  

a m in o  a c id s  a s  
%  o f  [14C] in  
h y d r o ly s a te

15
15
14
11
8
8
8
G

A m in o  a c id

A rg in in e
T h r e o n in e
P h e n y la la n in e

[14C ] -C o n te n t  
o f  in d iv id u a l  

a m in o  a c id s  a s  
%  o f  [14C] in  
h y d r o ly s a t e

2
( a p p r o x .)

1-4
0-3
0-3
4-35

M e th io n in e
H is t id in e
a e - d ia m in o p im e l ic  a c id  
U n id e n t i f ie d  s p o ts

The incorporation of \uC\-erythritol into the cell wall of Brucella abortus
A cell-wall preparation of Brucella abortus 544 formed 29-7 % of the dry weight of 

organisms which had been grown in the standard medium in the presence of 
erythritol. Similar preparations from bacteria grown in the presence of [14C,]- and 
[U-u C]-erythritol contained 29 and 31 %, respectively, of the total activity of the 
bacteria, thus confirming the random distribution of carbon from erythritol among 
cell components.

The effect of erythritol and 2-deoxy-2-fluoro-DL-erythritol on the incorporation  
o f [U -u C]-D-glucose by B rucella  abortus

T h e re su lts  sum m arized  in  T ab le  6 show  th a t  e ry th r ito l a n d  th e  fluoro ana logue 
depressed  th e  p e rcen tag e  in c o rp o ra tio n  of glucose b y  th e  o rgan ism  b u t th a t  once th e  
e ry th r ito l h a d  been  d ep le ted  th e  in co rp o ra tio n  ap p ro ach ed  th a t  o f th e  con tro l.

T ab le  6. T he action o f  erythritol and  2-deoxy-2-fluoro-VL-erythritol 
on the incorporation o f  [U -u C]-D-glucose by Brucella  abortus

% o f  c e ll c a r b o n  d e r iv e d  f ro m  [U - l l C ]-D -g lu co se

P e r io d  o f  
g r o w th  (h r) C o n tro l

1 /¿ m o le /m l. 
2 -d e o x y -2 -  

fluoro-D L - 
e r y th r i t o l

1 /¿ m o le /m l. 
e r y th r i t o l

16 22 16 16
20 26 16 19
2 3 29 19 19
4 0 49 35 46*

* T h e  e r y t h r i t o l  h a d  b e e n  u s e d  u p  a t  a b o u t  30  h r .
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The short-term uptake o f  [U -:iC]-erythritol and [U -1,lC]-D-glucose by 
dense suspensions o f  Brucella  abortus

One reason why erythritol was used preferentially by Brucella  abortus in the 
medium containing glucose might hive been that erythritol entered the bacteria 
more rapidly than did glucose. Hence short-term uptake experiments were done, 
but, for reasons described in Methods uptake of glucose could not be studied at the 
high concentration normally present in the medium used in most of this work 
(39 /¿mole/ml.). Nevertheless, the curves in Fig. 3 show that, a t a glucose concentra­
tion (0-5 /¿mole/ml.) equal to that of the erythritol, the rate of loss of glucose from 
the medium was only about half that of erythritol.

F ig . 1. G r o w th  o f  Brucella abortus in  t h e  p r e s e n c e  o f  g lu c o s e  (3 9  / tm o le /m l.)  a n d  in i t i a l  
e r y th r i t o l  c o n c e n t r a t io n s  o f :  0  ( - 0 - 0 - ) ,  0 1  ( - # - © - ) ,  0 -3 3  ( -A -A -) , a n d  1 0  ( -A - A - )  
/¿ m o le /m l.

F ig .  2 . T h e  d i s t r i b u t io n  o f  r a d io t r a c e t  in  b a c t e r i a  ( -O -O - ) ,  m e d iu m  ( -A -A - ) ,  a n d  
c a r b o n  d io x id e  ( - © - # - )  d u r in g  g r o w th  o f  Brucella abortus in  t h e  p r e s e n c e  o f  g lu c o s e  a n d  
[U -14C ] - e r y th r i to l ;  t o t a l  r e c o v e r y  o f  r a d i o t r a c e r  s h o w n  t h u s :  - A - A - .

F ig . 3 . T h e  u p t a k e  o f  [U - l4C ] - e ry th r i to l  a n d  (U -14C ]- r  -g lu c o se  b y  d e n s e  (2 0 0  /¿g ./m l.)  
s u s p e n s io n s  o f  Brucella abortus. u p t a k e  o f  [U -14C ] - e ry th r i to l  ( 0 - 5 /¿ m o le /m l.;
0  0 2 0  /¿C /m l.)  i n  t h e  p r e s e n c e  o f  a  la r g e  a m o u n t  o f  g lu c o s e  (3 9  /¿ m o le /m l.) ;  -O -O -  u p t a k e  
o f  [U -14C ]-D -g lu co se  (0  0 2 0  /¿C /m l.)  in  th e  s a m e  m e d iu m  c o n ta in in g  o n ly  a  s m a ll  a m o u n t  
(0-5  /¿ m o le /m l.)  o f  g lu c o s e ;  a n d  -A-A- u p t a k e  o f  [U -14C ]-D -g lu co se  (0 -5  /¿ m o le /m l.;
0  0 2 0  /¿C /m l.)  in  t h e  p r e s e n c e  o f  e r y th r i t o l  (0-5 /¿ m o le /m l.) .

The curves in Fig. 3 show that there was no initial rapid uptake of erythritol (or 
glucose), indicating no significant accumulation of free polyol and that the rates of 
uptake and metabolism were balanced. This was supported by the absence (less than 
0 0005 % of the dry weight) of free erythritol from hot water extracts of bacteria 
which had been grown with [U-14C]-erythritol and from the cold trichloroacetic acid 
extract of the solvent fractionation procedure. Erythritol had no appreciable effect 
on the total uptake of glucose (see Fig. 3) but since the growth rate was increased



by erythritol the % incorporation of glucose into the organism was decreased (see 
above).

Attempts to demonstrate metabolism of erythritol by broken-cell suspensions. The 
three broken-cell preparations described in Methods did not appear to metabolize 
[U-14C]-erythritol under the experimental conditions.
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DISCUSSION

The stimulatory effect described previously of very small quantities of erythritol 
on the growth of Brucella abortus was observed because small populations were used 
in those preliminary investigations (references in Introduction). Work with larger 
populations has now shown that, in fact, B. abortus utilizes about 1J times its own 
weight of erythritol. This utilization occurred during growth in a medium which 
contained a large excess of amino acids (1180 /¿g./ml.) and an optimum concentra­
tion of glucose (7000 fig./ml.). In most experiments initial glucose: erythritol ratios 
were approximately 1 1 5 :1 ; in experiments with small inocula these ratios were much 
higher (10,000:1) and rose even further as the erythritol was preferentially con­
sumed. Obviously erythritol is a main carbon and energy source for B. abortus, which 
appears to have a mechanism for the preferential uptake or metabolism of erythritol 
in the presence of an excess of glucose and other potential metabolites. Sorbitol and 
fructose are found along with glucose in bovine foetal fluids and it was interesting 
that the stimulatory effect of erythritol still took place when glucose was replaced 
by either of these carbohydrates.

The effect of erythritol appears to be highly specific since several of C3 to C6 
homologues had no stimulatory effect and Smith et al. (1964) showed that erythritol 
annulled the inhibition of the growth of Brucella by analogues of erythritol.

Radiotracer studies confirmed that erythritol was used as a general carbon and 
energy source. A large proportion of the radiotracer was converted to carbon 
dioxide and the tracer in the cell substance was fairly evenly distributed over all cell 
components; erythritol is thus probably broken down to small units during 
metabolism.

Efforts to show that the preferential usage of erythritol was due to a more rapid 
entry than glucose into the cell were inconclusive. As yet no cell-free system has 
been obtained which will metabolize erythritol and the influence of permeability 
cannot therefore be assessed. Furthermore, comparison of the short-term uptake of 
erythritol and glucose could not be conducted with the normal very high concentra­
tion of glucose; experiments with low glucose concentrations indicated that the 
rate of uptake of the two carbohydrates was not very different. The absence of 
detectable amounts of erythritol within the bacteria suggests that the rate of 
metabolism was not slower than that of permeation, which might well be the rate­
determining factor.

A connex ion  b e tw een  e ry th r ito l m e tab o lism  a n d  glucose m etab o lism  w as in d ic a ted  
b y  th e  in h ib ito ry  effect o f e ry th r ito l an d  2-deoxy-2-fluoro-D L -erythrito l on  glucose 
in co rp o ra tio n . T his m ig h t h av e  been  a n  effect on  c a rb o h y d ra te  tra n sp o r t, b u t  
a n o th e r  possib le m echan ism  is th e  in h ib itio n  of phosphoglucose isom erase or 
tran sk e to la se  b y  e ry th ro se -4 -p h o sp h ate , a  possib le p ro d u c t o f e ry th r ito l m etabo lism  
(G razi, D eflora & P o n trem o li, 1960; D ische & Igals, 1961).



1 2 2

N o ev idence w as o b ta in ed  a b o u t th e  m echan ism  o f e ry th r ito l m etab o lism  in 
Brucella  abortus. O x id a tio n  to  e ry th ro se -4 -p h o sp h a te  w ould  be a  possib le e n try  
p o in t in to  th e  pen to se  p h o sp h a te  cycle (H orecker, S m yrn io tis , H ia t t  & M arks, 1955). 
O n th e  o th e r  h an d , th e  degree o f in co rp o ra tio n  of rad io tra c e r  in to  ribose an d  th e  
w ide d is tr ib u tio n  o f a c tiv i ty  in  B . abortus suggests t h a t  th e  im m ed ia te  p ro d u c ts  of 
e ry th r ito l m etabo lism  e n te r  th e  tr ic a rb o x y lic  ac id  cycle b y  a  m ore d irec t ro u te . A  
m ore se lective p a t te rn  of in co rp o ra tio n  of th e  ra d io tra c e r  w ould  p ro b ab ly  h av e  
occu rred  if m u ch  ca rb o n  d iox ide from  e ry th r ito l m etab o lism  h ad  been  re-u tilized  
(N ew ton , M arr & W ilson, 1954; T ep p e r & W ilson, 1958). M etabo lism  of e ry th r ito l 
m ig h t occur by  a  rev ersa l o f m echanism s know n to  p roduce e ry th r ito l o r its  im m ed i­
a te  o x id a tio n  p ro d u c ts , e.g. th e  aldol co n d en sa tio n  o f fo rm aldehyde  an d  d ih y d ro x y - 
ace tone  to  a n  e ry th ru lo se -l-p h o sp h a te  (C haralam pous, 1954; P ean a sk y  & H a rd y , 
1958), th e  m e tab o lism  o f h y d ro x y p y ru v ic  acid  to  L -ery thru lose (D ickens & W illiam ­
son, 1956), th e  m e tab o lism  of d ihy d ro x y m ale ic  ac id  to  D -ery throse an d  D -ery th ru - 
lose (A kabori, U eh a ra  & M u ram a tsu , 1952), a n d  th e  d ism u ta tio n  of D -ery throse in to  
D -ery thronic acid  an d  e ry th r ito l (U ehara , Sugeno & M izoguchi, 1963).

We are most grateful to the late Professor D. D. Woods, Professor E. F. Gale, 
Professor S.R. Elsden and Dr J. L. Peel for their helpful discussions and suggestions 
during this work. We are indebted to Mr G. N. Wade for excellent experimental 
assistance.

J. D. Anderson and H. Smith
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SUMMARY

A n  a e r o b ic  a c t i n o m y c e t e  i s o la t e d  f r o m  a  t y p e  o f  p e r i o d o n ta l  d is e a s e  in  
h a m s te r s  s h o w e d  a  c h a r a c t e r i s t i c  f i l a m e n t / d ip h th e r o id  d im o r p h is m .  I n c u ­
b a t i o n  u n d e r  c a r b o n  d io x id e  f a v o u r e d  d e v e lo p m e n t  o f  t h e  d ip h t h e r o i d  
f o r m , w h e re a s  a e r o b ic  in c u b a t io n  f a v o u r e d  t h e  m y c e l ia l  f o r m . I r o n  d e p le ­
t i o n  a ls o  in d u c e d  f i la m e n t  f o r m a t io n .  A l th o u g h  m a g n e s iu m  c o n c e n t r a t i o n  
d i r e c t l y  a f f e c te d  t h e  r a t e  a n d  a m o u n t  o f  g r o w th ,  n o  e f f e c t  o n  m o r p h o lo g y  
w a s  o b s e r v e d .  C r i t ic a l  c o n c e n t r a t i o n s  o f  s t r e p to m y c in  s u l p h a t e  a n d  
c h lo r a m p h e n ic o l  a ls o  in d u c e d  m y c e l iu m  f o r m a t io n .

INTRODUCTION

T h e  a e t io lo g ic a l  r e l a t i o n s h ip  o f  a n  a e r o b ic  f i la m e n to u s  o r g a n i s m  t o  a  t y p e  o f  
p e r i o d o n ta l  d is e a s e  i n  h a m s te r s  w a s  r e c e n t ly  r e p o r t e d  ( J o r d a n  & K e y e s ,  1 9 6 3 ; 
K e y e s  & J o r d a n ,  1 9 6 4 ; J o r d a n  & K e y e s ,  1 9 6 4 ). T h e  m o r p h o lo g y  a n d  p h y s io lo g y  o f  
t h i s  o r g a n i s m  w e re  d e s c r ib e d  in  d e t a i l  (H o w e ll ,  1 9 6 3 ; H o w e l l  & J o r d a n ,  1 9 6 3 ) a n d  
i t s  in c lu s io n  in  t h e  f a m i ly  A c t in o m y c e ta c e a e  s u g g e s te d .  T h e  t e n d e n c y  o f  t h e  f i la ­
m e n t s  t o  b e  r e p la c e d  b y  d ip h t h e r o i d  o r g a n i s m s  u n d e r  c e r t a in  c u l t u r a l  c o n d i t io n s  w a s  
n o te d .  H u r s t  (1 9 5 0 ) h a d  p r e v io u s ly  d e s c r ib e d  th i s  c h a n g e  o f  m o r p h o lo g y  in  a  
s im i la r  o r g a n i s m  f r o m  t h e  h a m s te r .  D ip h th e r o id  f o r m a t i o n  b y  Actinomyces bovis 
w a s  a ls o  r e p o r t e d  b y  P in e ,  H o w e l l  & W a t s o n  (1 9 6 0 ) . P r e l im in a r y  o b s e r v a t io n s  le d  
u s  t o  b e l ie v e  t h a t  c e r t a in  g r o w th  c o n d i t io n s  m i g h t  r e g u l a te  th e s e  c h a n g e s  in  m o r ­
p h o lo g y .  F o r  e x a m p le ,  a e r o b ic  in c u b a t io n  s e e m e d  t o  f a v o u r  t h e  f i la m e n to u s  s t a g e  
o f  g r o w th .  I n  t h e  p r e s e n t  w o r k  w e  h a v e  t e s t e d  f u r t h e r  t h e  e f f e c ts  o f  t h e  a tm o s p h e r e  
o f  in c u b a t io n  a s  w e ll  a s  t h e  in f lu e n c e  o f  m e t a l s  a n d  a n t i b io t i c s  o n  t h e  d ip h t h e r o i d /  
f i l a m e n t  d im o r p h i s m  o f  t h i s  a c t i n o m y c e te .

METHODS

T h e  in o c u lu m  w a s  d e r iv e d  f r o m  s t r a in s  w h ic h  h a d  b e e n  s e r ia l ly  t r a n s f e r r e d  in  
T r y p t i c a s e  S o y  b r o t h  ( B a l t im o r e  B io lo g ic a l  L a b o r a to r ie s ,  B a l t im o r e ,  M d .)  a n d  i n ­
c u b a t e d  a t  3 7 °  in  ‘ s e a l e d ’ t u b e s  i n  a n  a tm o s p h e r e  o f  C 0 2 p r o d u c e d  f r o m  1 0 %  
(w /v )  N a 2C 0 3 +  m - K H 2P 0 4 ( P in e  &  H o w e l l ,  1 9 5 6 ) . T h is  w a s  t o  e n s u r e  t h a t  t h e  
in o c u lu m  w o u ld  b e  e s s e n t ia l ly  i n  t h e  d ip h t h e r o i d  s t a g e  a t  t h e  s t a r t  o f  a l l  e x p e r i ­
m e n t s .  T h e  o n ly  e x c e p t io n  t o  th i s  w a s  in  e x p e r im e n t s  c o m p a r in g  t h e  e f f e c t  o f  a t m o ­
s p h e r e  o f  in c u b a t io n  o r  t o  d e te r m in e  t h e  e f f e c ts  o f  c e r t a in  m e ta l s  o n  m o r p h o lo g ic a l
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c h a n g e s .  I n  t h e s e  c a se s , t h e  in o c u lu m  w a s  g r o w n  in  T r y p t i c a s e  S o y  b r o t h  in c u b a t e d  
e i t h e r  a e r o b ic a l ly  o r  u n d e r  1 0  %  (w /v )  N a 2C 0 3 +  M -K H 2P 0 4 ‘ s e a l s ’. I n c u b a t i o n  w a s  
a t  3 7 °  in  a l l  e x p e r im e n t s .

T o  d e te r m in e  t h e  e f f e c t  o f  a tm o s p h e r e  o f  i n c u b a t io n  u p o n  c e l lu la r  a n d  c o lo n y  
m o r p h o lo g y ,  a  d i r e c t  c o m p a r is o n  w a s  m a d e  o f  t h e  g r o w th  o f  6  s t r a in s  g ro w n  
a e r o b ic a l ly  a n d  u n d e r  a n  a tm o s p h e r e  o f  5 %  C 0 2 +  95  %  N 2 ( v /v ) .  S t r e a k  p la t e s  w e re  
p r e p a r e d  o n  b r a i n  h e a r t  in f u s io n  a g a r  (D ifc o  L a b o r a to r ie s ,  D e t r o i t ,  M ic h ig a n )  w i th  
o n e  lo o p f u l  o f  a  2 4 - 4 8  h r  T r y p t i c a s e  S o y  b r o t h  c u l tu r e .  I d e n t i c a l  p la t e s  w e re  i n ­
c u b a t e d  a t  3 7 °  i n  a i r  a n d  u n d e r  a n  a tm o s p h e r e  o f  5 %  C 0 2 +  9 5 %  N 2 ( v /v ) .  T h e s e  
w e re  e x a m in e d  f o r  c e l lu la r  a n d  c o lo n ia l  m o r p h o lo g y  u n d e r  x  1 0 0  a n d  x  9 8 0  m a g n i ­
f i c a t io n  a f t e r  1 6 -2 4  h r  in c u b a t io n .

I n  a  s e p a r a t e  e x p e r i m e n t  g r o w th  o f  3  s t r a in s  w a s  c o m p a r e d  b y  in c u b a t io n  in  a i r ,  
5 %  C 0 2 +  9 5 %  N 2 (v /v ) a n d  a ls o  in  a n  a tm o s p h e r e  o f  C 0 2-f re e  n i t r o g e n .

T h e  e f fe c ts  o f  c e r t a in  m e t a l s  o n  t h e  g r o w th  a n d  m o r p h o lo g y  o f  tw o  s t r a in s  o f  th i s  
o r g a n i s m  w e re  d e te r m i n e d  in  a  C a s i to n e  +  y e a s t  e x t r a c t  m e d iu m  (M e d iu m  I ) ,  i n ­
c u b a t e d  w i th  C 0 2 ‘ s e a l s ’ a s  u s e d  in  p r e v io u s  s t u d ie s  (H o w e l l  & J o r d a n ,  1 9 6 3 ).

E a c h  o f  t h e  m e ta l s  n o r m a l ly  a d d e d  t o  t h e  m e d iu m  ( g . / l . :  M g S 0 4 . 7 H 20 ,  0 -2 ; 
C a C l2 . 2 H 20 ,  0 0 2 ;  F e S 0 4. 7 H 20 ,  0  0 4 ;  M n S 0 4. 2 H 20 ,  0 0 0 1 5 ;  N a M o 0 4 . 2 H 20 ,  
0 -0 0 1 5 ) w a s  o m i t t e d  s e p a r a t e l y  t o  o b s e r v e  a n y  c h a n g e  in  g r o w th  o r  m o r p h o lo g y  d u e  
to  m e t a l  d e p r i v a t i o n .  O n e  lo o p f u l  f r o m  a  c u l t u r e  g r o w n  in  M e d iu m  I  w i th  d e c r e a s ­
in g  c o n c e n t r a t i o n s  o f  m a g n e s iu m  (0 -2 0 0  g . / l .  d o w n  t o  n o n e  a d d e d )  w a s  p l a t e d  o n  t h e  
s a m e  m e d iu m  c o n ta in in g  1 - 5 %  w a s h e d  N o b le ’s a g a r  (D ifc o  L a b o r a to r ie s ) .  I n  
s im i la r  e x p e r im e n t s  t h e  v a r io u s  o t h e r  m e ta l s  w e re  s e p a r a t e l y  e m i t t e d .  T h e  p la t e s  
w e re  i n c u b a t e d  a t  3 7 °  in  a n  a tm o s p h e r e  o f  5 %  C 0 2 +  9 5 %  N 2 ( v /v ) .  I t  w a s  c o n ­
s id e r e d  b e y o n d  t h e  s c o p e  o f  th e s e  e x p e r im e n t s  t o  d o  a n y  f u r t h e r  m e t a l  p u r i f i c a t io n  
o f  t h e  m e d iu m  its e l f .

A  p o s s ib le  in f lu e n c e  o f  s u b - in h ib i to r y  c o n c e n t r a t i o n s  o f  a n t i b io t i c s  o n  t h e  
d im o r p h i s m  o f  t h i s  o r g a n i s m  w a s  a ls o  c o n s id e re d . O n e  s t r a i n  ( t  6) w a s  f i r s t  e x p o s e d  
t o  a  r a n g e  o f  c o n c e n t r a t i o n s  o f  s o d iu m  p e n ic i l l in  G , b a c i t r a c i n ,  c h lo r a m p h e n ic o l  a n d  
s t r e p to m y c in  s u l p h a t e  in  T r y p t i c a s e  S o y  b r o t h  i n c u b a t e d  u n d e r  C 0 2 ‘ s e a l s ’, t o  
e s t a b l i s h  i n h i b i t o r y  c o n c e n t r a t i o n s  f o r  e a c h  a n t i b io t i c .  T h e  o r g a n i s m  w a s  th e n  
e x p o s e d  t o  a  n a r r o w  r a n g e  o f  c o n c e n t r a t i o n s  w h e re  g r o w th  w o u ld  o c c u r  b u t  w h e re  
t h e  m o r p h o lo g y  o f  t h e  o r g a n i s m s  m i g h t  b e  in f lu e n c e d . S t r e a k  p la t e s  o f  T r y p t i c a s e  
S o y  a g a r  c o n ta in in g  a p p r o p r i a t e  c o n c e n t r a t i o n s  o f  t h e  a n t i b io t i c  w e re  in c u b a t e d  
u n d e r  5 %  C 0 2 +  9 5 %  N 2 ( v /v ) .  T h e s e  c o n c e n t r a t i o n s  w e re  a s  fo l lo w s :  s o d iu m  
p e n ic i l l in  G , 0 -0 1 -0 -1  u n i t s / m l . ;  b a c i t r a c i n ,  0 -2 -1 -5  u n i t s / m l . : c h lo r a m p h e n ic o l ,  
0 - 2 - 0 - 7 5 /¿ g ./m l. ( w /v ) ;  s t r e p to m y c in  s u l p h a te ,  1 -0 -1 0 -0  /¿ g ./m l. (w /v ) .  M ic ro ­
c o lo n ie s  o n  t h e  p la t e s  w e re  e x a m in e d  a t  x  1 0 0  a n d  x  9 8 0  m a g n i f i c a t io n s  a t  in t e r v a l s  
f r o m  16  to  9 6  h r .

RESULTS

T h e  a tm o s p h e r e  o f  i n c u b a t io n  h a d  a  m a r k e d  e f f e c t  o n  c e l lu la r  a n d  c o lo n y  m o r p h ­
o lo g y . S m o o th  c u l t u r e s  o f  5 o f  6  s t r a in s  ( a n d  o n e  o f  t h e s e  i n  r e p e a t e d  e x p e r im e n ts )  
o n  p la t e s  in c u b a t e d  u n d e r  n i t r o g e n  +  c a r b o n  d io x id e  c o n t in u e d  t o  d e v e lo p  d i p h ­
th e r o id  m ic ro -c o lo n ie s  (P I . 1 , f ig . 1 ) o r  m ic ro -c o lo n ie s  b e a r in g  a  s h o r t ,  r e t r a c t i l e  
m y c e l ia l  f r in g e  w i t h  l i t t l e  o r  n o  b r a n c h in g ,  w h e r e a s  th o s e  i n c u b a t e d  in  a i r  r e v e r t e d  
t o  b r a n c h i n g  m y c e l ia l  m ic ro -c o lo n ie s  (P I . 1 , fig . 2 ) so  c h a r a c t e r i s t i c  o f  th e s e  s t r a in s  
w h e n  f i r s t  i s o la te d  f r o m  a n im a ls .  T h e  s m o o th  c u l t u r e s  o f  t h r e e  s t r a in s  i n c u b a t e d
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u n d e r  C 0 2-f re e  n i t r o g e n  b e c a m e  p r e d o m in a n t ly  f i la m e n to u s ,  t h o u g h  o c c a s io n a l  
d ip h th e r o id - l i k e  m ic ro -c o lo n ie s  w e re  fo u n d .

I n  c o n t r a s t ,  f i la m e n to u s  c u l tu r e s  o f  o n e  s t r a i n  m a i n t a i n e d  b y  s e r ia l  t r a n s f e r  in  
T r y p t i c a s e  S o y  b r o t h  a n d  i n c u b a t e d  a e r o b ic a l ly ,  c o n t in u e d  t o  p r o d u c e  f i la m e n to u s  
s p id e r - l ik e  m ic ro -c o lo n ie s  w h e n  in o c u l a te d  o n  b r a i n  h e a r t  in f u s io n  p la t e s ,  r e g a r d le s s  
o f  t h e  a tm o s p h e r e  o f  in c u b a t io n .  P l a t e s  in o c u l a te d  f r o m  in i t i a l l y  f i la m e n to u s  
c u l tu r e s  w h ic h  h a d  b e e n  c a r r i e d  b y  s e r ia l  t r a n s f e r  i n  t h e  T r y p t i c a s e  S o y  b r o t h  w i th  
K H 2P 0 4 +  N a 2C 0 3 ‘ s e a l s ’, h o w e v e r ,  in v a r i a b l y  s h o w e d  p r e d o m in a n t ly  d ip h t h e r o i d  
c o lo n ie s  w h e n  t h e  p la t e s  w e r e  i n c u b a t e d  u n d e r  C 0 2 +  N 2. T h u s ,  i t  is  o b v io u s  t h a t  
in c r e a s e d  C 0 2 t e n s io n  w a s  in  la r g e  p a r t  r e s p o n s ib le  f o r  t h e  c u l t u r a l  d im o r p h i s m  
e x h ib i t e d  b y  th e s e  o r g a n is m s .

I n  r e p e a t e d  e x p e r im e n t s  w i th  s t r a i n  hs 1 a n d  r o u g h  a n d  s m o o th  fo r m s  o f  s t r a i n  
t 6 , w h e n  le s s  t h a n  5 0 - 7 0  m g . M g S 0 4 . 7 H 20  w e re  a d d e d  p e r  1. M e d iu m  I ,  b o t h  t h e  
r a t e  a n d  a m o u n t  o f  g r o w th  w e re  a f f e c te d .  S u b o p t i m a l  c o n c e n t r a t i o n s  h a d  n o  e f f e c t  
u p o n  c e l lu la r  o r  c o lo n y  m o r p h o lo g y .  A l th o u g h  t h e  o m is s io n  o f  i r o n ,  c a lc iu m , o r  
m a n g a n e s e  f r o m  M e d iu m  I  d id  n o t  in f lu e n c e  s ig n i f i c a n t ly  t h e  r a t e  o r  a m o u n t  o f  
g r o w th ,  o m is s io n  o f  i r o n ,  i n  s o m e  e x p e r im e n t s ,  r e s u l t e d  i n  f i la m e n to u s  m ic r o ­
c o lo n ie s  (P I . 1, fig . 3 ) i n  p la c e  o f  t h e  d ip t h e r o i d  t y p e  f o u n d  in  c o n t r o l s  ( s im i la r  t o  
P I .  1, fig . 1 ). O m is s io n  o f  c a lc iu m  o r  m a n g a n e s e  h a d  n o  e f f e c t  o n  g r o w th  o r  m o r p h ­
o lo g y . L a c k  o f  c o n s i s te n c y  in  t h e s e  e x p e r im e n t s  w i th  i r o n ,  a n d  f a i lu r e  t o  f in d  a n y  
e f f e c t  o f  c a lc iu m  o r  m a n g a n e s e  m a y  h a v e  b e e n  d u e  t o  n e a r  a d e q u a t e  o r  a d e q u a t e  
a m o u n t s  o f  t h e s e  e le m e n ts  a l r e a d y  p r e s e n t  in  t h e  m e d iu m .

S t r a i n  t 6 u s e d  in  t h e  e x p e r im e n t s  in  w h ic h  a n t i b io t i c s  w e re  in c o r p o r a t e d  in  t h e  
m e d iu m  w a s  m a r k e d ly  s e n s i t iv e  t o  e a c h  o f  t h e  f o u r  a n t i b io t i c s  t e s t e d .  I n  a d d i t io n ,  a t  
a  c o n c e n t r a t i o n  o f  c h lo r a m p h e n ic o l  0 -2  / tg . /m l . ,  o n ly  s p id e r - l ik e  m ic ro -c o lo n ie s  w e re  
o b s e r v e d  a f t e r  in c u b a t io n  f o r  66  h r  w h e r e a s  c o n t r o l  p la t e s ,  a f t e r  16  h r  o f  i n c u b a t io n ,  
s h o w e d  p r e d o m in a n t ly  d ip h t h e r o i d  c o lo n ie s , o r  d i p h t h e r o i d  c o lo n ie s  b e a r in g  v e r y  
s h o r t  r e t r a c t i l e  f i la m e n ts  a r o u n d  t h e  m a r g in .  S p id e r  c o lo n ie s  w e re  a ls o  f o u n d  in  
p la t e s  c o n ta i n in g  c h lo r a m p h e n ic o l  0 -3  /ig.jm l. a f t e r  in c u b a t io n  f o r  90  h r .  L o w  c o n ­
c e n t r a t i o n s  o f  s o d iu m  p e n ic i l l in  G  (0 -0 5 -0 '0 7 5  u n i t s / m l . )  a n d  b a c i t r a c i n  (0 -6 -1 -0  
u n i t s /m l . ) ,  a l t h o u g h  s o m e w h a t  i n h i b i t o r y ,  d id  n o t  in d u c e  t h e  f o r m a t i o n  o f  f i la ­
m e n to u s  m ic ro -c o lo n ie s ,  b u t  s o m e w h a t  a ty p i c a l  h e a p e d  d e n s e  d ip h t h e r o i d  c o lo n ie s  
w e re  f o u n d  a f t e r  in c u b a t io n  f o r  4 0 - 9 0  h r .  F i l a m e n t o u s  c o lo n ie s  a lo n e  w e re  p r o d u c e d  
o n  p la t e s  c o n ta i n in g  s t r e p to m y c in  s u l p h a t e  5 / t g . /m l  (P I . 1, fig . 4 ) a f t e r  48  h r  i n c u b a ­
t i o n ,  w h e r e a s  d i p h t h e r o i d  c o lo n ie s  a lo n e  w e re  f o u n d  o n  c o n t r o l  p la t e s .  T h is  e f f e c t  o f  
s t r e p to m y c in  o n  m o r p h o lo g y  w a s  n o t  f o u n d  c o n s i s te n t ly  in  s u b s e q u e n t  e x p e r im e n t s .

C o n tr o l  o f  m o r p h o lo g y  i n  a n  a c t in o m y c e te  1 2 7

DISCUSSION

V a r ia t io n s  i n  t h e  m o r p h o lo g y  o f  a  v a r i e t y  o f  m ic r o - o r g a n is m s  u n d e r  t h e  in f lu e n c e  
o f  d i f f e r e n t  m e ta b o l i c  r e g u l a to r s  h a v e  b e e n  d e s c r ib e d  b y  n u m e r o u s  i n v e s t i g a to r s .  
W in d e r  & D e n n e n y  (1 9 5 9 ) r e p o r t e d  t h a t  t h e  g r o w th  o f  Mycobacterium smegmatis i n  a  
m e d iu m  d e f ic ie n t  in  i r o n  a n d  z in c  r e s u l t e d  i n  e lo n g a te d  f i la m e n t - l ik e  o r g a n i s m s  c o n ­
t a i n i n g  a  lo w  c o n c e n t r a t i o n  o f  d e o x y r ib o n u c le ic  a c id  a s  c o m p a r e d  w i th  n o r m a l  
o r g a n i s m s  o f  t h e  s a m e  a g e . I n  Nocard ia  opaca a  m a n g a n e s e  d e f ic ie n c y  c a u s e d  a  
m a r k e d  f i la m e n to u s  g r o w th  a n d  f a i lu r e  t o  f r a g m e n t  (W e b le y , 1 9 6 0 ) . F i l a m e n t o u s  
f o r m s  o f  Escherichia coli w e re  o b s e r v e d  b y  R a t l e d g e  & W in d e r  (1 9 6 4 )  w h e n  th i s
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o r g a n i s m  g re w  in  a n  i r o n  o r  z in c  d e f ic ie n t  m e d iu m . T h e  t e n d e n c y  o f  G r a m - p o s i t iv e  
b a c t e r i a  t o  g ro w  a s  lo n g  f i la m e n ts  u n d e r  c o n d i t io n s  o f  m a g n e s iu m  d e f ic ie n c y  w a s  
d e s c r ib e d  b y  W e b b  (1 9 5 3 ) . A l th o u g h  m a g n e s iu m  w a s  r e q u i r e d  f o r  g r o w th  o f  t h e  
‘ h a m s te r  o r g a n i s m  ’ in  a  m e d iu m  c o n ta in in g  o t h e r  m e ta ls ,  n o  e f f e c t  o n  m o r p h o lo g y  
w a s  o b s e r v e d .  T h e  a d d i t i o n  o f  c e r t a in  a m in o  a c id s  a n d  o t h e r  o r g a n ic  a c id s  t o  a  b a s a l  
m e d iu m  w h ic h  s u p p o r t e d  g r o w th  o f  c o c c o id  fo r m s  o n ly  o f  Arthrobacter crystal- 
lapoietus r e s u l t e d  in  t h e  f o r m a t i o n  o f  r o d  fo r m s  ( E n s ig n  &  W o lfe , 1 9 6 4 ).

S im ila r  e f f e c ts  m a y  r e s u l t  f r o m  e x p o s u r e  t o  b a c t e r i a l  in h ib i to r s .  E lo n g a t e d  f o r m s  
o f  Escherichia coli a n d  Bacillus subtilis in d u c e d  b y  p e n ic i l l in  w e re  d e s c r ib e d  b y  
P r a t t  &  D u f r e n o y  (1 9 4 8 ) . T h e  s a m e  e f f e c t  w a s  o b t a i n e d  b y  t h e  u s e  o f  s u lp h o n a m id e s  
a n d  b a c i t r a c i n .  F le m in g ,  V o u r e k a ,  K r a m e r  & H u g h e s  (1 9 5 0 )  r e p o r t e d  v e r y  lo n g  
f i la m e n ts  a n d  b iz a r r e  b r a n c h i n g  b y  Salmonella typhi, Vibrio cholerae, Pseudomonas 
pyocyanea, a n d  Escherichia coli in  t h e  p r e s e n c e  o f  s u b - in h ib i to r y  c o n c e n t r a t i o n s  o f  
p e n ic i l l in .

C a r b o n  d io x id e  h a s  b e e n  s h o w n  t o  e x e r t  a  c o n t r o l l in g  in f lu e n c e  o n  t h e  m o r p h o lo g y  
o f  Coccidiodies im.mitis (L o n e s  &  P e a c o c k ,  1 9 6 0 ), Sporotrichum schencki ( D r o u h e t  & 
M a r ia t ,  1 9 5 2 ) a n d  Histoplasma farciminosum (B u lle n ,  1 9 4 9 ) . O f  a d d i t i o n a l  i n t e r e s t  
in  t h i s  r e s p e c t  is  a  r e p o r t  b y  C h a n  (1 9 6 4 ) o f  a b e r r a n t  fo r m s  o f  Arthrobacter globi- 
formis in d u c e d  b y  a  b io t in  d e f ic ie n c y . N ic k e r s o n  & M a n k o w s k i (1 9 5 3 ) r e p o r t e d  t h a t  
Candida albicans w a s  m a i n t a i n e d  in  t h e  y e a s t  p h a s e  in  a  s im p l if ie d  b a s a l  m e d iu m  
c o n ta in in g  g lu c o s e  a n d  b io t in .

R e g u la t i o n  o f  m o u l d /v e a s t  d im o r p h i s m  o f  Mucor rouxii b y  a d j u s t m e n t  o f  t h e  
c a r b o n  d io x id e  a n d  o x y g e n  t e n s io n s  o f  t h e  g r o w th  a tm o s p h e r e  w a s  d is c u s s e d  b y  
B a r tn i c k i - G a r c i a  (1 9 6 3 ) . T h e  h y p o th e s i s  w a s  a d v a n c e d  t h a t  c a r b o n  d io x id e  f i x a t io n  
p ro c e e d s  th r o u g h  t h e  w e l l - k n o w n  m a l a t e  p a t h w a y  le a d in g  t o  a s p a r t a t e  f o r m a t io n .  
T h is  m a y  s t im u la t e  t h e  f o r m a t i o n  a n d  a c c u m u la t io n  o f  m a n n a n - p r o t e in  in  t h e  c e ll 
w a l l  o f  t h e  y e a s t  f o r m .  T h e  in h i b i t o r y  e f f e c t  o f  o x y g e n  o n  d e v e lo p m e n t  o f  t h e  y e a s t  
f o r m  w a s  e x p la in e d  o n  t h e  b a s i s  t h a t  u n d e r  a e r o b ic  g r o w th  c o n d i t io n s  o p e r a t i o n  ‘ o f  
t h e  t r i c a r b o x y l i c  a c id  c y c le  m a y  p r e v e n t  a n y  e x c e s s iv e  a c c u m u la t io n  o f  c a r b o x y l ic  
a c id s  r e s u l t i n g  f r o m  C 0 2 f i x a t i o n ’.

T h u s  i t  is  o b v io u s  t h a t  t h e  f a c to r s  w h ic h  w e re  s h o w n  t o  in f lu e n c e  t h e  m o r p h o lo g y  
o f  o u r  a c t i n o m y c e t e  h a v e  b e e n  a d e q u a t e ly  d e m o n s t r a t e d  t o  e x e r t  t h e i r  m o r p h o -  
g e n ic  e f f e c ts  o n  a  v a r i e t y  o f  o t h e r  m ic r o b ia l  f o r m s .  D e m o n s t r a t i o n  o f  a  n u t r i t i o n a l  
c o n t r o l  o f  m o r p h o lo g y  in  c u l tu r e s  o f  a n  a c t i n o m y c e te  r a i s e s  q u e s t io n s  a b o u t  t h e  
r e l a t i o n s h ip  o f  v a r io u s  f i la m e n to u s  a n d  d ip h t h e r o i d  o r g a n is m s  c o m m o n ly  d e s c r ib e d  
f r o m  t h e  o r a l  c a v i t y ,  p a r t i c u l a r l y  in  s u r v e y s  w h ic h  a r e  b a s e d  o n  v is u a l  e x a m i n a t i o n  
o f  d e n ta l  p la q u e  m a t e r i a l .  H u r s t  (1 9 5 0 )  p o in t e d  o u t  t h e  d if f ic u l tie s  o f  a  q u a n t i t a t i v e  
e s t im a t i o n  o f  a c t i n o m y c e te s  f r o m  t o o t h  s c r a p in g s ,  b a s e d  o n  m o r p h o lo g y  a lo n e .  T h e  
c o n fu s io n  s u r r o u n d in g  th e  t r u e  i d e n t i t y  o f  o r a l  ‘ d i p h t h e r o i d s ’ w h ic h  h a v e  b e e n  
d e s c r ib e d  in  t h e  l i t e r a t u r e  w a s  a ls o  m e n t io n e d  b y  M o r r is  (1 9 5 4 ) . O u r  w o r k  i l l u s t r a t e s  
t h e  f a c t  t h a t  t h e  m o r p h o lo g y  o f  th e s e  o r g a n i s m s  in vivo c a n  b e  s ig n i f i c a n t ly  d i f f e r e n t  
f r o m  t h e i r  a p p e a r a n c e  a s  c u l t i v a t e d  in vitro. I t  is  p o s s ib le  t h a t  t h e  r e l a t i v e ly  h ig h  
c o n c e n t r a t i o n s  o f  a v a i l a b le  C 0 2 in  t h e  o r a l  c a v i t y  w o u ld  f a v o u r  t h e  d ip h t h e r o i d a l  
f o r m  o f  t h e  o r g a n i s m .

T h e  te c h n ic a l  a s s i s t a n c e  o f  M rs  N o r m a  H a r t k e  a n d  M r W . P r e s to n  is  g r a t e f u l ly  
a c k n o w le d g e d .

H .  V .  J o r d a n  a n d  A . H o w e l l , J u n .
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EXPLANATION OF PLATE
P late  1

Fig. 1. Micro-colonies of actinomycète strain t 6, on brain heart infusion agar incubated for 
16 hr at 37° in 5% C02 +  95% N2 (v/v). x 440.
Fig. 2. Micro-colonies of actinomycète strain t  6, on brain heart infusion agar incubated for 24 hr 
at 37° in air. x 440.
Fig. 3. Micro-colonies of actinomycète strain T 6, on medium I, containing 1-5% (w/v) washed 
Noble’s agar without added iron. Incubated for 20 hr at 37° in 5% C02 + 95% N2 (v/v). x 440. 
Fig. 4. Micro-colonies of actinomycète strain T 6, on Trypticase Soy agar containing streptomycin 
sulphate 5 fig ./m l. ; incubated for 48 hr at 37° under 5% C02 +  95% N2 (v/v). x 440.
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SUMMARY

G r o w th ,  r e s p i r a t o r y  a c t i v i t y  a n d  t h e  a b i l i t y  t o  a c c u m u la te  D -g lu c o s - 
a m in e  w e re  e x a m in e d  in  t h r e e  p s y c h r o p h i l i c  a n d  t h r e e  r e l a t e d  m e s o p h i l ic  
m ic r o - o r g a n is m s  a t  t e m p e r a t u r e s  b e tw e e n  0 °  a n d  2 0 ° . E a c h  o f  t h e  p s y c h r o -  
p h i l s  ( s t r a in s  o f  A r th r o b a c t e r ,  C a n d id a  a n d  Corynebacterium erythrogenes) 
g re w  w e ll a t  0 °  a n d  a ls o  r e s p i r e d  e x o g e n o u s  g lu c o s e  a n d  a c c u m u la te d  
g lu c o s a m in e  a t  th i s  t e m p e r a t u r e .  T h e  m in im u m  t e m p e r a t u r e s  f o r  g r o w th  
(5 - 1 0 ° )  o f  t h e  m e s o p h i l ic  s t r a in s  o f  A r t h r o b a c t e r  a n d  Candida utilis w e re  
a p p r o x i m a t e ly  t h e  s a m e  a s  th o s e  a t  w h ic h  t h e  o r g a n i s m s  c e a s e d  t o  r e s p ir e  
g lu c o s e  a n d  a c c u m u la te  g lu c o s a m in e .  B u t  t h e  m e s o p h i l  Corynebacterium 
xerosis r e s p i r e d  e x o g e n o u s  g lu c o s e  a n d  a c c u m u la t e d  g lu c o s a m in e  a t  
t e m p e r a t u r e s  a s  lo w  a s  1 0 ° , w h ic h  is  w e ll  b e lo w  t h e  m in im u m  t e m p e r a t u r e  
f o r  g r o w th  o f  t h i s  b a c t e r iu m  in  f r e s h ly  i n o c u la te d  c u l t u r e  (2 0 ° ) . C u l tu r e s  
o f  C. xerosis t r a n s f e r r e d  f r o m  3 0 °  t o  1 5 °  in  t h e  m id - e x p o n e n t ia l  p h a s e  o f  
g r o w th  w e re  c a p a b le  o f  a  l im i te d  a m o u n t  o f  g r o w th  a t  t h e  lo w e r  t e m p e r a t u r e ,  
c o r r e s p o n d in g  a p p r o x i m a t e ly  t o  a  d o u b l in g  in  t h e  s iz e  o f  t h e  p o p u la t i o n ;  
l a t e - e x p o n e n t i a l  p h a s e  c u l tu r e s  w h e n  t r a n s f e r r e d  t o  1 5 ° d id  n o t  h a v e  th i s  
a b i l i t y .  A l th o u g h  c u l t u r e s  o f  C. xerosis t r a n s f e r r e d  f r o m  3 0 °  t o  1 0 °  d id  
n o t  g ro w , t h e  b a c t e r i a  w e re  a b le  t o  r e s p i r e  e x o g e n o u s  g lu c o s e  a n d  a c c u m u ­
l a t e  g lu c o s a m in e  e v e n  a f t e r  4 8  h r  a t  t h e  lo w e r  t e m p e r a t u r e .  T h e  p s y c h r o ­
p h i l ic  o r g a n is m s  d id  n o t  d if fe r  f r o m  t h e i r  m e s o p h i l ic  c o u n te r p a r t s  in  t h e i r  
s e n s i t i v i t y  t o  2 ,4 - d in i t r o p h e n o l ,  u r a n y l  io n s  a n d  n y s t a t i n ,  t h r e e  m e ta b o l i c  
in h i b i t o r s  w h ic h  a f f e c t  r e s p i r a t o r y  a c t i v i t y  a n d  s u g a r  u p t a k e  in  m ic r o ­
o r g a n i s m s .

INTRODUCTION

M a n y  m ic r o - o r g a n is m s  f a i l  t o  m u l t i p ly  w h e n  i n c u b a t e d  a t  t e m p e r a t u r e s  b e lo w
5 -1 0 ° .  T h e s e  o r g a n i s m s  h a v e  b e e n  d e s c r ib e d  a s  m e s o p h i l ic  t o  d is t i n g u is h  t h e m  f r o m  
p s y c h r o p h i l i c  m ic r o - o r g a n is m s  w h ic h  g ro w  w e ll a t  t e m p e r a t u r e s  a s  lo w  a s , a n d  
s o m e t im e s  lo w e r  t h a n ,  0 ° . T h e  b io c h e m ic a l  f a c t o r s  w h ic h  d e te r m in e  t h e  m in im u m  
t e m p e r a t u r e s  f o r  t h e  g r o w th  o f  m ic r o - o r g a n is m s  h a v e  o n ly  r e c e n t ly  b e e n  e x p lo r e d  
a l t h o u g h  t h e  p r o b le m  w a s  s t a t e d  q u i t e  s u c c in c t ly  b y  R a h n  m a n y  y e a r s  a g o  w h e n  
h e  o b s e r v e d  t h a t ,  s in c e  g r o w th  a n d  r e s p i r a t i o n  a r e  c h e m ic a l  r e a c t io n s ,  t h e y  s h o u ld  
c o n t in u e  th o u g h  a t  a  g r e a t ly  d e c r e a s e d  r a t e  u n t i l  t h e  m e d iu m  in  w h ic h  t h e  m ic r o ­
o r g a n i s m s  a r e  s u s p e n d e d  f r e e z e s  s o l id  ( R a h n ,  1 9 3 2 ) . A l th o u g h  t h i s  b e h a v io u r  is  
f o u n d  w i th  p s y c h r o p h i l i c  m ic r o - o r g a n is m s ,  i t  is  n o t  c h a r a c t e r i s t i c  o f  m e s o p h ils .

I n g r a h a m  (1 9 5 8 ) c o m p a r e d  t h e  e f f e c t  o f  in c u b a t io n  t e m p e r a t u r e  o n  t h e  g e n e r a t io n  
t im e s  o f  a  p s y c h r o p h i l i c  a n d  a  m e s o p h i l ic  b a c t e r iu m ,  a n d  s h o w e d  t h a t  t h e  p s y c h r o -  
p h i l  h a d  a  lo w e r  t e m p e r a t u r e  c h a r a c t e r i s t i c  ( a  v a lu e  w h ic h  is  s y n o n y m o u s  w i th  fi
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o f  t h e  A r r h e n iu s  e q u a t io n )  a s  c o m p a r e d  w i th  t h e  m e s o p h iL  T h is  d i f fe re n c e  in  
t e m p e r a t u r e  c h a r a c t e r i s t i c  p r o m p te d  I n g r a h a m  & B a i l e y  (1 9 5 9 ) t o  e x a m in e  t h e  
e f f e c t  o f  h e a t  o n  t h e  a c t i v i t i e s  o f  g lu c o s e  6 - p h o s p h a te - ,  i s o c i t r a te - ,  a n d  m a la te -  
d e h y d r o g e n a s e s  in  c e ll- f re e  e x t r a c t s  o f  t h e s e  b a c te r i a ,  t o  d is c o v e r  w h e th e r  t h e  
e n z y m e s  in  t h e  p s y c h r o p h i l  h a d  lo w e r  a c t i v a t i o n  e n e rg ie s  t h a n  t h e  c o r r e s p o n d in g  
e n z y m e s  f r o m  t h e  m e s o p h i l .  I t  w a s  f o u n d ,  h o w e v e r ,  t h a t  th e  a c t i v a t i o n  e n e rg ie s  
w e re  v e r y  s im i la r  i f  n o t  i d e n t ic a l  f o r  t h e  e n z y m e s  e x a m in e d .  B u t ,  in  o t h e r  e x p e r i ­
m e n t s ,  i t  w a s  s h o w n  t h a t  t h e  t e m p e r a t u r e  c o e f f ic ie n t (i .e . Q10 v a lu e )  o f  g lu c o s e  
o x id a t io n  w a s  le s s  f o r  t h e  p s y c h r o p h i l  t h a n  f o r  t h e  m e s o p h il .  a n d  th e s e  f in d in g s  
le d  I n g r a h a m  & B a i le y  (1 9 5 9 ) t o  s u g g e s t  t h a t  t h e  d if fe re n c e s  in  t e m p e r a t u r e  
r e s p o n s e  b e tw e e n  p s y c h r o p h i l s  a n d  m e s o p h i l s  m i g h t  b e  t h e  r e s u l t  o f  d if fe re n c e s  in  
s o m e  a s p e c t  o f  t h e  b io c h e m ic a l  o r g a n iz a t io n  o f  t h e  o rg a n is m s  r a t h e r  t h a n  in  t h e  
p r o p e r t ie s  o f  i n d iv id u a l  e n z y m e s .  T h e  f i r s t  in d i c a t i o n  o f  a n  a s p e c t  o f  c e ll o r g a n iz a ­
t i o n  w h ic h  m i g h t  fo r m  t h e  b a s is  o f  t h e  d if f e re n c e  i n  r e s p o n s e  t o  n e a r - z e r o  t e m p e r a ­
tu r e s  c a m e  f r o m  a  r e p o r t  b y  B a x t e r  & G ib b o n s  (1 9 6 2 ) . T h e s e  w o r k e r s  c o m p a r e d  
t h e  r e s p i r a t o r y  a c t i v i t i e s  o f  a  p s y c h r o p h i l i c  s t r a i n  o f  C a n d id a ,  a  y e a s t ,  w i th  a  
m e s o p h i l ic  s t r a i n  o f  Candida lipolytica a n d  f o u n d  t h a t  t h e  p s y c h r o p h i l  r e s p i r e d  
e n d o g e n o u s  r e s e r v e s  a t  a  g r e a t e r  r a t e  t h a n  t h e  m e s o p h i l  a t  a l l  t e m p e r a t u r e s  u p  to  
3 0 °  a n d  t h a t ,  a l t h o u g h  t h e  p s y c h r o p h i l  o x id iz e d  g lu c o s e  a t  a n  a p p r e c i a b le  r a t e  
e v e n  a t  0 ° , v i r t u a l l y  n o  e x o g e n o u s  s u b s t r a t e  w a s  o x id iz e d  b y  t h e  m e s o p h i l  a t  
t e m p e r a t u r e s  b e lo w  5 °. B a x t e r  & G ib b o n s  s u g g e s te d  t h a t  t h e  m a in  f a c t o r s  d e ­
t e r m i n in g  t h e  m in im u m  t e m p e r a t u r e  f o r  g r o w th  o f  a  m ic r o - o r g a n is m  a r e  t h e  t e m p e r a ­
t u r e  c h a r a c t e r i s t i c s  o f  t h e  m e c h a n is m s  f o r  t r a n s p o r t i n g  s o lu te s  in t o  t h e  o r g a n i s m s .

T h e  p r e s e n t  p a p e r  d e s c r ib e s  e x p e r im e n t s  o n  t h e  e f f e c t  o f  t e m p e r a t u r e s  b e tw e e n  
0 °  a n d  2 0 °  o n  t h e  g r o w th ,  r e s p i r a t o r y  a c t i v i t y  a n d  g lu c o s a m in e - a c c u m u la t in g  
c a p a c i ty  o f  t h r e e  p s y c h r o p h i l i c  a n d  th r e e  r e l a t e d  m e s o p h i l ic  m ic r o - o r g a n is m s .  
T h e s e  e x p e r im e n t s  w e re  d o n e  t o  a s s e s s  t h e  e x t e n t  t o  w h ic h  t h e  t e m p e r a t u r e  c h a r a c ­
t e r i s t i c s  o f  t h e  s o lu te  t r a n s p o r t  m e c h a n is m s  d e te r m in e  t h e  m in im u m  t e m p e r a t u r e s  
f o r  g r o w th  o f  th e s e  o rg a n is m s .

METHODS

Organisms. T h e  p s y c h r o p h i l i c  m ic r o - o r g a n is m s  u s e d  w e re  A r t h r o b a c t e r  s t r a i n  
N o . r  2 2 /3 a  ( p r o v id e d  b y  M r  S. B .  T h o m a s ,  N a t i o n a l  A g r ic u l tu r a l  A d v is o r y  
S e rv ic e ,  M in is t r y  o f  A g r ic u l tu r e ,  F is h e r ie s  a n d  F o o d ,  T ra w s c o e d ,  A b e r y s t w y t h ,  
W a le s ) ,  C a n d id a  s t r a i n  N o . a 3 e - 2  ( S t r a k a  & S to k e s ,  1 9 6 0 ; o b t a i n e d  t h r o u g h  t h e  
c o u r t e s y  o f  D r  R .  P .  S t r a k a ,  W e s t e r n  U t i l i z a t i o n  R e s e a r c h  a n d  D e v e lo p m e n t  
D iv is io n ,  U .S .  D e p a r t m e n t  o f  A g r ic u l tu r e ,  A lb a n y ,  C a li fo rn ia ,  U .S .A .)  a n d  Coryne- 
bacterium erythrogenes s t r a i n  n c m b  5. T h e  m e s o p h i l ic  c o u n t e r p a r t s  o f  th e s e  o r g a n i s m s  
w e re  A r t h r o b a c t e r  s t r a i n  N o . 16  (V e ld k a m p , V a n  D e n  B e r g  & Z e v e n h u iz e n ,  1 9 6 3 ; 
s u p p l ie d  b y  P r o f e s s o r  H .  V e ld k a m p ,  B a c t e r io lo g y - S e r o lo g y  L a b o r a t o r y ,  U n iv e r s i ty  
o f  G r o n in g e n ,  H o l la n d ) ,  Candida utilis s t r a i n  n c y c  3 2 1 , a n d  th r e e  s t r a in s  o f  Coryne- 
bacterium xerosis, o n e  ( s t r a i n  n c l ) f r o m  t h e  c u l t u r e  c o l le c t io n  in  th i s  d e p a r t m e n t ,  
a n d  t h e  o t h e r  s t r a in s  n c tc  7 2 4 3  a n d  9 7 5 5 .

T h e  s t r a in s  o f  C a n d id a  w e re  m a i n t a i n e d  o n  s lo p e s  o f  m a l t  w o r t  a g a r  (1 0  % , w /v ,  
s p r a y - d r i e d  m a l t  e x t r a c t ,  ‘M u n t o n a ’, M u n to n  & F is o n ,  L t d . ,  S to w m a r k e t ,  S u ffo lk , 
+  2 % , w /v ,  a g a r )  a n d  t h e  b a c t e r i a  o n  n u t r i e n t  a g a r .  S to c k  c u l tu r e s  o f  t h e  p s y c h r o p h i l s  
w e re  s t o r e d  a t  0 °  a n d  t h e  m e s o p h i l s  a t  r o o m  t e m p e r a t u r e  (1 8 ° -2 0 ° ) .
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Experimental cultures. T h e  g lu c o s e  +  s a l t s  +  v i t a m i n s  m e d iu m  ( p H  4 -5) o f  R o s e  &  

N ic k e r s o n  (1 9 5 6 ) s u p p l e m e n t e d  w i th  D -b io t in  (2 -0  / tg . / l . )  w a s  u s e d  f o r  g r o w in g  t h e  
y e a s t s .  T h e  b a c t e r i a  wre re  g r o w n  in  a  m e d iu m  ( p H  6 -7 ) o f  t h e  fo l lo w in g  c o m p o s i t io n :  
g lu c o s e , 2 0 -0  g . ;  C a s a m in o  a c id s ,  v i t a m in - f r e e  (D ifc o ) , 10 -0  g . ;  N a 2H P 0 4, 6 -0  g . ; 
K H 2P 0 4, 3 -0  g . ;  N a C l ,  3 -0  g . ;  N H 4C1, 2 -0  g . ;  M g S 0 4 . 7 H 20 ,  0 T  g ., L -c y s te in e , 
0 T  g . ;  D L - t r y p to p h a n ,  0 T  g . ;  n ic o t in ic  a c id ,  4 -0  m g . ;  th i a m i n e ,  1-0 m g . ;  c a lc iu m -D - 
p a n t o t h e n a t e ,  1-0 m g . ;  p y r i d o x in  H C 1, 1-0 m g . ; r ib o f la v in ,  0 -2 5  m g . ; D -b io t in ,
2 -0  / t g . ;  d i s t i l l e d  w a te r ,  1 1 .

P o r t i o n s  (1 0 0  m l .)  o f  y e a s t  m e d iu m  o r  o f  g lu c o s e - f r e e  b a c t e r i a l  m e d iu m  (9 0  m l .)  
w e re  d is p e n s e d  i n t o  3 5 0  m l .  c o n ic a l  f la s k s  p lu g g e d  w i th  c o t to n w o o l .  Y e a s t  m e d iu m  
w a s  s te r i l iz e d  b y  a u to c l a v in g  m o m e n ta r i l y  a t  1 1 0 °  a n d  b a c t e r i a l  m e d iu m  a t  1 1 5 °  
f o r  15  m in .  A f te r  c o o lin g , e a c h  p o r t i o n  o f  b a c t e r i a l  m e d iu m  w a s  s u p p le m e n te d  
w i th  10  m l .  o f  s t e r i l e  2 0  %  (w /v )  g lu c o s e  s o lu t io n .  I n  c e r t a i n  e x p e r im e n t s ,  c u l t u r e s  
(6  m l .)  w e re  g ro w n  in  S a m c o  t u b e s  c o v e r e d  w i th  a n o d iz e d  a lu m in iu m  c a p s  ( O x o L td . ,  
Q u e e n  S t r e e t  P la c e ,  L o n d o n ,  E .C . 4 ;  N o r t h a m  & N o r r i s ,  1 9 5 1 ) . Y e a s t  in o c u la  w e re  
p r e p a r e d  b y  s u s p e n d in g  s u f f ic ie n t  o r g a n i s m s  f r o m  a  s lo p e  c u l t u r e  i n t o  6  m l .  p h o s p h a t e  
b u f f e r  (m / 15  K H 2P 0 4; p H  4 -5 ) t o  g iv e  a  c o n c e n t r a t i o n  e q u iv a l e n t  t o  0 -0 7 -0 -0 9  m g . 
d r y  w t . /m l .  W i t h  b a c t e r i a l  in o c u la ,  t h e  o r g a n i s m s  w e re  s u s p e n d e d  in  6  m l .  0 -8 5  % ( w /v )  
N a C l t o  g iv e  a  c o n c e n t r a t i o n  e q u iv a l e n t  t o  0 -0 5 -0 -0 7  m g . d r y  w t . /m l .  T h e  o r g a n i s m s  
in  s u s p e n s io n s  w e re  w a s h e d  tw ic e  w i th  s t e r i l e  b u f f e r  o r  s a l in e  a n d  r e s u s p e n d e d  in  
a  f in a l  6  m l .  p o r t io n .  E a c h  f la s k  o f  s t e r i l e  m e d iu m  w a s  in o c u la te d  w i th  0 -8  m l .  o f  
w a s h e d  s u s p e n s io n  a n d  e a c h  t u b e  (6  m l .)  w i th  0 -0 5  m l .  s u s p e n s io n .  G r o w th  o f  t h e  
o r g a n i s m s  w a s  m e a s u r e d  tu r b id i m e t r i c a l l y  in  S a m c o  tu b e s  w i th  t h e  H i lg e r  ‘ S p e k k e r  ’ 
a b s o r p t io m e te r  (M o d e l H  7 6 0 ) a n d  n e u t r a l  g r e e n - g r e y  H  5 0 8  f i l te r s ,  a n d  a  m e d iu m  
b la n k .  T u r b i d i t y  r e a d in g s  w e re  r e l a t e d  t o  d r y  w e ig h t  o f  o r g a n i s m  b y  u s in g  a  c a l i b r a ­
t i o n  c u r v e  f o r  e a c h  o r g a n i s m .  I t  w a s  s h o w n , w i th  e a c h  o f  t h e  o r g a n i s m s  u s e d  in  
th i s  s t u d y ,  t h a t  t h e  t e m p e r a t u r e  o f  i n c u b a t io n  d id  n o t  a l t e r  t h e  r e l a t i o n s h ip  b e tw e e n  
th e  t u r b i d i t y  o f  t h e  c u l t u r e  a n d  t h e  e q u iv a l e n t  d r y  w e ig h t  o f  o r g a n i s m s  p r e s e n t  
o r  t h e i r  d e o x y r ib o n u c le ic  a c id  c o n t e n t  a s  d e te r m i n e d  b y  t h e  m e th o d  d e s c r ib e d  b y  
A h m a d ,  R o s e  & G a r g  (1 9 6 1 ) .

Cell suspensions. A f te r  g r o w th  h a d  b e e n  m e a s u r e d ,  o r g a n is m s  w e re  s e p a r a t e d  
f r o m  c u l t u r e  f lu id  b y  c e n t r i f u g a t io n .  Y e a s t  c ro p s  w e re  w a s h e d  th r e e  t im e s  w i th  
p h o s p h a t e  b u f f e r  ( p H  4 -5) a n d  b a c t e r i a  w i th  p h o s p h a t e  b u f f e r  ( p H  7 -0 ; G o m o r i ,  
1 9 5 5 ) . D u r in g  c e n t r i f u g a t io n  a n d  w a s h in g ,  t h e  o r g a n i s m s  w e re  m a i n t a i n e d  a t  t h e  
s a m e  t e m p e r a t u r e  a s  t h a t  a t  w h ic h  t h e y  h a d  b e e n  in c u b a te d .

R cspirom etry. D e te r m in a t io n s  o f  t h e  r a t e s  o f  r e s p i r a t i o n  o f  e n d o g e n o u s  r e s e r v e s  
(Q o, < ,nd .) a n d  o f  e x o g e n o u s  g lu c o s e  (Q 0„ g,„c.) a t  d i f f e r e n t  t e m p e r a t u r e s  w e re  m a d e  
b y  t h e  d i r e c t  W a r b u r g  m e t h o d  ( U m b r e i t ,  B u r r i s  &  S ta u f f e r ,  1 9 5 7 ) b y  u s in g  t h e  
B r a u n  W a r b u r g  a p p a r a t u s  (M o d e l V  8 5 ;  B .  B r a u n ,  M e ls u n g e n , W e s t  G e r m a n y )  
f i t t e d  w i th  c o o lin g  c o ils . E a c h  f la s k  c o n ta i n e d  t h e  e q u iv a l e n t  o f  b e tw e e n  2 a n d  
12 m g . d r y - w e ig h t  w a s h e d  o r g a n i s m  in  2 -0  m l .  o f  p h o s p h a t e  b u f f e r  ( p H  4 -5) w i t h  t h e  
y e a s t s  o r  p h o s p h a t e  b u f f e r  ( p H  7 -0) w i th  t h e  b a c t e r i a .  T h e  c e n t r e  w e ll  c o n ta i n e d  
0 -2  m l .  2 0 %  (w /v )  K O H  a n d  t h e  s id e  a r m  0 -3  m l .  1 0 %  (w /v )  g lu c o s e  o r  0 -3  m l .  
w a te r .  A ir  w a s  t h e  g a s  p h a s e .  T h e  Q 0, end. a n d  Q 0, gIac. v a lu e s  a r e  e x p r e s s e d  a s  t h e  
n u m b e r  o f  /¿l. o x y g e n  c o n s u m e d /m g . d r y  w t .  o r g a n i s m / h r  a t  t h e  t e m p e r a t u r e  

s t a t e d .
Measurement of glucosamine uptake. T r a n s p o r t  o f  s u g a r  in t o  t h e  m ic r o - o r g a n is m s

B a s i s  o f  m i n i m u m  t e m p e r a tu r e  f o r  g r o w th



w a s  s t u d ie d  b y  m e a s u r in g  t h e i r  c a p a c i ty  t o  a c c u m u la te  D -g lu c o s a m in e . I t  w a s  
p o s s ib le  t o  u s e  t h i s  a m in o  s u g a r  s in c e  n o n e  o f  t h e  o r g a n i s m s  u t i l i z e d  i t  a s  a  c a r b o n  o r  
n i t r o g e n  s o u r c e  f o r  g r o w th .  P o r t io n s  o f  a  s u s p e n s io n  c o n ta in in g  t h e  e q u iv a l e n t  o f  4 0 -  
5 0  m g . d r y  w t .  o r g a n i s m  w e re  c e n t r i f u g e d  a t  t h e  a p p r o p r i a t e  t e m p e r a t u r e  a n d  t h e  
o r g a n i s m s  r e s u s p e n d e d  in  15  m l .  o f  p h o s p h a t e  b u f f e r  ( p H  4 '5  o r  7 -0 ) c o n ta in in g  
1 - 2 %  (w /v )  D -g lu c o s a m in e  H C 1. C o n tr o l  s u s p e n s io n s  w e re  p r e p a r e d  in  p h o s p h a t e  
b u f f e r  l a c k in g  g lu c o s a m in e .  I n  c e r t a in  e x p e r im e n t s ,  2 ,4 - d in i t r o p h e n o l  ( D N P ;  
h im ) w a s  in c lu d e d  in  t h e  s u s p e n d in g  b u f f e r .  T h e  p o r t io n s  o f  b u f f e r  w e re  e q u i l i b r a t e d  
a t  t h e  a p p r o p r i a t e  t e m p e r a t u r e  b e fo r e  b e in g  u s e d .  T h e  s u s p e n s io n s  w e re  p la c e d  
in  50  m l .  c o n ic a l  f la s k s  a n d  s t i r r e d  w i th  a  m a g n e t ic  s t i r r e r  f o r  2 h r  a t  a  c o n s t a n t  
t e m p e r a t u r e .  A  p o r t i o n  (6  m l .)  o f  e a c h  s u s p e n s io n  w a s  r e m o v e d  a f t e r  2  h r ,  a n d  
th e s e  p o r t io n s  w e re  r a p i d ly  t r a n s f e r r e d  t o  ic e -c o ld  t u b e s  a n d  c e n t r i f u g e d  o n  a  
h ig h - s p e e d  c e n t r i f u g e  a t  0 ° . T h e  o r g a n is m s  in  t h e  p e l l e ts  w e re  w a s h e d  t h r e e  t im e s  
w i th  ic e -c o ld  w a te r ,  a n d  f in a l ly  s u s n e n d e d  in  3  m l .  w a t e r  a n d  p la c e d  in  a  b o i l in g  
w a te r  b a t h  f o r  10 m in .  O n  c o o lin g , t h e  d e b r i s  in  t h e  b o i le d  s u s p e n s io n s  w a s  r e m o v e d  
b y  c e n t r i f u g a t io n  a n d ,  a f t e r  b e in g  s u p p le m e n te d  b y  w a s h in g s  f r o m  t h e  d e b r i s ,  t h e  
s u p e r n a t a n t  f lu id  w a s  m a d e  u p  to  5 m l .  a n d  a s s a y e d  f o r  g lu c o s a m in e  b y  t h e  m e th o d  
o f  R o n d le  &  M o r g a n  (1 9 5 5 ) . I t  is  p o s s ib le  t h a t  s o m e  o f  t h e  g lu c o s a m in e  t r a n s p o r t e d  
i n t o  t h e  o r g a n i s m s  w a s  p h o s p h o r y la te d ,  b u t  B u r g e r  &  H e jm o v a  (1 9 6 1 ) a n d  C ir illo , 
W ilk in s  & A n to n  (1 9 6 3 ) s h o w e d  t h a t  th i s  d o e s  n o t  a f f e c t  t h e  c h e m ic a l  e s t im a t i o n  
o f  t h e  s u g a r  in  e x t r a c t s  o f  t h e  m ic r o - o r g a n is m s .  T h e  r e s u l t s  a r e  e x p r e s s e d  a s  t h e  
n u m b e r  o f  fig. D -g lu c o s a m in e  a c c u m u la te d /m g .  d r y - w e ig h t  o r g a n i s m / h r  a t  t h e  
t e m p e r a t u r e  s t a t e d .
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RESULTS

Effect of incubation temperature on growth, respiration and glucosamine accumulation 
I n i t i a l l y  a n  e x a m i n a t i o n  w a s  m a d e  o f  t h e  e f f e c t  o f  t e m p e r a t u r e s  o f  in c u b a t io n  

b e tw e e n  0° a n d  20° o n  g r o w th  o f  e a c h  o f  t h e  s ix  o r g a n is m s  a n d  o n  t h e i r  a b i l i t y  t o  
r e s p i r e  e n d o g e n o u s  r e s e r v e s  (Q0l en(1) a n d  e x o g e n o u s  g lu c o s e  (Q o2 niuc.)- T h e  r e s u l t s  
(F ig .  1) s h o w e d  t h a t  w i th  a l l  s ix  o r g a n i s m s  t h e  v a lu e s  f o r  Q0i end_ d e c r e a s e d  a s  t h e  
t e m p e r a t u r e  w a s  lo w e re d , b u t ,  a t  0°, t h e  v a lu e  w a s  f in i te  a n d  r a n g e d  f r o m  0-5 f o r  
Corynebacterium xerosis t o  4-7 f o r  C. erythrogenes. O v e r  t h e  r a n g e  1 0 °-2 0 ° , t e m ­
p e r a t u r e  c o e f f ic ie n t  (Q 10) v a lu e s  f o r  e n d o g e n o u s  r e s p i r a t i o n  w e re  h ig h e r  f o r  t h e  
m e s o p h i l s  ( r a n g in g  f r o m  2-3 f o r  Candida utilis t o  3-2 f o r  C. xerosis) t h a n  f o r  t h e  
p s y c h r o p h i l s  (w h ic h  r a n g e d  f r o m  1-3 t o  1-8). T h e  v a lu e s  f o r  Q 02 ¿i„c. a ls o  d e c r e a s e d  
a s  t h e  t e m p e r a t u r e  w a s  lo w e re d . W i t h  e a c h  o f  t h e  p s y c h r o p h i l i c  o r g a n is m s ,  t h e r e  
w a s  a  d e t e c t a b l e  r e s p i r a t i o n  o f  e x o g e n o u s  g lu c o s e  a t  0 ° , a n d  t h e  gluc- v a lu e s  a t  
t h i s  t e m p e r a t u r e  r a n g e d  f r o m  0-7 f o r  A r t h r o b a c t e r  r 2 2 /3 a  t o  3-2 f o r  t h e  p s y c h r o ­
p h i l ic  C a n d id a  s t r a i n .  B u t ,  w i th  t h e  t h r e e  m e s o p h i l ic  o r g a n is m s ,  t h e r e  w a s  n e g lig ib le  
r e s p i r a t i o n  o f  e x o g e n o u s  g lu c o s e  a t  t e m p e r a t u r e s  b e lo w  a b o u t  5°. T h e  t e m p e r a t u r e  
c o e f f ic ie n t  f o r  t h e  Q 0o gtac v a lu e s  o f  t h e  m e s o p h i l s  o v e r  t h e  r a n g e  1 0 -2 0 °  v a r i e d  
b e tw e e n  6-3 f o r  C. utilis t o  12-6 f o r  A r t h r o b a c t e r  16 b u t  w e re  m u c h  lo w e r  ( b e tw e e n  
T 5  a n d  2 -7) f o r  t h e  p s y c h r o p h i l s .  T h e s e  d if fe re n c e s  in  t h e  t e m p e r a t u r e  c o e ff ic ie n ts  
o f  t h e  Q02 v a lu e s  w e re  t h e r e f o r e  in  g e n e r a l  a g r e e m e n t  w i th  t h e  d a t a  r e p o r t e d  b y  
I n g r a h a m  & B a i le y  (1959). T h e  r a t e  o f  g r o w th  a ls o  d e c l in e d  a s  t h e  t e m p e r a t u r e  o f  
in c u b a t io n  w a s  lo w e re d . A ll  o f  t h e  p s y c h r o p h i l i c  o r g a n i s m s  g re w  w e ll  a t  0° b u t  t h e  
m i n im u m  t e m p e r a t u r e  f o r  g r o w th  o f  t h e  m e s o p h i l s  w a s  h ig h e r .  W i t h  C. utilis a n d



A r t h r o b a c t e r  1 6 , t h e  m in im u m  t e m p e r a t u r e  w a s  a p p r o x i m a t e ly  t h e  s a m e  a s  t h a t  
a t  w h ic h  t h e  Q 0a gluc v a lu e s  a p p r o a c h e d  z e ro . W i t h  C. xerosis, h o w e v e r ,  t h e  m in im u m  
t e m p e r a t u r e  f o r  g r o w th  ( a b o u t  2 0 °) w a s  m u c h  h ig h e r  t h a n  t h e  t e m p e r a t u r e  a t  w h ic h  
t h e  Q 02 gluo v a lu e s  f o r  t h i s  o r g a n i s m  fe l l  t o  z e ro .

B a s i s  o f  m i n i m u m  t e m p e r a tu r e  f o r  g r o w th  1 3 5
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Fig. 1 (a) to (/). Effect of temperature of incubation on growth and on the respiration 
of endogenous reserves and of exogenous glucose by certain psychrophilic and mesophilic
micro-organisms. Growth (O ------O) at the different temperatures w'as measured at
a time a t which cultures incubated a t the optimum temperature for growth were in 
the late-exponential phase. Measurements of respiratory activity were made on organisms 
grown at the following temperatures which are at or near the optimum for growth; 
psyehrophils: (b) Arthrobacter r 2 2 / 3 a , 20°; (d) Candida a 3 e -2,  10°; (/) Corynebacterium 
erythrogenes, 20°; mesophils: (a) Arthrobacter 16, 30°; (c) Candida utilus, 25°; (e) Coryne­
bacterium xerosis strain ncl, 30°. When cultures a t these temperatures had reached the 
mid-exponential phase of growth, organisms were harvested and washed in phosphate 
buffer (pH 4-5 for the yeasts; pH 7 0 for the bacteria). During washing, the organisms 
were maintained a t the temperature a t which they had been incubated. Portions of 
the washed suspensions, containing known concentations of organisms (mg. dry wt. 
equivalent/ml.) were placed in Warburg flasks and the Q0g values (/d. oxygen consumed/ 
mg. dry wt. organism/hr) were determined as described under Methods for the respiration 
of endogenous reserves (O — O) and of exogenous glucose ( • —• ) .
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W h e n  a n  e x a m i n a t i o n  w a s  m a d e  o f  t h e  e f f e c t  o f  t e m p e r a t u r e s  b e tw e e n  0 °  a n d  2 0 °  

o n  t h e  c a p a c i ty  o f  e a c h  o r g a n i s m  t o  a c c u m u la te  g lu c o s a m in e ,  i t  w a s  f o u n d  t h a t  th i s  
p r o p e r t y  w a s  a f f e c te d  in  t h e  s a m e  w a y  a s  t h e  a b i l i t y  t o  r e s p i r e  e x o g e n o u s  g lu c o s e . 
T h is  s u g g e s te d  t h a t  t h e  in a b i l i t y  o f  t h e  m e s o p h i l ic  m ic r o - o r g a n is m s  t o  r e s p i r e  
e x o g e n o u s  g lu c o s e  a t  t e m p e r a t u r e s  b e lo w  a b o u t  5°  w a s  a  r e s u l t  o f  t h e i r  n o t  b e in g  
a b le  t o  t r a n s p o r t  s u g a r s  in t o  t h e  o r g a n i s m s  a t  t h e s e  t e m p e r a t u r e s .

T a b le  1. Effect of treatment with aqueous butanol on the respiratory activity of
Candida utilis at 5°

The yeast was harvested from 40 hr cultures grown at 25°, washed three times in 
phosphate buffer (pH 4-5) and suspended in this buffer to equiv. 18 mg. dry wt. yeast/ml. 
Portions of this suspension were centrifuged at room temperature and the supernatant 
fluids removed. The yeast pellet was then suspended in a volume of phosphate buffer, or 
of 2 % or 5 %, v/v, n-butanol in phosphate buffer, equal to that of the original portion of 
suspension. The suspensions were centrifuged immediately at room temperature and the 
organisms resuspended in an equal volume of buffer. Portions of these suspensions were 
then placed in Warburg flasks and the respiratory activity of the organisms measured at 
5° as described in Methods.

Concentration of 
n-butanol in 
phosphate 

buffer 
(%. v/v)

0-0 
2-0 
50
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Respiratory activity
_____________________ A_____________________ .I 5

lo2 end. Qo2 glue.
3-6 0-0
3-2 11
1-6 0-7

T h e  c o r r e la t io n  b e tw e e n  th e  e f f e c t  o f  lo w  t e m p e r a t u r e s  o n  t h e  a b i l i t y  o f  t h e  
m e s o p h il ic  s t r a in s  o f  A r t h r o b a c t e r  a n d  C a n d id a  t o  g ro w  in  f r e s h ly  i n o c u la te d  c u l t u r e  
a n d  t h e i r  c a p a c i ty  t o  r e s p i r e  e x o g e n o u s  g lu c o s e  a n d  t o  a c c u m u la te  g lu c o s a m in e  
l e n t  s u p p o r t  t o  t h e  h y p o th e s i s  o f  B a x t e r  & G ib b o n s  (1 9 6 2 )  t h a t  t h e  m in im u m  
t e m p e r a t u r e s  f o r  g r o w th  o f  m ic r o - o r g a n is m s  a r e  d e te r m i n e d  b y  t h e  t e m p e r a t u r e s  a t  
w h ic h  t h e  m e c h a n is m s  f o r  t r a n s p o r t i n g  s o lu te s  in t o  t h e  o r g a n is m s  a r e  i n a c t iv a t e d .  
F u r t h e r  e v id e n c e  t o  s u p p o r t  t h i s  h y p o th e s is  c a m e  f r o m  e x p e r im e n t s  in  w h ic h  
Candida utilis w a s  t r e a t e d  w i th  a q u e o u s  b u t a n o l  b e fo r e  m e a s u r e m e n ts  w e re  m a d e  
o n  i t s  r e s p i r a t o r y  a c t i v i t y .  T r e a t m e n t  w i th  a q u e o u s  b u t a n o l  ( 2 - 5  % , v /v )  b r e a k s  
t h e  o s m o t ic  b a r r i e r  in  m ic r o - o r g a n is m s  a n d  p e r m i t s  t h e  f r e e  d if fu s io n  in t o  o r g a n is m s  
o f  s o lu te s  p e r m e a t i o n  o f  w h ic h  n o r m a l ly  r e q u i r e s  t h e  i n t e r v e n t io n  o f  sp e c if ic  
t r a n s p o r t  m e c h a n is m s  (M itc h e l l  &  M o y le , 1 9 5 6 ; R o s e ,  1 9 6 3 ). W h e n  C . utilis w a s  
w a s h e d ,  r a p i d ly  s u s p e n d e d  in  3  %  o r  5 %  ( v /v )  n - b u t a n o l  i n  p h o s p h a t e  b u f f e r  
( p H  4 -5 ), c e n t r i f u g e d ,  r e s u s p e n d e d  in  b u f f e r  a n d  a d d e d  t o  a  W a r b u r g  v e s s e l,  t h e r e  
w a s  a  m a r k e d  d e p r e s s io n  in  t h e  Q 02 end v a lu e s .  H o w e v e r ,  w h e n  2  %  ( v /v )  n - b u t a n o l  
i n  p h o s p h a t e  b u f f e r  ( p H  4 -5) w a s  u s e e ,  t h e  r e s p i r a t i o n  o f  e n d o g e n o u s  r e s e r v e s  b y  
t h e  y e a s t  w a s  m u c h  le s s  a f f e c te d ,  a n d  t h e  y e a s t  r e s p i r e d  g lu c o s e  a t  5 ° , a t  w h ic h  
t e m p e r a t u r e  th e r e  w a s  n o  d e t e c t a b l e  r e s p i r a t i o n  o f  e x o g e n o u s  g lu c o s e  in  u n t r e a t e d  
y e a s t  ( T a b le  1 ).

Effect of inhibitors on sugar transport
B e c a u s e  o f  t h e  o b s e r v e d  d if fe re n c e s  in  t h e  e f f e c t  o f  in c u b a t io n  t e m p e r a t u r e  o n  

t h e  a c t i v i t y  o f  t h e  m e c h a n is m s  f o r  t r a n s p o r t i n g  s u g a r s  in t o  m e s o p h i l ic  a n d  p s y c h r o -
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p h i l ic  m ic r o - o r g a n is m s ,  f u r t h e r  e x p e r im e n t s  w e re  m a d e  t o  d is c o v e r  a n y  o th e r  
d if fe re n c e s  in  t h e  p r o p e r t i e s  o f  t h e  s u g a r  t r a n s p o r t  p ro c e s s e s  i n  t h e s e  tw o  
g r o u p s  o f  m ic r o - o r g a n is m s .  2 ,4 - D in i t r o p h e n o l  ( D N P ) ,  w h ic h  u n c o u p le s  r e s p i r a t i o n  
a n d  o x id a t iv e  p h o s p h o r y la t i o n ,  h a s  b e e n  s h o w n  t o  i n h i b i t  ‘u p h i l l ’ t r a n s p o r t  o f  
m a n y  s u g a r s  in t o  m ic r o - o r g a n is m s  (C ir il lo , 1 9 6 1 ) . A n  e x a m i n a t i o n  o f  t h e  e f f e c t  o f  
D N P  o n  r e s p i r a t i o n  a n d  o n  g lu c o s a m in e  a c c u m u la t i o n  b y  e a c h  o f  t h e  s ix  o r g a n i s m s  
s h o w e d  t h a t  t h e  Qo^m, v a lu e s  a n d  t h e  a b i l i t y  o f  e a c h  o r g a n i s m  t o  a c c u m u la te  
g lu c o s a m in e  w e re  in h i b i t e d  in  t h e  p re s e n c e  o f  D N P  (niM). T h e  e x t e n t  o f  t h e  in h ib i t io n  
v a r i e d  w i th  e a c h  o r g a n i s m  b u t  w a s  n o t  m a r k e d ly  d i f f e r e n t  w i th  t h e  p s y c h r o p h i l s  
a s  c o m p a r e d  w i th  t h e  m e s o p h il s .

U r a n y l  io n , in  t h e  f o r m  o f  u r a n y l  n i t r a t e  a t  m M  c o n c e n t r a t i o n ,  in h i b i t s  t r a n s p o r t  
o f  s u g a r s  ( C o c h ra n e  & T u l l ,  1 9 5 8 ) a n d  a m in o  a c id s  (G a le , 1 9 5 4 ) in t o  b a c t e r i a ,  y e a s t s  
a n d  f i la m e n to u s  fu n g i .  T h e  io n , w h ic h  is  p r e s u m e d  t o  a c t  b y  c o m b in in g  w i th  p h o s ­
p h a t e  g r o u p s  o n  m o le c u le s  in  t h e  c y to p la s m ic  m e m b r a n e ,  d o e s  n o t  a f f e c t  t h e  
r e s p i r a t i o n  o f  e n d o g e n o u s  r e s e r v e s  b y  m ic r o - o r g a n is m s .  T h e  e f f e c t o f  U 0 22+ ( m u )  o n  
t h e  r e s p i r a t i o n  o f  e a c h  o f  t h e  s ix  o r g a n i s m s  w a s  e x a m in e d  a t  s e v e r a l  t e m p e r a t u r e s  
a b o v e  a n d  b e lo w  t h e  m in im u m  f o r  g r o w th .  R e s p i r a t i o n  o f  e x o g e n o u s  g lu c o s e  w a s  
c o m p le te ly  s u p p r e s s e d  b y  U 0 22+ in  a l l  o r g a n i s m s  b u t  t h e  io n  h a d  n o  d e t e c t a b l e  
e f f e c t  o n  t h e  e n d o g e n o u s  r e s p i r a t i o n  a t  a n y  o f  t h e  t e m p e r a t u r e s  e m p lo y e d .

T h e  p o ly e n e  a n t i b io t i c  n y s t a t i n  a c t s  o n  y e a s t s  a n d  f i la m e n to u s  f u n g i  a n d  c a u s e s  
c h a n g e s  i n  t h e  p e r m e a b i l i t y  p r o p e r t i e s  o f  t h e  c y to p la s m ic  m e m b r a n e s  (M a r in i ,  
A r n o w  & L a m p e n ,  1 9 6 1 ) . T h e  a n t i b io t i c  a c t s  b y  c o m b in in g  w i th  s t e r o ls  in  t h e  
m e m b r a n e  ( L a m p e n ,  A rn o w , B o r o w s k a  & L a s k in ,  1 9 6 2 ) ; b a c t e r i a ,  w h ic h  d o  n o t  
c o n ta i n  s t e r o ls ,  a r e  t h e r e f o r e  n o t  s e n s i t i v e  t o  p o ly e n e  a n t i b io t i c s .  R e s p i r a t i o n  o f  
t h e  m e s o p h i l ic  a n d  p s y c h r o p h i l i c  s t r a in s  o f  C a n d id a  w a s  d e p r e s s e d  b y  n y s t a t i n  
( S q u ib b  ‘M y c o s ta t i n  ’ ; 0 -2 2  m g . /m l .  in  d im e th y l  s u lp h o x id e )  a t  t e m p e r a t u r e s  a b o v e  
a n d  b e lo w  t h e  m in im u m  f o r  g r o w th .  B u t  t h e  a n t i b io t i c  w a s  w i t h o u t  e f f e c t  o n  t h e  
r e s p i r a t o r y  a c t i v i t i e s  o f  a n y  o f  t h e  b a c t e r i a  a t  t e m p e r a t u r e s  a b o v e  o r  b e lo w  t h e  
m in im u m  f o r  g r o w th .

Growth, respiration and glucosamine accumulation by Corynebacterium xerosis
at various temperatures

T h e  i n a b i l i t y  o f  tw o  o f  t h e  t h r e e  m e s o p h i l ic  m ic r o - o r g a n is m s  to  r e s p i r e  e x o g e n o u s  
g lu c o s e  a n d  a c c u m u la te  g lu c o s a m in e  a t  t e m p e r a t u r e s  b e lo w  t h e  m in im u m  f o r  
g r o w th  in  f r e s h ly  i n o c u la te d  c u l tu r e ,  s u g g e s te d  t h a t  in a c t iv a t io n  o f  t h e  s u g a r  
t r a n s p o r t  m e c h a n is m s  o c c u r r e d  r a p i d l y  fo l lo w in g  t h e  t r a n s f e r  o f  th e s e  o r g a n i s m s  
t o  t e m p e r a t u r e s  b e tw e e n  1 0 °  a n d  0 ° . O n  t h e  o t h e r  h a n d ,  t h e  n c l  s t r a i n  o f  Coryne­
bacterium xerosis, w h ic h  w a s  u n a b le  t o  g r o w  in  f r e s h ly  i n o c u la te d  c u l t u r e  a t  t e m ­
p e r a t u r e s  b e lo w  a b o u t  2 0 ° , r e s p i r e d  e x o g e n o u s  g lu c o s e  a n d  a c c u m u la te d  g lu c o s a m in e  
a t  t e m p e r a t u r e s  a s  lo w  a s  a b o u t  8°. T h is  b e h a v io u r  w a s  n o t  p e c u l i a r  t o  t h e  n c l  
s t r a i n  o f  C. xerosis s in c e  tw o  o t h e r  s t r a in s  o f  t h i s  b a c t e r iu m  (n c tc  7 2 4 3 , 9 7 5 5 )  
w e re  s h o w n  t o  h a v e  m in im u m  t e m p e r a t u r e s  f o r  g r o w th  o f  a b o u t  2 0 °  in  d e f in e d  
m e d iu m  a n d  t o  b e h a v e  s im i la r ly  t o  t h e  n c l  s t r a i n  w i th  r e g a r d  t o  t h e  e f f e c t  o f  
t e m p e r a t u r e  o n  t h e i r  a b i l i t y  t o  r e s p i r e  e n d o g e n o u s  r e s e r v e s  a n d  e x o g e n o u s  g lu c o s e . 
Bergey's Manual (1 9 5 7 ) r e p o r t s  t h a t  h ig h  m in im u m  t e m p e r a t u r e s  f o r  g r o w th  a r e  
c h a r a c t e r i s t i c  o f  C. xerosis. I t  w a s  c o n c e iv a b le  t h a t  th i s  b e h a v io u r  o f  C. xerosis w a s  
d u e  t o  a  c o m p a r a t i v e ly  s lo w  i n a c t i v a t i o n  o f  t h e  s u g a r  t r a n s p o r t  m e c h a n is m s  a t

B a s i s  o f  m i n i m u m  t e m p e r a tu r e  f o r  g r o w th
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Table 2. Respiratory activity and glucosamine-accumulating capacity of 
Corynebacterium xerosis strain ncl following transfer from  30° to 10°

Cultures of the C. xerosis were grown at 30° and after 40 hr, when they had reached the 
mid-exponential phase of growth, certain of the cultures were transferred to 10°. There 
was no detectable growth of the cultures at 10°. At the time of transfer and after a 
further 24 and 48 hr, cultures were removed from 30° and 10° and the bacteria harvested 
by centrifugation, during which they were maintained a t the temperature a t which they 
had been incubated. The bacteria were then washed with phosphate buffer (pH 7-0) and 
portions of the washed suspension containing the equivalent of a known dry weight of 
bacteria were placed in Warburg flasks and the respiratory activity of the bacteria 
determined at 30° or a t 10° as described in Methods. The organisms in the remaining 
suspension were used to measure the glucosamine-accumulating capacity of the bacteria 
as described in Methods.

Duration of m -
incubation glucosamine
following accumulated/

transfer of Temperature mg. dry wt.
cultures from of Respiratory activity bacterium/ hr

30° to 10° incubation f------------ A ------------ ^
(hr) n Qc>2 end. Qo2 glac.

0 10 30 1-0 3-7
30 6-4 35-6 9-8

24 10 30 3-7 39
30 20 61 4-9

48 10 2-3 2-2 3-2
30 1-6 5-7 4-2

Fig. 2. Effect of change in incubation temperature from 30° to 10° or 15° on the growth 
of C orynebacterium  xerosis strain ncl. Cultures (6 ml.) of the bacterium were grown at 
30° in Samco tubes ( • —•  ). After 41 hr and 67 hr, cultures were transferred to 10°
(O----- O) or 15° ( 3 ------ 3 ) . The graph also shows (A—A) growth of cultures incubated
a t 10° or 15° immediately after inoculation.
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t e m p e r a t u r e s  b e lo w  t h e  m i n im u m  f o r  g r o w t h ; e x p e r im e n t s  w e re  t h e r e f o r e  m a d e  t o  
t e s t  t h i s  h y p o th e s i s .  C u l tu r e s  o f  t h e  n c l  s t r a i n  o f  C. xerosis w e re  g r o w n  a t  3 0 °  
a n d ,  w h e n  t h e  c u l t u r e s  r e a c h e d  t h e  m id - e x p o n e n t ia l  p h a s e  o f  g r o w th  ( a f t e r  4 0  h r  
i n c u b a t io n )  t h e y  w e re  t r a n s f e r r e d  t o  1 0 ° . B a c t e r i a  i n  c u l t u r e s  t r a n s f e r r e d  t o  t h i s  
t e m p e r a t u r e  d id  n o t  m u l t i p ly  b u t  c o n t in u e d  t o  r e s p i r e  e x o g e n o u s  g lu c o s e  a n d  to  
a c c u m u la te  g lu c o s a m in e  e v e n  a f t e r  48  h r  a t  1 0 °  ( T a b le  2 ) . A l th o u g h  c u l t u r e s  o f
C. xerosis n c l  t r a n s f e r r e d  f r o m  3 0 °  t o  1 0 °  d id  n o t  m u l t i p ly  a t  t h e  lo w e r  t e m p e r a t u r e ,  
m i d - e x p o n e n t ia l  p h a s e  c u l t u r e s  o f  th i s  b a c t e r i u m  t r a n s f e r r e d  f r o m  3 0 °  t o  1 5 ° w e re  
c a p a b le  o f  a  l im i te d  a m o u n t  o f  g r o w th  w h ic h  c o r r e s p o n d e d  a p p r o x i m a t e ly  t o  a  
d o u b l in g  in  t h e  s iz e  o f  t h e  p o p u la t i o n  (F ig .  2 ) . B a c t e r i a  t r a n s f e r r e d  in  t h e  l a t e -  
e x p o n e n t i a l  p h a s e  o f  g r o w th  d id  n o t  h a v e  th i s  a b i l i t y  t o  g ro w  a t  1 5 ° . T h e  in a b i l i ty ,  
o r  l im i te d  a b i l i t y ,  o f  t h e  b a c t e r iu m  t o  g ro w  a f t e r  t r a n s f e r  t o  a  lo w e r  t e m p e r a t u r e  
w a s  p r o b a b l y  n o t  c a u s e d  b y  a n  in c r e a s e d  n u t r i t i o n a l  d e m a n d  b y  t h e  b a c t e r i a  a t  
1 0 ° o r  1 5 ° s in c e  t h e  s a m e  b e h a v io u r  w a s  o b s e r v e d  in  c u l tu r e s  g ro w n  in  n u t r i e n t  
b r o t h .

B a s i s  o f  m i n i m u m ,  t e m p e r a tu r e  f o r  g r o w th

DISCUSSION

T h e  m in im u m  t e m p e r a t u r e s  f o r  g r o w th  o f  t h e  m e s o p h i l ic  s t r a in s  o f  A r t h r o b a c t e r  
a n d  Candida utilis  e x a m in e d  in  th i s  s t u d y  a r e  p r o b a b l y  d e te r m in e d ,  in  p a r t  a t  l e a s t ,  
b y  t h e  in a c t iv a t io n  o f  t h e  m e c h a n is m s  f o r  t r a n s p o r t i n g  s u g a r s  in t o  t h e  o r g a n i s m s  
a t  t e m p e r a t u r e s  b e tw e e n  a b o u t  5° a n d  1 0 ° . A ll o f  t h e  p s y c h r o p h i l s ,  o n  t h e  o t h e r  
h a n d ,  g re w  w e ll  a t  0 °  a n d  c o n t in u e d  t o  t r a n s p o r t  s u g a r s  i n t o  t h e  o r g a n i s m s  a t  t h i s  
t e m p e r a t u r e .  C le a r ly  t h e  s u g a r  t r a n s p o r t  m e c h a n is m s  in  th e s e  m e s o p h i l s  a n d  
p s y c h r o p h i l s  d i f f e r  in  t h e i r  s e n s i t i v i t y  t o  n e a r - z e r o  t e m p e r a t u r e s ,  b u t  t h e  r e s u l t s  
o f  e x p e r im e n t s  o n  t h e  e f f e c t  o f  m e ta b o l i c  i n h i b i t o r s  d id  n o t  r e v e a l  a n y  o t h e r  d i f ­
f e r e n c e s  b e tw e e n  t h e  t r a n s p o r t  m e c h a n is m s  in  t h e  tw o  g r o u p s  o f  o r g a n is m s .  T h e  
s i m i la r i ty  in  t h e  e f f e c t  o f  2 ,4 - d in i t r o p h e n o l  o n  t h e  s u g a r - a c c u m u l a t i n g  c a p a c i ty  o f  
t h e  p s y c h r o p h i l s  a n d  m e s o p h i l s  s h o w e d  t h e  n e e d  f o r  m e ta b o l i c  e n e r g y  f o r  th i s  
p ro c e s s  in  b o t h  g r o u p s  o f  o r g a n is m s ,  w h ile  t h e  s e n s i t i v i t y  t o  u r a n y l  io n  in d i c a te d  
t h a t  t h e  c a r r i e r  m o le c u le s  in v o lv e d  in  t h e  t r a n s p o r t  o f  s u g a r s  in t o  b o t h  g r o u p s  o f  
o r g a n i s m s  p r o b a b l y  n e e d  t o  h a v e  p h o s p h a t e  g r o u p s  f r e e  in  o r d e r  t o  f u n c t io n .  T h e  
s e n s i t i v i t y  o f  t h e  m e s o p h i l ic  a n d  p s y c h r o p h i l i c  C a n d id a  s t r a in s  t o  t h e  p o ly e n e  
a n t i b io t i c  n y s t a t i n  s h o w e d  t h a t  s t e r o ls  a r e  p r e s e n t  in  t h e  c y to p la s m ic  m e m b r a n e s  in  
b o t h  o f  t h e  s t r a in s  e x a m in e d  ; b y  t h e  s a m e  to k e n ,  n o n e  o f  t h e  p s y c h r o p h i l i c  o r  m e s o ­
p h i l ic  b a c t e r i a  w o u ld  a p p e a r  t o  c o n ta i n  s t e r o ls .  T h e  o n ly  p r e v io u s  r e p o r t  o f  a  
c o m p a r is o n  o f  t h e  p r o p e r t i e s  o f  t h e  s u g a r  t r a n s p o r t  m e c h a n is m s  in  m e s o p h i l ic  a n d  
p s y c h r o p h i l i c  m ic r o - o r g a n is m s  is  b y  C ir illo  et al. (1 9 6 3 ) , w h o  s h o w e d  t h a t ,  in  m e s o p h i l ic  
a n d  p s y c h r o p h i l i c  s t r a in s  o f  C a n d id a ,  t h e s e  h a d  t h e  p r o p e r t i e s  o f  a  c a r r i e r - m e d ia te d  
t r a n s p o r t .

I n  v ie w  o f  t h e  l a c k  o f  k n o w le d g e  a b o u t  t h e  c h e m ic a l  n a t u r e  o f  t h e  s o lu te  c a r r ie r s  
in  c y to p la s m ic  m e m b r a n e s ,  i t  is  d i f f ic u l t  t o  s u g g e s t  a  b io c h e m ic a l  b a s i s  f o r  t h e  
d if f e re n c e  in  t h e  r e s p o n s e  t o  lo w  t e m p e r a t u r e s  s h o w n  b y  t h e  s u g a r  t r a n s p o r t  p ro c e s s e s  
in  t h e s e  m e s o p h i l ic  a n d  p s y c h r o p h i l i c  o r g a n i s m s .  K a t e s  a n d  h is  c o lle a g u e s  ( K a te s  
& B a x t e r ,  1 9 6 2 ; K a t e s  &  H a g e n ,  1 9 6 4 ) r e p o r t e d  t h a t  t h e  t r ig ly c e r id e s  a n d  p h o s ­
p h o l ip id s  f r o m  c e r t a in  p s y c h r o p h i l i c  m ic r o - o r g a n is m s  d if f e re d  in  c o m p o s i t io n  f r o m  
th o s e  e x t r a c t e d  f r o m  r e l a t e d  m e s o p h i l ic  o r g a n i s m s  p a r t i c u l a r l y  w i th  r e g a r d  t o  t h e  
d e g re e  o f  s a t u r a t i o n  in  t h e  f a t t y  a c id s  a n d  s u g g e s te d  t h a t  t h e s e  d if fe re n c e s  in
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c o m p o s i t io n  m a y  b e  in  c o m p o n e n ts  o f  t h e  s o lu te  t r a n s p o r t  m e c h a n is m s  ( B a x t e r  & 
G ib b o n s ,  1 9 6 2 ). H o w e v e r ,  t h e r e  is  l i t r le  e v id e n c e  f o r  t h e  p a r t i c i p a t i o n  o f  t r ig ly c e r id e s  
o r  p h o s p h o l ip id s  in  t r a n s p o r t  p ro c e s s e s  in  m ic r o - o r g a n is m s ,  a n d  i t  is  m o r e  l ik e ly  
t h a t  t h e  c a r r i e r  m o le c u le s  a r e  c o m p o s e d  m a in ly ,  i f  n o t  e n t i r e ly ,  o f  p r o t e in s  (C o h e n  
& M o n o d , 1 9 5 7 ) w h ic h  u n d e r g o  c o n f o r m a t io n a l  c h a n g e s  w h ile  e f f e c t in g  t h e  t r a n s p o r t  
o f  s o lu te s .  I t  is  c o n c e iv a b le ,  th e r e f o r e ,  t h a t  t h e  p r o t e in  c a r r ie r s  i n  m e s o p h i l s  
b e c o m e  h y p e r f o ld e d  a t  lo w  t e m p e r a t u r e s  a n d  a r e  t h e n  u n a b le  t o  c o m b in e  w i th  t h e  
s o lu te .  V e r y  l i t t l e  is  k n o w n  a b o u t  t h e  h y p e r f o ld in g  o f  p r o t e in s  a t  lo w  t e m p e r a t u r e s  
( L in d e r s t r o m - L a n g  & S c h e l lm a n ,  1 9 5 9 ) a l t h o u g h  t h e  p h e n o m e n o n  h a s  b e e n  in v o k e d  
t o  e x p la in  t h e  i n a c t i v a t i o n  o f  c e r t a in  e n z y m e s  a t  t e m p e r a t u r e s  j u s t  a b o v e  a n d  
b e lo w  0 °  ( K a v a n a u ,  1 9 5 0 ; M a ie r , T a p p e l  &  V o lm a n ,  1 9 5 5 ).

I t  is  c le a r  h o w e v e r  t h a t ,  in  t h e  s t r a in s  o f  Corynebacterium xerosis e x a m in e d  h e r e ,  
t h e  m in im u m  t e m p e r a t u r e  f o r  g r o w th  is  n o t  d e t e r m i n e d  b y  th e  t e m p e r a t u r e  a t  
w h ic h  t h e  s u g a r  t r a n s p o r t  p ro c e s s e s  in  t h e s e  o r g a n i s m s  a r e  i n a c t iv a t e d ,  s in c e  t h e s e  
b a c t e r i a  a c c u m u la t e d  s u g a r s  a t  t e m p e r a t u r e s  w e ll  b e lo w  t h e  m in im u m  f o r  g r o w th .  
A t  p r e s e n t ,  i t  is  o n ly  p o s s ib le  t o  s p e c u la te  r e g a r d in g  t h e  f a c t o r s  t h a t  d e te r m i n e  t h e  
m in im u m  t e m p e r a t u r e s  f o r  g r o w th  o f  t h e s e  b a c t e r i a .  O n e  p o s s ib le  e x p la n a t io n  is 
t h a t ,  a t  t e m p e r a t u r e s  b e lo w  a b o u t  2 0 ° , t h e y  a r e  u n a b le  t o  s y n th e s iz e  o n e  o r  m o r e  
c o m p o u n d s  (e .g . n u c le o t id e s )  t h a t  a r e  e s s e n t ia l  f o r  g r o w th ,  b u t  t h a t ,  w h e n  t r a n s f e r r e d  
d o w n  f r o m  3 0 °  t o  1 5 ° in  t h e  m i d - e x p o n e n t ia l  p h a s e ,  t h e y  a r e  c a p a b le  o f  a  l i m i te d  
a m o u n t  o f  g r o w th  a t  t h e  e x p e n s e  o f  t h e  s t o r e d  r e s e r v e s  o f  t h e s e  c o m p o u n d s .  B u t  
t h e  b a c t e r i a  a r e  u n a b le  t o  g ro w  o n  b e in g  t r a n s f e r r e d  d o w n  t o  1 9 ° , a n d  i t  is  p o s s ib le  
t h a t ,  a t  t h i s  t e m p e r a t u r e ,  t h e y  a r e  n o t  a b le  t o  u s e  t h e s e  s t o r e d  r e s e r v e s .  C le a r ly , 
t h e  b io c h e m ic a l  b a s is  o f  t h e  m in im u m  t e m p e r a t u r e  f o r  g r o w th  o f  C. xerosis is  c o m ­
p le x  a n d  p r o b a b l y  in v o lv e s  t h e  o p e r a t io n  o f  a  n u m b e r  o f  d i f f e r e n t  f a c to r s .  I t  is 
c o n c e iv a b le  t h a t  o n e  o f  t h e  f a c t o r s  in v o lv e d  is  a  r e p r e s s io n  o f  e n z y m e  s y n th e s i s  
w h ic h  I n g r a h a m  a n d  h is  c o lle a g u e s  (N g , I n g r a h a m  & M a r r ,  1 9 6 2 ; M a r r ,  I n g r a h a m  & 
S q u ir e s ,  1 9 6 4 ) h a v e  d e m o n s t r a t e d  a t  lo w  t e m p e r a t u r e s  in  Escherichia coli. I t  w o u ld  
a ls o  b e  i n t e r e s t i n g  t o  d is c o v e r  t o  w h a t  e x t e n t  t h e  t y p e  o f  b io c h e m ic a l  b e h a v io u r  
o b s e r v e d  in  C. xerosis a t  lo w  t e m p e r a t u r e s  is  f o u n d  in  o t h e r  m ic r o - o r g a n is m s .

T h is  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  t h e  D e p a r t m e n t  o f  S c ie n t if ic  a n d  
I n d u s t r i a l  R e s e a r c h  f o r  w h ic h  w e  a r e  g r a t e f u l .  W e  a ls o  w is h  t o  a c k n o w le d g e  t h e  
e x c e l le n t  te c h n i c a l  a s s i s t a n c e  o f  M iss  J u d i t h  H a l l .
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SUMMARY

R u t i l a n t i n  A  h a s  b e e n  t e s t e d  f o r  a n t i v i r a l  a c t i v i t y  in vitro. T h is  a n t i ­
b io t i c  h a d  n o  d e m o n s t r a b l e  e f f e c t  o n  t h e  g r o w th  o f  p o l io m y e l i t is  o r  
in f lu e n z a  v ir u s e s ,  b u t  i t  c o m p le te ly  in h i b i t e d  t h e  m u l t i p l i c a t i o n  o f  r a b b i t -  
p o x  v i r u s .  I t  w a s  e f f e c t iv e  a g a in s t  r a b b i t p o x  v i r u s  w h e n  a d d e d  t o  t i s s u e ­
c e ll  c u l t u r e s  a s  l a t e  a s  4 h r  a f t e r  in f e c t io n .  T h e  lo w e s t  c o n c e n t r a t i o n  o f  
r u t i l a n t i n  t h a t  p r e v e n t e d  t h e  f o r m a t i o n  o f  in f e c t iv e  r a b b i t p o x  v i r u s  d id  n o t  
a p p a r e n t l y  a f f e c t  t h e  s y n th e s is  o f  v i r a l  D N A  o r  s o lu b le  a n t ig e n s .  I t  is  c o n ­
c lu d e d  t h a t  r u t i l a n t i n  in h i b i t s  a  l a t e  s t a g e  o f  v i r u s  d e v e lo p m e n t .  T h e  
to x i c i t y  o f  r u t i l a n t i n  f o r  b o t h  c u l t u r e d  t i s s u e  c e lls  a n d  a n im a ls  m a k e s  i t  
u n l ik e ly  t o  b e  o f  v a lu e  in  t h e  t r e a t m e n t  o f  v i r u s  d is e a s e .

INTRODUCTION

A s h e s h o v ,  S t r e l i t z ,  H a l l  &  F lo n  (1 9 5 4 )  m a d e  a  s u r v e y  o f  a b o u t  1 0 0 0  s t r a in s  o f  
a c t i n o m y c e te s  in  a  s e a r c h  f o r  a n t i b io t i c s  w i th  a n t i - v i r a l  a c t i v i t y .  B a c te r io p h a g e s  
w e re  u s e d  a s  t h e  t e s t  o r g a n is m s ,  a n d  s o m e  1 4 0  s t r a in s  o f  a c t in o m y c e te s  w e re  f o u n d  
w h ic h  p r o d u c e  s u b s ta n c e s  in h i b i t o r y  o f  p h a g e  r e p l i c a t io n .  F r o m  o n e  o f  th e s e ,  s t r a i n  
a  220, r u t i l a n t i n  A  w a s  i s o la te d  a n d  p u r i f ie d  b y  t h e  M e d ic a l  R e s e a r c h  C o u n c il  
A n t ib io t i c s  S t a t i o n  a t  C le v e d o n . T h e  c h e m ic a l  s t r u c t u r e  o f  r u t i l a n t i n ,  w h ic h  is 
r e l a t e d  t o  t h e  a n th r a q u in o n e s ,  h a s  b e e n  in t e n s iv e ly  s t u d ie d  b y  O llis  a n d  h is  c o ­
w o r k e r s  (O llis  & S u th e r la n d ,  1 9 6 1 ) . W h ile  t h e  a n t i - p h a g e  a c t i v i t y  o f  r u t i l a n t i n  w a s  
c le a r - c u t  (A s h e s h o v  & G o rd o n ,  1 9 6 1 ), i t s  a c t i v i t y  a g a in s t  a n im a l  v i r u s e s  w a s  m o r e  
d o u b t f u l .  T e s t s  o n  u n p u r i f i e d  m a t e r i a l  w e re  m a d e  t h r o u g h  t h e  c o u r t e s y  o f  D r  J .  
S p iz iz e n  (M e rc k , S h a r p  a n d  D o h m e , I n c . )  a n d  o f  D r  P .  K .  S m i th  (G e o rg e  W a s h in g to n  
S c h o o l o f  M e d ic in e , W a s h in g to n ,  D .C .,  U .S .A ) ,  b u t  t h e  r e s u l t s  w e re  in c o n c lu s iv e  
a n d  v a r i e d  f r o m  b a t c h  t o  b a t c h .  A c c o rd in g ly ,  t h e  p r e s e n t  w o r k  w a s  u n d e r t a k e n  
w i t h  p u r e  c r y s ta l l in e  r u t i l a n t i n  A  k in d l y  s u p p l ie d  b y  D r  W . D . O llis  o f  B r i s to l  
U n iv e r s i ty .

METHODS

Rutilantin. C r y s ta l l in e  r u t i l a n t i n  A  w a s  d is s o lv e d  in  0-01  n -H C 1 a t  a  c o n c e n t r a t i o n  
o f  5 m g . /m l .  a n d  t h e  s o lu t io n  t h e n  a d j u s t e d  t o  p H  5 -4 . T h is  s t o c k  s o lu t io n  w a s  
s t o r e d  a t  —8 0 ° , a n d  w a s  d i l u t e d  a p p r o p r i a t e ly  in  m e d iu m  a s  r e q u i r e d .  A l t e r ­
n a t i v e ly ,  a  s o lu t io n  o f  1 m g . /m l .  w a s  m a d e  in  a c e to n e  im m e d ia te ly  b e fo r e  u se , a n d  
t h e n  d i l u t e d  in  m e d iu m .

Tissue culture cells. R K  13 . A  c e ll l in e  d e r iv e d  f r o m  r a b b i t  k id n e y  w a s  k in d lv  
s u p p l ie d  b y  M r G . C h r is to f in is  (G la x o  L a b o r a t o r ie s  L t d . ) .  T h e  c e lls  w e re  c u l t u r e d  in  
m e d iu m  ‘ 1 9 9 ’ c o n ta in in g  1 0 %  ( v /v )  c a l f  s e r u m . HeLa (E R K ). T h is  c e ll l in e  w a s  

* Present address: Bacteriology Department, University of Edinburgh, Edinburgh 8.



m a i n ta i n e d  in  P o r t o n  c a l f  s e r u m  m e d iu m  a s  p r e v io u s ly  d e s c r ib e d  ( A p p le y a r d  & 
W e s tw o o d ,  1 9 6 4 ). CE/P. P r i m a r y  c h ic k  c u l t u r e s  w e re  p r e p a r e d  b y  t r y p s in i z a t i o n  
o f  1 0 - d a y  e m b r y o s  fo l lo w e d  b y  g r o w th  o f  t h e  c e lls  i n  P o r t o n  c a l f  s e r u m  m e d iu m .  
A ll  t h r e e  t y p e s  o f  t i s s u e  c u l t u r e  w e re  n o r m a l ly  g r o w n  a s  m o n o la y e r s  i n  8  c m . C a r re l  
f la s k s .  F o r  t h e  fe w  e x p e r im e n t s  t h a t  e n ta i l e d  m ic ro s c o p ic  e x a m i n a t i o n  o f  R K  13  
c u l tu r e s  f o r  v i r a l  D N A , t h e  c e lls  w e re  i n o c u la te d  o n to  c o v e r s l io s  i n  t h e  b o t t o m  o f  
P e t r i  d is h e s .

Viruses. Influenza virus. T h e  W S  s t r a i n  o f  v i r u s  w a s  u s e d .  I t  w a s  p r o p a g a t e d  in  
t h e  a l l a n to i c  c a v ity  o f  f e r t i l e  h e n  e g g s . Poliovirus. T h is  w a s  t h e  B r u n h i l d e  s t r a i n  
o f  t y p e  1 v i r u s .  I t  w a s  m a i n t a i n e d  b y  p a s s a g e  in  H e L a  ( E R K )  c e lls . Rabbitpox virus. 
T h e  U t r e c h t  s t r a i n  o f  v i r u s  w a s  g r o w n  in  H e L a  l E R K )  c e lls . V ir u s  w a s  l i b e r a t e d  
f r o m  t h e  in f e c te d  c e lls  b y  u l t r a s o n i c  t r e a t m e n t ,  t o  p r o d u c e  a  s to c k  s u s p e n s io n  w i th  
a  t i t r e  o f  1 0 8 p la q u e  f o r m in g  u n i t s  ( p f u ) /m l .

Inhibition of rabbitpox virus
Virus growth. F o r  r e a s o n s  t o  b e  d is c u s s e d  u n d e r  ‘R e s u l t s ’, t h e  e f f e c t o f  r u t i l a n t i n  

o n  t h e  g r o w th  o f  r a b b i t p o x  v i r u s  w a s  s t u d i e d  in  R K  13  c e lls . T h e s e  w e re  in f e c te d  a t  
4 °  b y  t h e  i n o c u la t i o n  o f  4  m l .  v i r u s  s u s p e n s io n  o f  t i t r e  1 0 8 p f u /m l .  o n to  c o n f lu e n t  
C a r re l  f la s k  c u l tu r e s  c o n ta in in g  a b o u t  6 x  10 6 c e lls . A f t e r  a n  a d s o r p t io n  p e r io d  o f  
1 h r  t h e  e x c e s s  v i r u s  w a s  r e m o v e d  b y  tw o  w a s h e s  w i th  p h o s p h a t e  b u f f e r e d  s a l in e ,  
f r e s h  m e d iu m  w a s  a d d e d ,  a n d  c u l tu r e s  i n c u b a t e d  a t  3 6 ° . S in c e  r a b b i t p o x  v i r u s  
a d s o r b s  t o  b u t  d o e s  n o t  p e n e t r a t e  c e lls  a t  4 °  ( A p p le y a r d  & W e s tw o o d ,  1 9 6 4 ) , t h e  
a m o u n t  o f  in f e c t in g  v i r u s  c o u ld  b e  d e te r m i n e d  d i r e c t l y  b y  d t r a t i o n  o f  s a m p le  
c u l tu r e s  a t  t h e  e n d  o f  t h e  a d s o r p t io n  p e r io d ;  i t  w a s  u s u a l ly  2 t o  -3 p f u /c e l l .  A ll  v i r u s  
g r o w th  p e r io d s  w e re  m e a s u r e d  f r o m  t h e  t i m e  a t  w h ic h  t h e  c u l tu r e s  w e re  w a r m e d  t o  
3 6 ° .

Virus titration. For the assessment of virus yield from individual cultures, cells 
were scraped from the glass and then disintegrated by ultrasonic treatment with a 
5 0 0  W. ‘Soniclean’ generator at 40 kcyc./sec. (Dawe Instruments, Ltd., London). 
Virus was titrated as pfu in HeLa (ERK) monolayers by the method of Appleyard & 
Westwood (1 9 6 4 ) .

Detection of vi?-al antigens. C ells  f r o m  in f e c te d  c u l tu r e s  w e re  c o n c e n t r a t e d  t o  
4  x  10 7/m l .  b y  c e n t r i f u g a t io n ,  a n d  t h e n  d i s r u p te d  b y  u l t r a s o n i c  t r e a t m e n t .  T h e  
r e s u l t i n g  e x t r a c t s  w e re  e x a m in e d  f o r  s o lu b le  v i r a l  a n t ig e n s  b y  m ic r o - im m u n o ­
d if fu s io n  (C ro w le , 1 9 5 8 ) a g a in s t  h y p e r im m u n e  r a b b i t p o x  s e r u m .

Detection of viral DNA. Coverslip cultures o f  RK 13  cells were infected by the 
adsorption of 0-2  ml. rabbitpox virus suspension of titre 1 0 8 pfu/ml. for 1 hr at 4 °. 
They were then washed, and incubated in medium at 3 6 ° . Sample cultures were 
withdrawn at intervals, washed, fixed in absolute ethanol and stained with a solu­
tion of acridine orange in methanol (Randles, 1 9 6 0 ) . The coverslips were mounted 
in liquid paraffin, and examined under dark-ground ultraviolet illumination for 
the presence of green cytoplasmic inclusions.
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RESULTS

Effect of rutilantin on tissue cells

Toxicity. T h e  to x i c i t y  o f  r u t i l a n t i n  w a s  t e s t e d  o n  RK 1 3 , H e L a  (ERK) a n d  CE/P 
c e ll c u l t u r e s  in  o r d e r  t o  s e le c t  t h e  m o s t  s u i t a b l e  s y s te m  f o r  f u r t h e r  e x p e r im e n t s .  
A  r a n g e  o f  c o n c e n t r a t i o n s  o f  r u t i l a n t i n ,  f r o m  O T t o  1 0 0 / /g . /m l . ,  w a s  a d d e d  t o  
a c t i v e ly  g r o w in g  c u l tu r e s  o f  e a c h  c e ll  t y p e ,  a n d  in c u b a t io n  w a s  c o n t i n u e d  f o r  24  h r .  
A t  a  c o n c e n t r a t i o n  o f  1 0 0 /¿ g ./m l.,  c r y s ta l l in e  r u t i l a n t i n  w a s  d e p o s i t e d  b o t h  i n t r a -  
a n d  e x t r a c e l l u l a r l y ; in  a l l  t h r e e  c e ll t y p e s  g ro s s  a b n o r m a l i t i e s  a p p e a r e d ,  a n d  t h e  
c e lls  b e c a m e  r o u n d e d  a n d  s t r i p p e d  f r o m  t h e  g la s s .  T h e  to x ic  e f f e c t  w a s  d e c r e a s e d  
w i th  d e c r e a s in g  c o n c e n t r a t i o n s  o f  r u t i l a n t i n ,  b u t  in  H e L a  (ERK) a n d  CE/P c u l tu r e s  
i t  w a s  s t i l l  e v id e n t  a t  0-1 / tg ./ r n l .  C u l tu r e s  o f  RK 13  o n  t h e  o t h e r  h a n d  w e re  le s s  
s u s c e p t ib le .  T h o s e  t r e a t e d  w i th  c o n c e n t r a t i o n s  o f  O T a n d  1 / tg . /m l .  a p p e a r e d  m o r p h o ­
lo g ic a l ly  n o r m a l ,  a l t h o u g h  c e ll d iv i s io n  e i t h e r  c e a s e d  o r  w a s  c o n s id e r a b ly  r e d u c e d .  
F r o m  th e s e  r e s u l t s  i t  w a s  d e c id e d  t o  u s e  w h e r e  p o s s ib le  t h e  R K  13  c e ll  l in e  a s  t h e  
t e s t  t i s s u e  c u l t u r e  s y s te m ,  w i th  c o n c e n t r a t i o n s  o f  r u t i l a n t i n  n o t  e x c e e d in g  1 yg.jm l.

Irreversibility of toxic effect. Rutilantin was clearly a highly cytotoxic material. 
From the point of view of its possible value as a chemotherapeutic agent, it was 
desirable to know whether the toxic effect could be annulled by removal of the drug 
from the cellular environment. The concentration of rutilantin chosen for this test 
was 0-2/tg./ml. since this was found, as discussed below, to be the minimum con­
centration that inhibited the growth of rabbitpox virus.

Table 1. Fa ilure  of R K  13 cells to recover from  the toxic effect of rutilantin  

Number of living cells* per culture ( x 10-6)

Incubation Test cultures
Test cultures 
after further

period Control (rutilantin 48 hr without
(hr) cultures O-2/ig./ml.) rutilantin

0 6-5 6-5 —

24 7-5 3-9 3-3
72 14-5 2-9 2-0

* Cells unstained by 1 % trypan blue.

A c t iv e ly  g r o w in g  c u l t u r e s  o f  R K  13  c e lls  w e re  i n c u b a t e d  in  m e d iu m  w i th  o r  
w i t h o u t  r u t i l a n t i n  0 -2 / tg . /m l .  f o r  2 4  h r  o r  72  h r  a t  3 6 ° . A f t e r  th i s  e x p o s u r e  p e r io d  
t h e  r u t i l a n t i n - c o n t a i n i n g  m e d iu m  w a s  r e p la c e d  b y  n o r m a l  m e d iu m , a n d  in c u b a t io n  
w a s  c o n t i n u e d  f o r  a  f u r t h e r  48  h r  ‘ r e c o v e r y  ’ p e r io d .  C ell c o u n ts  w e re  m a d e  o n  
c o n t r o l  a n d  t e s t  c u l tu r e s  a t  0 , 2 4  a n d  7 2  h r  a n d  a g a in  o n  t h e  t e s t  c u l t u r e s  a f t e r  t h e  
r e c o v e r y  p e r io d .  T h e  r e s u l t s  a r e  s h o w n  in  T a b le  1. I t  c a n  b e  s e e n  t h a t  c e ll  r e p l i c a ­
t i o n  s t o p p e d  o n  a d d i t i o n  o f  r u t i l a n t i n  t o  t h e  c u l tu r e s ,  a n d  g r o w th  w a s  n o t  r e ­
e s t a b l i s h e d  e v e n  w h e n  t h e  d r u g  w a s  r e m o v e d  a f t e r  o n ly  24  h r .

Effect of rutilantin on the growth of influenza virus

The possible inhibitory effect of rutilantin on the WS strain of influenza virus was 
tested in the allantoic cavity of 10-day chick embryos. In several experiments,

IO G. Microb. xxxvm



i n f e c t i v i t y  t i t r a t i o n s  w e re  c a r r i e d  o u t  s im u l ta n e o u s ly  in  g r o u p s  o f  u n t r e a t e d  e g g s  
a n d  in  e g g s  in o c u l a te d  w i th  u p  t o  1 0 /ig . r u t i l a n t i n .  N o  e v id e n c e  o f  p r o t e c t i o n  w a s  
o b ta i n e d .  I n  o n e  e x p e r im e n t ,  t h r e e  g r o u p s  o f  t e n  e g g s  w e r e  in o c u la te d  w i th  1, 5 o r  
1 0 fig. r u t i l a n t i n / e g g  a n d  t h e n  c h a l l e n g e d  w i t h  a p p r o x i m a t e ly  2 0 0  E I D 5 0  o f  v i r u s ;  
f iv e  e g g s , t r e a t e d  w i th  s a l in e  o n ly ,  s e r v e d  a s  c o n t r o ls .  A ll  e g g s , e x c e p t  f o r  f iv e  t h a t  
d ie d ,  w e re  f o u n d  to  b e  in f e c te d  w h e n  t e s t e d  a f t e r  4 8  h r  in c u b a t io n .  H a e m a g g l u t in i n  
t i t r a t i o n s  o n  t h e  a l l a n to i c  f lu id s  f r o m  in d iv id u a l  e g g s  s h o w e d  f u r t h e r  t h a t  t h e  v i r u s  
y ie ld  w a s  n o t  s ig n i f i c a n t ly  r e d u c e d  b y  t r e a t m e n t  w i th  r u t i l a n t i n .
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Effect of rutilantin on the growth of poliovirus
B e c a u s e  o f  t h e  t o x i c i t y  o f  r u t i l a n t i n  f o r  H e L a  ( E R K )  c e lls , t h e  o n ly  a v a i l a b le  

c e ll l in e  t h a t  w a s  s u s c e p t ib le  t o  in f e c t io n  w i th  p o l io v i r u s ,  s a t i s f a c to r y  t e s t s  o n  t h e  
i n h ib i t io n  o f  p o l io v ir u s  w e re  d if f ic u l t  t o  p e r f o r m .  H o w e v e r ,  a  s in g le  e x p e r i m e n t  w a s  
s e t  u p  t o  in d i c a te  w h e th e r  f u r t h e r  w o r k  m i g h t  u s e f u l ly  b e  d o n e . S ix  P e t r i  d is h e s  
w e re  s e e d e d  w i th  a  s u s p e n s io n  o f  H e L a  ( E R K )  c e lls  in  1 %  a g a r .  T h r e e  o f  t h e  
c u l tu r e s  w e re  in f e c te d  b y  t h e  in c lu s io n  o f  a b o u t  5 0 0  p . f .u .  p o l io v ir u s  in  t h e  s u s p e n s io n ,  
a c c o r d in g  t o  t h e  p la q u e  te c h n iq u e  o f  C o o p e r  (1 9 5 5 ) . R u t i l a n t i n  a t  c o n c e n t r a t i o n s  
o f  10  o r  5 0 0 /¿ g ./m l. w a s  a d d e d  t o  9 m m . d i a m e te r  w e lls  c u t  in  t h e  c e n t r e  o f  e a c h  o f  
tw o  c u l tu r e s ,  o n e  in f e c te d  a n d  t h e  o t h e r  u n in f e c te d .  T h e  c u l tu r e s  w e re  i n c u b a t e d  
f o r  3  d a y s  a t  3 6 ° , a n d  t h e n  s t a in e d  w i th  a  t e t r a z o l iu m  d e r i v a t i v e  t o  d i f f e r e n t i a t e  
l iv in g  f r o m  d e a d  c e lls . I n  t h e  u n in f e c te d  c u l tu r e s ,  t h e  t o x i c i t y  o f  r u t i l a n t i n  w a s  
s h o w n  b y  a n  in n e r  z o n e  o f  c o m p le te  c le a r in g  a r o u n d  t h e  c e n t r a l  w e ll  a n d  a  w id e r  
o u t e r  z o n e  o f  p a r t i a l  c le a r in g  w h ic h  e x t e n d e d  t o  a  d i a m e te r  o f  2 5  m m . in  t h e  p l a t e  
w i th  t h e  h ig h e r  d o s e  o f  r u t i l a n t i n .  I n  t h e  in f e c te d  c u l tu r e s ,  p o l io v ir u s  p la q u e s  o f  
a p p a r e n t l y  n o r m a l  s iz e  a n d  n u m b e r  c o u ld  b e  s e e n  e x te n d i n g  r i g h t  u p  t o  t h e  in n e r  
z o n e  o f  c o m p le te  c le a r in g  o f  t h e  c e lls . T h e  r e s u l t s  o f  t h i s  e x p e r i m e n t  s e e m e d  t o  
in d i c a te  t h a t  r u t i l a n t i n  w a s  m o r e  to x i c  t o  t h e  c e lls  t h a n  t o  t h e  v ir u s ,  a n d  th e r e f o r e  
n o  f u r t h e r  t e s t s  w e re  c a r r i e d  o u t .

Effect of rutilantin on the growth of rabbitpox virus
I n  c o n t r a s t  t o  i t s  a p p a r e n t  l a c k  o f a c t i o n  a g a in s t  t h e  o t h e r  tw o  v ir u s e s ,  r u t i l a n t i n  

w a s  f o u n d  t o  h a v e  a  d e f in i te  i n h i b i t o r y  e f f e c t  o n  t h e  g r o w th  o f  r a b b i t p o x  v ir u s .  
E x p e r im e n t s  w e re  t h e r e f o r e  m a d e  t o  d e f in e  i t s  e f f e c t iv e n e s s  a n d  in d i c a te  i t s  m o d e  o f  
a c t i o n .

Dose-response curve. T h e  e f f e c t  o f  r u t i l a n t i n  o n  r a b b i t p o x  v i r u s  r e p l i c a t io n  w a s  
t e s t e d  o v e r  a  r a n g e  o f  c o n c e n t r a t i o n s  f r o m  0 -0 0 8  t o  l - 0 / i g . /m l .  M e d iu m  c o n ta in in g  
t h e  in h i b i t o r  w a s  a d d e d  t o  R K  13  c u l tu r e s  a f t e r  in f e c t io n  w i th  v i r u s  a t  4 C, a n d  t h e  
v i r u s  y ie ld  w a s  d e te r m in e d  a f t e r  i n c u b a t io n  f o r  2 2  h r  a t  3 6 ° . T h e  r e s u l t s  o f  t h r e e  
e x p e r im e n t s  a r e  s h o w n  to g e t h e r  in  F ig .  1. A t  a  c o n c e n t r a t i o n  o f  O -4 /tg ./m l., r u t i ­
l a n t i n  c o m p le te ly  s u p p r e s s e d  v i r u s  m u l t i p l i c a t i o n ,  so  t h a t  le s s  t h a n  1 p . f .u . / c e l l  c o u ld  
b e  r e c o v e r e d .  I n  p re s e n c e  o f  r u t i l a n t i n  0 -2 / ig . /m l .  v i r u s  g r o w th  w a s  e i t h e r  g r e a t ly  
d e c r e a s e d  o r  c o m p le te ly  p r e v e n t e d .

Irreversibility of inhibitory action. I t  h a d  b e e n  f o u n d  t h a t  t h e  to x i c  e f f e c t  o f  
r u t i l a n t i n  o n  R K  13  c e lls  w a s  n o t  a n n u l l e d  b y  w i th d r a w a l  o f  t h e  d r u g  f r o m  th e  
c u l t u r e  m e d iu m .  A n  e x p e r i m e n t  w a s  th e r e f o r e  s e t  u p  t o  d e t e r m in e  w h e th e r  t h e  
i n h i b i t io n  o f  v i r u s  r e p l i c a t io n  w a s  s im i la r ly  i r r e v e r s ib le .  T w o  t e s t  c u l tu r e s  w e re
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i n c u b a t e d  f o r  3  h r  in  m e d iu m  c o n ta in in g  r u t i l a n t i n  1 / ig . /m l .  A f t e r  a  f u r t h e r  3  h r  
in  n o r m a l  m e d iu m , t h e  c u l t u r e s  w e re  in f e c te d  w i th  r a b b i t p o x  v i r u s  a t  4 ° . O n e  
c u l t u r e  w a s  h a r v e s t e d  im m e d i a te l y  a n d  t h e  o t h e r  in c u b a t e d  f o r  2 2  h r  a t  3 6 °  t o  
a llo w  v i r u s  g r o w th .  T h r e e  c o n t r o l  c u l tu r e s ,  w h ic h  h a d  n o t  b e e n  e x p o s e d  t o  r u t i l a n t i n ,  
w e re  in f e c te d  in  p a r a l l e l  w i th  t h e  t e s t  c u l tu r e s .  O n e  w a s  h a r v e s t e d  im m e d ia te ly  
a f t e r  v i r u s  a d s o r p t io n ,  o n e  a f t e r  in c u b a t io n  f o r  2 2  h r  i n  n o r m a l  m e d iu m , a n d ,  t o  
c h e c k  t h e  i n h i b i t o r y  a c t i o n  o f  t h e  r u t i l a n t i n ,  o n e  w a s  i n c u b a t e d  f o r  22  h r  i n  m e d iu m  
c o n ta i n in g  r u t i l a n t i n  1 / ig . /m l .  T h e  r e s u l t s  ( T a b le  2 ) s h o w e d  t h a t  p r e t r e a t m e n t  o f  
c e lls  w i th  r u t i l a n t i n  w a s  c o m p le te ly  e f f e c t iv e  in  s u p p r e s s in g  v i r u s  g r o w th .  I t  
th e r e f o r e  s e e m s  t h a t  t h e  i n h ib i t io n  o f  v i r u s  r e p l i c a t io n  w a s  b r o u g h t  a b o u t  b y  s o m e  
a l t e r a t i o n  in  t h e  c e lls  w h ic h , l ik e  t h e  to x i c  e f f e c t  o f  r u t i l a n t i n ,  w a s  n o t  a n n u l l e d  b y  
r e m o v a l  o f  t h e  d r u g .  T h e  f a c t  t h a t  t h e  s a m e  a m o u n t  o f  v i r u s  w a s  a d s o r b e d  b y  c o n t r o l  
a n d  t e s t  c u l tu r e s  in d i c a te s  t h a t  p r e t r e a t m e n t  o f  c e lls  w i th  r u t i l a n t i n  d id  n o t  i n t e r ­
f e r e  w i th  v i r u s  a d s o r p t io n .

A n t i - v i r a l  a c t io n  o f  r u t i l a n t i n

Fig. 1 Fig. 2

Fig. 1. Effect of rutilantin concentration on the yield of rabbitpox virus from RK 13 
cultures. The symbols O, ® and x represent the results of three separate experiments. 
Fig. 2. Effect of duration of pretreatment with rutilantin on the yield of rabbitpox 
virus from RK 13 cultures. Rutilantin concentration: O, O-75/ig./ml.; C l-O/ig./ml.

Table 2. Inhibition of rabbitpox virus growth by pretreatment of 
R K  13 cultures with rutilantin

Time of test

0 hr 22 hr
C 1
Virus titre (p.f.u. per cell)

Culture /---------------A--------------- ,
Control 2-5 247
Rutilantin 1/ig./ml. during virus growth 2-5 O il
Rutilantin 1/ig./ml. before virus growth 2-4 0-24

T w o  f u r t h e r  e x p e r im e n t s  w e re  m a d e  t o  d e te r m in e  t h e  d u r a t i o n  o f  e x p o s u r e  t o  
r u t i l a n t i n  t h a t  w a s  n e c e s s a r y  t o  p r e v e n t  v i r u s  g r o w th .  C u l tu r e s  w e re  t r e a t e d  w i th  
r u t i l a n t i n ,  e i t h e r  0 -7 5  o r  T O / tg ./m l . ,  f o r  v a r io u s  l e n g th s  o f  t im e ,  a n d  2  h r  a f t e r  
r e m o v a l  o f  t h e  d r u g  t h e y  w e re  in f e c te d  w i th  r a b b i t p o x  v i r u s .  T h e  v i r u s  y ie ld s  a f t e r

IO-2
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g r o w th  f o r  18  h r  a r e  s h o w n  in  F ig .  2 . A lm o s t  c o m p le te  in h ib i t io n  w a s  c a u s e d  b y  
e x p o s u r e  t o  r u t i l a n t i n  l / i g . / m l .  f o r  l  h r  o r  0 - 7 5 / ig ./m l .  f o r  1 h r .  I t  is  n o t  k n o w n  
w h e th e r  th e s e  t im e s  r e p r e s e n t  m a in ly  t h e  t i m e  t a k e n  f o r  t h e  d r u g  t o  p e n e t r a t e  t h e  
c e lls  o r  t h a t  r e q u i r e d  f o r  i t  t o  e x e r t  i t s  a c t i o n  w h e n  i t  is  a l r e a d y  in t r a c e l lu l a r .

Mode of action of rutilantin
Direct action on virus infectivity. S a m p le s  o f  a  r a b b i t p o x  v i r u s  s u s p e n s io n  o f  

t i t r e  1-5 x  1 0 6 p . f .u . /m l .  w e re  i n c u b a t e d  f o r  1 h r  a t  3 6 °  w i th  v a r io u s  c o n c e n t r a t i o n s  o f  
r u t i l a n t i n  u p  t o  1 0 0  /¿ g ./m l. E a c h  s a m p le  w a s  t h e n  d i l u te d  b y  a  f a c t o r  o f  10 4 a n d  
in o c u la te d  o n  t o  P e t r i  d i s h  c u l tu r e s  o f  H e L a  ( E R K )  c e lls  f o r  t h e  t i t r a t i o n  o f  s u r ­
v iv in g  v i r u s .  T h e r e  w a s  n o  s ig n if i c a n t  d if fe re n c e  b e tw e e n  t h e  t i t r e s  o f  t h e  t r e a t e d  
v i r u s  a n d  t h a t  o f  c o n t r o l  v i r u s  i n c u b a t e d  w i t h o u t  r u t i l a n t i n .  R u t i l a n t i n  th e r e f o r e  
e x e r t e d  n o  d i r e c t  v i r ic id a l  e f f e c t e v e n  a t  c o n c e n t r a t i o n s  f a r  in  e x c e s s  o f  th o s e  
r e q u i r e d  to  s u p p r e s s  v i r u s  r e p l ic a t io n .

V .  H u m e , J .  C . N .  W e s t w o o d  a n d  G . A p p l e  y a r d

Fig. 3. One-step growth curves of rabbitpox virus in RK 13 cells. • ,  normal growth;
O, growth in the presence of rutilantin O-2/tg./ml.
Fig. 4. Effect of time of addition of rutilantin on the yield of rabbitpox virus from RK 13 
cultures. • ,  normal growth curve; :< , virus yield a t 24 hr after addition of rutilantin 
O-4/ig./ml. a t times shown.

Action on virus penetration and eclipse. O n e - s te p  v i r u s  g r o w th  c u r v e s  w e re  m a d e  
in  p re s e n c e  o r  a b s e n c e  o f  r u t i l a n t i n  0 -2  fig./m l. (F ig .  3 ) . T h e  r e s u l t s  s u g g e s t  t h a t  
v i r u s  p e n e t r a t i o n  a n d  e c l ip s e  t o o k  p la c e  n o r m a l ly  i n  t h e  p re s e n c e  o f  r u t i l a n t i n ,  b u t  
t h a t  n o  n e w  in f e c t iv e  v i r u s  w a s  f o r m e d .

Action on intracellular replication. T o  d e te r m in e  t h e  s e n s i t iv e  s t a g e  o f  v i r u s  
g r o w th ,  r u t i l a n t i n  0 -4  /x g ./n il . w a s  a d d e d  t o  c u l tu r e s  a t  v a r io u s  t im e s  a f t e r  in f e c t io n ,  
a n d  t h e  f in a l  y ie ld s  o f  v i r u s  f r o m  t h e  c u l tu r e s  w e re  t i t r a t e d  a f t e r  i n c u b a t io n  f o r  
2 4  h r .  I n  a d d i t io n ,  o t h e r  in f e c te d  c u l tu r e s  w e re  h a r v e s t e d  a t  i n t e r v a l s  a n d  t i t r a t e d  
t o  s h o w  t h e  n o r m a l  v i r u s  g r o w th  c u r v e  (F ig .  4 ). R u t i l a n t i n  w a s  c o m p le te ly  e f f e c t iv e  
in  p r e v e n t in g  t h e  f o r m a t i o n  o f  n e w  v i r u s  w h e n  a d d e d  a s  l a t e  a s  4  h r .  a f t e r  i n f e c t io n  
o f  t h e  c u l tu r e s ,  a n d  o n ly  a  s m a l l  a m o u n t  o f  v i r u s  w a s  p r o d u c e d  w h e n  i t  w a s  a d d e d  
a t  5 h r .  R u t i l a n t i n  th e r e f o r e  e x e r t s  i t s  i n h i b i t o r y  e f f e c t  v e r y  l a t e  in  t h e  v i r u s  g r o w th  
c y c le .

Action on synthesis of viral protein. T h e  d e v e lo p m e n t  o f  s o lu b le  v i r a l  a n t ig e n s
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during the course of infection was taken as an indication of the synthesis of viral 
protein. Infected cell cultures were incubated for 2 4  hr in normal medium or in 
medium with concentrations of rutilantin from 0-1 to 1-0 /ig./ml. The yields of 
virus from the cultures were those shown by the solid circles in Fig. 1; the titre 
was decreased to less than 10 % of the control value by rutilantin 0 T  /ig./ml. and 
to less than 1 % by 0-2 /ig./ml. In gel diffusion tests against rabbitpox antiserum, 
extracts of cells infected in the presence of rutilantin 0-1 or 0-2 /ig./ml. gave a 
pattern of precipitin lines indistinguishable from that produced by the control, 
though higher concentrations of rutilantin did prevent or decrease the formation of 
many antigens. The results suggested that, while minimum inhibitory concentra­
tions of rutilantin did not suppress soluble antigen synthesis, this was progressively 
affected as the concentration of drug was increased. It seemed also that the 
inhibition was selective for certain antigens.

Action on synthesis of viral DNA. Cell cultures on coverslips were infected with 
virus of titre 108 p.f.u./ml. and then incubated in normal medium or medium con­
taining rutilantin 0 -2 , 0-4  or 0-8  /<g./ml. All three concentrations of drug caused 
complete inhibition of virus multiplication as judged by the yield of infective virus 
at 24  hr. Sample coverslips were withdrawn at intervals, stained with acridine 
orange, and examined under ultraviolet illumination for green-fluorescing inclusions 
of DNA. Almost all cells of the control cultures developed multiple small DNA foci; 
these increased in size, and by 24  hr had diffused through most of the cytoplasm. 
In the presence of rutilantin 0-2 /tg./ml., the development of foci was indistinguishable 
from that in normal medium. Higher concentrations of rutilantin did decrease 
DNA synthesis, though even in the presence of 0-8  /tg./ml. some inclusions were seen 
in many of the cells. It is therefore unlikely that rutilantin inhibits the growth of 
rabbitpox virus by preventing the synthesis of viral DNA.

A n t i - v i r a l  a c t io n  o f  r u t i l a n t i n

T a b le  3 . The toxicity of rutilantin for mice

Dose of
rutilantin (mg.)

No. of 
mice

f
Per mouse Per hg.

10 0-2 10
10 0-4 20
10 0-8 40
10 1-2 00

Days after inoculation

1 2 3 7

Total deaths
'
0 5 5 7
0 7 8 9
0 10 . .

10 . . .

In vivo toxicity of rutilantin
T o  d e t e r m in e  w h e th e r  t h e  t o x i c i t y  o f  r u t i l a n t i n  f o r  c e lls  in  c u l t u r e  w a s  r e f le c te d  

b y  a  s im i la r  t o x i c i t y  in vivo, f o u r  g r o u p s  o f  t e n  m ic e  (2 0  g . b o d y  w e ig h t)  w e re  in o c u ­
l a t e d  i n t r a p e r i t o n e a l ly  w i th  d o s e s  o f  r u t i l a n t i n  r a n g i n g  f r o m  0 -2  t o  1-2 m g . T h e  m ic e  
w e re  o b s e r v e d  f o r  7  d a y s ,  a n d  m o r ib u n d  a n im a ls  w e re  k i l le d  a n d  a u to p s ie d .  T h e  
r e s u l t s  o f  t h i s  e x p e r i m e n t  a r e  p r e s e n te d  in  T a b le  3 . H is to lo g ic a l  e x a m i n a t i o n  o f  
a u t o p s y  m a t e r i a l  s h o w e d  t h a t  t h e  m a i n  d a m a g e  o c c u r r e d  in  l i v e r  a n d  k id n e y .  T h e  
l i v e r  s h o w e d  a c u t e  to x i c  h e p a t i t i s ,  m a r k e d  b y  d i l a t i o n  a n d  c o n g e s t io n  o f  t h e  h e p a t i c  
s in u s o id s .  T h e r e  w a s  d if fu s e  p a r e n c h y m a to u s  d e g e n e r a t io n  w i th  f a t t y  c h a n g e s  a n d
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a  v a r i a b le  d e g r e e  o f  n e c ro s is .  T h e  k id n e y s  s h o w e d  a c u te  to x i c  n e p h r i t i s  w i th  w id e ­
s p r e a d  f a t t y  c h a n g e s ,  a n d  f r a n k  t u b u l a r  d e g e n e r a t io n ,  w i th  n e c ro s is ,  w a s  p r e s e n t  
m a in ly  i n  t h e  p r o x i m a l  c o n v o lu t e d  tu b u l e s .  T h e  g lo m e r u la r  c a p i l la r ie s  w e re  d i l a t e d  
a n d  c o n g e s te d ,  a n d  th e r e  w e re  fo c a l  h a e m o r r h a g e s  m a in ly  in  t h e  p a p i l l a r y  z o n e .

I n  a  s e c o n d  e x p e r im e n t ,  t e n  a lb in o  r a b b i t s  (2  k g . b o d y  w e ig h t)  w e re  e a c h  in o c u ­
l a t e d  i n t r a p e r i t o n e a l ly  w i th  20  m g . r u t i l a n t i n  (1 0  m g ./k g .) .  S e v e n  o f  t h e  a n im a ls  
d e v e lo p e d  s e v e r e  d ia r r h o e a ,  a n d  d ie d  w i th i n  48  h r .  A t  a u to p s y  th e s e  a n im a ls  
s h o w e d  a c u te  to x i c  le s io n s  v e r y  s im i la r  t o  th o s e  s e e n  in  m ic e , t h e  l i v e r  a n d  k id n e y  
b e in g  s e v e r e ly  d a m a g e d .  T h e  r e m a in in g  th r e e  r a b b i t s  s u r v iv e d  w i t h o u t  e v id e n t  
i l l- e f fe c ts . T h e y  w e re  k i l le d  a f t e r  7  d a y s ,  a n d  a l l  o r g a n s  a p p e a r e d  h e a l t h y .  R u t i l a n t i n  
w a s  th e r e f o r e  e x t r e m e ly  to x i c  t o  m ic e  a n d  r a b b i t s  a t  d o s e s  o n ly  a b o u t  2 0  t im e s  
g r e a t e r  t h a n  th o s e  n e e d e d  t o  in h i b i t  v i r u s  g r o w th  u n d e r  t h e  id e a l  c o n d i t io n s  o f  
t i s s u e  c u l tu r e .

V .  H u m e , J .  C . N .  W e s t w o o d  a n d  G . A p p l e y a r d
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R u t i l a n t i n  A  w a s  s e le c te d  a s  a  p o s s ib le  a n t i v i r a l  a g e n t  b e c a u s e  o f  i t s  p r o v e d  
a c t i v i t y  a g a in s t  b a c te r io p h a g e .  T h e  w o r k  r e p o r t e d  h e r e  w a s  u n d e r t a k e n  in i t i a l l y  
t o  r e s o lv e  c o n f l ic t in g  r e p o r t s  a b o u t  i t s  i n h i b i t o r y  a c t i o n  a g a in s t  v a r io u s  a n im a l  
v i r u s e s .  I n  v ie w  o f  t h e  e x t r e m e  a n d  a p p a r e n t l y  i r r e v e r s ib le  t o x i c i t y  o f  t h e  c o m ­
p o u n d ,  t h e  in v e s t i g a t i o n  w a s  n o t  e x t e n d e d  t o  in c lu d e  t h e r a p e u t i c  t r i a l s  in  a n im a ls .

A l th o u g h  t h e  t h e r a p e u t i c  u s e  o f  r u t i l a n t i n  is  n o t  p r a c t i c a b l e ,  t h e  s u b s ta n c e  p o s s e s s e s  
c o n s id e r a b le  i n t e r e s t  a s  a n  i n h i b i t o r  o f  r a b b i t  p o x  v i r u s  r e p l ic a t io n .  I n  m in im a l  
i n h i b i t o r y  c o n c e n t r a t i o n s ,  r u t i l a n t i n  a p p a r e n t ly  d o e s  n o t  a f f e c t  t h e  f o r m a t i o n  o f  
v i r a l  D N A  n o r  t h a t  o f  s o lu b le  v i r a l  a n t ig e n s .  T h is  in d i c a te s  t h a t  t h e  i n h ib i t io n  is  
d i r e c te d  a g a in s t  a  l a t e  s t a g e  o f  t h e  r e p l i c a t io n  c y c le , a  s u g g e s t io n  w h ic h  is  c o n f i rm e d  
b y  t h e  f a c t  t h a t  t h e  d r u g  w a s  c o m p le te ly  e f f e c tiv e  e v e n  w h e n  a d d e d  l a t e  i n  t h e  
e c lip s e  p h a s e .  T h e  s i te  o f  a c t i o n  o f  r u t i l a n t i n  is  p r o b a b l y  d if f e re n t  f r o m  t h a t  o f  o t h e r  
k n o w n  in h ib i to r s  o f  r a b b i t  p o x  v i r u s  g r o w th ,  n o n e  o f  w h ic h  h a s  b e e n  s h o w n  t o  a c t  so  
l a t e  in  t h e  g r o w th  c y c le . A t  h ig h e r  c o n c e n t r a t i o n s ,  r u t i l a n t i n  a ls o  a f f e c te d  o t h e r  p r o ­
c e s s e s  o c c u r r in g  d u r in g  v i r u s  d e v e lo p m e n t ;  t h e  f o r m a t i o n  o f  m a n y  s o lu b le  a n t i g e n s  
w a s  p r e v e n te d ,  a n d  t h e r e  w a s  c o n s id e r a b le  i n h i b i t io n  o f  D N A  s y n th e s is .

T h e  b io c h e m ic a l  m o d e  o f  a c t i o n  o f  r u t i l a n t i n  is  u n k n o w n .  T h e  t o x i c i t y  o f  t h e  
c o m p o u n d  s u g g e s ts  t h a t  i t s  e f f e c t  o n  v i r u s  r e p l i c a t io n  m a y  b e  m e r e ly  a  r e f le x io n  o f  
t h e  i r r e v e r s ib le  d a m a g e  t h a t  i t  c a u s e s  t o  c e ll m e ta b o l i s m .  T h is  id e a  is  s u p p o r t e d  b y  
t h e  o b s e r v a t io n  t h a t  t h e  c a p a c i ty  o f  c e lls  t o  s u p p o r t  v i r u s  g r o w th  w a s  a b o l i s h e d  b y  
t e m p o r a r y  e x p o s u r e  t o  r u t i l a n t i n  b e fo r e  in f e c t io n .  O n  t h e  o t h e r  h a n d ,  t h e  r e l a t i v e ly  
g r e a t  s e n s i t i v i t y  o f  t h e  s t a g e  o f  g r o w th  o c c u r r in g  s h o r t ly  b e fo r e  v i r u s  m a t u r a t i o n  
s u g g e s ts  t h a t  m in im a l  c o n c e n t r a t i o n s  o f  t h e  d r u g  m a y  h a v e  a  m o r e  s p e c if ic a l ly  
a n t i v i r a l  a c t i o n .  I n  v ie w  o f  t h e  a d v a n c e d  s t a t e  o f  k n o w le d g e  c o n c e r n in g  t h e  
s t r u c t u r e  o f  r u t i l a n t i n  (O llis  & S u th e r l a n d ,  1 9 6 1 ), t h i s  p o s s ib i l i ty  i n v i t e s  f u r t h e r  
i n v e s t i g a t io n .  I f  t h e  a n t i b io t i c  c o u ld  b e  d e to x i f i e d  w i t h o u t  d e s t r o y in g  i t s  a n t i ­
v i r a l  a c t i o n ,  n o t  o n ly  w o u ld  i t s  v a lu e  in  t h e  l a b o r a t o r y  a n d  a s  a  p o s s ib le  c h e m o ­
t h e r a p e u t i c  a g e n t  b e  e n o r m o u s ly  e n h a n c e d ,  b u t  v a lu a b l e  in f o r m a t io n  m i g h t  b e  
o b t a i n e d  a b o u t  i t s  m o d e  o f  a c t i o n  r e l a t i v e  t o  c h e m ic a l  s t r u c tu r e .

T h e  a u th o r s  a r e  i n d e b t e d  t o  M r  J .  R a n d le s  a n d  D r  D . W . H e n d e r s o n ,  F .R .S .  f o r  
t h e  d a t a  o n  t h e  in  vivo t o x i c i t y  o f  r u t i l a n t i n ,  a n d  to  M iss  H .  J .  W a y  f o r  t e c h n ic a l  
a s s i s t a n c e .
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SUMMARY

F r e e  a n d  e s te r i f ie d  c h o le s te r o l  w e re  d e t e r m i n e d  in  t h e  l i p id  e x t r a c t  o f  
n in e  p a r a s i t i c  a n d  s a p r o p h y t i c  M y c o p la s m a  s t r a in s .  T h e  s a p r o p h y t i c  
s t r a in s  w e re  u s u a l ly  f r e e  f r o m  e s te r i f ie d  c h o le s te r o l .  E s te r i f i e d  c h o le s te r o l  
w a s  f o u n d  in  t h e  p a r a s i t i c  s t r a in s  a t  a  r a t i o  o f  1 : 8  t o  1 : 3  t o  f r e e  c h o le s te r o l  ; 
in  t h e  g r o w th  m e d iu m  t h e  r a t i o  w a s  a b o u t  4 : 1 .  [4 -14C ] -c h o le s te ro l  a d d e d  
t o  t h e  g r o w th  m e d iu m  w a s  in c o r p o r a t e d  b y  a l l  M y c o p la s m a  s t r a in s  
w i t h o u t  e s t e r i f ic a t io n  o r  a n y  o t h e r  c h e m ic a l  c h a n g e .  [4 -14C ]-c h o le s te ry l  
o le a t e  w a s  in c o r p o r a t e d  i n t o  t h e  l i p id  o f  t h e  p a r a s i t i c  s t r a in s  a n d  w a s  
n o t  h y d r o ly s e d  t o  y ie ld  f r e e  c h o le s te r o l .  T h e  s m a l l  a m o u n t s  o f  r a d i o ­
a c t i v e  o le ic  a c id  i n c o r p o r a t e d  b y  s e v e r a l  M y c o p la s m a  s t r a in s  d u r i n g  g r o w th  
w a s  n o t  d e t e c t e d  in  t h e  c h o le s te r y l  e s t e r  f r a c t i o n .  O u r  r e s u l t s  s h o w  t h a t  
u n d e r  t h e  g r o w th  c o n d i t io n s  e x a m in e d ,  t h e  M y c o p la s m a  o r g a n i s m s  t e s t e d  
w e re  u n a b le  t o  e s t e r i f y  c h o le s te r o l  o r  h y d r o ly s e  c h o le s te r y l  e s te r s .

INTRODUCTION

M o s t M y c o p la s m a  s t r a i n s  h a v e  b e e n  f o u n d  t o  r e q u i r e  c h o le s te r o l  o r  c lo s e ly  
r e l a t e d  s te r o ls  f o r  g r o w th  ( E d w a r d  & F i t z g e r a l d ,  1 9 5 1 ; S m i th  &  L y n n ,  1 9 5 8 ; 
R o d w e l l  &  A b b o t ,  1 9 6 1 ; R o d w e l l ,  1 9 6 3 ; S m i th ,  1 9 6 4 ) . O n ly  t h e  s a p r o p h y t i c  
Mycoplasma laidlawii s t r a i n s  d o  n o t  h a v e  th i s  r e q u i r e m e n t  ( E d w a r d  & F r e u n d t ,  
1 9 5 6 ; R a z in  & K n ig h t ,  1 9 6 0 ; R o t h b l a t  & S m i th ,  1 9 6 1 ; R a z in  &  C o h e n , 1 9 6 3 ) . 
S o  f a r  n o  o t h e r  g r o u p  o f  b a c t e r i a  is  k n o w n  t o  r e q u i r e  s t e r o ls  f o r  g r o w th  ( R a z in ,
1 9 6 2 ). C h o le s te ro l  in  t h e  g r o w th  m e d iu m  w a s  f o u n d  t o  b e  i n c o r p o r a t e d  in  a p ­
p r e c i a b le  q u a n t i t i e s  i n t o  t h e  l i p id  f r a c t i o n  o f  t h e  M y c o p la s m a  c e ll  ( S m i th  &  R o t h ­
b l a t ,  1 9 6 0 ; R o t h b l a t  & S m i th ,  1 9 6 1 ; S m i th ,  1 9 6 2 ; S m i th ,  1 9 6 3 a  R o d w e l l ,  1 9 6 3 ;  
T o u r t e l l o t t e ,  J e n s e n ,  G a n d e r  & M o r o w itz ,  1 9 6 3 ). M o s t  o f  t h e  i n c o r p o r a t e d  c h o l ­
e s te r o l  w a s  f o u n d  in  t h e  c e ll  m e m b r a n e  ( R o t h b l a t  & S m i th ,  1 9 6 1 ; R a z in ,  A r g a m a n  
& A v ig a n ,  1 9 6 3 ) . W h e n  g r o w n  in  a  c h o le s te r o l - d e f ic ie n t  m e d iu m  Mycoplasma 
mycoides s h o w e d  s e v e r e  m o r p h o lo g ic a l  c h a n g e s ,  a p p a r e n t l y  d u e  t o  f a u l t y  s y n th e s i s  
o f  c e ll m e m b r a n e  (R o d w e ll  & A b b o t ,  1 9 6 1 ) . T h u s ,  i t  is  p la u s ib le  t h a t  c h o le s te r o l  
is  e s s e n t ia l  f o r  t h e  i n t e g r i t y  a n d  r e g u l a r  f u n c t io n i n g  o f  t h e  d e l i c a te  c e ll  m e m b r a n e  
o f  M y c o p la s m a  ( R a z in ,  1 9 6 3 a ) .  S m i th  (1 9 6 3 a )  s u g g e s te d  t h a t  c h o le s te r o l  fu l f i ls  
a  b i f u n c t i o n a l  r o l e : m a i n t e n a n c e  o f  t h e  s t r u c t u r a l  i n t e g r i t y  o f  t h e  c e ll m e m b r a n e ,  
a n d  a s  a  c a r r i e r  o f  s u b s t r a t e s  a n d  m e ta b o l i c  e n d - p r o d u c t s  a c ro s s  t h e  c e ll  m e m b r a n e .  
T o  e lu c id a te  t h e  ro le  p la y e d  b y  c h o le s te r o l  i n  t h e  p h y s io lo g y  o f  M y c o p la s m a ,  i t  
s e e m e d  w o r t h  w h i le  t o  in v e s t i g a t e  t h e  f a t e  o f  c h o le s te r o l  i n c o r p o r a t e d  b y  v a r io u s  
M y c o p la s m a  s t r a in s .  T h e  p r o b le m s  d e a l t  w i th  w e r e :  (a) is  t h e  in c o r p o r a t e d
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cholesterol esterified or metabolized in any way? (ft) are Mycoplasma organisms 
able to incorporate eholesteryl esters from the growth medium? (c) are Mycoplasma 
organisms able to hydrolyse eholesteryl esters to yield free cholesterol?

METHODS

Organisms. Mycoplasma mycoides v a r .  mycoides ( p g  1 ), M . mycoides v a r .  capri 
( p g  3 ), M. agalactiae ( p g  2 ), M. neurolyticum ( p g  2 8 ), M. laidiawii s t r a i n  a  ( p g  8) 
a n d  M . laidiawii s t r a i n  b  ( p g  9 ) w e re  o b t a i n e d  f r o m  D r  D . G . ff. E d w a r d  ( T h e  
W e llc o m e  R e s e a r c h  L a b o r a to r ie s ,  B e c k e n h a m ,  K e n t ) .  A  s t r a i n  o f  M . gallisepticum 
n a m e d  ( r ) w a s  p r o v id e d  b y  M rs  R u t h  B e r n s t e in  ( F a c u l t y  o f  A g r ic u l tu r e ,  T h e  H e b r e w  
U n iv e r s i ty ,  R e h o v o th ,  I s r a e l ) .  S t r a in  s 6  o f  M . gallisepticum w a s  o b ta i n e d  f r o m  
D r  H .  E .  A d le r  (S c h o o l o f  V e te r i n a r y  M e d ic in e , U n iv e r s i t y  c f  C a li fo rn ia ,  D a v is ,  
U .S .A .) .  M. laidiawii (o r a l  s t r a i n  (w as i s o la te d  in  o u r  l a b o r a to r y  f r o m  t h e  h u m a n  
o r a l  c a v i t y ;  t h i s  s t r a i n  w a s  s e r o lo g ic a l ly  r e l a t e d  t o  M . laidiawii s t r a i n  a  ( A r g a m a n ,  
u n p u b l i s h e d  o b s e r v a t io n s ) .

Growth medium and cultivation of organisms. T h e  o r g a n i s m s  w e re  g r o w n  in  a  
m o d if ie d  l i q u id  E d w a r d  m e d iu m  (R a z in ,  1 9 6 3 ft) w h ic h  c o n ta in e d  2 %  ( v / v ) D i f e o -  
P P L O  s e r u m  f r a c t i o n .  T h e  r a d i o a c t i v e  c o m p o u n d s  in c o r p o r a t e d  i n t o  t h e  g r o w th  
m e d iu m  in c lu d e d  [4 -14C ] -c h o le s te ro l  w i th  a  sp e c if ic  a c t i v i t y  o f  2 4  m C /m m o le ;  
[4 -14C ]-c h o le s te ry l  o le a t e  w i th  a  s p e c if ic  a c t i v i t y  o f  20  m C /m m o le  a n d  [U -14C ]-o le ic  
a c id  w i th  a  s p e c if ic  a c t i v i t y  o f  9 4  m c /m m o le  (a l l  p r o d u c t s  o b t a i n e d  f r o m  t h e  
R a d io c h e m ic a l  C e n tr e ,  A m e r s h a m , E n g la n d ) .  A  b e n z e n e  s o lu t io n  c o n ta in in g  1 pC  
o f  t h e  r a d i o a c t i v e  c o m p o u n d  w a s  e v a p o r a t e d  t o  d r y n e s s  u n d e r  a  s t r e a m  o f  n i t r o g e n  
a n d  im m e d i a te l y  r e - d is s o lv e d  in  a  fe w  d r o p s  o f  e th a n o l .  T h e  e th a n o l ic  s o lu t io n  w a s  
t h e n  th o r o u g h ly  m ix e d  w i t h  2 0  m l .  D i f c o - P P L O  s e r u m  f r a c t io n  a n d  a d d e d  t o  1 1. 
o f  g r o w th  m e d iu m .  F i f t y  m l .  o f  a  y o u n g  c u l t u r e  o f  t h e  o rg a n is m s  in  E d w a r d  m e d iu m  
w e re  i n o c u la te d  in t o  5 0 0  m l .  m e d iu m  in  1 1. R o u x  f la s k s , w h ic h  w e re  i n c u b a t e d  
a t  3 7 °  f o r  2 4 - 4 8  h r  in  a n  in c l in e d  p o s i t i o n  t o  im p r o v e  a e r a t io n .  T h e  o r g a n i s m 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  1 6 ,0 0 0  g  f o r  5 m in . ,  w a s h e d  tw ic e  i n  0 -2 5  u -  
N a C l  a n d  t h e  s e d im e n te d  p a c k e d  o r g a n i s m s  f r e e z e -d r ie d .

Extraction of lipids. Lipids were extracted from the freeze-dried organisms by 
chloroform +  methanol (2  + 1, by vol.). Extraction was carried out at 6 0 °  for 3 0  min. 
under reflux in a nitrogen atmosphere. The extract was separated from the organisms 
by centrifugation and washed with water according to Folch, Lees & Sloane- 
Stanley (1 9 5 7 ) . The solvent was then evaporated to dryness by heating under a 
stream of nitrogen, and the lipid residue freeze-dried and weighed. To test the 
efficiency of the lipid-extraction procedure the extracted organisms were hydrolysed 
in 2 n -H C 1 at 9 0 - 1 0 0 °  for 15  hr in sealed ampoules. The hydrolysate was extracted 
three times with diethyl ether. The solvent was evaporated and radioactivity of the 
residue determined. Lipids were also extracted from freeze-dried Difco-PPLO 
serum fraction, and from the other dry constituents of Edward medium for the 
determination of their cholesterol content. Extraction was carried out by chloro­
form + methanol as described above.
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Determination of cholesterol and, its esters
Chromatographic separation. Cholesterol and cholesteryl esters in the lipids from 

the Mycoplasma organisms and in the constituents of the growth medium were 
separated by thin-layer chromatography (Razin et al. 1 9 6 3 ; Avigan, Goodman & 
Steinberg, 1 9 6 3 ) . Chromatoplates were prepared by using a slurry containing 
50  ml. of a 0-1 % (w/v) aqueous solution of Rhodamine 6 G and 25  g. silica gel G 
(E. Merck A. G., Darmstadt, Germany). The lipid to be chromatographed was 
dissolved in a small volume of benzene and applied to the plates as bands. Chroma­
tography was carried out at room temperature with developing solvent a mixture 
of benzene +  ethyl acetate (5  +  1, by vol.). Running time was about 1 hr, during 
which the solvent front had advanced 1 2 - 1 5  cm. Cholesterol and cholesteryl ester 
zones were visible after chromatography under ultraviolet radiation as pink- 
yellow fluorescent areas on a pale green background. Cholesteryl esters migrated 
with the solvent front, whereas the RF value of cholesterol was about 0-5 .

The same chromatoplates were used for separation of free oleic acid from 
cholesteryl esters, but the solvent was n-hexane +  diethyl ether +  acetic acid +  
methanol (9 0  +  20  +  3  +  2 , by vol.; Brown & Johnson, 1 9 6 2 ). Oleic acid had a 
lower Rp value than cholesteryl esters.

The zones of cholesterol, cholesteryl esters and oleic acid to be recovered, and 
the zones in between were scraped off with a spatula into test tubes and the lipids 
eluted by extracting twice with 2 ml. chloroform. Two-thirds of the chloroform 
extract were taken for radioactivity measurements, while the remaining part was 
used for the colorimetric determination of cholesterol and itsesters.

The purity of the cholesterol fraction separated on the chromatoplate by benzene 
+  ethyl acetate (5  +  1, by vol.) was proved by re-chromatography of this fraction, 
with benzene +  ethyl acetate (2 0  +  1, by vol.) as solvent (Avigan et al. 1 9 6 3 ).

Colorimetric determination of cholesterol. The chloroform from the extracts of 
free and esterified cholesterol zones of the chromatoplates was evaporated under 
a stream of nitrogen and the dry material dissolved in glacial acetic acid. The 
amount of cholesterol in solution was determined by the FeCl3 reaction according 
to Wycoff & Parsons (1 9 5 7 ) . By this colorimetric method the recoveries of 
chromatographically separated cholesterol and its esters averaged 9 0 % .  The non­
polar lipids migrating with the cholesteryl esters had little influence on the results 
of the FeCl3 reaction. This was proved by saponification of the lipid in the cholesteryl 
ester zone, re-chromatography and determination of the amount of free cholesterol 
produced. The liberated cholesterol produced practically the same colour intensity 
as the chromatographic fraction before saponification.

Radioactivity measurements. T h e  c h lo r o f o r m  e x t r a c t s  p la c e d  in  s c in t i l l a t io n  v ia l s  
w e re  e v a p o r a t e d  b y  h e a t i n g  u n d e r  a  s t r e a m  o f  a i r .  S e v e n  m l .  o f  0 -3  %  (w /v )  2 ,5 -  
d ip h e n y lo x a z o le  ( P P O ,  s c i n t i l l a t i o n  g r a d e )  a n d  0 T  %  (w /v )  l ,4 - b is - 2 - ( 5 - p h e n y l -  
o x a z o ly l ) - b e n z e n e  ( P O P O P ,  s c i n t i l l a t io n  g r a d e ,  P a c k a r d  I n s t r u m e n t  C o ., I n c . ,  
I l l in o is ,  U .S .A .)  in  to lu e n e  w e re  a d d e d  t o  e a c h  v ia l  b y  u s e  o f  a  s y r in g e .  14C -c o u n t in g  
w a s  d o n e  in  a  l i q u id  s c i n t i l l a t io n  c o u n te r  m o d e l  6 0 1 2 A  ( I s o to p e  D e v e lo p m e n ts  
L im i t e d ,  R e a d in g ,  E n g la n d ) .

Determination of cholesterol esterase activity. A s l ig h t  m o d i f i c a t io n  of t h e  m e th o d  
d e s c r ib e d  b y  S m i th  (1 9 5 9 )  w a s  u s e d .  M y c o p la s m a  o r g a n i s m s  g r o w n  in  E d w a r d
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medium for 24-48 hr were harvested and washed twice with 0-25 M-NaCl as above. 
The washed organisms were suspended in 0-06 M-phosphate buffer (pH 6-5) to 
give cell protein 5-10 mg./ml. The organisms suspension was distributed in 2-5 ml. 
quantities into test tubes. Cholesteryl acetate (5 or 10 /¿moles) dissolved in 0T ml. 
acetone was injected into the suspension of mycoplasmas. The resulting emulsion 
was stable for at least 24 hr at 37° without the aid of an emulsifying agent. Controls 
without substrate or organisms were run simultaneously. The reaction mixtures 
and controls were incubated at 37° and 1-2 ml. samples drawn after 5 and 24 hr 
of incubation. To each sample 4 ml. chloroform + methanol (2 +  1, by vol.) were 
added, well mixed and centrifuged. The lower chloroform phase was separated, 
evaporated to dryness under nitrogen, the residue dissolved in benzene and chroma­
tographed. Free and esterified cholesterol appearing on the chromatoplate were 
quantitatively determined as described above.

M. A r g a m a n  a n d  S. R a z in

RESULTS

Free and esterified cholesterol in Mycoplasma organisms
Free and esterified cholesterol in lipid extracts of various Mycoplasma strains 

were separated by thin-layer chromatography. The carotenoid pigments of Myco­
plasma laidlawii migrated with the solvent front. The lipids of all three M. laidlawii 
strains contained less free cholesterol than the lipids of the parasitic strains and 
were usually free from esterified cholesterol (Table 1). The parashic strains contained 
various amounts of cholesteryl esters, usually ¿ - j  of the total cholesterol, except 
M . mycoides var. capri which consistently contained more esterified than free 
cholesterol.

Table 1. Free and esterified cholesterol in lipid of Mycoplasma

Cholesterol and cholesteryl esters were separated by thin-layer chromatography 
(Avigan et al. 1963), and determined by the FeCl3 reaction (Wycoff & Parsons, 1957).

% (w/w) of total lipid

Total cholesterol Free cholesterol Esterified cholesterol

Organism Mean Range Mean Range Mean Range
Mycoplasma agalactiae 30-2 24 1-360 26-1 21-4-31-5 3-4 2-7-4-5
M. gallisepticum (n) 19-5 13-8-230 14-7 13-2-160 3-5 0-6-70
M. gallisepticum (s6) 21-3 16-2-23-4 16-0 14-5-18-0 5-3 20-6-4
M. neurolyticum 12-2 9-7-12-8 9-3 5-8-10-5 3-4 2-3-3-9
M. mycoides var. mycoides 17-9 17-7-180 13-4 101-150 4-8 30-7-6
M. mycoides var. capri 19-7 18-1-20-8 6-2 50-8-1 14-4 10-0-15-8
M. laidlawii strain A 2-9 1-7-31 2-8 1-7-3-1 0-1 0-0-4
M. laidlawii strain b 3-5 2-2^t-6 3-4 2-2—4-6 0-1 0-0-4
M. laidlawii oral strain 3-6 2-4-A-4 3-4 2-4rA-4 0-2 0-0-7

The appearance of cholesteryl esters in the lipids of Mycopl asma prompted us
to examine the amount of free and esterified cholesterol in the growth medium. 
The only component of Edward medium found to contain appreciable amounts of 
cholesterol and its esters was the Difco-PPLO serum fraction. In several analyses 
free cholesterol 90-150 /ig . and esterified cholesterol 360-600 +g./ml. were found. 
In all other ingredients only negligible amounts of cholesterol were present.
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Incorporation  o f  [4<-u C\-cholesterol into the lip id s o f  M ycoplasm a

Radioactive cholesterol added to Edward medium was incorporated by all 
Mycoplasma strains grown in this medium. Radioactivity appeared almost ex­
clusively in the free-cholesterol fraction of the Mycoplasma lipids (Table 2). No 
appreciable amount of radioactivity was found in the cholesteryl ester zone. 
Essentially all radioactivity was removed from the organisms by chloroform + 
methanol extraction. The radioactivity of the defatted organisms, as determined 
by hydrolysis and ether extraction, was negligible.

Table 2. Incorporation  o f  [4-14C]-cholesterol in to  lip id s o f  M ycoplasm a

The organisms were grown in Edward medium containing 1 y C  [4-14C]-cholesterol/l. 
The data given in the table represent typical results obtained in several experiments 
using different batches of organisms.

Radioactivity (counts/min x 10'-3) Total
Quantity ( A radioactivity in
of lipid Free cholesterol

examined Total cholesterol fraction
Organism (mg-) lipid fraction (%)

Mycoplasma agalactiae 4-2 459-0 457-3 99-6
M. gallisepticum (n) 12-4 399-7 397-6 99-3
M. gallisepticum (s 6) 9-6 490-0 488-0 99-4
M. neurolyticum 10-4 489-0 487-0 99-4
M. mycoides var. mycoides 120 686-2 683-6 99-6
M. mycoides var. capri 48-0 318-5 315-0 99-0
M. laidlawii strain A 111 2630 261-0 99-2
M. laidlawii strain b 20-2 182-0 180-5 99-1
M. laidlawii oral strain 21-4 232-3 231-2 99-4
[4-14C]-cholesterol OT fiC — 204-0 202-0 99-0

Table 3. Incorporation o f  [4>-u C]-ckolesteryl oleate into lip id s o f  M ycoplasm a  

The growth medium contained 1 y C [4-14C]-cholesteryl oleate/1.
Total

Quantity Radioactivity (counts/min x 10-3) radioactivity in
of lipid A cholesterylr 1

examined Total Cholesterol Cholesteryl ester fraction
Organism (mg.) lipid fraction ester fraction (%>

Mycoplasma 4-0 72-4 0-7 71-0 98-0
agalactiae 

M. gallisepticum 6-0 107-9 0-93 106-6 98-7
(a)

M. mycoides var. 13-0 291-1 0-6 289-5 99-2
mycoides 

M . mycoides var. 13-7 153-7 1-0 152-2 99-0
capri

M. laidlawii 11-6 4-5 0-3 3-9 86-6
strain a 

M. laidlawii 12-6 4-8 0-0 4-7 98-3
strain b

M . laidlawii oral 11-5 0-9 0-0 0-5 62-2
strain

[4-14C]-cholesteryl — 239-4 0-6 238-0 99-4
oleate, OT yC
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Radioactive cholesteryl oleate, added to the growth medium, was incorporated 
into the lipids of the parasitic strains; the saprophytic strains incorporated only 
minute amounts of the radioactive compound. Radioactivity was limited to the 
cholesteryl ester fraction of the Mycoplasma lipids; no radioactivity was detected 
in the free-cholesterol fraction (Table 3). This showed the inability of the Myco­
plasma strains tested to hydrolyse cholesteryl oleate. Washed suspensions of 
Mycoplasma mycoides var. mycoides, M. mycoides var. capri, M. gallisepticum (r) 
and M. laidlawii strains were unafcle to hydrolyse cholesteryl acetate. Extracts of 
M. gallisepticum strains did not hydrolyse cholesteryl acetate or cholesteryl 
stearate when tested at several values from pH 6-5 to 9-0 (see Rottem & Razin,
1964).

Table 4. Incorporation of [U-14C]-oleic acid into lipids of Mycoplasma 
The growth medium contained 1 /tC [U-14C]-oleic acii/I.

Incorporation  of [4- 14:C]-cholesteryl oleate into the lipids  of  Mycoplasma

Radioactivity (counts/min)

Quantity ' Chromatographic fractions
of lipid 

examined Total
(
Cholesteryl

A

Free oleic All other
Organism (mg.) lipid ester fraction acid fraction fractions

M ycoplasm a 7-2 11,6^0 120 10,800 740
m ycoides var. 
capri

M . la id law ii 17-6 3,050 20 430 2,600
oral strain 

M . la id law ii 230 8,150 100 2,85(' 5,200
oral strain*

[U-l4C]-oleic — 175,250 200 172,000 3,050
acid 01  fiC

* Grown in Edward medium without Difco PPLO-serum fraction.

Incorporation of \U u C]-oleic acid into the lipids of Mycoplasma 
The saprophytic Mycoplasma laidlawii and the parasitic M. mycoides var. capri 

were tested for ability to incorporate radioactive oleic acid from the growth medium. 
Table 4 shows that these organisms incorporated small amounts of the radioactive 
compound. Radioactivity was not found in the cholesteryl ester fraction, indicating 
the inability of these strains to esterify cholesterol. A portion of the radioactive 
oleic acid incorporated by the organism was found at the starting line of the 
chromatoplates, indicating its presence in polar lipids, probably phospholipids. 
Omission of Difco-PPLO serum fraction from the growth medium of M . laidlamii 
did not have a significant effect on the incorporation of the radioactive oleic acid 
(Table 4).

DISCUSSION

The much lower cholesterol content of saprophytic than parasitic Mycoplasma 
strains noted previously (Razin et al. 1963) has been confirmed in the present study. 
The saprophytic mycoplasmas were also found to differ from the parasitic strains 
in being practically unable to incorporate cholesteryl esters from the growth 
medium. The saprophytic Mycoplasma laidlawii strains which do not require
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sterols for growth (Razin & Knight, 1960; Rothblat & Smith, 1961; Razin & Cohen,
1963) synthesize appreciable amounts of carotenoids localized in the cell membrane, 
(Razin et al. 1963; Smith, 19636). The hydrocarbon structure of the carotenoids 
bears some resemblance to the structure of cholesterol (Smith, 1963a). It is a 
reasonable speculation that the carotenoids occupy the same sites in the membranes 
of the saprophytic mycoplasmas as does cholesterol in the membranes of parasitic 
strains. The carotenoids may thus interfere with the uptake of cholesterol and its 
esters by the saprophytic strains (see also Smith, 19636).

Our experiments with [4-14C]-cholesterol confirmed previous findings (Smith & 
Boughton, 1960; Rodwell, 1963; Tourtellotte et al. 1963) which suggested that the 
cholesterol found in Mycoplasma lipids originates in the growth medium. Our 
results show, however, that the incorporated cholesterol does not undergo esteri­
fication, glycosidation or any other chemical change. This is in accordance with the 
results reported by Rodwell (1963) for the incorporation of cholesterol by two 
Mycoplasma mycoides strains.

The cholesteryl esters found in the lipids of parasitic Mycoplasma are apparently 
incorporated as such from the growth medium and are not formed de novo by the 
organisms. The ability of mycoplasmas to incorporate cholesteryl esters is much 
lower than their ability to incorporate free cholesterol. Thus, in spite of the much 
higher concentration of cholesteryl esters in the growth medium, the amount of 
free cholesterol in the lipids of the parasitic Mycoplasma, except Mycoplasma 
mycoides var. capri, exceeded that of esterified cholesterol (see also Morowitz et al.
1962). The incorporated labelled-cholesteryl oleate was not hydrolysed by any of 
the Mycoplasma strains tested. Neither could we demonstrate cholesterol esterase 
activity in washed organisms or their extracts, by using cholesteryl acetate or 
stearate as substrates (see also Rottem & Razin, 1964). These results are in accordance 
with the inability of several sterol-requiring Mycoplasma strains to utilize the 
acetate, stearate or oleate esters of cholesterol for growth (Edward & Fitzgerald,
1951).

Smith (1959) described both cholesterol ester-hydrolysing and ester-synthesizing 
activities in several Mycoplasma strains which require cholesterol for growth. The 
enzymic formation of a cholesteryl glucoside by several strains capable of glucose 
utilization was also described (Rothblat & Smith, 1961). Smith (1963a) suggested 
that the function of these enzymic activities might be to mediate the transfer of 
glucose and short-chain fatty acids across the cell membrane. Our results indicate 
that cholesterol may fulfil its still unknown physiological function without being 
esterified or modified in any other way.

This investigation forms part of a Ph.D. thesis to be submitted by M. Argaman 
to the Hebrew University, Jerusalem. The work was supported in part by the 
Authority for Research and Development, The Hebrew University, Jerusalem.
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