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(2) A paper should be w ritten only when a piece of work is rounded-off. Authors should not be seduced 
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again in the same form, either in English or in any other 
language, without the consent of the Editors.
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CONTRIBUTORS
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tables, etc.

Papers should be headed with the title of the paper, 
the names of the authors (male authors use initials, 
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and address of the laboratory where the work was 
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Introduction; (c) Methods; (d) Results (illustrative 
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any), and general conclusions; ( / )  acknowledgements; 
(g) References.
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version of the paper’s title, not exceeding forty-five 
letters and spaces in length, suitable for a running title 
in the published pages of the work.
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mately; degrees Centigrade are written, e.g. 100°, not 
100° C.; hr., min., sec. (singular and plural); m =  molar; 
m (milli-) =  10~3 and p  (micro-) =  10 “; ml. (millilitre) 
should be used instead of c.c., and /¿g. (microgram) 
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D escription of Solutions The concentrations of solu
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1-2, should be followed.
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Fungi, 1961, 5th ed. (Kew: Commonwealth Myco- 
logical Institute.)

P la nt  pa th ogenic  f u n g i a n d  pl a n t  d is e a s e s . List of 
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C O R R I G E N D A

The Cellular Location of Antigens in Streptococci of Groups D, N and Q.
By D. G. Sm it h  and the late P. M. F r a n c e s  S h a t t o c k  (1964, 34, 165-175).

Page 165, last sentence of paragraph 3 of Introduction should read:
Because of some difficulties in preparing 

true protoplasts by using lysozyme a phage-associated cell-wall lysin (Bleiweis & 
Zimmerman, 1961) was also used in the present work.
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The Discovery, Isolation, and Classification of Various 
a-Haemolytic Micrococci which Resemble Aerococci

B y  O. G. CLAUSEN*
Department of Bacteriology, Nat ional Institute of Public Health, Oslo, 

and Department of Bacteriology, Institute of Pharmacy,
University of Oslo, Blindern, Nonvay

{Received 10 June 1963)

SUMMARY

This work describes the identification and classification of a hitherto 
unknown group of a-haemolytic micrococci isolated from bottles containing 
dregs of fluid medicaments. The majority of the strains were both catalase
positive and nitratase-positive. In view of several similarities between 
these bacteria and the aerococci described by Shaw, Stitt & Cowan (1951), 
and later by Williams. Hirch & Cowan (1953), it is proposed that both 
groups should be incorporated in a new bacterial family, Aerococcaceae, 
despite the fact that the aerococci are catalase-negative and nitratase- 
negative. The suggestion that a new family should be established is 
prompted by the many dissimilarities between both the aforementioned 
groups and the representatives of the families to which they are closest 
according to the Bergey system. The new family ought to include one genus, 
Aerococcus, and two species, one of which, A. viridans, should comprise 
catalase-negative and nitratase-negative strains, and the other, A. cata- 
lasicus, strains which are obligate catalase-positive and may also be 
nitratase-positive.

INTRODUCTION

In the course of investigations made into the microbial flora found in the dregs 
of fluid medicaments in bottles handed in at three Oslo pharmacies in exchange for 
new medicines, I isolated a-haemolytic micrococcus strains which, in their haemo
lytic, cultural and morphological properties, appear to be akin to the a-haemolytic 
micrococci described by Shaw et al. (1951). It was proposed by Williams et al. (1953) 
that these bacteria, which are generally present in air and dust, should form a new 
genus, Aerococcus, with one species, A. viridans. Williams et al. thought that the 
genus Aerococcus was more closely related to the streptococci than to the micro
cocci, and that it should be placed in the same family as the streptococci. They 
referred to the similarity between aerococci and pediococci, but contended that the 
difference between these two groups was so marked that they should not be put in 
the same genus.

Deibel & Niven (1960) found Aerococcus viridans to be identical, or very similar, 
to Gajfkya homari and proposed that both these micro-organisms should be included 
in a single species in the genus Pediococcus, since there are several characteristics 
common to these two species and the pediococci.

* Present address: Department of Bacteriology, Institute of Pharmacy, University of Oslo, 
Blindern, Norway.
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2

Tjeltveit & Clausen (1934) have recently shown inter alia that the strains of 
x-haemolytic micrococci and a strain of Aerococcus viridans are homofermentative 
and produce lactic acid when a sufficient number of active bacterial cells are present 
during conversion of the glucose. The specific rotation of the lactic acid formed was 
not investigated.

Cultural end morphological characteristics of the 
a.-liaemolytic micrococcus strains

Because the growth of these bacterial strains on solid media, such as ordinary 
agar and blood agar medium, resembles that of enterococci, they were at first con
sidered to be a-haemolytic species of Streptococcus faecalis. This assumption was 
borne out by their capacity for growth on 40 % ox bile blood agar, in 6-5 % sodium 
chloride beef-infusion peptone phosphate broth, and in the same broth with a normal 
content of sodium chloride (0-3 %) but with a pH value of 9-6. However, microscopic 
examination of ordinary broth cultures failed to reveal any true chain formation. 
The cocci were comparatively large, being approximately 1-2 ft in diameter, 
spherical or slightly irregular in shape, though not elongated; they occurred singly, 
in pairs, and in micrococcus-like formations. They were Gram-positive. Eleven 
culturally similar a-haemolytic micrococcus strains were isolated from the medicine 
bottles and these strains were subjected to detailed study.

The a-haemolytic strains develop at 22°, 30°, and 37°; growth is poorest at 22°, 
best at 37°. On 5 % citrated horse blood agar the size of the colonies ranges from
0-5 to 2 mm. diam. after 18-24 hr of incubation at 37°. They are convex in shape and 
vary in colour from grey to white. On one occasion the colonies were clear, trans
parent, and formed ‘craters’ when they aged, as do pneumococcus colonies. The 
a-haemolytic micrococci formed colonies with green zones on ‘chocolate’ agar. 
Aerobic cultivation for 24 hr at 37° in beef-infusion peptone phosphate broth and 
in the same broth with 1 % glucose resulted in sparse growth and relatively meagre 
sediment. When grown in broth with a petroleum jelly seal, all strains showed 
slighter growth with the formation of a little sediment after 24 hr incubation at 
37° than when cultured aerobically. All strains grew well in modified HS-medium 
with 10 % normal horse serum (Clausen, 1936), but the best growth occurred in the 
upper third of the medium. When a comparison was carried out using the type strain 
Aerococcus viridans n c tc  8251, it was found that this—compared with the eleven 
a-haemolytic micrococcus strains—produced relatively weaker growth and a 
granular sediment in the aforementioned media.

The a-haemolytic microcccci were examined according to the methods described 
below.

0 . G. Clausen

M E T H O D S

Formulae arc not given fc r media the composition of which must be assumed to 
be generally known. Unless otherwise stated, incubation was carried out at 37°. 
All cultures were incubated aerobically.

Optimum temperature for growth. Blood agar plates were prepared by addition of 
5 % citrated horse blood to a medium consisting of 1 % peptone (Danish, Orthana 
Bacteriological Brand), 0-3% XaCl, 0-2% Na2H P04, and 1-8 % agar (Japanese, 
quality Kobe I) in aqueous beef-infusion (pH = 7-4). Plates were poured to a
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constant depth, about 4 mm. Each individual strain was subcultured to three blood 
agar plates; one was incubated at 22°, the others at 30°, and 37°. Growth was 
recorded after 24 and 48 hr.

Morphology. Unstained wet preparations of 24 hr cultures of beef-infusion 
peptone phosphate broth with and without 1 % glucose were examined. Gram- 
preparations of the broth and blood agar cultures were examined.

Haemolysis was tested on 5 % citrated horse blood agar after 24 and 48 hr 
incubation.

Ox bile resistance was studied by inoculation on to 40 % ox bile blood agar (40 % 
autoclaved ox bile, 8 % defibrinated horse blood, and 52 % agar medium with 
2-6 % agar, quality Kobe I) and incubation for 20 hr.

Tellurite resistance was investigated by inoculating the strains on to McLeod's 
blood agar containing 0-04 % potassium tellurite. Growth or lack of growth was 
recorded after 20 hr incubation.

Thermoresistance was tested by heating a 20 hr beef-infusion peptone phosphate 
broth culture at 60° (in a water bath) for 30 min., cooling, and subculturing to new 
broth and blood agar. The media were incubated for 48 hr before the results were 
recorded. Each broth culture to be tested was drawn sufficiently far up a Pasteur 
pipette to enable the ends of the pipette to be sealed without heating the cultures. 
The pipette was then plunged so deeply into a water bath at 60° that the entire 
section moistened with culture was submerged.

Growth tests were carried out in beef-infusion peptone phosphate broth with 6-5 % 
NaCl or with a pH of 9-6; incubation period, 72 hr.

Methylene-blue reductase was tested in milk culture to which had been added 
0T % methylene blue. The reduction or lack of reduction was recorded after 20 and 
48 hr and finally after 5 days’ incubation.

Reduction prior to coagulation of litmus milk was observed after 12 and 24 hr, and 
daily for 5 days.

Utilization and acid formation of certain sugars, alcohols and glycosides. 0-5 % 
(aesculin 0-2%) of the following sugars, etc., were added to peptone water+ 5% 
normal horse serum+ 1% Andrade’s indicator: lactose, glucose, maltose, sucrose, 
raffinose, galactose, xylose, mannitol, dulcitol, glycerol, starch, dextrin, salicin, 
aesculin. Incubation period: 14 days.

Proteolytic activity, ability to liquefy gelatin was tested in stab cultures incubated 
at 22° for 30 days.

The ability to liquefy inspissated ox serum was determined by incubation at 22° 
for up to 14 days.

Formation of catalase. 10% H20 2 was added to 24 hr agar slant cultures and 
observed for up to 5 min. to determine whether gas was formed. Control tests were 
performed on non-inoculated agar slant media after 24 hr incubation.

Formation of nitratase. Four-day cultures in nitrate broth were tested by adding 
Griess-Ilosvay reagent. Negative tests were checked by adding powdered zinc to 
prove that there was nitrate left in the culture medium. A surplus of nitrite in a 
culture can ‘ conceal ’ a positive reaction by decolorizing the red stain; for this reason 
the test was performed daily for up to 4 days (Shaw et al. 1951).

Formation of plasmacoagulase. Tests for this enzyme were performed by mixing 
equal parts of 24 hr broth culture and a 1/10 dilution of citrated human plasma in

u-Haemolytic micrococci
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sterile saline solution, followed by incubation in a water bath at 37° for 4 hr and 
storage overnight at room temperature.

Formation of H2S. Stab cultures in lead acetate agar were incubated for 14 days.
Hydrolysis of arginin in broth accompanied by formation of NH3 was demonstrated 

by mixing equal parts of Nessler’s reagent and 48 hr arginine-containing broth 
culture.

Hydrolysis of sodium hippurate (1 %) in broth into sodium benzoate after 5 days’ 
cultivation was determined by means of 12 % FeCi3 solution with 0-2 % concentrated 
HC1 (Roemer, 1948).

Hydrolysis of urea. Christensen (1946) urea medium with indicator was used to 
demonstrate formation of NH3 by urease activity. Incubation period: 14 days.

Methyl red (MR) and Voges-Proskauer (VP) tests were carried out with the 
following incubation periods and temperatures: MR test: 4, 5 and 7 days at 30c. 
VP test: 3 and 4 days at 30°.

Determination of final pH in 1 % glucose beef-infusion peptone phosphate broth 
(pH = 7-4) after 14 days. The pH was measured with a Beckman pH meter.

The following bacteria were used in certain tests as reference species: Aerococcus 
viridans n c tc  8251, Pediococcus cerevisiae n c t c  8066 and P. acidilactici n c ib  6990.

RESULTS

Most of the results of these investigations are given in Table 1. Comments on the 
results not tabulated are given below.

The test for tellurite resistance gave varying results, as one or two of the strains 
were tellurite-resistant, but the majority were not, or showed only traces of growth 
on tellurite medium. This test would appear to be of no significance in classifying 
these bacteria.

Growth in broth with 6-5% NaCl was investigated with a positive result on all 
micrococcus strains as well as on Aerococcus viridans.

The test for hydrolysis of sodium hippurate gave positive results in the case of eight 
of the eleven strains examined, and two showed traces of hydrolysis. The test was 
not performed on aerococci.

In tests not recorded in the tables, the a-haemolytic micrococcus strains did not 
form soluble haemolysin, they were non-pathogenic when injected intraperitoneally 
into white mice, and did not precipitate with streptococcus antisera of group D 
(Clausen, 1961).

The a-haemolytic micrc cocci proved biochemically different from Aerococcus 
viridans in the following ways. (The biochemical properties of the aerococcus strains 
were determined by Williams et al. 1953, and Shaw et al. 1951).

(1) Reduction prior to coagulation of litmus milk. Five of eleven strains of a- 
haemolytic micrococci reduced litmus in milk prior to coagulation, whereas none of 
29 aerococcus strains did so.

(2) Acid production from raffnose. All a-haemolytic micrococci utilized this 
carbohydrate, whereas only four of twelve aerococci did so.

(3) Acid production from mannitol. Only one of eleven a-haemolytic micrococcus 
strains utilized this alcohol, whereas five out of twelve aerococci are reported to 
have done so.
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(4) Liquefaction  o f  inspissated ox serum . Nine out of eleven a-haemolytic micro

coccus strains liquefied inspissated ox serum, whereas none of 29 aerococcus strains 
did so.

(5) F orm ation o f  catalase. Eight out of eleven a-haemolytic micrococcus strains 
were catalase-positive, the majority being relatively strong formers of catalase.

Table I. C ultural and  biochemical properties o f  a group o f a-haemo- 
lytic micrococci compared w ith various stra ins o f  Aerococcus v iridans

+  d e n o te s  p o s i t iv e  r e a c t io n :  5 o r  m o re  p o s i t iv e  s t r a in s  o u t  o f  11 o r  12  t e s t e d .  — d e n o te s  
n e g a t iv e  r e a c t io n :  u p  t o  4  p o s i t iv e  s t r a in s  o u t  o f  11 o r  12  te s t e d .

cc-Haemolytic micrococci

O p tim u m  t e m p e r a tu r e  fo r  
g r o w th  37°

a - H a e m o ly t ic  o n  b lo o d  a g a r  
G r o w th  o n  4 0  %  o x  b ile  a g a r  
R e s is t  6 0 °  fo r  3 0  m in .
G r o w th  in  b r o t h  a t  p H  9-6 
R e d u c t io n  o f  0 1  %  m e th y le n e  

b lu e  in  m ilk
R e d u c t io n  p r io r  t o  c o a g u la t io n  

o f  l i tm u s  m ilk  
U t i l i z a t io n  o f  

L a c to s e  
G lu c o se  
M a lto s e  
S a c c h a ro s e  
R a i f in o s e  
G a la c to s e  
X y lo s e  

M a n n ito l  
D u lc i to l  
G ly c e ro l 
S ta r c h  
D e x t r in  
S a lic in  
A e se u lin
G e la t in  l iq u e f a c t io n  
L iq u e f a c t io n  o f  in s p is s a te d  ox  

s e r u m
C a ta la s e  fo r m a t io n  
X i t r a t a s e  fo r m a t io n  
P la s m a  c o a g u la s e  f o r m a t io n  
H 2S fo r m a t io n  
H y d r o ly s is  o f  a rg in in e  
H y d r o ly s is  o f  u r e a  
M R  p o s i t iv e  
V P  p o s i t iv e  
F in a l  p H

X o . p o s i t iv e
a - H a e m o ly t ic  o u t  o f  11

m ic ro c o c c i s t r a in s  t e s t e d

+ 11

+ I l f
+ 11
+ 11
+ 11
— 1 <2)§

+ 511

+ 9
+ 11
+ 11
+ 11
+ 11
+ 11
— 0
— 1
— 0
+ 9
— 4

1

+
-I1
8

+ 8
- 0
+ 9

+ 8
+ 0 (7 ) §
— 0
— 0
— 0
— 0
_ ()**
— 0

5-2 -5 -fi 11

v i r i d a n s

N o . p o s i t iv e  
o u t  o f  12 

s t r a in s  te s t e d *  * * § **

+ 6 6  % t

12
— 12
— 12
— 11
- 0

— O f

— 10
+ 12
+ 12
+ 12
— 4
+ 97 %f
+ 41 % t
+ 5
- Of
+ 97 %t

OH
38 % t

■ 83 % t
+ 121
— 0
- Ot

_ 0
- Ot
— 0
— 0
— 0
— 0
+ 93 % t
— 0

¡•5-5-8 12

* M o s t  o f  t h e s e  d a t a  a r e  f r o m  W il l ia m s  e t a l .  (1 9 5 3 ).
t  A c c o r d in g  t o  S h a w  e t a l .  (1 9 5 1 ) :  th e  p e r c e n ta g e  p o s i t iv e  o u t  o f  29  s t r a in s  t e s t e d .
J  F r o m  d i s t i n c t ly  a - h a e m o ly t i c  t o  fa in tly - a '-h a e m o ly - tic .
§ T h e  f ig u re s  in  p a r e n th e s e s  in c lu d e  a ls o  s t r a in s  w h ic h  s h o w  w e a k  p o s i t iv e  r e a c t io n s .
|| S lo w  re d u c t io n .
*[ E x a m in e d  in  s o l id  m e d ia .
** T h e  n e g a t iv e  M R  r e s u l t s  a l l  s h o w e d  w e a k  t o  v e r y  w e a k  p in k ,  b u t  t h e y  w e re  d i s t i n c t ly  d i f f e r e n t  

f ro m  a  p o s i t iv e  r e a c t io n .
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Only one of the catalase-forming strains may be described as weakly positive, and 
one as a moderate to weak catalase former. These two strains did not reduce nitrate 
to nitrite. The aerococci are reported not to form catalase.

(6) Formation of nitrite from nitrate. Six (+1 uncertain) out of the eleven 
a-haemolytic micrococcus strains formed nitrite from nitrate, whereas none of 
29 aerococcus strains did so.

0 . G. Clausen

Differences between the a-haemolytic micrococci,
Aerococcus viridans and the pediococci

The a-haemolytic micrococci and Aerococcus viridans have been compared with 
Pediococcus cerevisiae and P. acidilactici with the aid of various growth and resistance 
tests, which gave the following results: the a-haemolytic micrococci and A. viridans 
did not grow' at 37° (14 days) or 25° (30 days) in the pediococcal media, unhopped 
wort, yeast-water with autolysed yeast, or Bettge & Heller’s beer with starch 
(Jorgensen, 1956«), the last two media containing 2-5 % (v/v) alcohol, whereas both 
pediococci grewr well in all three media. The a-haemolytic micrococci and the aero
coccus were also MR and VP negative, whereas the pediococci were highly MR 
positive. On the other hand, only P. cerevisiae (not P. acidilactici) produced acetyl 
methyl carbinol. Moreover, the a-haemolytic micrococci and the aerococcus grew 
in 6-5% NaCl broth and in broth with a pH of 9-6. Neither of the pediococci 
developed in these two media; this applied both when incubated at 37° for 5 days 
and when incubated at 25° for 15 days. Furthermore, the pediococci were not 
a-haemolytic when grown on blood agar (P. cerevisiae may at the most produce 
a very weak greening reaction), they have a much lower final pH value (cf. the strong 
MR positive reaction) than the a-haemolytic micrococci and the aerococci (Williams 
et al. 1953), and they form more typical microaerophilic colonies when grown under 
aerobic conditions on ordinary agar medium and blood agar. One species, P. cere
visiae, had a growth-optimum at a comparatively low temperature between 18 and 
25° (Jorgensen, 19566).

D I S C U S S IO N

While it has been possible to demonstrate appreciable differences in the bio
chemical properties of the a-haemolytic micrococci investigated and the aerococci 
described by Shaw et al. (1951) and Williams et al. (1953), it has also been shown that 
there is a great similarity between them, culturally and morphologically, and in 
regard to many biochemical criteria, especially to the tolerance tests: growth in 
broth with a pH of 9-6, growth on 40 % ox bile blood agar, and resistance to 60° for 
30 min. On the other hand the aerococci, unlike the a-haemolytic micrococci, are 
reported to be negative with regard to several other properties.

The formation of catalase is probably the most important difference between the 
a-haemolytic micrococci and the aerococci, and eight out of eleven of the former 
strains are catalase formers, whereas the aerococci are reported to be catalase 
negative. Aerococcus viridans (n c tc  8251) showed a negative or at the most a slight 
trace of a positive reaction. As the formation of catalase is a property characteristic 
of micrococci, but invariably absent from streptococci, a distinction should be made 
between catalase-positive and catalase-negative strains of the a-haemolytic micro
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cocci. The three catalase-negative strains investigated differed very little in other 
biochemical properties from the rest of the strains. However, they were nitrite
negative, as is A. viridans. A minor difference between them and the one 
aerococcus strain with which they have been compared {A. viridans xctc: 8251) was 
their formation of denser white colonies on blood agar; the a-haemolysis was weaker 
in the case of two of the strains, and they also appeared by microscopic examination 
to be somewhat larger in fluid medium. Moreover, A. viridans, unlike the «-haemo
lytic micrococcus strains, formed granular sediment in broth cultures.

Viewed in the light of these properties, the micrococcus strains investigated may 
be said to be closely akin to the aerococci, but the catalase-positive and nitratase- 
positive strains were not identical with the aerococcus species Aerococcus viridans 
proposed by Williams et al. (1953).

All the «-haemolytic micrococci investigated and also the Aerococcus viridans 
strain examined were homofermentative lactic-acid formers (Tjeltveit & Clausen,
1961), but a reference staphylococcus strain, Staphylococcus epidermidis, was also 
found to have the same property. I t may be mentioned that Orla-Jensen (1919) 
found that S. aureus formed optically inactive or laevorotatory, and Micrococcus 
caseolyticus dextrorotatory lactic acid from D-glucose, so that the fermentative 
powers of the strains cannot be regarded as decisive for their classification, either. 
Morphologically the bacterial strains were not streptococci, and it is obvious that 
the aerococci and the other catalase-negative micrococci lack the conclusive criteria 
for classification within the enterococcus group, the only group they really can be 
compared with in the family Lactobacillaceae. The catalase-positive strains 
cannot be classified in any genus under Tribe I, Streptococceae, Bergey’s Manual 
(1957) as all the genera within the Tribe are catalase-negative. From these com
parative studies of the a-haemolytic micrococci and of A. viridans on the one 
hand and of the pediococci on the other, it was found that the difference between 
the two groups is so great that there is no justification for including the first group 
in the genus Pediococcus. Nor, without further study, can it be decided whether 
Gajfkya homari, which is of marine origin, is identical with the air and dust bacterium
A . viridans, as proposed by Deibel & Niven (1960).

The a-haemolytic micrococci can be classified neither in the genus Leuconostoc, 
which includes only heterofermentative species, nor in the genus Peptostreptococcus, 
which includes only anaerobes. These a-haemolytic micrococci differ, however, to 
such an extent from the representatives of the genera in the family Micrococcaceae, 
that they do not appear to belong here either. The genera of this family do not 
include a-haemolytic species. Deibel & Niven (1960) found that Gajfkya homari 
produced a strong greening reaction on sheep blood agar, whereas Bergey’s Manual 
(1957) describes this bacterium as /i-haemolytic on human blood agar. The only 
genus which might be considered, viz. Micrococcus, comprises only species which 
differ markedly from the bacteria being considered.

I t  is proposed to establish a new family in the Order Eubacteriales, because of the 
great specificity of the bacterial group in question. I t  is now suggested that the 
species Aerococcus viridans, which is catalase-negative, should be supplemented by 
a new, catalase-positive species. As the generic name of Aerococcus has formerly 
been used, this name should be retained, and the same designation should be in
corporated in the new family name.

a-Haemolytic micrococci
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In the light of the foregoing data it is proposed that the following family, genus, 
and species names should be given to the bacteria:

Family Aerococcaceae fam.nov.
Genus I Aerococcus Williams et al.
Species 1 Aerococcus m ridans  Williams et al.

(Catalase-negative and nitratase-negative)
Species 2 Aerococcus catalasicus sp.nov.

(Catalase-positive and possibly also nitratase-positive)

Further details of the family, generic, and specific properties will be evident from 
the foregoing.

I wish to express my sincerest thanks to S. Dick Henriksen, M.D., Professor a t 
the Medical Institute of Bacteriology at the University of Oslo, who was my chief 
a t the time most of this work was performed, and who helped me to solve many of 
the problems I encountered in carrying out my investigations. I should also like to 
record my gratitude to R. Saxholm, M.D., Senior Medical Officer of the Bacterio
logical Department at the National Institute of Public Health, Oslo, for his generous 
support in connexion with the later investigations that form part of this work. 
Finally, particular thanks are due to Mrs Grethe Barbo, laboratory assistant, who 
rendered me valuable aid in performing many important experiments. I am indebted 
to S. Rasch, M.Sc., Ringnes Brewery, Oslo, for the pediococcal media he so kindly 
procured for me.
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S U M M A R Y

The ability of some a-haemolytic micrococci described by Clausen (1964) 
to form lactic acid from glucose has been determined by means of ‘ resting ’ 
bacterial cells. The total quantity of lactic acid was measured in each 
individual test. Reference organisms used were a strain of Aerococcus 
viridans, 2 enterococcus strains, and 1 strain of Staphylococcus epidermidis. 
Glucose conversion was found to be in large measure dependent upon the con
centration of active bacterial cells in the suspension. All the a-haemolytic 
micrococcus strains tested, together with the reference strains, proved to 
be homofermentative or near homofermentative formers of lactic acid, 
provided that the number of active organisms was brought to a sufficiently 
high level in the suspension when converting the glucose.

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

This work constitutes a supplement to an investigation by Clausen (1964) into 
localization, identification, and classification of eleven strains of a-haemolytic 
micrococci and deals with their formation of lactic acid. Culturally and morpho
logically these bacterial strains appear to be closely akin to the a-haemolytic micro
cocci described by Shaw, Stitt & Cowan (1951), and, subsequently, by Williams, 
Hirch & Cowan (1953), who named them aerococci. In regard to important bio
chemical properties, however, most of Clausen’s strains differ from these aerococci.

This paper includes a description of the method employed to determine the forma
tion of lactic acid from glucose by the micrococci and aerococci and various reference 
bacteria. Conversion of glucose was carried out by means of ‘ resting ’ bacterial cells 
(Quastel & Whetham, 1924). The total quantity of lactic acid was measured in each 
experiment, but further investigation into the specific rotation of the acid was not 
made.

M E T H O D S

Bacteria. The eleven a-haemolytic micrococci strains and the following reference 
strains: Aerococcus viridans (n c tc  8251), Streptococcus faecalis, S. faecalis var. 
zymogenes, and Staphylococcus epidermidis.

Media, culture, and pre-treatment
One solid medium was used, 5 % citrated horse blood agar, which consisted of 

1 % peptone (Danish, Orthana Bacteriological Brand), 0-3 % NaCl, 0-2 % Na2H P04



and 1-8 % agar (Japanese, quality Kobe I) in ordinary aqueous beef infusion 
(pH = 7-4).

The broth used was Pope trypsin broth prepared according to Graudal (1955). 
All cultures were incubated aerobically at 37°.

Method a
Before use the bacterial strains were subcultured daily for 3 days on blood agar. 

A small inoculum (platinum loop) of strains 1-7 inclusive and the reference bacteria 
Aerococcus viridans, Streptococcus faecalis, and S.faecalis var. zymogenes (see Table 1) 
all of which grew well in Pope trypsin broth, was added to 50 ml. of trypsin broth: 
after 12 hr 45 ml. of the culture were centrifuged (Graudal, 1955), the sediment 
washed three times in 15 ml. sterile saline, and the bacteria resuspended in 3 ml. of 
the same liquid. Strains 8-11 were also examined by this method.

The results are set out in Table 1 and in the lines marked ‘a ’ in Table 2.

Table 1. Transformation of glucose into lactic acid by the x-haemolytic 
micrococcus strains which grew well in trypsin broth

m g . la c t i c  L a c t ic  a c id
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m g . g lu c o s e a c id  w h ic h f o r m e d  a s  %
t r a n s f o r m e d %  g lu c o s e m g . la c t i c c a n  b e  f o rm e d th e o r e t i c a l

S t r a in s f ro m  15 m g . t r a n s f o r m e d a c id  f o rm e d th e o r e t ic a l l} ' q u a n t i t y

N o . 1 13-7 91 1 1 0 13-7 80
N o . 2 1 8 4 93 10-8 13-9 78
N o . 3 14-7 9S 1 2 0 14-7 86
N o . 4 1 3 4 93 11-3 13-9 81
N o . 5 1 4 1 94 11-5 1 4 1 82
N o . 6 7*0 47 6-6 7-0 94
N o . 7 12 b 8 4 10-9 1 2 0 86

Aerococcus viridans 1 4 E 95 1 2 0 14-3 S4
Streptococcus faecalis 1 4 4 99 14-0 14-9 98
S. faecalis v a r .  2ymo- 1 4 f 99 1 2 1 14-9 81
genes

Method b
Strains 8-11 and the reference strain Staphylococcus epidermidis (see Table 2), all 

of which showed poor growth in Pope trypsin broth, were adapted to this by daily 
subculture for 1 week. The results of subsequent investigations are tabulated in the 
lines marked b l and b2 in Table 2, examination being carried out with bacterial 
suspensions obtained by the following methods:

Method b l:  a, small inoculum of the adapted bacterium was transferred to 50 ml. 
trypsin broth, which was incubated for 48 hr; then 45 ml. of the culture was 
centrifuged and the sediment washed and suspended in sterile saline solution as 
described under method a.

Method b2: 0-9 ml. trypsin broth culture at the final stage of the adaptation series 
was added to 90 ml. trypsin broth. After 15 hr of incubation the culture was 
centrifuged and the sediment washed and suspended in sterile saline solution as 
described under method a.

Glucose conversion
1 ml. of bacterial suspensions was transferred to each of two 10 ml. volumetric 

flasks, both of which contained 5 ml. phosphate buffer (Graudal, 1955), and one of
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which contained 0-3% glucose. The other flask served as a control. After gentle 
shaking to ensure thorough mixing, conversion proceeded in an incubator at 37° 
over a period of 20 hr.

Chemical analysis
The solutions containing converted glucose were diluted to 10 ml. with distilled 

water and analysed. The glucose assay was performed according to the Somogyi- 
Nelson method (Somogyi, 1952). The lactic acid content was determined by the 
Barker and Summerson method (Barker & Summerson, 1941).

RESULTS

The results of the analysis are set out in Tables 1 and 2. (Somogyi (1952) and 
Barker & Summerson (1941) estimate the accuracy of the analytical methods used in 
this work as being about + 5 %. The results of the investigations described are well 
within these limits.)

Table 2. Transformation of glucose into lactic acid by the a.-haemolytic 
micrococcus strains which showed poor growth in trypsin broth

m g . l a c t i c  L a c t ic  a c id
m g . g lu c o s e  a c id  w h ic h  f o rm e d

Glucose metabolism of micrococci

M e th o d t r a n s f o r m e d %  g lu c o s e c a n  b e a s  %
o f f ro m t r a n s  m g . la c t ic f o rm e d th e o r e t i c a l

S t r a in s g r o w th 15 0  m g . fo rm e d a c id  f o rm e d th e o r e t i c a l ly q u a n t i t y

N o . 8 a 5 0 3 3 3-2 5-0 64
b 2 14-6 97 13-8 14-6 95

N o . 9 a 2-3 15 0-5 2-3 —

b'2 14-3 95 13-7 14  3 96

N o . 10 a 0-9 6 0-3 0-9 —

b l 0-3 2 0-2 0-3 —

b 2 14-2 95 1 4 0 14-2 99

N o . 11 a 0  6 4 0-5 0-6 —

b l 0-2 1 0 1 5 0-2 —

b 2 14-2 95 12-7 14-2 89

Staphylococcus a 0-7 5 0-6 0-7 —

epidermidis b l 5-5 37 4-5 5-5 82

DISCUSSION

All the strains included in Table 1 caused high glucose conversion according to 
method a. The strains entered in Table 2, on the other hand, caused low glucose 
conversion both by method a and method b l; an exception was Staphylococcus 
epidermidis, which according to method b l converted 37% of the glucose. The 
failure of method a and bl is thought to arise from the fact that the suspension of 
active organisms was too weak to bring about sufficiently rapid conversion of 
the glucose. In the b l method the suspension was concentrated enough, but 
it is probable that it contained a relatively large number of inactive organisms as 
a consequence of the prolonged period of incubation. Method b2 yielded abundant 
and active bacteria which caused extensive splitting of the glucose.

Lactic acid formation by these strains was found to range from 78 to 99 % of the
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theoretically possible. Graudal (1955) characterizes a strain as homofermentative 
when the lactic acid formation is 80-100 % of the theoretically possible.

With the a-haemolytic micrococcus strains, the glucose conversion appears in 
large measure to depend cn the number of active bacteria in the suspension. 
A sufficient number of such organisms cannot always be obtained by the commonly 
used methods of cultivation for investigation of lactic acid formation by enterococci.

All the bacterial strains examined in the course of this work proved to be formers 
of lactic acid, and must be regarded as being homofermentative or near homo- 
fermentative.
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SUMMARY

Some lactic acid bacteria formed detectable H20 2 and some did not, 
regardless of their preference or requirement for aerobic or anaerobic 
conditions. Whether or not H 20 2 was formed depended in some instances 
on the substrate used as energy source. Two H 20 2-splitting activities were 
encountered though never in the same organism. One, named pseudo
catalase activity, was insensitive to 0-01 M-azide or 0-01 M-cyanide and 
appeared to be the action of an acid-sensitive non-haem-containing 
enzyme detectable in some leuconostocs and pediocoeci when grown in 
media containing a low concentration of glucose. The second, named 
catalase activity, was detected in a number of lactobacilli, leuconostocs, 
streptococci and pediocoeci grown on media containing haematin or 
heated blood; presumably these organisms are able to synthesize the 
apoenzyme but not the prosthetic group of catalase. This activity was 
inhibited by 0-01 M-azide or 0-01 M-cyanide; it was not acid-sensitive. 
There was little correlation between H 20 2-splitting activity and the pre
ference or requirement cf the organisms for aerobic or anaerobic conditions, 
or between H 20 2-splitting activity and H 20 2 formation. Of a few organisms 
examined, some appeared capable of forming cytochromes when grown in 
media containing heated blood. One showed traces of a cytochrome 
whether grown in the presence or absence of heated blood.

INTRODUCTION

Evidence has accumulated to show that oxygen can be of benefit in the utilization 
of sugars and polyhydroxy alcohols by certain lactic acid bacteria. Gunsalus & 
Sherman (1943) found that a strain of Streptococcus faecalis (which would now be 
classified as S. faecium) and other lactic acid bacteria utilized glycerol only in 
presence of oxygen. Gunsalus & Umbreit (1945), with the same strain of S. faecalis, 
recorded that one mole lactate and one mole hydrogen peroxide were formed per 
mole glycerol and mole oxygen used. Such a reaction indicates that oxygen serves 
as an exogenous hydrogen acceptor, accepting two atoms of hydrogen from glycerol 
and thereby allowing the balanced fermentation of glycerol to proceed. Dolin (1955) 
showed that oxygen could be used advantageously in the utilization of glucose by 
a strain of S. faecalis. Under anaerobic conditions, the pyruvate normally formed 
acted as a hydrogen acceptor in the balanced fermentation of glucose to lactic acid. 
In presence of oxygen, however, pyruvate was relieved of its role as oxidant and 
was further utilized to form an additional mole of adenosine triphosphate/mole triose. 
Theoretically, therefore, glucose might yield aerobically twice as much energy as 
anaerobically. Dobrogosz & Stone (1959) reported a strict requirement for oxygen
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by certain pediococci which utilized glycerol; Whittenbury (1963) gave examples 
where oxygen was of benefit or was required in the utilization of certain substrates 
by certain lactic acid bacteria. The present paper gives the results of studies about 
hydrogen peroxide formation and hydrogen peroxide splitting by lactic acid bacteria 
and some preliminary findings about cytochrome formation by some of these 
organisms. A note on the catalase-like activity has already been published (Whitten- 
bury, 1960).

M E T H O D S

Organisms. Lactobacilli, streptococci, leuconostocs, pediococci and aerococci 
obtained from sources described previously (Whittenbury, 1963) were examined. 
The pediococci were classified according to Nakagawa & Kitahara (1959).

Media. Basal medium agar was meat extract (Lab Lemco), 0-5 g.; yeast extract 
(Difco), 0-5 g.; Tween 80, 0-05 ml.; MnS04.4H20, 0-01 g.; agar (Davis), 1-og.; 
made up to 100 ml. with tap water. The pH value was adjusted as required and the 
medium autoclaved at 121° for 15 min.

The ‘ inoculum medium ’ was similar to the basal medium agar with the exceptions 
that agar was omitted and glucose (0-5 %, w/v) added and the medium adjusted to 
pH 6-5.

Soft agar medium, which was used for showing oxygen relationships, was pre
pared and inoculated as described previously (Whittenbury, 1963) with the addition 
of MnS04, 0-01 % (w/v).

Manganese dioxide (MDO) agar was basal medium agar adjusted to pH 6-5 and 
containing 1 % (w/v) of a separately sterilized sugar or polyhydroxy alcohol; this 
was poured in a plate and then a very thin layer of the same medium (1-2 ml.) to 
which had been added 4 % (w/v) manganese dioxide (black tech. Harrington Bros. 
Ltd.) was poured on top. This medium is a variation of the pyrolusite agar described 
by Kneteman (1947). Clearing of the manganese dioxide under and around the 
bacterial growth indicates H20 2 formation.

Heated blood o-dianisidine (HBD) agar was made as follows. Basal medium agar 
(90 ml. adjusted to pH 6-5) was melted and 5 ml. of a 1 + 1 mixture of defibrinated 
ox blood and water added and the whole heated at 100° for 15 min. o-Dianisidine 
(0-1 g. in 5 ml. sterile water heated at 100° for 15 min.) was transferred whilst still 
hot by a wide-mouthed pipette to the melted agar. The medium, cooled to 48°, was 
completed by adding a separately sterilized sugar or polyhydroxy alcohol solution 
(final concentration 1 %, w/v) and poured in plates. This medium was a variation 
of the media used by Penfold (1922), Berger (1953) and Kraus, Nickerson, Perry & 
Walker (1957). Benzidine was replaced by o-dianisidine because of the carcinogenic 
property of the benzidine. Heated blood was used because many organisms pro
duced a dark brown growth on media containing unheated blood, irrespective of the 
presence of o-dianisidine or the formation of H20 2. The production of H20 2 was 
indicated by the growth and the surrounding medium becoming dark brown or 
black, haem compounds having a peroxidase-like reaction in the oxidation of
o-dianisidine by peroxide.

Heated blood (HB) agar was basal medium agar (95 ml.; pH 6-8-7) containing 
1 % (w/v) glucose autoclaved at 121° for 15 min. After adding to the molten 
medium 5 ml. of a 1 + 1 mixture of defibrinated ox blood + water, the complete 
medium was heated at 100° for 15 min.
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Haematin agar was basal medium agar (pH 6-8-7) with 1 % (w/v) glucose 

autoclaved at 121° for 15 min, Haematin (50 /ig./ml.) was then added from a stock 
solution (50 mg. haematin in 10 ml. water and sufficient 0-1 N-NaOH to dissolve the 
haematin) which had been heated at 100° for 15 min.

Carbohydrates and polyhydroxy alcohols when not autoclaved in the media were 
used as distilled water solutions sterilized by Seitz-filtration.

Detection of hydrogen peroxide formation. Plates of MDO agar and HBD agar were 
inoculated by streaking with a capillary pipette containing an 18 hr old inoculum. 
Cultures were examined daily for 7 days.

Detection of hydrogen peroxide-splitting activity. Four media were used: HB agar, 
haematin agar and two basal medium agars (pH 6-8-7), one containing 0-05 % (w/v) 
glucose and the other 1 % (w/v) glucose. The first two media were prepared as 
plates, the last two as slopes. All were inoculated by streaking with a capillary 
pipette containing an 18 hr old culture. Activity was recognized visually by 
effervescence on the addition of hydrogen peroxide (‘10 vol. ’) to heaped growth. 
Negative results were checked by placing heaped growth into H20 2. The media 
themselves showed no effervescence on adding H20 2.

The action of bacterial suspensions on hydrogen peroxide. Bacteria harvested from 
nutrient agar cultures in flat bottles which had been inoculated aerobically for 
15-18 hr were washed twice with sterile tap water and resuspended in 0 07 m - 
phosphate buffer (pH 6-5). Bacterial suspensions (0-5 ml. equiv. 10-15 mg. dry wt.) 
were distributed in Durham tubes which were placed in a water bath at 30°. When 
the effect of haematin or protoporphyrin IX was being tested, 0-1 ml. of a stock 
solution or a distilled water dilution of a stock solution of these substances was 
added to a tube. Stock solutions were prepared by dissolving 50 mg. haematin or 
protoporphyrin IX in a solution of 9 ml. distilled water+ 1 ml. triethanolamine. 
Distilled water solutions of sodium azide and potassium cyanide were added 
(0-1 ml.) to bacterial suspensions to provide the required concentrations. The ability 
to split H 20 2 was recognized by effervescence on adding hydrogen peroxide 
(‘10 vol.’).

Determination of the rate of hydrogen peroxide-splitting activity. Bacterial suspen
sions were prepared as described above and the method of Herbert (1955) used to 
determine their hydrogen peroxide-splitting activity. This involved adding bacterial 
suspensions to a solution of H20 2 in test-tubes, the termination of enzyme activity by 
adding H 2S04, the addition of KI and catalytic amounts of ammonium molybdate, 
and the titration of the free iodine released by the action of residual peroxide by 
standard Na2S20 3 with starch as indicator. When determining the effect of haematin, 
protoporphyrin IX, sodium azide or potassium cyanide on H20 2-splitting activity,
0-1 ml. amounts of solutions prepared as described above were added to the bacterial 
suspensions before these were placed in the H20 2 solution. A stock solution of 
H20 2 was prepared by diluting hydrogen peroxide (‘ 20 vol.’) with 0-07 M-phosphate 
buffer (pH 6-5) to give abou- 120 /¿mole H20 2/5 ml. stock solution.

Oxygen uptake by bacterial suspensions containing glucose at 30°. This was measured 
by conventional Warburg procedures with air as gas phase. Bacteria harvested 
from a 15-18 hr aerobic glucose nutrient agar culture were washed twice with sterile 
tap water, suspended in 0-07 M-phosphate buffer (pH 6-8) and 2 ml. (equiv. 5-10 mg. 
dry wt. bacteria) were placed in the main compartment. After temperature

Peroxide and catalase in lactic acid bacteria
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equilibration 1 ml. of glucose solution was added from rhe side arm to give a final 
glucose concentration of 0-1 m  in 3 ml. fluid volume. The centre well contained
0-2 ml. 2 x-KOH and a filter-paper wick.

Incubation. All the cultures were grown at 30° am all the experiments with 
bacterial suspensions were carried out at 30°.

R E S U L T S

Hydrogen peroxide formation
Tests were carried out with MDO and HBD agars containing different substrates 

as energy sources, and in some instances with the basal (unsupplemented with sugar 
or polyol) HBD agar. The results in Table 1 support four main conclusions: (1) not 
all the lactic acid bacteria tested formed detectable amounts of TI20 2; (2) I i20 2 might 
accumulate during the utilization of one substrate but not of another; (3) a pre
ference or a requirement for aerobic or anaerobic conditions, as judged by growth 
in soft agar, was not necessarily related to H20 2 accumulation: (4) H20 2 accumula
tion might be a useful taxonomic characteristic (this latter aspect will be considered 
subsequently).

When inocula were grown anaerobically or were taken from static deep cultures 
incubated aerobically, traces of H20 2 sometimes appeared in the first aerobic sub
culture on MDO or HBD media but not on serial transfer on these media. This 
behaviour was not observed with inocula from nutrient agar slope cultures grown 
aerobically; these were consistent and either produced c r did not produce H20 2 on 
serial aerobic subculture.

Representative organisms which formed H20 2 (11 strains) and others which did 
not do so (9 strains) were examined manometrically for oxygen uptake with glucose 
as substrate. All were active: in 12 of 20 cases the Q0 was in the range 20-40. 
Bacteria harvested at 15-18 hr were much more active than those harvested at 
24-36 hr; this was especially marked with some of the H20 2-forming cultures. 
Oxygen uptake with and without the formation of detectable amounts of H20 2, 
together with the evidence of the presence of flavoprotein oxidases and peroxidases 
in lactic acid bacteria (Dolin, 1953, 1955, 1957; Niederpruem & Hackett, 1958; 
Strittmatter, 1959), suggests that the significant difference between these strains, 
with respect to H 20 2 production, is that organisms which form H20 2 possess flavo
protein oxidases whereas die others possess also, or form adaptively, flavoprotein 
peroxidases. Since all our strains were not tested for oxygen uptake, it is possible 
that some did not form peroxide because they were unable to utilize oxygen, for 
example, as reported for a strain of Leuconostoc mesenteroides by Johnson & 
McCleskey (1957).

Hydrogen peroxide-splitting activity
Since H20 2 may be toxic it is obviously an advantage to an organism to be able 

to destroy any which it may form. Several lactic acid bacteria do so peroxidativelv 
(Greison & Gunsalus, 1943; Douglas, 1947; Seeley & Vandemark, 1951; Johnson & 
McCleskey, 1958). Some cf the organisms possess flavoprotein peroxidases (Dolin, 
1953, 1955,1957; Niederpruem & Hackett, 1958; Strittmatter, 1959). In the present 
work two catalytic activities were observed.
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The first type of activity was detected in eleven strains of Pediococcus pentosaceus 

and six of Leuconostoc mesenteroides, and in two strains of Lactobacillus plantarum 
( n c d o  963, 965) not recorded in Table 1 which had been shown to have a weak 
H20 2-splitting activity by Dacre & Sharpe (1956). This type of activity was most 
obvious when the organisms were grown aerobically on the basal medium or on

Table 1. Hydrogen peroxide formation, II.f)2-splitting activity 
and manner of growth in soft agar of some lactic acid bacteria

T y p e  o f  H jO ,-
s p l i t t i n g  a c t i v i t y ;

no . o f  s t r a in s
p o s i t iv e

G r o w th  o n  m e d ia ( A_____ ^

,---------- ------- A------- -------- s C a ta la s e
O r g a n is m  a n d B a s a l G lu e - G iv e - M a n n - S o rb - P s e u d o -  (h a e m -
n o . o f  s t r a in s m e d iu m ose e ro l i to l i to l C a ta la s e  r e q u i r in g )

G e n u s  Streptococcus
S. faecalis 19 - f - f - f - f - f 0 15
S. faecium 1 +  m - f +  a + f +  f 0 0
S. faecium. 3 +  m + f - f a + f 0 0
S. faecium 10 +  m - f - f  a + f 0 0
S. durans 2 +  m - f +  a 0 0

G e n u s  Pediococcus
P. pentosaceus 13 +  m - f - f a 11 0
P. acidilactici 4 +  m - f - f a 0 3
P. halophilus 1 - f - f - f 0 0
P. urinae-equi 1 - f a 4 -p a +  a -f  a - f a 0 0
P. cerevisiae 2 — m - f 0 0

G e n u s  Aerococcus
A. viridans 1 - f a +  p a - f a +  a ■f a 0 0

G e n u s  Leuconostoc G lu c o se F r u c to s e S u c ro se A ra b in o s e
L. mesenteroides 72 - f - f - f - f 6 0

i d e x t r a n  fo rm e rs )
L. mesenteroides 10 +  f +  f +  f +  f 0 0

( n o n - d e x t r a n  fo rm e rs )
!.. mesenteroides 8 +  p a +  p a +  p a +  p a 0 8

( n o n - d e x t r a n  fo rm e rs )
L. dextranicum 2 - f - f - f 0 0
L. citrovorum 4 - f - f 0 0

G e n u s  Lactobacillus G lu c o se
L. brevis 22 +  p a 0 22
L. brevis 8 — p a 0 8
L. f t r a n s - l ik e 2 +  p a * 0 2

L. buchneri 25 +  p a 0 0
L. viridescens 2 +  p a 0 2

L. cellobiosus 2 +  p a n 0 0
L. fermenti 14 - f 0 0
L. plantarum 15 +  f 0 14
L. plantarum 8 - f 0 8
L. casei 5 - f 0 1
L. casei 3 +  f 0 0

H 20 2 f o r m a t io n  : +  =  d e te c te d ,  — =  n o t  d e te c te d .  T y p e  o f  g r o w th in  s o f t  a g a r  : f  = f a c u l t a t i v e ,
=  a e ro b ic ,  p a  =  p r e f e r e n t ia l ly  a e r o b ic ,  p a n  =  p r e f e r e n t ia l ly  a n a e r o b ic ,  m  =  m ic r o a e ro p h i l ic ,  

. =  n o t  u t i l iz e d .
* P o s i t iv e  r e a c t io n  o n  g lu c o s e  M D O  a g a r  b u t  n e g a t iv e  o n  g lu c o s e  H B D  a g a r ;  a t t r i b u t e d  to  

s t r o n g  c a t a l a s e  a c t i v i t y  o f  th e s e  o r g a n is m s  w h e n  g ro w n  o n  H B D  m e d ia .

2 M icrob. X X X V
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0-05% (w/v) glucose nutrient agar; effervescence then began within 1 min. of 
adding H 20 2. The activity was not observed in any organism grown on 1-0 % (w/v) 
glucose nutrient agar or in any leuconostoc when grown anaerobically on any medium. 
When the initial pH value (7 0) of 0-05 % (w/v) glucose agar was lowered the activity 
of all strains diminished; a t pH 6 0 all were relatively active, at pH 5-0 they were 
less active and at pH 4-5 only some of the pediococci split H 20 2. These pediococci 
were the only organisms which showed H20 2-splitting activity on 0-5% (w/v) 
glucose agar (initially pH 6-8). The addition of haematin to the growth medium did 
not obviously affect the H 20 2-splitting activity of any of these organisms.

F ig .  1 F ig .  2

F ig . X. P s e u d o c a ta la s e  a c t i v i t y  o f  s u s p e n s io n s  o f  Leuconostoc citrovorum  n c ib  7 8 3 7  
(P ed io coccus pentosaceus). E a c h  t e s t - t u b e  c o n ta in e d  1 2 0  / tm o le  H 20 2 a n d  b a c t e r i a  
e q u iv a le n t  t o  3-7 r a g . d r y  w t .  in  6  m l.  0  0 7  M -p h o s p h a te  b u f fe r  (p F I 6 -5). I n c u b a t io n  a t  
3 0 ° . R e s id u a l  H 2O a d e te r m in e d  b y  m e th o d  o f  H e r b e r t  (1 9 5 5 ). O—O, U n t r e a t e d  
b a c t e r i a ;  -  O — O -, b a c t e r i a  t r e a t e d  w i th  0  01 M -so d iu m  a z id e ;  A — A , b a c t e r i a  h e a t e d  
a t  100° f o r  2 m in .

F ig . 2 . H a e m a t in - r e q u i r in g  c a ta la s e  a c t i v i t y  o f  s u s p e n s io n s  o f  Pediococcus a c id ila c t ic i  
r w 7 .  E a c h  t e s t - t u b e  c o n ta in e d  12 0  /¿m o le  H 20 2 a n d  b a c t e r i a  e q u iv a le n t  t o  3 -3  m g . d r y  w t. 
in  6 m l. 0  0 7  M -p h o s p h a te  b u f fe r  ( p H  6 -5). I n c u b a t i o n  a t  3 0 ° . R e s id u a l  H 20 2 d e te r m in e d  
b y  m e th o d  o f  H e r b e r t  (1 9 5 5 ). O—O = b a c t e r i a  a f t e r  2  h r  i n c u b a t io n  w i th  5 /¿g. h a e m a t i n /  
m l . ; -  •  —  •  -  =  b a c t e r i a  t r e a t e d  w i th  0  001  M -so d iu m  a z id e  a f t e r  in c u b a t io n  w i th  
5  /¿g. h a e m a t in /m l .  fo r  2  h r ;  A—A =  u n t r e a t e d  b a c te r ia .

The activity of suspensions of whole organisms and of water extracts of broken 
bacteria was examined. H 20 2-splitting activity was completely eliminated by heating 
at 100° for 2 min. but was not noticeably inhibited by sodium azide or potassium 
cyanide added to a final concentration of 0-01 m 5 min. before the addition of H 20 2. 
The reaction rates of a suspension of a pediococcus is shown in Fig. 1. Neither 
protoporphyrin IX  nor haematin affected H 20 2-splitting rates.

The insensitivity to cyanide and azide suggested that the enzyme was an atypical 
catalase, possibly not a haem derivative. This H20 2-splitting activity appears to be 
identical with that described by Delwiche (1961) and by Johnston & Delwiche (1962). 
Delwiche (1961) examined a partially purified enzyme preparation obtained from
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a pediococcus and found it to be insensitive to 0-01 ¡u-azide or 0-01 M-cyanide; no 
haem-pigment or flavin-coenzyme peaks were observed spectrophotometricallv; 
acriflavin did not inhibit activity. These observations suggest that the enzyme was 
neither a haemoprotein nor a flavoprotein. Johnston & Delwiche (1962) found a 
similar H20 2-splitting activity in some lactobacilli, leuconostocs, streptococci and 
additional pediococci. Earlier reports on weak catalase activity in pediococci 
(Felton, Evans & Niven, 1953; Jensen & Seeley, 1954), in strains of Lactobacillus 
plantarum (Dacre & Sharpe, 1956), in strains of Leuconostoc mesenteroides (Langston 
& Bouma, 1960) and in strains of Streptococcus faecalis (Langston & Bouma, 1960) 
are probably similar to or have been shown by Johnston & Delwiche (1962) to be 
similar to the type described by Delwiche (1961). To avoid confusion with a second 
type of activity demonstrable in bacteria grown in the presence of heated blood 
or haematin (Whittenburv, 1960) the first type will be referred *o as pseudocatalase 
and the second as catalase.

The discovery of a haematin-requiring catalase activity in lactic acid bacteria 
originated from the observation that some heterofermentative lactobacilli formed 
IJ20 2 on MDO agar but not on HBD agar. Added H20 2 was split by cultures on 
HBD agar or HB agar but not by those on MDO agar or basal agar + 0-05 % (w/v) 
glucose. A survey was made of organisms grown on HB agar and haematin agar. 
Table 1 shows the strains in which catalase activity was detected. Streptococcus 
faecalis and some of the lactobacilli had a weak action; they produced a vigorous 
effervescence only when heaped growth was placed into H20 2 solution. Pseudo
catalase was not demonstrated in any strain which produced catalase.

Catalase formation was not prevented by altering the concentration of glucose in 
HB agar from 0-05 to 2-0 % (w/v) nor by altering the initial pH value of HB agar 
containing 1 % (w/v) glucose from 7-0 to 4-5. Some strains of Lactobacillus brevis 
which were active when grown aerobically were inactive or only weakly positive 
when grown anaerobically. Conversely, one strain of L. viridescens was active when 
grown anaerobically but inactive when grown aerobically. Replacement of haematin 
or heated blood by protoporphyrin IX (50 //g./'ml. medium) and/or by various iron 
salts did not result in the development of detectable H 20 2-splitting activity. It 
appears, therefore, that some lactic acid bacteria are able to form the apoenzyme 
of catalase and are able to synthesize catalase when provided with the preformed 
prosthetic group haem, but not with its immediate precursor protoporphyrin IX.

Washed suspensions of several strains, harvested from 1-0% (w/v) glucose agar, 
were tested for ability to form catalase when provided with haematin (5 //g./ml.). 
The strains which were catalase-positive when grown on HB agar or on haematin 
agar developed H 20 2-splitting activity within 2 hr at 30° with the exception of 
Streptococcus faecalis h 6 9 d 5, which did not develop H20 2-splitting activity; in most 
instances the activity was detectable within 5 min. Strains which were catalase- 
negative when grown on HB agar showed no activity. Suspensions heated before 
or after addition of haematin, or pre-incubated for 20 min. with haematin and a 
further 2  min. with azide or cyanide (at 0-001 m ) did not split added H20 2, judged 
visually.

The H20 2-destroying rates found with haematin-treated organisms of Pediococcus 
acidilactici rw7 in the presence and absence of azide are shown in Fig. 2. In contrast 
to oseudoeatalase, the catalase of this organism was almost completely inhibited
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by 0-001 M-sodium azide. The activity of suspensions of this pediococcus and of 
Lactobacillus plantarum n c ib  5914 after treatment with haematin and/or proto
porphyrin IX was examined; the results are shown in Table 2. These suggest that 
the apoenzyme of catalase can combine with protoporphyrin IX or haematin and 
that, at least in the case of the pediococcus, neither appears to exchange with the 
other once the combination has been effected.

Table 2. The effect of different treatments on H^O^-splitting activities of suspensions 
of Lactobacillus plantarum ncib 5914 and Pediococcus acidilactici nw7

E a c h  t e s t - t u b e  c o n ta in e d  12 0  /¿m o le  H 20 2 a n d  b a c t e r i a  e q u iv a l e n t  t o  3 -3  m g . d r y  w t .  
p e d io c o c c u s  o r  4 -3  m g . d r y  w t. l a c to b a c i l lu s  in  6  m l.  o f  0  0 7  M -p h o s p h a te  b u f fe r  ( p H  6-5). 
O r g a n is m s  d u r in g  t r e a t m e n t  a n d  t e s t i n g  w e re  a t  3 0 ° . R e s id u a l  H 20 2 w a s  d e te r m in e d  b y  
m e th o d  o f  H e r b e r t  (1 9 5 5 ).

L a c to b a c i l lu s P e d io c o c c u s

P r e v io u s  t r e a t m e n t  o f  b a c te r ia l  s u s p e n s io n s
H 20 2 s p l i t  in  30  se c . (/¿m o le )

r
H a e m a t i n  (5 / tg . /m l .  fo r  2 h r ) 62-9 74-0
H a e m a t i n  (5  / tg . /m l .  f o r  2 h r )  th e n  h e a t e d 1-8 1-8

a t  1 0 0 ; f o r  2 m in .
H a e m a t in  (5 0  / tg . /m l.  fo r  2  h r) 21 -3 74-0
U n t r e a t e d 0 0
P r o to p o r p h y r in  I X  (5 / tg . /m l.  fo r  2 h r ) 3-7 2-8
H a e m a t in  (5  /¿g ./m l. f o r  1 5  m in . th e n 9-3 75-8

a d d e d  p r o to p o r p h y r in  I X ,  5 / tg ./m l.  
fo r  2 h r )

P r o t o p o r p h y r in  I X  (5 / tg . /m l.  fo r  15  m in . 9-3 7-4
t h e n  a d d e d  h a e m a t in ,  5 / tg . /m l .  f o r  2  h r )

H a e m a t in  (5  / tg . /m l .  +  p r o to p o r p h y r in  I X 1 3 0 1 3 0
5 / tg ./m l.  s im u l ta n e o u s ly  f o r  2  h r )

Table 3. Distinguishing features of pseudocatalase-forming and 
haematin-requiring catalase-positive cultures of lactic acid bacteria

H a e m a t in - r e q u i r in g
P s e u d o c a ta la s e c a ta la s e

H 20 2 s p l i t  b y  c u l tu r e s  g ro w n  o n  
0 -05  %  (w /v )  g lu c o s e  n u t r i e n t  a g a r

+ -

H 20 2 s p l i t  b y  c u l tu r e s  g ro w n  o n  
1 0  ° 0 (w /v )  g lu c o s e  n u t r i e n t  a g a r  
c o n ta in in g  h a e m a t in  o r  h e a t e d  b lo o d

+

H 20 2- s p l i t t i n g  a c t i v i t y  i n h ib i t e d  b y  
t r e a t i n g  b a c t e r i a  w i th  0  01 M -az ide

- +

H 20 2- s p l i t t i n g  a c t i v i t y  i n h ib i t e d  b y  
t r e a t i n g  b a c t e r i a  w i th  p r o to p o r 
p h y r in  I X  b e fo re  t r e a t m e n t  w i th  
h a e m a t in

+

The foregoing observations show that two distinguishable forms of H20 2-splitting 
activity occur in some lactic acid bacteria; so far no organism has been found to 
possess both activities. The characteristics which separate the two activities are 
summarized in Table 3.

A comparison of the H20 2-splitting activity of some lactic acid bacteria and of 
some organisms which normally form catalase is given in Table 4. The pseudo
catalase-positive lactic acid bacteria, Lactobacillus plantarum n c d o  965 and Leuco-
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nostoc citrovorum n c ib  7837 (Pediococcus pentosaceus), showed the slowest reaction 
rates. This result is like that of Johnston & Delwiche (1962), who found that lactic 
acid bacteria which had a non-haem catalase were much less active than a strain of 
Escherichia coli; the catalase-positive lactic acid bacteria, on the other hand, showed 
an activity comparable with that of bacteria which normally produce catalase.

Table 4. A comparison of H f)  splitting activities 
of various organisms

E a c h  t u b e  c o n ta in e d  1 20  /(m o le  H 20 2 a n d  b a c t e r i a  o f  e q u iv a l e n t  d r y  w t .  2 -5 -5  0  m g . 
i n  6 m l.  0  07  M -p h o s p h a te  b u f fe r  ( p H  6-5). I n c u b a t i o n  a t  3 0 ° . R e s id u a l  H 20 2 d e te r m in e d  
b y  m e th o d  o f  H e r b e r t  (1 9 5 5 ). A , g ro w n  o n  n u t r i e n t  a g a r  la c k in g  a d d e d  s u g a r ;  B . p s e u d o -  
c a t a la s e - p o s i t iv e :  g ro w n  o n  0 -05  %  (w /v )  g lu c o s e  a g a r ;  C , g r o w n  o n  1-0 %  ( w /v )  g lu c o s e  
a g a r ;  w a s h e d  b a c t e r i a  i n c u b a te d  f o r  2 h r  w i th  h a e m a t in  (5  ywg./rril.).

H 20 2 d e c o m p o s e d
I n  1 m in. a fte r  trea t-  

In  30 sec . m ent w ith  azide (0-001 m)
O rg a n is m

A
Pseudomonas fluorescens cf 21

/¿m o le  H 20 2 d e c o m p ./m g . d r y  w t .  b a c t e r i a

20-9 2-2
P. fragi ncib  8542 5-7 1-9
P. fermentaos l  417 (Aeromonas 13-2 3-5

liquefaciens)
Alkaligenes faeealis & 21/3 31-4 8-1
Proteus vulgaris G 22 16-3 6 2

B
Lactobacillus plantarum ncdo  965 1-6 3-2
Leuconostoc citrovorum ncib  7837 2-9 6-0

(Pediococcus pentosaceus)

Lactobacillus plantarum ncib  5914 12-2 1-3
Pediococcus acidilactici rw  7 27-4 2 2

Dr J. R. Norris (personal communication) compared the H20 2-splitting enzymes 
of some of the present organisms, sent to him as acetone-dried preparations, with the 
catalases of various aerobic bacteria. After starch-gel electrophoresis the enzymes 
were detected by treating Axe gel with a preparation of KI and H20 2. Dr Norris 
found that: (a) the catalase of lactic acid bacteria grown on media containing heated 
blood or haematin travelled at the same rate as the catalase of bacteria which 
normally form that enzyme; (b) no catalase was detectable in the same lactic acid 
bacteria when these were grown in absence of heated blood or haematin; (c) the 
pseudocatalase of lactic acid bacteria moved at a rate different from that of bacterial 
catalases. These findings indicate that the catalase of lactic acid bacteria is very 
similar to that of various aerobic organisms and that pseudocatalase is another type 
of enzyme. In the past, absence of catalase has been a useful diagnostic feature of 
the lactic acid bacteria. Recent findings have not diminished the value of this 
criterion, provided that the conditions of cultivation are appropriate. No organism 
among those examined was catalase-positive or pseudocatalase-positive when grown 
on 1 % (w/v) glucose agar without added haematin.
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The relationship between hydrogen peroxide accum ulation and the 
hydrogen peroxide-splitting activities

Table 1 indicates that in the lactic acid bacteria examined there was little cor
relation between H 20 2 production and ability to form catalase or pseudocatalase. 
Nevertheless, catalase formation was in certain instances clearly beneficial to the 
organisms. An outstanding example was provided by the eight leuconostocs which 
in glucose soft agar showed a strong preference for aerobic conditions. On the 
surface of solid glucose (1 %, w/v) nutrient agar these organisms produced little 
growth and were not viable after 1-2 days. The addition to that medium of 10 pg. 
haematin/ml. was sufficient to enable these organisms to form catalase, to produce 
good growth and to remain viable for a prolonged period; glucose HBD agar gave 
the same results. This further showed that, despite the formation of catalase, these 
organisms continued to produce H 20 2. The pediococci which formed pseudocatalase 
likewise produced H 20 2 on glycerol HBD agar. These observations suggest that 
catalase remains in and protects the cytoplasm of the organism while the oxidases 
occur in the plasma membrane, from which H 20 2 can diffuse outwards. The H 20 2- 
sensitive organisms showed excellent growth and viability on MDO agar. The 
insolubility of Mn02, which was protective, suggests that in this case the destruction 
of H 20 2 occurred outside the bacterial cell.

Plant juices as media for the organisms
For lactic acid bacteria the ability to destroy H 20 2 may be a significant survival 

factor in some natural environments. Organisms which produced catalase or 
pseudocatalase have been isolated from herbage where, if they proliferate, they wrill 
utilize substances liberated by the living or dead tissues. To test the suitability of 
plant juices as nutrients for these organisms, cultures were grown on the surface of 
solid media consisting of water agar to which had been added filter-sterilized or 
autoclaved extracts of the leaves of rye-grasses, cocksfoot or clovers, or extracts of 
potato tubers or turnips. The final concentrations of the plant juices were about 
25-50 % (v/v). Organisms which formed catalase in the presence of haematin split 
added H 20 2 when grown on the leaf extracts of grasses or clovers, but did not do so 
on potato or turnip extracts. Pseudocatalase-forming strains split added H 20 2 when 
grown on any of the media; their pseudocatalase activity was eliminated by adding 
1 % (w/v) glucose to the media. Strains which on artificial media did not split H 20 2 
were inactive when grown on the plant extracts. It seems reasonable to suppose 
that catalase may be formed from an iron porphyrin in leaf juices, thus enabling 
certain organisms to proliferate in a herbage environment without succumbing to
H.,02 poisoning.

The formation of cytochromes
Jensen (1957) described a streptomycin-resistant mutant of Micrococcus pyogenes 

var. aureus (Staphylococcus aureus) wrhich did not synthesize haem but was able to 
form catalase and cytochromes when provided with haem. Since some lactic acid 
bacteria appeared similar in that they were able to form catalase when provided 
with haematin, their ability to form cytochromes as well was examined. Physio
logical tests gave negative results. Dense suspensions of organisms grown in a
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succinate medium containing a trace of glucose did not reduce 2,3,5-triphenyltetra- 
zolium chloride in the presence of succinate; none oxidized p-phenylenediamine 
(Nadi reagent). Organisms which were grown aerobically with haematin and nitrate 
in the medium and then incubated anaerobically did not form nitrite (or, if they did 
so, no more vigorously than when grown in absence of haematin). The fact that 
certain strains formed H20 2 on glucose HBD agar suggests that cytochromes, if 
formed, were not significantly functioning.

Table 5. Cytochrome content of some lactic acid bacteria

W h e n  c y to c h r o m e s  w e re  n o t  o b s e rv e d ,  p re s e n c e  o r  a b s e n c e  o f  p o r p h y r in  c o m p o u n d s  
w a s  c h e c k e d  b y  t r e a t m e n t  w i th  p y r id in e .

C y to c h ro m e s
♦ M e d iu m  f ro m d e te c t e d F o r m a t io n

H 20 2 —s p l i t t i n g  c h a r a c te r i s t i c w h ic h  b a c t e r i a a f t e r  a d d in g o f  p y r id in e
a n d  o r g a n is m w e re  h a r v e s te d N a 2S 20 4 h a e m o c h ro m o g e n

C a ta la s e  + ,  p s e u d o c a ta la s e  —

L a c to b a c illu s  p la n ta r u m  n c ib  59 1 4 A N o n e T ra c e
B a 2 b l —

L . b rev is  n c ib  9 4 7 A N o n e N o n e
B —

L eu con ostoc  m esen tero id es  n c ib  80 1 8 A N o n e N o n e
(P ed io co ccu s a c id ila c tic i) B N o n e T ra c e

L . m esen tero id es  r w  1 ( n o n - d e x t r a n A N o n e N o n e
fo rm in g ) B a 2 by

( v e ry  w e a k  
b a n d s )

S trep to co ccu s  fa e c a lis  h 69 d 5 A N o n e N o n e
B a i a 2 by —

C a ta la s e  — , p s e u d o c a ta la s e  —

L a c to b a c illu s  p la n ta ru m  n c ib  010 5 A b1 V e r y  w e a k  
b a n d s

—

B b r V e r y  w e a k  
b a n d s

—

C a ta la s e  — , p s e u d o c a ta la s e  +

L eu con ostoc  c itro vo ru m  n c ib  7 8 3 7 C N o n e N o n e
( P ed io co ccu s p en to sa ceu s)

L . m esen tero id es  rw  66 C N o n e N o n e

* A  =  1-0  %  (w /v )  g lu c o s e  a g a r ,  B  =  1-0 (w /v )  g lu c o s e  a g a r  c o n ta in in g  h e a t e d  b lo o d , C =  0 -05  %  
(w /v )  g lu c o s e  a g a r .

Suspensions of a few strains of lactic acid bacteria were sent to Dr E. F. Hartree 
(Molteno Institute, Cambridge), who examined them for cytochrome content by the 
low temperature method (Keilin & Hartree, 1949, 1950); the results are given in 
Table 5. Four of the organisms which formed catalase possessed cytochromes when 
grown in the presence of heated blood but not in its absence. Perhaps heavier 
suspensions might have revealed that all four strains possessed the a and b types 
of cytochromes found in Streptococcus faecalis h 6 9 d 5. Only one organism was 
tested which was unable to attack H20 2; it showed a weak cytochrome 61 band 
whether grown in the presence or absence of heated blood. The two pseudocatalase
positive organisms grown on 0-05 % (w/v) glucose agar formed no cytochromes and 
contained no haem demonstrable as pyridine-haemochromogen. I t thus appears
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possible that cvtochromes may be formed by some lactic acid bacteria under certain 
conditions of cultivation. Whether these cytochromes are functional, vestigial, or 
artifacts resulting from the cultural conditions, remains to be determined.

DISCUSSION

Enzymic and growth studies are revealing the ability of many lactic acid bacteria 
to utilize oxygen with benefit to themselves and to dispose of the H20 2 which may 
be formed. Dolin (1961) in discussing this question suggested that clostridia and 
lactic acid bacteria represent different stages in physiological development (evolu
tion) and that, although both types of organisms use similar respiratory systems, the 
lactic acid bacteria are more successfully adapted to aerobic conditions. Strepto
cocci, he considered, may be related to the more aerobic bacteria through the 
pediococci, presumably because of the finding (Dolin, 1955) that Streptococcus 
faecalis possesses a cytochrome c reductase but no demonstrable cytochromes, whilst 
pediococci appear to possess a cytochrome c-cytochrome oxidase activity, since they 
oxidize jj-phenylenediamine (Jensen & Seeley, 1954). This argument, however, is 
questionable. The possession by S. faecalis of a cytochrome c reductase does not 
necessarily imply that reduction of cytochrome c is or was the true physiological 
role of such an enzyme. Also, the ability of pediococci to oxidize p-phenylene- 
diamine is only indirect evidence of the possible presence of cytochrome c and cyto
chrome oxidase. No oxidation of p-phenylenediamine by similar pediococci was 
observed in the present work. Clearly it is necessary that direct evidence of the 
presence or absence of cytochromes should be provided The suspensions of two 
strains of pediococci examined in the present work did not contain detectable 
cytochromes (Table 5). However, the available evidence, though fragmentary, 
suggests that some luetic acid bacteria do possess the rudiments of a respiratory 
system. The ability of some to form haemoproteins when provided with a source of 
iron porphyrin suggests that, rather than adapting to aerobic conditions as implied 
by Dolin (1961), they have evolved retrogressively from facultatively aerobic 
haemoprotein-forming organisms. Their survival in nature could be related to their 
specialization for life in distinctly acid, sugar-containing environments from which 
oxygen is frequently absent. A study of iron porphyrin-less mutants of haemo
protein-forming facultative aerobes might reveal some close relationships with lactic 
acid bacteria. I t may prove difficult, for instance, to distinguish the haematin-less 
mutant of Staphylococcus aureus (Jensen, 1957) from ped.ococci or aerococci.

The author wishes to thank Dr T. Gibson for advice and encouragement given during 
this work and for helpful criticism given during the preparation of the manuscript. 
Thanks are due to Dr R. G. Board for providing strains o: Gram-negative bacteria, 
to the late Dr P. M. Frances Shattock and Dr M. Elisabeth Sharpe for providing 
some of the strains of lactic acid bacteria studied, and to Dr E. F. Hartree for 
determining the cytochrome content of some of the organisms.
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The Fixation of Complement by Virus-Antibody Complexes: 
Equivalence and Inhibition in the Reactions of the Viruses of 
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SUMMARY

A sensitive and simply calculated complement-fixation test is described 
in which viral antigen and antibody react to completion for up to 90 min. 
at 37° before the addition of one 70 % haemolysis unit of complement. The 
test has been applied to reactions between the components of the virus 
system of foot-and-mouth disease, tomato bushy stunt virus, bovine 
plasma albumin and their rabbit or guinea-pig hyperimmune sera.
In the restricted region of proportional fixation each /¿l. of complement 
represents about 3 x 10} virus particles and 6 x 1011 molecules of albumin.
In suspensions of foot-and-mouth disease virus of highest infectivity (1010 
mouse ID50/ml.), probably less than 1 in 30 of the characteristic 25 m/i 
particles are infective.

Quantitative data define the regions of antibody excess, equivalence and 
antigen excess, and show that complement is bound as a secondary process 
to that of antigen/antibody complex formation, that complement is bound 
only by relatively massive complexes and that the independent formation 
of unrelated complexes in the same system may be sensitively detected.
The location of the optimum reaction and the confirmation of equivalence 
allow fixation data to be related closely to parallel data on the neutraliza
tion of infectivity. Since the concentrations of antigen and of antibody for 
optimal fixation are almost independent, it is concluded that the main
tenance of equivalence in terms of a constant antigen/antibody ratio is not 
a valid principle for the interpretation of such data.

INTRODUCTION

Recent comparative studies by neutralization of infectivity and by fixation of 
complement of the foot-and-mouth disease virus system (Bradish & Farley, 1960; 
Bradish, Farley & Ferrier, 1962) have shown a close quantitative correspondence 
between these distinct manifestations of a common antigen/antibody interaction. 
The definition of the optimum reaction is of particular significance in this correla
tion. Most studies of neutralization and complement fixation in animal virus 
systems have been restricted to reactions in the region of antibody excess; few data 
have been related to block-assays covering the critical regions of optimum reaction 
in which certain features are most apparent. The present work parallels that on the 
neutralization of infectivity and investigates, through complement fixation, the 
antibody-combining properties of the viruses of foot-and-mouth disease and tomato 
bushy stunt, particularly in and beyond the regions of antigen/antibody equiva
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lence. Concurrent experiments with bovine serum albumin as antigen illustrate the 
generality of the pattern of reactions described. Tt is shown that particular condi
tions with respect to the rel ative concentrations of reactants must be satisfied before 
a meaningful titration of antigen or of antibody can be completed, and before the 
properties of the antigen/antibody system can be resolved from those of the comple
ment assay system. Reference may be made to Rabat & Mayer (1901) and Rice 
(1959 ft, c, 1960) for discussions of earlier studies.

C. J. BRADISH, R. JOWETT AND J. B KlRKHAM

METHODS

Preparation of antigens. The 25 mil infective component and 7 mp non-infective 
component of the virus system of foot-and-mouth disease were separated from 
guinea-pig pad vesicular f  uid or epithelium suspension by procedures described 
elsewhere (Bradish, Rrooksby, Dillon & Norambuena, 1952; Bradish, Henderson & 
Kirkham, 1960). The concentrates of the 25 m/i infective component contained up 
to 1010 mouse IP50/ml.

Tomato bushy stunt viras was available as a purified concentrate through the 
courtesy of Drs C. A. Knight and G. Rushizky (Virus Laboratory, Berkeley, 
California, U.S.A.). This preparation was standardized by electron microscopy and 
by observation of ultra viole“ (u.v.) absorption at 260 mu and it was diluted to the con
centrations required in the appropriate buffer solutions. Be vine plasma albumin frac
tion V as a dry pewder was obtained from the Armour Pharmaceutical Company Ltd.

Estimation of virus injectivity and concentration. The infectivity of suspensions of 
foot-and-mouth disease viras was determined by the intraperitoneal inoculation of 
serial 10-fold dilutions into unweaned white mice of the Pirbright strain (Skinner, 
1951). The volume of inoculum was 0-03 ml. and five or six mice from randomized 
litters were inoctdated at each dilution; the scores of dead and paralysed mice were 
counted up to the third day. The concentration of 50 % infective units (ID50/ml. of 
undiluted sample) was calculated by the method of Reed & Muench (1938).

The concentration of characteristic particles in suspensions of each virus was 
determined by d.rect counting, by means of electron microscopy (RCA type EMU- 
2B), of the number of such particles in at least 10 microdrops. The mixture of virus 
and the 88 m// polystyrene marker was sprayed on to the mounting films by means 
of a special low-pressure totally enclosed glass gun. The procedures generally fol
lowed those already described (Backus & Williams, 1950; Breese & Trautman, I960).

Preparation of antisera <n guinea-pigs and rabbits. Guinea-pigs were hyperim- 
munized against foot-and-mouth disease virus and their antisera collected and 
stored in the manner described by Brooksby (1952). Rabbits (1-7-2-3 kg. initial 
weight) were immunized by the inoculation of the fractions described below into the 
marginal vein of the left ear. Daily inoculations of 1 ml. virus suspension in phos
phate buffer (0-04m, pH 7-6) continued for 10 days. After a rest for 11 days and 
starvation for 24 hr, about 30 ml. blood were collected from the right car of each 
animal. Following separation of clot, the antisera were inactivated for 30 min. at 56° 
and then stored at — 20° in 1 ml. samples. The courses of immunization were repeated 
on the same basis after a rest period of at least 6 weeks. These procedures in rabbits 
follow those described by Matthews (1957).

The inocula for immunization of rabbits were as follows. Foot-and-mouth disease
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virus: preparations of the 25 m/t infective component of appropriate virus type 
isolated as defined in the previous section; each ml. of inoculum contained about 107 
mouse ID 50 and 1010 characteristic particles. Thus, in 10 days, each rabbit received 
about 1 /tg. of virus.

Tomato bushy stunt virus: rabbits received daily 4 mg. for 10 days.
Bovine plasma albumin: 4 mg. in 1 ml. daily for 10 days.
Complement-fixation test. The reagents used in this test were generally those 

described by Brooksby (1952). Pooled normal guinea-pig serum was the source of 
complement (C') and this was freeze-dried or stored frozen at — 20°. All dilutions and 
controls were made in veronal buffer (0-005m, pH 7-6) with added calcium and 
magnesium (Mayer, Osier, Bier & Heidelberger, 1946). The haemolytic indicator was 
a suspension of sheep erythrocytes maximally sensitized by 4 minimal haemolytic 
units of haemolysin. Haemolysin and cell suspension were thoroughly mixed and 
incubated for 30 min. at 37° immediately before addition to the antigen — antibody 
+ complement mixture, also at 37°. The haemolytic indicator was adjusted to 
contain 45 x 106 cells/ml. by preliminary dilution of the red cell suspension. The final 
mixture of lm l. indicator+ 1-8 ml. reaction (antigen +  antibody +  complement) 
mixture then gave 50 % haemolysis for 50-60 % light transmission at 520 m u in the 
matched 1 cm. diameter tubes of the Coleman Junior Spectrophotometer. A maxi
mum sensitivity of observation of percentage haemolysis was thus obtained in the 
subsequent test.

The complement-fixation test used was initially the ‘ 50 % haemolysis procedure ’ 
of Wadsworth, Maltaner & Maltaner (1938) as described by Brooksby (1952) and 
used in previous studies of components of the foot-and-mouth disease virus system 
(Bradish, Brooksby & Tsubahara, 1960; Bradish & Brooksby, 1960). However, the 
need to analyse many antigen/antibody mixtures covering wide ranges of reactant 
concentrations demanded a diminution in the quantities of reactants required per 
tube and in the number of tubes to be set up with each reaction mixture. Studies of 
reactions in antigen excess were particularly restricted by the available quantities 
of virus fractions since only about 10 /ig./week of the separated 25 m /i component of 
the virus system of foot-and-mouth disease was available.

The following ‘haemolysis-depression’ procedure was therefore developed; this 
is an extension of the procedure proposed by Stein & van Ngu (1950). Each reaction 
mixture was prepared with a constant volume of complement rather than with the 
5 or more graded volumes of complement used in the earlier 50 % haemolysis pro
cedures. The constant volume of complement used in these studies was that required 
to produce 70 % haemolysis (65-75 %) of the red cells in 1 ml. of standardized 
indicator system defined above. The 70 % haemolysis point was selected as being 
conveniently high on the central linear region of the haemolysis sigmoid curve, yet 
below the region of sharp curvature above 80 % haemolysis. The 70 % haemolysis 
dose of complement was determined for each experiment by a preliminary stan
dardization (made as in Fig. 1) of a 1/50 or 1/100 dilution of pooled normal guinea- 
pig serum. An appropriate further dilution containing one 70 % haemolysis dose/ml. 
was then prepared for use in the main experiment. The main experiment always 
included a re-standardization of the final dilution of complement. Since, in the 
range from 20 % to 80 % haemolysis, the percentage haemolysis increases essentially 
linearly with the volume of available complement, it follows that any ‘ fixation ’ of

Virus-ant ibody complexes and C' fixation
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complement by antigen/antibody complexes will cause the percentage haemolysis 
now observed (x on line B  in Fig. 1) to be below 70 % (.? on line B) by an amount 
proportional to the volume of complement fixed (AC'). The operational basis of this 
procedure is developed in the next section.

Table 1 illustrates the scheme of mixtures and controls required for an antigen 
titration by the haemolysis-depression procedure. In this case a constant and 
‘ optimal ’ concentration of serum antibody is shown. All reactants were kept in iced 
water during the preparation of the mixtures and were added in the order shown. 
The reaction mixtures and controls of 1-8 ml. total volume (1-0 ml. complement +
0-4 ml. each of antibody and antigen dilutions) were prepared in duplicate in the 
matched 1 cm. diam. tubes of the spectrophotometer. In the ‘ 30 min. test ’ the 
reaction mixture was incubated at 37° for 30 min. before addition of 1 ml. haemolytic 
indicator system, also at 37°. After further incubation for 30 min. at 37° the samples 
were centrifuged to remove intact red cells and the optical densities of the clear 
supernatant fluids observed at 520 m/t. The final observation of the optical density 
of the supernatant fluid was reproducible to better than + 5 % at the central point. 
The ‘ pre-incubation ’ procedure is defined in a later section.

Since the antigens, and occasionally the antisera, were slightly anticomplemen- 
tary, the corrected depression of optical density for a given reaction tube was obtained 
by subtracting its optical density value from that of the appropriate ‘ antigen-only ’, 
or ‘antibody-only’, control. The method for calculation of results is shown in 
Table 1; it is equivalent to that followed in previous investigations (Bradish, 
Brooksby & Tsubahara, 1960) using the earlier procedure of ‘50 % haemolysis’.

Interpretation of complement-fixation data in terms of haemolysis depression. Consider 
a series of reaction mixtures of constant volume V  (2-8 ml.) containing virus +  
antiserum + complement with 1 ml. standardized haemolytic indicator. The haemo
lytic indicator contains N  red cells/ml. After incubation and centrifugation the 
supernatant fluids show the optical densities D 100, D 70, D, D 0, corresponding 
with the percentage haemolysis, 100, 70, H, 0.

We may now write N  = K(D  100 — D 0). V, (1)
where the constant K  defines the number of red cells in 1 ml. which gives an optical 
density of 1-0 at 100% haemolysis. The value K  =  225 x 106 red cells/ml. was 
obtained when dilutions of suspensions of washed sheep red cells were counted on a 
Fuchs-Rosenthal slide before haemolysis in distilled water and observation of 
optical density.

Control tubes without virus or antiserum show 70, 50, H  % haemolysis when the 
volumes of complement C'70, C'50, C' ml. are included (Fig. 1). The empirical 
equation of von Krogh (Rabat & Mayer, 1961) now relates the volume of comple
ment to the percentage haemolysis through the expression

where n  is a constant of value near 4. Over the experimentally significant central 
region from 20 to 80 % haemolysis, this relationship differs by less than ± 2 % from 
the linear form

(2)



This equation is illustrated by the data of the typical complement standardiza
tions shown in Fig. 1. All such complement standardization lines cut the axis of 
haemolysis at the value (50 — 25n) %. In 40 standardizations of the type shown in 
Fig. 1, the mean value of n was 3-60 + 5%. The volume of complement for 50% 
haemolysis ( f  50) in this standardized system varied in different batches of guinea- 
pig serum over the range 2 to 10 ¡A. ; the median value was about 6 ¡A. If now C' 70 
indicates the initial complement volume contained by every tube (point s on line B 
in Fig. 1) and C' the residual complement volume (point a;) observed after fixa
tion of the volume A C  by antigen/antibody complexes, then we may write, using 
equation (2),

T '50
A C ' =  C ' 7 0 - C  =  ^ ~ { 7 0 - H ) .  (3 )2 5 .n
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or, in terms of the actually observed optical densities,
4 C'50 D 7 0 - D  

n D 100- D O ' (I)

The A7 red cells in the reaction mixture are 50 % haemolysed by the complement 
volume C  50. It follows that, under these reaction conditions, the volume of com
plement fixed by antigen/antibody complexes is equivalent to that required for the 
50 % haemolysis of F  red cells, according to the equation

F = AC
C'50 N . ( 5 )

Combination of expressions (1), (4) and (5) now gives
4 K . VF  = ----  { D 7 0 -D ) .

n (6)

This number of red cells which, at 50 % haemolysis, bind as much complement as 
that bound by the specific complexes, is thus obtained directly from the depression 
of optical density (D 70 — D) by multiplication by the method constant 4 K . V/n. 
Using the numerical data quoted above, this constant has the value 7 x 108, and is 
essentially independent of the concentration of complement and red cells in the 
reaction mixture.

In the present report, later fixation data are given in terms of the directly observed 
depression of optical density A o .d . =  (D70 — D). Previous reports from this 
laboratory have quoted experimental data in terms of units of complement fixed 
but this is less absolute than the present statement of F  or of optical density 
depression. The simple numerical equivalence between these methods of presenta
tion is defined by equation (4). The simplicity of this treatment of the sensitive 
linear region of the sigmoid response curve will be noted.

RESULTS

Quantitative aspects of antigen titration
Foot-and-mouth disease virus. The titration of antigen in the presence of excess 

antibody is a major application of the complement-fixation reaction. The pro
portionality between the volume or mass of reacting antigen and the volume of 
complement fixed has be en shown for many systems and provides the basis for the
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quantitative assessment of such titration data (Rice, 1946,1947, 1959a, b, c, 1960). 
This proportionality appears as an initial linearity in the plot of optical density 
depression against volume or mass of antigen (Fig. 10). For the systems investigated 
here, however, this simple linear relationship is valid over only a relatively narrow 
range of antigen/antibody ratio. Outside this range, as discussed in following 
sections, the extent of fixation is limited or inhibited by either antigen or antibody.

When attention was confined to the titration of antigen in the presence of a 
nearly optimal content of antibody, data of the type shown in Fig. 2 were obtained. 
Such data define the maximum fixation of complement for a given mass of antigen.

Virus-antibody complexes and C' fixation

Fig. 2
Fig. 1. Standardization of two normal guinea-pig sera (A and B) as sources of complement. 
The indicated volumes of complement (1 ml. of normal serum diluted 1/50 =  20/d.) were 
made up to 1-8 ml. with veronal buffer and incubated 30 min. at 37° with 1 ml. stan
dardized haemolytic indicator. The supernatant fluids were then clarified and their optical 
densities observed. Percentages of haemolysis were calculated from the mean optical density 
for two tubes. Point s on line B  indicates that one 70 %  haemolysis unit of complement is 
contained by 1 ml. of the normal serum at a dilution of about 1/100. A z  a dilution of 1/250 
the serum A contains one 70 % haemolysis unit of complement in 1 ml. If 1 ml. of a 
standardized complement yields 70 % haemolysis in control tubes but on ly // % haemolysis 
when incubated with an antigen/antibody mixture (Table 1), then the corresponding 
points s and x  on line B  indicate that the volume of complement C' 70 — C ' =  A C' has 
been fixed.
Fig. 2. Relationship between infectivity, complement-fixing activity and absolute number 
of 25 m/t virus particles in 24 separations from guinea-pig pad vesicular fluid and epithelium.

The antigen used in the experiments was the infective 25 m/t component of the foot- 
and-mouth disease virus system (type O/VI) isolated from guinea-pig pad vesicular 
fluid and epithelium. Each 1 ml. of antigen suspension represented the virus yield 
from the lesions on the ten plantar pads of five guinea pigs. The homologous guinea- 
pig antisera, at dilutions from 1 /30 to 1 /300, were mixed with complement and anti
gen and incubated for 30 min. at 37°. The data for 24 virus suspensions of extreme 
infectivity are shown in Fig. 2 in terms of the number of 25 m/t particles required 
for each ml. of complement fixed (upper line) and for each mouse infective unit 
(lower line). The number of 25 m/t particles for each ml. of complement fixed was 
essentially constant at 109’3±04, regardless of the wide range of initial infectivity from 
106 to 1010 ID50/ml. A linear histogram of the same data is given in Fig. 3. The

-s M ic ro b . x x x v
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complement-fixation procedure may evidently be used to provide an estimate of the 
absolute count of 25 my  particles on the basis of 2 x 109 particles//d. complement 
fixed.

In contrast to the complement-fixation data, the number of 25 m y  particles for 
each mouse ID 50 (Fig. 2) decreased steadily as the infectivity of the virus suspension 
increased. Preparations of highest infectivity showed about 300 25 m y  particles/ 
mouse ID 50. These data relate only to the intraperitoneal route of inoculation in 
unweaned mice (Pirbright strain), which was shown to be up to 1 log. unit less 
sensitive than the intramuscular route (Heatley, Skinner & Subak-Sharpe, 1960). 
It follows that, in the most infective suspensions, one mouse ID 50 by the intra
muscular route might represent as few as 30 virus particles or even less, for infectivity 
assays of even higher efficiency. Bachrach ,& Breese (1958) observed particle/plaque 
ratios of 30-1600 in their studies of virus concentrates derived from cultures of 
bovine kidney cells. Such data are unrelated to the ‘ purity ’ of the preparations.

The slope of the lower line of Fig. 2 indicates that the virus suspensions contained 
about 1012 particles/ml. regardless of the initial infectivity. This implies that the 
epithelium from each guinea-pig pad yielded 1011 characteristic 25 m y  particles, of 
which, if every infective particle initiated infection, any proportion up to 1 in 30 
might be infective. Thus, even in the most infective preparations of 1010-10n ID50/ 
ml., at least 97 % of the specific antigenic mass due to 25 m y  particles was non- 
infective or failed to initiate infection, and could be detected only by observation 
of complement fixation or other in vitro activity. Similar observations have been made 
for poliomyelitis virus (Mayer et al. 1957). Although the accountable infective com
ponent cannot contribute significantly to the observed fixation of complement, a 
coincidental correlation between infectivity and degree of complement fixation 
might be observed if, in the range of samples investigated, the concentrations of the 
infective component happened to be about proportional to the concentrations of the 
non-infective antibody-combining components.

Tomato bushy stunt virus and bovine plasma albumin. Titrations by complement 
fixation of these antigens were made under the same conditions as those defined in the 
previous section for the 25 m y  component of foot-and-mouth disease virus. The 
specific rabbit antisera were present at nearly optimal concentrations and incuba
tion of the reaction mixture with complement continued for 30 min. at 37° (short 
test).

The complement-fixation data obtained are summarized in Table 2. Each entry 
relates to maximal fixation of complement by a given mass of antigen in the presence 
of nearly optimal antibody concentration. The mean maximal fixation extended 
only from 14 to 50 yl. complement//^, antigen despite the use of many preparations 
of different antigens and antisera. Thus, a single conversion factor of 30 y\. comple
ment//^. antigen or 3 A o.D.//tg. antigen summarizes to within a factor of 2 the data 
for the three systems entered in Table 2.

For the small ‘spherical’ particles of foot-and-mouth disease and bushy stunt 
viruses, each /d. normal guinea-pig serum as complement (A o .d . = 0T0) was 
equivalent to about 3 x 109 particles. At 50 % haemolysis each red cell in the 
haemolytic indicator system presents a complement-binding capacity equivalent to 
that of about 40 virus particles or 9000 molecules of bovine plasma albumin. Since 
the present procedure is sensitive to the fixation of less than 0-3 y\. complement

C. J. Bradish, R. J owett and J. B. K irkham
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( + 003C'50 unit or = 003 in optical density), it follows that 0 01 /ig. antigen may 
be detected under appropriate conditions of maximal fixation. The fixation data pub
lished by Mayer anc colleagues (1957) for purified preparations of poliomyelitis 
virus showed that about 1010 physical particles corresponded to one C' 50 unit, or 
about 2 x 109 particles//d. complement. This conforms closely to the data of Table 2, 
despite great differences in procedure.

Time of incubation of reaction mixtures
In previous studies from this laboratory, the mixtures of complement +  anti

body +  antigen (Table 1) were placed together in the reaction tube and incubated for 
30 min. at 37“ before addition of the haemolytic indicator and further incubation 
for 30 min. at 37°. However, preliminary tests on the rate of complement uptake

C. J. B r a d i s h , R .  J o w e t t  a n d  J. B . K ir k h a m

Number of 25 m  ̂particles/ml 
/¿I. of complement fixed/ml. Total time of incubation at 37 (hr)

F i g .  3 F i g .  4

F i g .  3 . H i s t o g r a m  s h o w i n g  d i s t r i b u t i o n  o f  n u m b e r  o f  2 5 m / (  p a r t i c l e s  r e q u i r e d  t o  f ix  
1 / t l .  c o m p l e m e n t .  T h i s  f ig u r e  s u m m a r i z e s  t h e  d a t a  o f  t h e  2 4  e x p e r i m e n t s  i n  F i g .  2 .

F ig .  4 .  R e l a t i o n s h i p  b e t w e e n  f i x a t i o n  o f  c o m p l e m e n t  a s  d e p r e s s i o n  o f  o p t i c a l  d e n s i t y  
( i o .D .)  a n d  t o t a l  t i m e  o f  i n c u b a t i o n  a t  37° f o r  r e a c t i o n  m i x t u r e s  o f  c o n s t a n t  v o l u m e  
(0-8 m l . )  a n d  n e a r - o p i t i m a l  p r o p o r t i o n s .  T h e  70 %  h a e m o l y s i s  u n i t  o f  c o m p l e m e n t  i n  1 m l .  
w a s  a d d e d  o n l y  f o r  t h e  l a s t  30 m i n .  o f  i n c u b a t i o n .

A  a n d  JS : 1 a n d  4 / r g .  o f  b o v i n e  p l a s m a  a l b u m i n  i n  0 -4  m l .  w i t h  0 -4  m l .  o f  r a b b i t  h y p e r i m 
m u n e  s e r u m  d i l u t e d  1 /2 0 0 .

C  t o  F : D i l u t i o n s  o f  f r a c t i o n s  o f  f o o t - a n d - m o u t h  d i s e a s e  v i r u s  s y s t e m  ( t y p e  C /G C )  
w i t h  e q u a l  v o lu m e s  o f  g u i n e a - p i g  h y p e r i m m u n e  s e r u m  d i l u t e d  1 /1 5 0 .  I n  C  a n d  D  
0 -8  m l .  a n d  in  E  a n d  F  0 -4  m l .  o f  t h e  r e a c t i o n  m i x t u r e  w a s  t e s t e d .  I n  C  a n d  F  a  1 /2  
d i l u t i o n  o f  a  f r a c t i o n  o f  t h e  a o n - i n f e c t i v c  7 m //  c o m p o n e n t  w a s  u s e d  a n d  in  D  a n d  E  a  1 /3 2  
d i l u t i o n  o f  a  f r a c t i o n  o f  t h e  i n f e c t i v e  2 5  rn /r  c o m p o n e n t .

by preformed complexes showed that, although complement was absorbed com
pletely within 20-30 min. at 37° (Barbaro & Becker, 1962), the actual formation of 
the antigen/antibody complexes responsible for fixation was not always complete 
at this time. Figure 4 illustrates experiments in which antigen and antibody wrere 
allowed to react for periods of up to 3-5 hr at 37° before addition of standardized 
complement and further incubation for 30 min. at 37°. The addition of the stall-



dardized haemolytic indicator and observation of the optical density of the super
natant fluid then followed, as already described. The data of Fig. 4 show that the 
fixation of complement, or depression of optical density (A o .d .), was not complete 
in the then standard 30 min. incubation period, but that a pre-incubation of antigen 
and antibody for at least 1-5 hr at 37° was often necessary if a maximal reaction in 
terms of complement fixation was to be assured. Under conditions of lower antigen 
content, the terminal fixation was then 3 to 4 times greater than that observed in 
the ‘30 min. test’.

These experiments extend the previous observations on this system (Bradish et al.
1960) that the fixation of complement is secondary to that of complex formation, 
and that essentially as much complement is fixed by pre-incubated complexes to 
which complement is added later as is fixed by the same reactants when these are 
incubated with complement from the start. In equilibrium experiments like those 
of Fig. 4 it is, in any case, undesirable to incubate complement for the whole period 
with the other reactants since haemolytic activity will decay appreciably during the 
necessarily longer periods of incubation. For this reason, the standardized com
plement at 37° was added to all reaction systems only for the last 30 min. of incuba
tion. This also served to minimize further the anti-complementariness of the 
reactants, which increased with time of incubation with complement.

A ‘ pre-incubation ’ test in which mixtures of antigen +  antibody were incubated 
for up to 1-5 hr a t 37° before addition of the ‘ 70 % haemolysis ’ unit of complement 
for a further 30 min. a t 37° was adopted in the following experiments; the prepara
tion and composition of reaction mixtures otherwise followed the scheme of Table 1. 
The use of a ‘pre-incubation’ procedure in place of the ‘30 min. te s t’ ensured th a t 
maximal fixation of complement by equilibrated complexes was observed under 
conditions of extreme antigen or antibody excess.

The observation through complement fixation that under many conditions the 
formation of antigen/antibody complexes only reached completion in about 1-5 hr 
at 37° contrasted sharply with parallel observations through neutralization of in- 
fectivity (Bradish et al. 1962), which indicated that complex formation was essenti
ally complete within 10 min. at 37°. This disparity suggested that the neutralization 
of infectivity was complete when only small early complexes of antigen +  antibody 
had been formed. At this stage, the specific complex was still too small to show 
significant fixation of complement; the larger complexes required for maximal 
fixation of complement only appeared much later.

Inhibition of fixation by antigen excess
I t  was shown in a recent report concerning complement fixation and neutraliza

tion of infectivity (Bradish & Farley, 1960) th a t the fixation of complement was 
inhibited completely when a constant dilution of guinea-pig or rabbit hyperimmune 
serum reacted with the 25 m/i component of foot-and-mouth disease virus a t a 
sufficiently high concentration. Similar inhibitions of complement fixation occurred 
when the antigen was the 7 my  component of the virus sysrem. The complexes 
formed in the virus/antibody reactions thus showed fixation properties which were 
similar to those observed for many non-viral systems. The present comparative data 
for the viruses of foot-and-mouth disease (Fig. 5) and tom ato bushy stun t (Fig. 6) in 
combination with constant antibody show that, in the initial region of low antigen

Virus-antibody complexes and C' fixation 37
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content, the fixation of complement increased with mass cf available antigen. This is 
the titration region of proportional fixation discussed in an earlier section. Reaction 
mixtures of higher antigen content showed a fixation of complement which was 
below that required by the initial linear relationship, through partial inhibition by 
slight antigen excess. With yet higher concentrations of antigen (Figs. 5, 6), the 
extent of fixation passed through a maximum value and was then depressed to a 
negligible value. The value of complement fixation at the maximum is defined by the 
antibody content of the system and occurs at a definite equivalent concentration of 
antigen. In general, the degree of fixation is 50 % of the maximum value at an 
antigen concentration of 2 to 3 equivalents, and is negligible at an antigen con
centration of 5 to 10 equivalents.

Fig. 5 Fig. 6

Figs. 5 and 6. The relationship between level of complement-fixation (O ) and specific- 
fixation activity ( •  l as a function of the mass of antigen reacting with constant anti
serum for 30 min. at 37° before addition of complement for 30 min. at 37°.
Fig. 5. Guinea-pig hyperimmune serum (0-4 ml.) a t dilution 1,200 with equal volume of 
dilutions of fraction of 7m/t non-infective component of foot-and-mouth disease virus 
(type O/VI).
Fig. 6. Rabbit hyperimmune serum (0-4 ml.) at 1/1000 dilution with equal volume of 
dilutions of a suspension of bushy stunt virus.

The maximal fixation of complement/unit mass antigen occurred only in the 
initial proportional region where antibody was in adequate excess with respect to 
antigen. The maximal fixation of complement for unit mass of antibody occurred at 
the peak of fixation (Figs. 5, 6) where antigen was in slight critical excess with 
respect to antibody. Thus, antigen and antibody cannot be present simultaneously 
under conditions appropriate to their individual maximal fixation activities. This is 
illustrated by the second curves (filled circles) of Figs. 5 and 6, which show that the 
maximal fixation of complement with respect to antigen occurred for significantly 
lower concentration cf antigen than that for the maximum of total fixation (open 
circles).

The confirmation of antigen excess
Direct tests of the actual availability of free antigen or of antibody-combining 

sites in reaction mixtures of higher antigen content than that which gave maximal 
fixation of complement were set up as shown in Fig. 7. Dilutions of the separated
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7 m¡i (curves A  and B) and 25 m/t (curves C and D) components of foot-and-mouth 
disease virus (type A/GB) were mixed with homologous guinea-pig antiserum a t 
dilutions 1/150 or 1/300. After incubation for 30 min. a t 37°, ohe 70 % haemolysis 
unit of complement was added with and without a further portion of antiserum. 
The fixation test continued in the standard manner after a second incubation for 
30 min. a t 37°. The data of Fig. 7 for the control mixtures without the second addition 
of antiserum (curves B  and D) showed the usual maxima of fixation with later 
inhibition by excess antigen. When second additions of antiserum were made 
(curves A  and C) the degrees of fixation were unchanged a t antigen concentrations 
below the optimum, but were significantly increased in the regions to the right of the 
fixation maxima. I t  therefore appeared th a t only in such regions was antigen in 
excess and free to combine with later additions of antibody and to fix more com
plement. In  regions to the left of the fixation optima (Fig. 7) the addition of comple
ment and more antiserum did not increase the degree of fixation. Thus antibody was 
already in effective excess in this region. I t  seems probable that, in the region of 
' antigen excess ’ to the right of the fixation maximum, the antigen was present as 
small complexes with antibody which were able to bind more antibody and thereby 
fix more complement. An increasing proportion of free uncombined antigen became 
available only a t higher excess of antigen. Identical conclusions follow from parallel 
studies of the reactions of other foot-and-mouth disease viruses, tomato bushy stunt 
virus and bovine plasma albumin with their specific rabbit antisera.

Cross-reactions in regions of antigen excess
Since the present studies are concerned with complement fixation by specific 

antigen/antibody complexes, it  was necessary to confirm th a t fixation by one anti- 
gen/antibody system was uninfluenced by reactions in a second system present in the 
same medium (Hoyle, 1945-46; Fulton, 1958; Rice, 1959a, b, c). If  specific cross
reactions between two systems are to be detected by complement fixation, these 
reactions m ust occur because the antigens and antibodies involved are related and 
not because hybrid complexes are formed through the non-specific association or 
entanglement of unrelated complexes.

The independent formation of unrelated complexes was tested through the 
reactions of a mixture of two rabbit hyperimmune sera with a mixture of homolo
gous antigens. The mixture of rabbit anti-sera contained anti-bushy stunt serum at 
1/64,000 and anti-foot-and-mouth disease virus serum at 1/32. These dilutions were 
established by preliminary titrations as being suitable for the separation of the 
anticipated fixation peaks. Samples of the mixture of antisera were incubated with 
dilutions of a suspension of bushy stunt virus, dilutions of a suspension of the 25 m/t 
component of foot-and-mouth disease virus (type O/VI) and dilutions of a mixed 
suspension containing these two antigens at the same concentrations. After 30 min. 
at 37°, the 70 % haemolysis dose of complement was added and the test continued 
in the standard manner.

The results of this experiment are shown in Fig. 8. The reaction with foot-and- 
mouth disease virus (F) or tomato bushy stunt virus (B) resulted in a typical 
fixation curve with maximal fixation of complement for 50 and 3 /A. of antigen, 
respectively. The reaction with the mixed antigens (M) indicated a composite 
fixation which approximated to the total of the fixations due to each antigen when

Virus-antibody complexes and C' fixation
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used separately. Thus each antigen/antibody system was effectively responsible for 
a definite fixation of complement; and neither the formation of specific complexes 
nor the subsequent fixation of complement by such complexes was modified by the 
simultaneous reactions of other antigens. The curve of composite fixation (M) shows 
the maximal fixations due to each component of the mixture of antisera almost as 
well as these are shown by the individual reaction curves (F and B). Similar data 
are shown in Fig. 9 for the mixed system of foot-and-mouth disease virus +  bovine 
plasma albumin, reacting with their homologous rabbit antisera.

The consequence of reactions between related antigen/antibody systems is shown 
in Fig. 10. The antigens in this experiment were the separated 7 and 25 m/t com
ponents of the foot-and-mouth disease virus system (type O/YI). These antigens

C . J . B r a d i s h , R. J o w e t t  a n d  J. B. K ir k h a m

Fig. 7 Fig. 8

Fig. 7. Demonstration of availability of antibody-combining sites in regions of nominal 
antigen excess. Dilutions of fractions of foot-and-mouth disease virus system (type A/ 
GB) in reactions with successive equal volumes of homologous hyperimmune guinea-pig 
serum. A :  (7m/t component +  serum/300) +  (C" 70 + serum/300); B : (7m/t component +  
serum/300) +  (C '70 +  veronal buffer); C : (25m/t component +  serum/150) + (C '70 + 
serum/150); D :  (2£ m/t component+ serum/150) +  (C '70 + veronal buffer); Volumes: 
(0-4 ml. +  0-4 ml.) +  (10 ml. +  0-4 ml.). The reaction mixtures were incubated for 30 min. 
at 37° before (first bracket) and after the addition of the 70 haemolysis unit of comple
ment (C' 70).
Fig. 8. Demonstration of independent fixation of complement by two systems reacting 
simultaneously. Mixed rabbit antiserum used throughout contained anti-bushy stunt 
serum diluted 1/64,000 and foot-and-mouth disease virus antiserum at 1/32. Pre- 
incubation of reactants for 30 min. at 37° before addition of complement.

F :  Reaction w ith dilutions of suspensions of 25 m/t infective component of foot-and- 
mouth disease virus (type O/VI).

B :  Reaction with dilutions of suspension of tomato bushy stunt virus, optimum at 
3-2/tl. or 0-7;tg.

M :  Reaction with mixture of antigens F  and B  above adjusted to give same concentra
tions as reactions wkli single antigens.

were mixed in the preportions shown by the volume scales in Fig. 10. Homologous 
guinea-pig antiserum at an optimum dilution of 1/40 replaced the mixture of 
antisera of the previous experiments. After incubation for 30 min. at 37° the fixa
tion by the system containing the 7 m/t component as the only antigen followed the 
almost proportional relationship previously discussed. The incorporation of 0 2 5 -  
1 /tl. of the 25 m/t component in mixtures with the 7 m/t component did not disturb 
this proportionality. The fixation of complement was greatly decreased, however, by
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the incorporation of 2 ¡A. of the 25 m/t component and wholly suppressed by the 
incorporation of 4 /d. Similar data were obtained when increasing proportions of the 
7 m/i component were mixed with the 25 m/t component before reaction with 
antiserum.

Such data indicate th a t the 7 and 25 m/t components of die foot-and-mouth 
disease virus system were competitive antigens which reacted with common anti
bodies in guinea-pig and rabbit antisera in accordance with their relative concentra
tions and activities. Such hyperimmune sera apparently contained no significant 
proportion of antibody which reacted with only the 25 m/i or the 7 m/t component of 
the virus system. These data extend those of earlier reports (Bradish el al. 1960; 
Bradish et al. 1962).

Virus-antibody complexes and C  fixation

0-0016 0-025 0-39 Ó-25 100
V o lu m e  o f  a n tig e n  (/¿I.)

V o lu m e  fiI.
25 mu c o m p o n e n t

F i g .  9 F ig . 10

F i g .  9 . D e m o n s t r a t i o n  o f  i n d e p e n d e n t  f i x a t i o n  o f  c o m p l e m e n t  b y  t w o  s y s t e m s  r e a c t i n g  
s i m u l t a n e o u s l y .  M ix e d  r a b b i t  a n t i s e r u m  u s e d  t h r o u g h o u t  c o n t a i n e d  a n t i - b o v i n e  p l a s m a  
a l b u m i n  s e r u m  d i l u t e d  1 /3 0 0  a n d  f o o t - a n d - m o u t h  d i s e a s e  a n t i s e r u m  d i l u t e d  1 /1 5 .  
P r e - i n c u b a t i o n  o f  r e a c t a n t s  f o r  1 -5  h r  a t  3 7 °  b e f o r e  a d d i t i o n  o f  c o m p l e m e n t .

F :  R e a c t i o n  w i t h  d i l u t i o n s  o f  s u s p e n s i o n  o f  2 5  m / t  i n f e c t i v e  c o m p o n e n t  o f  f o o t - a n d -  
m o u t h  d i s e a s e  v i r u s  ( t y p e  C /M  1 1 ) .

A  : R e a c t i o n  w i t h  d i l u t i o n s  o f  s o l u t i o n  o f  b o v i n e  p l a s m a  a l b u m i n ,  o p  t i m u m  a t  0 - 0 0 0 3 /d .  
o r  0 - 1 8 / ig .

M : R e a c t i o n  w i t h  m i x t u r e  o f  a n t i g e n s  F  a n d  . 1 a b o v e  a d j u s t e d  t o  g i v e  s a m e  c o n c e n t r a 
t i o n s  a s  i n  r e a c t i o n s  w i t h  s in g l e  a n t i g e n s .

F i g .  1 0 .  D e m o n s t r a t i o n  o f  c o m p e t i t i o n  f o r  a v a i l a b l e  a n t i b o d y  b y  2 5  m / i  a n d  7 m / t  c o m 
p o n e n t s  o f  f o o t - a n d - m o u t h  d i s e a s e  v i r u s  s y s t e m  ( t y p e  O / V I ) .  A  c o n s t a n t  0 -4  m l .  h y p e r i m 
m u n e  g u i n e a - p i g  s e r u m  a t  d i l u t i o n  1 /4 0  r e a c t s  f o r  3 0  m i n .  a t  3 7 °  w i t h  0 -8  m l .  o f  a  s e r ie s  
o f  m i x e d  a n t i g e n s  p r e p a r e d  f r o m  f r a c t i o n s  o f  t h e  v i r u s  c o m p o n e n t s .  T h e  s c a l e s  s h o w  t h e  
f i n a l  c o n t e n t  o f  e a c h  a n t i g e n  i n  t h e  r e a c t i o n  m i x t u r e s .  T h e  7 0  %  h a e m o l y s i s  d o s e  o f  
c o m p l e m e n t  wra s  a d d e d  f o r  a  f i n a l  3 0  m i n .  a t  3 7 ° .

Proportions of antigen and antibody in relation to extent of fixation 
The discussion of antigen/antibody reactions in terms of the combination of a 

constant concentration of one reactant with a series of concentrations of the other 
requires extension to the general case in which both reactants are used in a single 
experiment over a range of concentrations. Figures 11 and 12 show fixation data of 
this kind for a series of reaction mixtures containing up to 9 [ig. tomato bushy stunt 
virus and up to 1-6 ¡A. rabbit antisera. Such data are representative of other 
experiments with bovine plasma albumin or the components of the foot-and-mouth
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disease virus system. In Fig. 11 each curve represents a single antibody content and 
in Fig. 12 a single antigen content. The constant initial slope of the family of curves 
in Fig. 11 characterizes the fixation due to antigen as limiting reactant in presence 
of a slight excess of antibody; such data have been discussed in an earlier section. 
The subsequent inhibition of fixation by excess of antigen is shown clearly by the 
curves for the lowest contents of antibody. At higher concentrations of antibody, 
with antigen still in excess, the fixation of complement was limited by the content 
of antibody, but was not proportional to the concentration. An overall maximum of 
fixation occurred for a reaction mixture containing 1 fig. virus and about 0-4 /d. 
rabbit antiserum.
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V iru s  (jig .)

M ass o f  b u say  s tL n t  v iru s  (/ig .) V o lu m e  o f  a n t is e ru m  (/¡I.)

F i g .  : i  F i g .  12

F ig s .  11 a n d  1 2 .  F i x a t i o n  c h a r a c t e r i s t i c s  f o r  r e a c t i o n  o f  t o m a t o  b u s h y  s t u n t  v i r u s  w i t h  
h y p e r i m m u n e  r a b b i t  s e r u m .  I n c u b a t i o n  o f  0 -4  m l .  o f  e a c h  r e a c t a n t  f o r  3 0  m i n .  a t  3 7 °  b e f o r e  
a n d  a f t e r  a d d i t i o n  o f  7 0  %  h a e m o l y s i s  d o s e  o f  c o m p l e m e n t  i n  1 m l .  I n  F i g .  11 t h e  d a t a  
a r e  s h o w n  a s  c u r v e s  o f  c o n s t a n t  a n t i s e r u m  c o n t e n t  a n d  i n  F i g .  1 2  a s  c u r v e s  o f  c o n s t a n t  
v i r u s  c o n t e n t .  T h e  s c a le s  s h o w  t h e  a c t u a l  c o n t e n t  o f  v i r u s  i n  p g . a n d  o f  u n d i l u t e d  a n t i 
s e r u m  i n  yd.

In Fig. 12 the curves of constant antigen content do not show a common initial 
slope, indicative of the antiserum activity, since fixation was inhibited by the initial 
excess of antigen. At the highest values of antigen content the initial fixation was 
completely depressed and the activity of antiserum was indicated only by the 
steepest initial slope for the curves of lowest antigen content. Later fixation was 
limited by the antigen content of the reaction mixtures. The fixation of complement 
in this reaction series was proportional to the antigen content only below 0T4 fig. ; 
the overall maximum of fixation is shown as in Fig. 11.

Figures 11 and 12 show that a given degree of fixation may be shown by many 
different values of antigen and antibody concentration. A quantitative titration of 
the concentration of either reactant required that attention be confined to the initial 
linear region in which the extent of fixation was limited proportionally by the 
concentration of one reactant and was not limited or inhibited by the concentration 
of the other. Similar data for the 25 m¡i infective component of the foot-and-mouth 
disease virus system (type O/VI) are shown in Table 3. The significant inhibition of 
complement fixation by excess of rabbit antiserum or guinea-pig antiserum has been 
regularly observed, but the effect seems to be more frequent with rabbit antiserum.
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It is apparent from these data (Table 3; Figs. 11, 12) that, although the maximal 

fixation observed in the presence of a given concentration of antiserum occurred at a 
definite concentration of antigen, an increased concentration of antiserum did not 
correspond at the new optimum with a proportionally increased concentration of 
antigen. If a law of simple proportionality was applicable, then the maximal fixa
tions in the rows and columns of Table 3 would lie on a single diagonal, and there 
would be no overall maximum of fixation. All of these data indicate that the concen
trations of antigen and antibody giving maximal fixation of complement cannot be 
related by a law of simple proportions. The optimal concentrations of antigen and 
antibody are, in fact, almost independent since the maximal fixation of complement 
is given by an almost constant concentration of antigen regardless of the antiserum 
dilution employed. The concentration of antiserum for maximal fixation is similarly 
very little influenced by variation of antigen concentration.

The formation o f complexes in  the presence and absence of complement
In these experiments the 25 m// infective component of foot-and-mouth disease 

virus used as antigen was separated from the supernatant fluids of cultures of baby 
hamster kidney cells. Complexes with homologous guinea-pig antiserum were 
formed in the presence and absence of the 70 % haemolysis unit of complement. 
After incubation for 1-5 hr at 37° these reaction mixtures were centrifuged in 
Spinco L 40 tubes for 1 hr at 30,000 rev./min. Supernatant fluids of 5 ml. volumes 
were then carefully withdrawn from the 8 ml. volumes loaded, and taken forward 
for fixation assay together with non-centrifuged controls. Samples containing no 
complement received the 70 % haemolysis unit after ultracentrifugation and all 
samples were then incubated for a further 30 min. at 37°. The ‘ virus-only ’ controls 
received antiserum and complement after ultracentrifugation.

The data of Fig. 13 show that, when complexes were formed in the presence of 
complement, the supernatant fluids (F) and non-centrifuged controls (E) retained 
the same high degree of fixation activity. Thus the presence of complexes with bound 
complement (E) did not contribute to the haemolysis by free complement. When 
complexes were formed in absence of complement, the activity of the supernatant 
fluids (D ) was eliminated although the non-centrifuged control (C) showed a fixation 
activity like that of the complexes formed in the presence of complement (E, F). 
Thus, in F  the complexes responsible for fixation were removed together with their 
bound complement, whereas in D the complexes were removed before complement 
was added. When virus only was centrifuged (B ) the activities of the supernatant 
fluids were almost eliminated, whereas those of the non-centrifuged controls (A) 
were almost the same as those of the complexes formed in presence or absence of 
complement (E , F, C). Hence, as in experiments with bushy stunt virus as antigen, 
complement was effectively bound by preformed ‘soluble’ complexes.

The irreversibility of complex formation and compleme nt binding
The irreversibility of complex formation and complement binding was tested by 

forming antigen/antibody complexes under optimal conditions and adding to these 
equilibrated mixtures more antigen in excess. Incubation and addition of comple
ment then continued as defined previously. For the foot-and-mouth disease virus 
and bovine plasma albumin systems quoted in Table 4, the reactions under optimal

Viru-s-antibody complexes and C  fixation
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conditions gave maximal fixation of complement. This degree of fixation was not 
disturbed by further incubation with excess of antigen. However, when the anti
serum and the total excess of antigen were incubated together from the start, fixa
tion of complement was decreased. Thus, once formed, the complexes responsible 
for the later optimal fixation of complement were not modified by continued incuba
tion with antigen in excess. This effective irreversibility of the reaction between 
antigen and antibody paralleled that already shown as a feature of the neutraliza
tion of the infectivity of the foot-and-mouth disease virus. The dissociation of 
antigen/antibody complexes by modifications of medium introduces additional 
features not involved in the present considerations of irreversibility with respect to 
changes of reactant concentrations.

Virus-antibody complexes and C  fixation

DISCUSSION

The most obvious conditions which define the reaction between antigen and 
antibody are the concentrations of the reactants; the reactant concentrations con
trol the rate at which antigen/antibody complexes are formed and the nature of the 
reaction product at equilibrium. However, the rate effect cannot properly be inves
tigated by complement fixation since the initial combination of antigen and anti
body is not only more rapid than the binding of complement, but produces many 
small early complexes which fix little or no complement. Thus complement fixation 
procedures are restricted to studies of antigen/antibody combination at or near 
equilibrium, where the rate factors which arise from the distinct primary and 
secondary reactions are not involved.

In many of the experiments described here the complement system was added to 
the antigen/antibody mixture only after the completion of the primary reaction. 
It has been shown, subject to the stability of complement and the completion of the 
primary and secondary reactions, that the time at which complement is added to the 
primary reaction mixtures has little effect on the degrees of fixation subsequently 
observed. It thus became possible to impose experimental modifications upon the 
fundamental primary reaction without alteration to the standardized secondary 
reaction involving complement and haemolytic indicator.

The distinction between the complement-binding capacity of antigen/antibody 
complexes formed in the presence or absence of complement was summarized by 
Barbaro & Becker (1962). These authors studied the albumin/anti-albumin reaction 
and suggested that the greater fixation shown by complexes formed in the presence 
of complement was a unique property of rabbit antisera, since the reverse situation 
was observed with certain horse and sheep antisera. Although the present studies 
are not consistent with this conclusion, it may be pointed out that the fixation tests 
involved are very different. Barbaro & Becker (1962) used the procedure of Mayer, 
Osier, Bier & Heidelberger (1948) in which the reactants combine in the presence or 
absence of 50-100 C' 50 units and are subsequently chilled and diluted before 
addition of the haemolytic indicator. Complement-fixation tests in virology use 
reactants at much lower concentrations; with a total complement load of usually 
not more than 5 C  50 units there is no dilution before addition of the haemolytic 
indicator. In the present work only one C' 70 unit or about 1-2 C' 50 units of com
plement was used.



Preliminary experiments with the bovine plasma albumin system have shown 
that the degree of fixation at the optimum is very similar by the present and by the 
high-complement-load procedures but that the sharpness of the fixation optimum 
increases markedly as the complement load is decreasec to the present low value. 
Clearly it cannot be assumed that the complement-binding properties of complexes 
formed by reactants at low concentrations will correspond with those formed at high 
reactant concentrations.

The relative activities of antigen and antibody are refle Red in the present comple
ment-fixation data by sharp maxima of fixation. Such maxima occur for definite con
centrations of antigen and antibody, which are thereby defined as optimal. Although 
limitations of antigen concentration have caused this feature of the reaction to be exa-
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Fig. 13 Fig. 14

Fig. 13. Fixation o: complement by preformed ‘soluble7 complexes in reactions of 25m/i 
component of foot-and-mouth disease virus (type O/M 11, 10th passage on BHK cells) 
with an equal volume of hyperimmune guinea-pig serum at dilution 1 /300. Sequence in 
reactions: A . [((Virus) +  antiserum) +  complement], B . [((Virus supernatant) + anti
serum)-)-complement], C. [(Virus +  antiserum) + complement,]. D . [Supernatant fluid 
of (virus +  antiserum)-(-complement]. E . (Virus +  antiserum + complement). F . Super
natant fluid of (virus +  antiserum +  complement). The round bracket indicates incubation 
for 1-5 hr at 37° and the square bracket for 30 min. at 37°. Virus and antiserum were 
present as 0-4 ml. each and complement as the 70 % haemolysis dose in 1 ml.
Fig. 14. Pattern of reactions shown in complement fixation by virus/antibody complexes.
‘g ’ and ‘ G’ signify antigen concentrations below and above the a-optimum value, ‘b ’ and 
‘B ’ signify antibody concentrations below and above the /J-optimum value. The a- 
optimum is that antigen concentration giving maximal reaction against a constant 
antibody content. The ^-optimum is that antibody concentration giving maximal 
reaction against a constant antigen content.

mined only rarely for animal virus systems (Mayer etal. 1657; Fulton, 1958; Bradish 
& Farley, 1960), it has long been recognized as a feature o: the reactions of the small 
protein and bacterial antigens (Dean, 1912; Opie, 1923; Brown, 1934) and may be 
regarded as the demonstration by complement fixation of the classical precipitation 
curve (Heidelberger, 1956). Such parallel fixation and precipitation studies indicate 
the reactions of common antigen/antibody systems; distinct antibody species for 
each experimental procedure were not postulated. In appropriate tests the observa
tions of complement-fixation reactions relate only to ‘ soluble ’ complexes, and differ
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from those in precipitation or flocculation studies by responding to much lower 
concentrations of reactants and by not requiring the formation of gross insoluble 
complexes and the interpretation of a variety of non-specific physico-chemical 
factors. The distribution of antigen/antibody complexes formed in the system a t 
equilibrium is interpreted as being determined by concentrations of reactants and 
by their valencies (Goldberg, 1952, 1953). This model has received some confirma
tion in virology through studies on tom ato bushy stun t virus and its rabbit an ti
serum (Bradish & Crawford, 1960). In  terms of this model, the region of limited 
antibody excess or near-equivalence is such th a t all reactive sites on the antigen are 
saturated by specific antibody, and the number of antigen/antibody bonds or of 
complexes formed will be approximately proportional to the concentration of an ti
gen in the system. Since it has been shown th a t in this restricted zone the fixation 
of complement is proportional to the concentration of antigen, it thus appears th a t 
each virus particle or virus +  antibody bond is associated with the fixation of a 
definite ‘u n it’ of complement. Subject to  restrictions related to the quality of the 
antiserum used, the viruses of foot-and-mouth disease, tom ato bushy stun t and 
poliomyelitis all require about 3 x 109 particles for the maximal fixation of the 
complement content of 1 ¡A. normal guinea-pig serum. About 6 x 1011 molecules of 
bovine plasma albumin are required for this degree of fixation.

The region of antigen excess is characterized by a lower degree of complement 
fixation for mixtures of higher antigen concentration. Most reactive sites on the 
antibody are now saturated by specific antigen and the degree of fixation is controlled 
by the sizes of the complexes formed in relation to the degree of antigen excess. 
Since increasing antigen excess is associated with the elimination of the larger 
complexes, it appears th a t complement is bound effectively only by such complexes 
and not significantly by greater masses of antigen and antibody distributed as 
smaller complexes.

The interpretation of complement-fixation data in the region of the optimum 
presents some difficulties, since the results for different systems do not support the 
assumption that equivalent concentrations of antigen and antibody are proportional. 
The optimal fixation of complement occurs at a definite concentration of antigen 
which varies little with the constant concentration of antibody used in the test. 
Similarly, in tests with constant antigen content, the optimal fixation occurs at a 
definite concentration of antibody which is almost independent of the homologous 
antigen. In the nomenclature of plant virus serology (Matthews, 1957) this is 
equivalent to the statement that the a-optimum line (value of antigen concentration 
giving maximal fixation in ‘constant-antiserum’ tests) and the /^-optimum line 
(values of antibody concentration giving maximal fixation in ‘constant-antigen’ 
tests) are almost at right angles and intersect at that unique antigen/antibody 
mixture which gives the overall maximum of fixation; this situation is summarized 
in Fig. 14.

The dilution of a virus sample to its a-optimum concentration allows maximal 
fixation against a range of dilutions of homologous antisera. Similarly, the dilution 
of an antiserum to its /?-optimum concentration allows maximal fixation against a 
range of dilutions of homologous antigens. Such a- and /^-optimum dilutions con
stitu te a sensitive indication of the combining activities of the antigen and the an ti
serum used, and indicate an alternative procedure for titration of these reactants and

Virus-antibody complexes and C' fixation
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for standardization of the fixation test. The near-constancy of the optimal con
centrations of antigen and antibody distinguishes the present complement-fixation 
data from the more familiar pattern of simple proportions which appears to charac
terize most gross flocculation data (Matthews, 1957; Belyavin, 1957; Smith, 1958) 
in which the a- and /?-optimum lines pass diagonally across the reaction area from 
the origin.

It is apparent that the intersection of the a- and ^-optimum lines (Fig. 14) divides 
the area of the antigen/antibody reaction into four zones of distinct fixation 
character. These zones may be considered as follows:

g B : the zone of antibody excess in which antigen is the limiting reactant.
Gb: the zone of antigen excess in which antibody is the limiting reactant.
gb: the zone in which both antigen and antibody are present at sub-optimal 

concentration.
GB: the zone in which both antigen and antibody are present at supra-optimal 

concentration.
Thus, for example, a fixation experiment with variable antigen and constant 

antibody represents a horizontal section of the reaction area with maximal fixation 
at the a-optimum. The detailed character of such an experiment depends upon the 
‘ quality ’ of the antibody and the choice of antibody concentration as low, optimal 
or high. At constant low antibody content the reaction zones gb-Gb indicate an 
initial fixation proportional to the antigen content (zone gb) which passes rapidly, 
after maximal fixation at the a-optimum, into the region of antigen excess inhibition 
(zone Gb). These reaction zones have been discussed previously in relation to the 
neutralization of infectivity (Bradish et al. 1962). At constant high-antibody 
content in the zones gB-GB the initial fixation (zone gB) may be inhibited by 
antibody excess. The later fixation increases non-proportionally with the antigen 
content and, after maximal fixation at the a-optimum, passes into the supra-optimal 
zone GB in which, again according to the antiserum used, the degree of fixation may 
remain near-maximal or decrease only slowly with increasing antigen content. 
These regions (gB-GB) typify the data previously published from this Institute in 
which relatively high concentrations of antiserum were used (Bradish et al. 1960). 
The marked inhibition of fixation by antigen excess is a feature of the zone Gb only. 
The data obtained by Mayer et al. (1957) for the poliomyelitis virus/rabbit antiserum 
system show many of these features.

Similar considerations apply to the vertical sections of the reaction area which 
represent fixation experiments with constant antigen and a range of antibody 
concentrations. However, the complexity of the reaction area shown in Fig. 14 
indicates that the quantitative assay of antibody by complement fixation requires 
particular attention (Fulton, 1958; Rice, 1947, 19596). Wallace, Osier & Mayer
(1950) have emphasized that in the bovine serum albumin/rabbit antiserum system 
the degree of complement fixation is greatly influenced by the quality of the anti
serum and does not relate simply to the quantity or content of antibody. These 
difficulties in the present systems are largely due to the limited range of antibody con
centration over which fixation is proportional to the antibody content without being 
inhibited by antigen excess or limited by approach to antibody excess. The observed 
antibody activity (depression of optical den.sity//d. undiluted antiserum) is accept
able as an assay conclusion only if independent of the concentration of both antigen

C. J. B r a d i s h , R .  J o w e t t  a n d  J. B . K ir k h a m
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and antibody over a significant range of these variables. Subject to adequate 
controls, the analysis of the data for this region of confirmed proportional fixation 
then follows as described for the titration of antigen. The most sensitive titration of 
antibody is thus available in the region of the «-optimum line (shaded in Fig. 14), 
between the reaction zones gb and Gb. Similarly, and as previously discussed, the 
most sensitive titration of viral antigen is obtained in the region of the /^-optimum 
line between the reaction zones gb and gB.

Fulton & Almeida (1962) have discussed a procedure for titration of antiserum in 
antigen excess which depends upon a linear relationship between the amount of 
antiserum and the degree of complement fixation in this region (GB and Gb in Fig. 
14). Fixation data for the systems studied here do not confirm this relationship as a 
basis for the titration of antiserum. These authors also discuss the selection of linear 
or logarithmic scales for the presentation of fixation data. In the present paper both 
scales have been used as a matter of convenience according to the experiment and 
the range of variables to be presented in the figure. The generally non-monotonic 
character of the fixation data is such that neither linear nor logarithmic scales have 
any special significance in relation to the description of the overall reaction. Over 
the limited regions of proportional fixation already discussed, the use of linear 
relationships and scales appears to be well justified.

The failure of the law of simple proportions in the correlation of fixation data 
blocks any statem ent about an absolute molecular equivalence of virus and antibody. 
Thus, the direct enumeration of virus particles by electron microscopy cannot be 
related through complement fixation to  an indirect enumeration of antibody 
molecules. I t  is clear th a t fixation data may not be extended in terms of simple 
proportions or of constancy of antigen/antibody ratio to other conditions of reactant 
concentrations.

Notwithstanding the complexity of the fixation of complement by the antigen/ 
antibody complex it has been shown th a t many features of the reaction may be 
indicated very sensitively by such methods. Thus, the state of irreversibility of the 
reaction, the recognition of independent or cross-combining systems, the indirect 
assay of virus particle concentration, the correlation of fixation with neutralization 
and adsorption data, the location of the optimum reaction and the confirmation of 
equivalence, all illustrate the information available beyond th a t of the routine assay 
or typing experiment.

Parallel studies on the components of the complex virus system of vesicular 
stomatitis (major infective component 175 x 70 m//) have confirmed that the present 
methods and general conclusions are not confined to the smaller solvent-insensitive 
viruses.

The participation in many experiments of Mrs J . O. Farley, Miss H. E. Ferrier, 
Miss H. Wigman and Mr B. Cocking is gratefully acknowledged. We are indebted to 
the Serology Departm ent of this Institu te for the supply of guinea-pig complement 
and antisera.
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SUMMARY

The point in the growth cycle at which a strain of brewer’s yeast became 
potentially flocculent could be delayed by supplementing the medium 
with ammonia, basic amino acids, glutamine, asparagine, y-aminobutyric 
acid or urea. Other ammo acids were ineffective. //-Alanine and 2-chloro-
4-aminobenzoic acid led to an abnormally early appearance of potential 
flocculence. No development of flocculence occurred in the absence of 
glucose. It is suggested that the maintenance of non-flocculence is dependent 
upon the presence in the cell wall of a nitrogenous compound; potential 
flocculence will develop when this compound is not synthesized at a rate 
sufficient to maintain its concentration in the wall. The nitrogenous nutrients 
which delay flocculation would then act by enhancing this rate of synthesis.

Brewer’s yeast cells are freely dispersed in the early stage of logarithmic growth, 
but as this continues they tend to adhere to each other, forming clumps or floes. 
The tendency to flocculate varies with different strains and is, to some extent at 
least, under genetic control (Gilliland, 1951; Thorne, 1951). Cells which have become 
flocculent may be reversibly separated by a variety of treatments, even washing 
in saline will suffice. But such redispersed cells differ from the disperse cells of the 
early logarithmic phase, in that when the former are transferred to a suitable 
medium containing calcium, they will flocculate at once, whereas the latter will not. 
Clearly the two types of cells must have structural differences. Those cells which 
have been reversibly separated by simple changes of environment may be called 
potentially flocculent, in distinction from those which are dispersed as a consequence 
of their structure, and which may truly be called non-flocculent.

Three distinct areas of study may be recognized in approaching the phenomenon 
of flocculation and it is necessary that information obtained in one field should not 
be confused with that from another: (i), there is the inherited nature of the cell; 
(ii) there is the nature of the change from non-flocculence to potential flocculence, 
together with the stimulus which provokes this change; (iii) there is the nature of 
the interactions of the cells with each other and with the environment, which 
manifest potential flocculation in the actual formation of floes.

The present paper is concerned with the second of these fields of study, more 
especially with the nature of the stimulus which leads to a change to potential 
flocculence. I t  will be shown th a t this change is connected with a specialized part 
of the nitrogen metabolism of the organism.
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m e t h o d s

Yeast. A Strain 7002 of Saccharomyces cerevisiae was used throughout. This 
was a typical class III yeast (Gilliland 1951) and was obtained by Mr J. C. Holda- 
way from a single cell isolated from a stout-brewing strain.

Media. Glucose yeast-extract salts ammonium medium (GYSA) consisted of 
75 g. glucose, 5 g. Difco yeast extract, 2 g. (NH4)2S 0 4, 12-75 ml. 2m-CH3COOH,
12-25 ml. 2M-CH3COONa and 100 ml. salts solution (see below) in 1 1. distilled water, 
adjusted to pH 4-6 with dilute HC1.

Glucose yeast-extract agar consisted of a 2 % (w/v) solution of agar in GYSA 
medium.

Glucose peptone growth-factor (GPF) medium consisted of 150 g. glucose, 10 g. 
‘Oxoid’ mycological peptone, 25-5 ml. 2m-CH3COOH, 24-5 ml. 2M-CH3COONa, 
200 ml. salts solution, 8 mg. calcium pantothenate, 4 mg. inositol, 2 mg. thiamine 
and 2 mg. pyridoxine HC1 in 11. distilled water, adjusted to pH 4-6. This medium 
was always diluted with an equal volume of water or test solution for use, and
0-4 ml. of a solution of biotin (25 //g./ml. 95 % (v/v) ethanol in water) was added to 
each litre of working medium, after sterilization and just before inoculation.

All media were sterilized by autoclaving for 15 min. at 120°.
The salts solution contained: 50 g. MgS04.7H20 , 5 g. NaCl, 10 g. KH2P 0 4,

5 mg. (N H 4)2Mc0 4, 10 mg. MnCl2, 5 mg. FeCl3, 5 mg. ZnS04, 5 mg. H3B 0 3, 5 mg. 
KI, 5 mg. CuS04; made up to 11. in distilled water.

Inocula. The yeast was maintained on GYSA agar slopes. Inocula were always 
prepared from slopes which had been incubated for 40-70 hr at 25°. The yeast from 
one of these was suspended in 10 ml. GYSA medium, and then shaken at 25° for
6 hr. The cells were then collected by gentle centrifugation and resuspended in 
distilled water. The concentration of the suspension was estimated in an EEL 
colorimeter. This suspension was used at once to inoculate the cultures, the equi
valent of about 9 mg. dry wt. cells being added to each litre of medium.

Cultures. Cultures were grown in 500 ml. conical flasks containing 200 ml. of 
medium; these were agitated on a rotatory shaker at 25°.

Measurements of cell concentration. Cell concentrations were estimated by centri
fuging a sample cf the culture, resuspending the yeast in 0-OIn-HCI and measuring 
the opacity of the suspension in an EE1 colorimeter with a Chance filter OB 4. The 
colorimeter was calibrated with dilutions, in 0-OIn-HCI, of a suspension of washed 
cells harvested during the early phase of logarithmic growth. The dry weight of the 
cells in this suspension was determined after heating a sample at 95° until an 
approximately constant weight was obtained. Flocculent cells harvested after 
prolonged growth gave a very similar curve, provided that the comparisons were 
made on the basis of dry weights. Comparisons based on cell numbers gave con
siderable differences.

Measurements of potential flocculence. Potential flocculence was determined w'ith 
cells suspended in a 0-05 M-sodium acetate buffer (pH 4-6) containing 0-1 % CaCl2. 
The gross rate at which the cells sediment in this buffer is almost exclusively de
pendent on the size of the floes. In general, cells obtained by centrifuging a culture 
were washed, first in water and then in the buffer; they were then resuspended in 
the buffer at a concentration equivalent to about 4 mg. dry wt./ml. The suspension



was agitated vigorously and then poured quickly into the sample tube of the EEL 
colorimeter. Readings of the colorimeter were taken at timed intervals and the 
readings converted to apparent dry wt. cells in the light path of the instrument. 
A graph of these apparent cell dry-wt. values against time could then be constructed ; 
this was approximately sigmoid in shape, and the steepest negative slope of this 
graph was taken as a measure of the sedimentation rate (SR). The logarithm of 
this (log SR) was considered to provide a good measure of the relative flocculence 
of the cells in the buffer, and hence of the potential flocculence of the cells in the 
culture. Values of SR obtained, ranged from equiv. 10 /ig. dry wt./ml. suspension/ 
min., for a completely non-flocculent culture, to about equiv. 15,000 /tg. dry wt./ 
ml./min. for a very flocculent one. The inaccuracies of this procedure are of little 
significance in comparison with the enormous changes encountered during the 
development of a culture.

RESULTS

Figure 1 shows the development of flocculence in a culture of the yeast in GPF 
medium. The potential flocculence increased rapidly in the later half of the loga
rithmic phase of growth. When considering why the development of flocculence 
should occur at this time, at least three possible reasons, or stimuli, come to mind. 
First, is there an internal clock mechanism which leads the yeast through cycles of 
flocculence and non-flocculence? This possibility is presumably ruled out by the well- 
known observation that in continuous culture the yeast may remain either flocculent 
or non-flocculent, depending upon the particular conditions.

Table 1. The potential flocculence of yeast cells incubated in  
mixtures of media components
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Components present in ( + ), or absent from 
( —), the incubation mixture

' Ammonium Potential flocculence (log SR)
Glucose Yeast extract succinate
(1-25%) (0-25%) (0-06 M) After 4 hr After 24 hr

+ — — 2-37 2-82
+ + - 2-47 2-92
+ + + 1-42 205
+ — + 1-42 1-70
— + + 1-32 1-20
— + — 1-32 1-20
— — + 1-20 1-20
— — — 1-27 1-20

All the mixtures of media components also contained 10 % (v/v) of salts solution.
The cells had a log SR of 1-20 before incubation.

Secondly, does the yeast flocculate as a response to the accumulation in the 
medium of some substance, e.g. a product of its metabolism? A culture of yeast 
was prepared in GYSA medium and during early logarithmic phase the yeast was 
separated by centrifugation. It was divided into three equal portions, one of which 
was resuspended in one-third of the original culture fluid, another in a similar 
volume of fresh medium and the third in a similar volume of 5 % glucose solution. 
As growth continued potential flocculence first appeared in the culture in glucose
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alone, later in the culture in the used medium and finally in the culture in the fresh 
medium. This rules out any simple explanation based on the accumulation of a 
metabolite in the medium, for on such a basis flocculation should have occurred 
first with the culture in the used fluid.

Thirdly, does the yeast flocculate as a response to toe exhaustion of a factor 
present in the fresh medium? A similar experiment was performed in which the 
freshly harvested yeast was added to solutions of glucose, yeast extract and 
ammonium salts, in various combinations. No flocculence occurred in the absence

Time (hr.)

Fig. 1. Growth (solid lines) and potential flocculence (broken lines) of Saccharomyces 
cerevisiae in (a) GPF medium, □ ; (b) GPF medium +  0  012 m - ammonium succinate, x .
Log SR =  log equivalent yg . dry wt. organism/ml./min.

of glucose. Flocculence developed rapidly in the presence of glucose alone or 
glucose +  yeast extract, but was much delayed when ammonia was also present 
(Table 1). Experiments were therefore devised to follow this effect more closely 
and to test a number of nitrogenous compounds in this system.

The effect of nitrogenous compounds on the development 
of potential flocculence

Media were prepared by adding the double strength (GPF) mixture to equal 
volumes of solutions of the substances being tested, and growth and the develop
ment of potential flocculence were followed in shaken cultures. Controls using the 
unsupplemented (GPF) medium were included and all cultures were duplicated. 
Figure 1, curve b, shows the effect obtained with 0-012K-ammonium succinate in 
such a system. There was a marked delay in the onset and development of potential 
flocculence (expressed as log SR).



To e v a lu a te  th e  efficacy of various substances in  such  a  system , th e  am o u n t o f 
g ro w th  w hich h ad  occurred  b y  th e  tim e  th e  cu ltu re  reach ed  a n  a rb itra r ily  selected  
p o te n tia l flocculence w as no ted , an d  expressed  as a  p ercen tag e  of th e  co rresponding
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T ab le  2. The effects of some oc-amino acids and ammonia on the 
stage of growth at wh ich potential flocculence of yeast cells developed

C o m p o u n d  t e s t e d
C o n c e n t r a t i o n

(M)

G r o w t h  a s  a  %  
o f  t h a t  i n  c o n t r o l  

a t  lo g  S R  
=  2 -7 0

A m m o n i u m  s u c c i n a t e 0-012 2 3 0
L-G l u t a m i n e 0 -0 2 5 220
I.- G l u t a m i c  a c i d 0 -0 2 5 100
L-A s p a r a g i n e 0 -0 2 5 210
L-A s p a r a g i n e 0-012 200
L - A s p a r t i c  a c i d 0 -0 2 5 100
L - L y s in e 0 -0 2 5 210
L - A r g in in e 0 -0 2 5 1 7 0
L-O r n i t h i n e 0 -0 2 5 1 8 0

D L - M e th io n in e 0 -0 2 5 110
L - C y s te in e * 0 -0 2 5 —
D L - T h r e o n in e 0 -0 2 5 110
L - S e r in e 0 -0 2 5 110
i . - P h e n y l a l a n i n e 0-020 100
D L - T y ro s in e S a t .  s o in . 110
D L - T r y p t o p h a n 0-020 110
D L - P ro l in e 0-020 100
i . - H i s t i d i n e 0-020 100
G ly c in e 0 -0 2 5 100
L-a-A l a n i n e 0 -0 2 5 100
D L -V a lin e 0 -0 2 5 100
m ,- L e u c in e 0 -0 2 5 110

* C y s t e i n e  i n h i b i t e d  g r o w t h  a l m o s t  c o m p l e t e l y  a t  t h i s  c o n c e n t r a t i o n .

Table 3. The effect of certain nitrogenous substances on the stage of 
groroth at which potential flocculence of yeast cells developed

A ll  substances were tes ted  a t  a  concen tra tion  of 0 -0 2 5  m , except p a n to th en a te  1 0 0 /< g ./m l.  
and folic acid  2 5  //g./m l.

G r o w t h  a s  a G r o w t h  a s  a
%  o f  t h a t  i n °0 o f  t h a t  in

c o n t r o l  a t  lo g c o n t r o l  a t  lo g
S u b s t a n c e  t e s t e d S R  =  2 -7 0 S u b s t a n c e  t e s t e d S R  =  2 -7 0

/’ - A l a n i n e GO O r o t i c  a c i d 100
y - A m i n o b u t y r a t e 1 5 0 5 - M e t h y l o r o t i e  a c i d 100
G lu c o s a m in e 100 8- A z a g u a n i n e 100
P a n t o t h e n a t e 100 2 ,6 - D i a m i n o p u r i n e  s u l p h a t e 100
2 - C h lo r o - - t - a m in o b e n z o a t e 6 0 O x a m i c  a c i d 100
p - A m i n o b e n z o a t e 100 U r e a 200
F o l i c  a c i d 100 B a r b i t u r a t e 120

amount of growth attained by the control cultures when they had reached the same 
potential flocculence. A value of log SR =  2-70 was chosen for the comparison, 
since this value is reached soon after the increase in the potential flocculence of the
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culture becomes apparent; moreover, the measurement of potential flocculence is 
most readily carried out at about this value. The comparison of cultures on a basis 
of the amount of growth which has taken place by the time that a standard potential 
flocculence has been reached, rather than by a direct measurement of the time 
required to attain this flocculence, eliminates difficulties associated with synchro
nizing the growth of different cultures. Itwas found in practice that supplementation 
of GPF medium with nitrogenous substances had little effect on growth itself, 
although in a few cases a prolongation of the logarithmic: phase was noted. Such a 
prolongation cannot account for the results described here.

Over a period of about 6 months, the replicated controls to these experiments 
showed a standard deviation of 140 about a mean of equiv. 1500 fig.  dry w't./ml. at 
log SR = 2-70 (i.e. about 10%). Variations from the control outside 70-130% 
were therefore considered to be highly significant, falling outside three standard 
deviations (P < 0-01). Table 2 presents results obtained in this way with 
ammonium succinate and some amino acids. Significant delays in the development 
of potential flocculence were found only with ammonia, the basic amino acids and 
the amides of the dibasic acids. Such a delay occurred wi h asparagine for example, 
but not with aspartic acid, even when the amount of tctal nitrogen supplied was 
the same.

Table 3 shows similar results with certain other nitrogenous compounds; of these, 
urea and y-aminobutvric acid delayed potential flocculation, whereas /i-alanine and
2-chloro-4-aminobenzoic acid advanced potential flocculation.

Figure 1 also shows a point which seems generally valid for all the effective 
compounds: those substances which were effective in postponing potential floc
culence did not exert their action by stimulating growth until potential flocculence 
developed at its normal time, but actually postponed this development.

DISCUSSION

Implicit in this work is the assumption that changes in the potential flocculence 
of the yeast cells reflect changes in the chemical structure of their cell walls, and 
that these changes are a result of metabolic processes of the organism which to some 
extent may be controlled by its nutrition. To investigate such changes, it is essential 
to measure the flocculence of the yeast cells when they are supported in a carefully 
controlled physico-chemical environment; only thus is it possible to ensure that 
measured differences in flocculence truly reflect changes in the chemical structure 
of the cell.

Kusserow (1897) observed that asparagine inhibited rhe flocculation of yeast, 
whereas peptone enhanced it, but it is difficult now to decide whether the effects 
he described were due to actual changes in the cell or to changes in the suspending 
medium. Nielsen (1937) observed an increase in sedimentation rates of yeast grown 
in media containing added amino acids or peptones. Since, however, Nielsen 
measured the sedimentation of the washed yeast in water, without added calcium, 
it is difficult to be sure that his results did not reflect the availability of calcium to 
the cell during growth. The results described in the present paper amplify those of 
earlier workers. A well characterized group of compounds, namely, ammonia, the 
basic amino acids and the amides of the dicarboxylic amino acids, will delay the
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onset of potential flocculation. This group of substances does not correspond to 
those compounds which form the most readily assimilable nitrogen sources of yeast 
(see, for example, Nielsen & Hartelius, 1938; Thorne, 1946). I t  is interesting to 
contrast the activity of glutamine and asparagine with the lack of activity of 
glutamic and aspartic acids. Indeed it appears that the a-amino group is not an 
effective source of nitrogen for this reaction. The only compounds outside of this 
narrow group which were found to be effective were urea, which readily yields 
ammonia, and y-aminobutyric acid.

Two compounds were found to act in the opposite manner, leading to an earlier 
onset of flocculence, one of these was //-alanine; it is known that asparagine will 
antagonize the synthesis of pantothenic acid from //-alanine + pantoic acid, in 
certain organisms (Atkin, Williams, Schultz & Frey, 1944), and this raises the 
possibility that //-alanine leads to an early flocculation of yeast by antagonizing the 
action of asparagine. The other substance which was found to induce early floccula
tion was 2-chloro-4-aminobenzoic acid, a structural analogue of j-aminobenzoic acid 
which is an intermediate in the synthesis of pantothenic acid. However, there is no 
evidence that this connexion with pantothenate is other than fortuitous. Since 
//-alanine would promote, and 2-chloro-4-aminobenzoic acid antagonize, the syn
thesis of pantothenate, these two compounds might be expected to have opposed, 
and not similar, effects on flocculation were their action connected with pantothenate.

These findings can be interpreted by the hypothesis that the cell walls of non- 
flocculent yeasts contain a nitrogenous substance (XN) whose presence in the walls 
in a sufficient concentration determines their non-flocculence; so that if the con
centration of XN were to decrease then the walls would show increasing potential 
flocculence. If now the rate of synthesis of XN by the cell were limited, then the 
concentration of this compound in the wall would diminish following rapid growth. 
The concentration of XN might also diminish as a response to the depletion in the 
medium, of XN itself or of materials required for its synthesis. That the change 
from non-flocculence to potential flocculence involves an active process is clear from 
the finding that no change took place in the absence of glucose. The group of sub
stances which delay potential flocculation might then include XN itself, together 
with any intermediates in its synthesis, whose availability in high concentrations 
might increase the rate at which XN is produced. Certain corollaries should follow 
if this hypothesis is correct. First, there would be no definite identifiable stimulus, 
leading to the development of potential flocculence; for this would appear whenever 
a strain of yeast grew under conditions such that the rate of synthesis of XN was 
less than that of the other components of the cell wall. Secondly, the differences in 
the tendency to flocculate shown by different strains of yeast might reflect their 
different capabilities of synthesizing XN.

I thank the Directors of Arthur Guinness Son and Company (Park Royal) Limited 
for permission to publish this paper, and Sir Cyril Hinshelwood, F.R.S., and 
Dr T. C. N. Carroll for their helpful interest. I am indebted to Mr R. S. Selous for 
skilled technical assistance.
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SUMMARY

The flocculation of a strain of brewers’ yeast was absolutely dependent 
upon the presence of calcium; a concentration of200 mM-CaCl, was sufficient 
to ensure almost complete flocculation. No other metal could replace 
calcium; several metals aggregated potentially flocculent cells but also 
aggregated non-flocculen~ cells. Sodium ions antagonized the action of the 
calcium. The effects of pH value and esterification suggested that carboxyl 
groups were involved. The floes had a ‘ melting temperature' of 50-60° and 
were dispersed by urea, suggesting that hydrogen bonds were also present.

Non-flocculent yeast was aggregated when the dielectric constant of the 
medium was decreased by the addition of organic solvents, but this 
aggregation was also dependent on the presence of traces of calcium. 
Conversely, increase of the dielectric constant of the medium, by adding 
formamide, dispersed flocculent yeast. Certain specific sugars also dispersed 
flocculent yeast. I t  is suggested that flocculent yeast cells are linked by 
salt bridges formed by calcium atoms joined with two carboxyl groups 
in the surfaces of different cells and that this structure is stabilized by 
hydrogen bonds formed between complementary patterns of carbohydrate 
hydrogens and hydroxyls in the cell surfaces.

INTRODUCTION

The phenomenon of yeast flocculation may conveniently be separated into fields 
of study comprising: the inherent tendency of a yeast to flocculate, the nature of 
the change from a non-flocculent to a potentially flocculent cell, and the interactions 
of potentially flocculent cells to form floes (Mill, 1964). Several theories have been 
advanced to explain the formation of floes (St Johnston, 1949; Hartong, 1951; 
Trolle, 1950; Masschelein & Devreux, 1957), but none of them gives a completely 
satisfactory explanation of the phenomenon. The present paper describes experi
ments designed to elucidate the physico-chemical nature of the forces which bind 
flocculent cells together. Both ionic and hydrogen bonds seem to be involved. I t  is 
suggested that the flocculent yeast cells interact to form a calcium chelate complex.

METHODS

The strain of brewers’ yeast, the media and the method of measuring flocculence 
have been described (Mill, 1964).

In many cases, where the flocculation had to be gauged in other than aqueous 
media, simple visual observations were used, the degree of flocculence being graded



from 0 (completely dispersed) through + , + , + + , + + + , + + + + to + + + + + 
(very highly fiocculent).

Inorganic salts. When possible, AnalaR grade salts were used, but because of the 
extreme sensitivity of the test system to calcium, it was occasionally found necessary 
to purify these further. Recourse was made to normal inorganic chemical techniques 
such as recrystallization from water, but organic solvents were used with some salts 
of transition elements. Ferrous sulphate was obtained free from ferric sulphate by 
adding 70% (v/v) ethanol to an aqueous solution of the commercial material. The 
ferrous salt precipitated and was thoroughly washed with ethanol and used at once.

Water. In experiments with solutions containing low calcium concentrations, it 
was found necessary to use double-distilled water which was passed through a mixed 
bed of cationic and anionic exchange resins immediately before use.

Glassware. For experiments involving low calcium concentrations, the glassware 
was cleaned in aqua regia overnight, rinsed well in ie-ionized water and used 
immediately.

Calcium chloride — sodium acetate buffer. This was prepared by adding 0T % (w/v) 
of calcium chloride to 0 05 M-sodium acetate + acetic acid buffer (pH 4-6).

Yeast. Saccharomyces cerevisiae strain 7002 was used throughout and was grown 
in shaken cultures in glucose yeast extract salts ammonium medium (GYSA; Mill, 
1964). Incubation was continued for 16 hr to give non-flocculent yeast and for 
40 hr to give fiocculent yeast.

Dispersed, potentially floceulent yeast was obtained by washing fiocculent yeast 
three times in 1 % Nat'l solution and then three times in de-ionized water.

RESULTS

Effect of washing fiocculent yeast. It was very difficult to dcllocculate yeast by 
washing with water as described by Jansen & Mendlik (1951); a diminution but not 
a complete loss of flocculence was observed, ‘ unless the treatment was repeated 
many times. However deflocculation was readily achieved by washing the yeast 
with 1 % NaCl solution, and the yeast then remained dispersed when it was 
thoroughly washed with de-ionized water. I t  reflocculated immediately when a trace 
of calcium chloride was added to the suspension.

The concentration of calcium required to induce flocculence. Samples of dispersed 
potentially fiocculent yeast were suspended in de-ionized water and various amounts 
of calcium chloride added. Figure la  shows that the yeast expressed almost its 
maximum flocculence at a calcium concentration of about 2 0 0  /«m .

The effect of sodium and potassium ions. The experiment described above was 
repeated in the presence of M-NaCl (Fig. 16) or m-KC1 (Fig. lc). The NaCl antagonized 
the action of the CaCl2 so that higher concentrations of the latter were needed to 
attain any given flocculence; KC1 had little effect. This result is in accordance with 
the dispersal of fiocculent yeast on washing with NaCl.

The effect o f some other metallic ions. In testing the action of metallic salts on 
potentially fiocculent yeast, it is necessary to bear in mind that aggregation of cells 
as a response to the addition of an ion does not necessarily imply that that ion can 
replace the Ca2+ ion in the flocculation phenomenon; the other ion may aggregate 
the cells by some different mechanism. The criterion was therefore established that
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an ion was only to be considered as acting in the flocculation system when it 
aggregated potentially floceulent, but not non-flocculent, cells. Yeast samples were 
suspended in water a t a concentration equivalent to about 4 mg. dry wt. yeast/ml., 
and small volumes of solutions of metallic salts were added to give final concentra
tions of 2 m i. Table 1 shows the degree of flocculence obtained (measured as log SR ; 
see Mill, 1964). Only Ca2+ flocculated dispersed potentially floceulent yeast cells, 
but not non-flocculent cells; whereas Fe3+, Sn2+, Ag+, Y2+, U 022+, Ce2+, and Ti2+ 
aggregated both types of cells. These aggregates differed in appearance from those 
obtained with Ca2+; in particular Ag+ caused the cells to darken in colour and it was 
possible to see a deposit of black material around the cells when they were observed 
under the microscope. Feeble reactions with potentially floceulent cells were a t first 
encountered with several salts, but disappeared when rigorous precautions were 
taken to eliminate traces of calcium.

Table 1. Flocculence of yeast cells in the presence of metal ions

Washed, potentially floceulent and non-flocculent cells were suspended in 2 mu 
solutions of the salts shown and the flocculence was measured. The flocculence is expressed 
as log SR (log /tg. equivalent dry wt. yeast/ml./min.).
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Potentially Non- Potentially Non-
floceulent floceulent floceulent floceulent

cells cells cells cells
Log SR Log SR

Salt Salt A

CaCI2 41 10 AInCl2 1-7 10
FeCl3 3-4 3-5 FcS04 1-7 10
YC13 4-2 4-2 Co(N03)2 1-7 10
SnCl2 40 40 NiCl2 1-5 10
TiCl3 3-7 4 1 CuS04 1*5 10
CeCl3 3-9 41 ZnS04 1-7 10
u o 2(c2h 3o 2)2 20 1-9 SrCl2 14 10
AgN03 3-4 3-3 CdS04 1-7 10
BeS04 1-7 10 BaCl2 1-7 10
MgS04 1-7 10 HgCl2 1-7 10
a i2(C4h 4o 6)3 1-7 10 PdCl2 1-7 10
CrCl3 1-7 10

The effect of pH  value. A range of OOoM-acetate or glycine buffers was prepared 
and CaCl2 was added to them to give a final concentration of 5 mu. Samples of 
potentially floceulent yeast were suspended in these mixtures a t a final concentra
tion equivalent to about 4 mg. dry wt./ml. and the flocculence of the suspensions 
was measured (Fig. 2). The flocculence was low at pH 2 but rose with increasing 
pH and reached a maximum between pH 4-5 and 5-5.

Esterification. When potentially floceulent yeast was shaken overnight in 0-05 m - 
acetate buffer (pH 4-0) containing 5%  1,2-epoxypropane, it became completely 
non-flocculent. When ethylene glycol was substituted for the epoxypropane, little 
change in potential flocculence occurred.

The effect of temperature. A suspension of floceulent yeast in calcium chloride + 
sodium acetate buffer was placed in a thin-walled tube dipping into a large bath of 
water. Both the water and the yeast were thoroughly stirred whilst the water was 
gently heated. The flocculence of the yeast was graded by eye at intervals and at 
the same moment the temperature of the suspension was measured with a thermo
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meter which dipped into it. Table 2 shows that there was at first a slight decrease 
in flocculenee as the temperature was increased and th it a rapid change occurred 
between 50° and 60°. At 60° the yeast was virtually completely dispersed. As the 
temperature was lowered again, the flocculenee reappeared.

The effect of urea. Samples of flocculent yeast were suspended in portions of the 
calcium chloride + sodium acetate buffer to which different amounts of urea had 
been added. The yeast was completely dispersed at a urea concentration of 40 %, 
but when the urea was removed by washing the yeast with buffer, the floes 
reappeared.

Fig. 1. Dependence of flocculenee on calcium concentration wi ll potentially flocculent cells
of Saccharom yces cerevisiae suspended in (a) water, H----- h ; (fo) M-NaCl, x — x ; (c) M-IvCl,
□ —□ . , Flocculenee is given as log SR =  log /ig . equivalent dry wt. of eells/ml./min.
Fig. 2. The llocculenee of potentially flocculent cells of Saccharom yces cerevisiae  
suspended in media at various pH values. Flocculenee is given as log SR =  log /ig. 
equivalent dry wt. of cells/ml./min.

T a b le  2. The effect of temperature on flocculenee of yeast cells

Flocculent cells suspended in sodium acetate +  calcium chloride buffer were gently 
heated and their flocculenee was graded by eye at different temperatures.

Temperature
o Flocculenee

Temperature
n Flocculenee

23 +  + +  +  + 51 +  +
45 +  +  +  +  + 54 +
47 + +  +  + 58 ±
50 +  +  + 62 -

The effect of organic solvents. T h e r e  w a s  n o  e f f e c t  w h e n  o r g a n ic  s o lv e n ts  wre re  a d d e d  
to  f lo c c u le n t  y e a s t  o r  t o  n o n - f lo c c u le n t  y e a s t  w h ic h  t a d  b e e n  w a s h e d  in  s a l in e .  
H o w e v e r ,  w h e n  o r g a n ic  s o lv e n ts  w e re  a d d e d  t o  s u s p e n s io n s  o f  n o n - f lo c c u le n t  y e a s t  
in  t h e  p r e s e n c e  o f  t r a c e s  o f  c a lc iu m  c h lo r id e ,  f lo c c u la t io n  o c c u r r e d .  O n  r e m o v in g  
t h e  s o lv e n t  t h e  y e a s t  d is p e r s e d  o n c e  m o re .

M e th a n o l ,  e th a n o l ,  p r o p a n o l ,  a c e to n e  a n d  d io x a n e  w e re  e a c h  e f f e c t iv e  w h e n  u s e d
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Table 3. Aggregation of non-flocculent yeast by organic solvents

Organic solvents were added to suspension of non-flocculent yeast in 2 niM-CaCl, and 
the flocculence of the suspension was graded by eye.

Solvent
concentration

(% ,v/v)

29
38
41
48
52

23
29
33
41
44

23
29
33
41
44

23
29
31
38

9
17
23
29

Apparent
dielectric
constant

Methanol
74 
71 
70 
68 
66

Ethanol
76
75
73
70 
69

isoPropanol
74
73
71
67 
64

Acetone
75
74 
71 
69

Dioxane
76 
73
68 
66

Flocculence

+
+  +

+ + + + 
+  +  +  +  +

+
+ +

+ + + + 
+ + + + +

+
+  +

+  +  +  +  
+  +  +  +  +

+  +
+  +  +  +  

+  +  +  +  +

+  +
+  +  +  +  

+  +  +  +  +

Table 4. Dispersal of flocculent yeast by sugars 

Sugar concentration (%)
<--------------------------------------------------------------------------------------------------------- *----------------------------------------------------------------------------------------------------------4

Sugar 0 5 10 15 20 30
Flocculence (graded by eye)

Glucose
r
+ + + + + + +  + + + — —

Mannose + + + + + + + + — —
Galactose + + + + + + +  +  + + + + + + + + +  + + +
Fructose + + + + + + + + +  + + + + + + +  +  + + +  + + +
Maltose + + + + + +  + + + + +
Sucrose + + + + + + + - - —
Lactose + + + + + + +  + + + + + + +  + + + + +
Mannitol + + + + + + +  +  + + + +  + +
Glucosamine + + + + + + +  +  + + +  +  + + +  + + + +

. =  not tested.

M icrob. x x x v
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in concentrations such that the mixture had a dielectric constant approaching 68 
(Table 3). (This value is an apparent one obtained from published tables; it takes 
no account of the contribution of the electrolyte, but this will be approximately the 
same in each case.)

T he effect o f  sugars. The finding by Eddy (1955 a) that certain specific sugars 
could disperse flocculent yeast was confirmed. The sugars were tested by dissolving 
them, a t various concentrations, in calcium chloride + sodium acetate buffer, and 
suspending washed potentially flocculent yeast in these mixtures at a final con
centration equivalent to about 4 mg. dry wt./ml. The flocculence was graded by 
eye (Table 4).

T he effect o f fo n n a m id e . The ability of formamide to disperse flocculent yeast was 
tested in a similar manner. Samples of flocculent yeast suspended in mM-CaCl2 were 
dispersed by 4 % formamide. This effect was however dependent upon the electro
lytes present; in a  solution 0-1 m  with respect to NaCl or KC1 and m i  with respect 
to CaCl2, 20% formamide did not disperse flocculent yeast.

D IS C U S S IO N

The work described here is concerned with elucidating the nature and location o 
the forces which bind together the flocculent yeast cells; it does not consider the 
changes which convert a non-flocculent yeast to a flocculent one. A single strain 
of yeast was used throughout to minimize variations due to differences in the 
structure of the yeast. Similarly, the control for the flocculent yeast was sought in 
the non-flocculent stage of the same strain, rather than in a different non-flocculating 
strain.

That calcium is an essential requirement for flocculation was one of the earliest 
known features of the phenomenon. I t  has been claimed that a number of different 
metallic ions can replace calcium (Jansen & Mendlik, 1953; Lindquist, 1953; Eddy, 
1955% but it was not possible to confirm this. Provided that the reagents employed 
were free of calcium, only a few other metals aggregated the yeast cells used, and 
every one of these also aggregated non-flocculent yeast cells. Thus there seems to be 
no evidence that these other ions act in the same manner as calcium or combine with 
the same groups in the cell surface. Silver ions apparently acted by depositing 
metallic silver on the cell surfaces, but it is noteworthy that all the other ions which 
were effective were polyvalent. The case of iron is particularly striking in that Fe3+ 
caused an intense aggregation but Fe2+ ions were inactive. Since, of all the ions 
tested, only calcium appeared to act in the normal flocculation mechanism, it must 
be supposed that strict steric relationships exist between the yeast cells and the 
ions in the flocculent state.

That sodium antagonizes the action of calcium suggests that the latter normally 
combines with the cell wall at some definite site from which it can be competitively 
displaced. Sodium might be expected to act in such a system since its crystal ionic 
radius (0-98 A) is very near that of calcium (0-99 A).

Two roles can be envisaged for calcium: (i) it might sterically block a group in the 
cell surface whose presence maintained the non-flocculent state; (ii) it might form 
a ‘salt bridge’ between two yeast cells, i.e. its two valencies might enable it to form 
a bond between a combining site on each of two different cells (Harris, 1959). Of 
these two roles, the former should be equally well performed by univalent sodium
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whereas the latter role could not. Since sodium reacts with the combining site and 
in doing so defiocculates the yeast, the evidence favours the salt bridge hypothesis. 
This does not exclude the possibility th a t the actiou of calcium is in part due to the 
blocking of charged groups :n the cell surface.

G r o u p s  w h ic h  m i g h t  e x i s t  in  t h e  c e ll s u r f a c e ,  a n d  b e  c a p a b le  o f  c o m b in in g  w i th  
c a lc iu m  a t  p H  4 -6 , c o m p r is e  c a r b o x y l ,  p h o s p h a t e  a n d  s u l p h a t e .  T h e  e f f e c t  o f  
p H  v a lu e  o n  f lo c c u la t io n  in d i c a te s  t h a t  t h e  p h e n o m e n o n  is  d e p e n d e n t  u p o n  t h e  
io n i z a t io n  o f  a  g r o u p  o f  p K  a b o u t  4 , s u g g e s t in g  t h a t  c a r b o x y l  g r o u p s  a r e  in v o lv e d .  
T h is  is  s u p p o r t e d  b y  t h e  e f f e c t  o f  e s t e r i f i c a t io n :  u n d e r  t h e  c o n d i t io n s  u s e d ,  e p o x y 
p r o p a n e  p r e f e r e n t i a l l y  c o m b in e s  w i th  c a r b o x y l  g r o u p s  t o  fo r m  p r o p y le n e  g ly c o l 
e s te r s  ( F r a e n k e l - C o n r a t ,  1 9 4 4 ). T h e  o b je c t io n  m i g h t  b e  r a i s e d  t h a t  t h e  a c t i o n  o f  t h e  
e p o x y p r o p a n e  w a s  d u e  t o  i t s  s o lv e n t  a n d  to x i c  p r o p e r t ie s ,  b u t  e th y l e n e  g ly c o l ,  
w h ic h  s h o u ld  h a v e  s im i la r  p r o p e r t i e s ,  d id  n o t  d e s t r o y  p o te n t i a l  f lo c c u le n c e  a n d  o f  
c o u r s e  d id  n o t  fo r m  e s te r s  u n d e r  th e s e  c o n d i t io n s .  T h e r e  is  t h u s  s o m e  e v id e n c e  t h a t  
c a r b o x y l  g r o u p s  a r e  in v o lv e d  in  f lo c c u la t io n ,  b u t  t h e r e  is  a s  y e t  n o  d i r e c t  e v id e n c e  
t h a t  th e s e  g r o u p s  a r e  so  in v o lv e d  a s  c o m b in in g  s i te s  f o r  c a lc iu m  io n .

A salt bond between calcium and a carboxyl group would normally be largely 
ionic in character and dissociated a t pH 4 -6 , so th a t some further type of bonding 
m ust be sought to account for flocculence. The effect of tem perature on the floes 
is in fact an indication th a t weak secondary, almost certainly hydrogen, bonds arc 
present. The floes show a ‘ melting tem perature ’ of 5 0 - 6 0 ° .  This accords well with 
values found for the helices of collagen (Verzar, 1 9 6 3 ) and nucleic acids (Doty, 1 9 6 2 ); 
these helices are maintained by hydrogen-bonding. The lack of sharpness in the 
‘m elting’ m ay simply result from the method used, but it is also in accord with the 
picture, here developed, of m utual stabilization of salt and hydrogen bonds. The 
deflocculation of the yeast by urea also supports the view th a t hydrogen bonds are 
involved. Since the cells regain their potential flocculence immediately the urea is 
removed, it is not to be supposed th a t this acts by disrupting structures in the cell 
surface, bu t rather merely by interfering with the interactions between cells.

At first sight the action of organic solvents in promoting aggregation of non- 
fiocculent yeast cells might be dismissed as unconnected with the true flocculation 
phenomenon were it not for the requirement for calcium. This dependence on the 
presence of calcium strongly suggests th a t the aggregation of the yeast cells is in 
fact a manifestation of the flocculation phenomenon. The organic solvents most 
probably exert their action by decreasing the dielectric constant of the solution, for 
the aggregation occurs a t about the same value of dielectric constant with each 
solvent. A decrease in the value of the constant will have two effects: it  will increase 
the strength of hydrogen bonds and it will diminish the ionization of salt bonds,
i.e. it will increase their strength also. Both types of bonding envisaged here will 
thus be intensified. Any groups in the yeast cell surface, which are charged by 
ionization, will tend to become reassociated and hence discharged when the 
dielectric constant is decreased; bu t the aggregation of the cells may not be 
exclusively ascribed to this, in view of the calcium requirement. The reverse process 
is seen in the dispersal of flocculent cells when the dielectric constant of the medium 
is increased by adding formamide.

A clue to an origin of the postulated hydrogen bonds was provided by the observa
tion th a t certain specific sugars would dissociate floes a t relatively low concentra
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tions (Eddy, 1955a). In  agreement with this author, it was found th a t of the four 
naturally occurring hexoses, only glucose and mannose showed a high dispersing 
activity. Sucrose and maltose were also effective, bu t lactose much less active. 
Modifications of the structures of the hexoses, as in mannitol and glucosamine, 
resulted in a loss in activity. Glucose and mannose are the dominant sugar residues 
of the yeast cell wall (Northcote & Horne, 1952), which suggests th a t the hydrogen
bonding involves complementary patterns of carbohydrate hydroxyls and hydrogens 
in the wall surface.

The general picture which emerges from these considerations is of a calcium atom  
forming a bridge between receptor sites on two different yeast cells; and these 
receptors may possibly be carboxyl groups. The bonds involved are a t first essenti
ally ionic, b u t once established the cells will transitorily approach closely to  one 
another and hydrogen bonding will be set up between complementary carbohydrate 
structures in the walls of the two cells. The resulting complex will thus assume a 
chelate character, with the calcium-complexing groups held in a definite spatial 
relationship to each other.

I  am grateful to the Directors of Arthur Guinness Son and Company for permission 
to publish this work. I thank Sir Cyril Hinshelwood, F.R.S., and D r T. C. N. Carroll 
for helpful discussions, and Mr R. W. Selous for technical assistance.
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S U M M A R Y

A  t e m p e r a t e  b a c t e r io p h a g e  n a m e d  1ta u ’ w h ic h  fo r m s  p la q u e s  o n  F -  
s t r a in s  b u t  n o t  o n  F  - f  s t r a in s  o f  Escherichia coli K 12 h a s  b e e n  is o la te d .  T h is  
p h a g e  a d s o r b s  e q u a l ly  w e ll t o  F +  a n d  F — s t r a in s ,  w h ic h  in d i c a te s  t h a t  
s o m e  l a t e r  s t e p  o f  t h e  g r o w th  c y c le  is  in h i b i t e d  b y  t h e  p re s e n c e  o f  t h e  
s e x - f a c to r  F .  T h e  f r e q u e n c y  o f  ly s o g e n iz a t io n  o f  t h e  p h a g e  is  a ls o  a f f e c te d  
b y  t h e  F  f a c to r .  T h e  g e n e t i c  m a t e r i a l  o f  p h a g e  tau m a y  b e  D N A . T h e  p h a g e  
is  4 0 - 5 0  m p  in  d ia m e te r .

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

G e n e t ic  s tu d ie s  w i th  Escherichia coli h a v e  s h o w n  t h a t  s o m e  t r a n s m is s ib le  
e le m e n ts  s u c h  a s  t h e  t e m p e r a t e  p h a g e  lambda ( L e d e r b e r g  & L e d e r b e r g ,  1 9 5 3 ), 
t h e  s e x - f a c to r  F  ( L e d e r b e r g ,  C a v a ll i  &  L e d e r b e r g ,  1 9 5 2 ; H a y e s ,  1 9 5 3 ) a n d  co li-  
c in o g e n ic  f a c t o r s  ( F r e d e r ic q ,  1 9 4 8 , 1 9 5 3 ) s h o w  c e r t a i n  c o m m o n  f e a t u r e s  in  t h e i r  
b e h a v io u r .  T h e s e  a r e  n a m e d  ‘ e p i s o m e s ’ ( J a c o b  & W o l lm a n ,  1 9 5 8 ). I t  is  w e ll  k n o w n  
t h a t  ly s o g e n ic  b a c t e r i a  a r e  n o t  s u s c e p t ib l e  t o  in f e c t io n  b y  p h a g e  p a r t i c l e s  w h ic h  a r e  
h o m o lo g o u s  w i th  t h e  p h a g e  ly s o g e n iz e d . T h is  p h e n o m e m o n  is  a s c r ib e d  t o  t h e  
p r e s e n c e  o f  a  p r o p h a g e  o n  t h e  b a c t e r i a l  c h r o m o s o m e  w h ic h  is  h o m o lo g o u s  t o  t h e  
s u p e r in f e c t in g  t e m p e r a t e  p h a g e .  V a r io u s  t e m p e r a t e  p h a g e s ,  s u c h  a s  lambda o r  P i ,  
i n t e r f e r e  w i th  t h e  g r o w th  o f  t h e  T  s e r ie s  o f  p h a g e s  w h e n  t h e y  a r e  p r e s e n t  a s  p r o 
p h a g e s  in  t h e i r  h o s t s  (B e n z e r ,  1 9 5 5 ; L e d e r b e r g ,  1 9 5 7 ). I f  a n a lo g o u s  p h e n o m e n a  
c o u ld  b e  f o u n d  b e tw e e n  d i f f e r e n t  e p is o m ic  e le m e n ts ,  s u c h  a s  t h e  F  f a c t o r  a n d  t e m 
p e r a t e  p h a g e s ,  t h e  i n t e r a c t io n  b e tw e e n  th e m  m i g h t  o p e n  th e  w a y  t o  f u r t h e r  u n d e r 
s t a n d in g  o f  t h e i r  n a t u r e .  F o r  t h i s  r e a s o n ,  w e  h a v e  s e a r c h e d  f o r  t e m p e r a t e  p h a g e s  
w h ic h  h a v e  s o m e  r e l a t i o n s h ip  t o  t h e  s e x - f a c to r  F  o f  E . coli.

R e c e n t ly ,  Z in d e r  (1 9 6 1 ) s u c c e e d e d  in  i s o la t in g  a  p h a g e  w h ic h  g ro w s  in  f e m a le  
( F  — ), b u t  n o t  in  m a le  ( F  +  o r  H f r )  s t r a in s  o f  Salm onella typhim urium . T h e  p r e s e n t  
p a p e r  d e s c r ib e s  a  n e w  t e m p e r a t e  p h a g e  n a m e d  ‘ tau ’ w h ic h  fo r m s  p la q u e s  o n  F  — 
s t r a in s  b u t  n o t  o n  F  +  o r  F '  ( F  p r im e )  s t r a in s  ( H i r o t a  &  S n e a th ,  1 9 6 1 ; J a c o b ,  
S c h a e f f e r  & W o l lm a n ,  1 9 6 0 ). P r e l im in a r y  s tu d ie s  w e re  r e p o r t e d  p r e v io u s ly  
( H a k u r a  & H i r o t a ,  1 9 6 1 ).

M E T H O D S

N u t r i e n t  b r o t h  u s e d  f o r  th e s e  e x p e r im e n t s  c o n s i s te d  o f  10  g . K y o k u to  m e a t  
e x t r a c t ,  10  g . p o ly p e p t o n e  a n d  2  g . N a C l .  in  1 1. d i s t i l l e d  w a t e r ;  a d j u s t e d  t o  p H  7-2 . 
N u t r i e n t  a g a r  p la t e s  w e re  p r e p a r e d  f r o m  t h e  s a m e  m e d iu m  + 1  %  a g a r .  I n  s o m e
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e x p e r im e n t s ,  t r i s  + g l u c o s e  m e d iu m  w a s  u s e d .  T h is  c o n ta i n e d :  t r i s  10-2 m ; N a 2H P 0 4, 
5 x 10_4m ; C a C l2, I 0 _3m ; M g S 0 47 H 20 ,  10_3m ; F e C l3, 1C_5m ; C a s a m in o  a c id ,  2  g ;  
N a C l , 5 g . ;  N H 4C1, 1 g . ;  g lu c o s e  3  g . ;  i n  1 1. d i s t i l l e d  w a t e r ;  a d j u s t e d  t o  p H  7 -2 .

T h e  c h a r a c t e r i s t i c s  o f  Escherichia coli k  12  a n d  i t s  v a r io u s  m u t a n t s  u s e d  in  th e s e  
e x p e r im e n t s  a r e  s u m m a r iz e d  in  T a b le s  1 a n d  2 . S t r a in s  o f  E .  coli i n d e p e n d e n t ly  
is o la te d  f r o m  c l in ic a l  s p e c im e n s  w e re  o b t a i n e d  f r o m  t h e  R e s e a r c h  I n s t i t u t e  f o r  
M ic ro b ia l  D is e a s e s ,  O s a k a  U n iv e r s i ty ,  a n d  t e s t e d  f o r  ly s o g e n ic i ty .  S in g le  c o lo n ie s  
g r o w n  o n  B a c to  S -S  a g a r  m e d iu m  w e re  s p o t t e d  o n  a  n u t r i e n t  a g a r  p l a t e  w h ic h  
w a s  t o  s e r v e  a s  m a s t e r  p l a t e  i n  t e s t i n g  ly s o g e n ic i ty  o f  b a c t e r i a  is o la te d .  A f t e r  
in c u b a t io n  f o r  16 h r  a t  3 7 ° , t h e  m a s t e r  p l a t e  w a s  r e p l i c a - p la te d  o n  s o f t  a g a r  
c o n ta in in g  s t r a i n  5 8 -1 6 1  F  +  o r  s t r a i n  y -70  F  — . T h e  r e p l ic a  p l a t e  w a s  e x p o s e d  to  
u l t r a v i o l e t  l i g h t  (15 W . T o s h ib a  g e r m ic id a l  la m p )  f o r  4 0  se c . a t  a  d is t a n c e  o f  45 c m . 
a n d  t h e n  in c u b a t e d  a t  3 7 °  f o r  14 h r .  C o lo n ie s  o n  t h e  m a s t e r  p l a t e  c o r r e s p o n d in g  
t o  i n h i b i t io n  z o n e s  w e re  p ic k e d  o u t  a n d  t h e i r  p r o p e r t i e s  e x a m in e d .

R E S U L T S

A m o n g  e ig h ty - f o u r  ly s o g e n ic  s t r a in s  is o la te d ,  i t  w a s  f o u n d  t h a t  tw o  s t r a in s  r e le a s e d  
b a c te r io p h a g e s  w h ic h  f o r m e d  p la q u e s  o n ly  o n  F  — s t r a in s  b u t  n o t  o n  F  +  s t r a i n s  o f  
Escherichia coli k  1 2 . B o t h  p h a g e s  a p p e a r e d  t o  b e  c lo s e ly  r e l a te d ,  i f  n o t  id e n t ic a l ,  
b y  t h e  c r i t e r i a  o f  p la q u e  m o r p h o lo g y ,  l a t e n t  p e r io d ,  b u r s t  s iz e , a n d  i m m u n i ty  t o  
s u p e r in f e c t io n .  T h e r e f o r e ,  o n ly  o n e  o f  th e s e  p h a g e s  w a s  u s e d  f o r  t h e  s u c c e e d in g  
e x p e r i m e n t s ;  i t  w a s  n a m e d  ‘ ta w ’.

T a b le  1 . The relationship between growth of phage tau and the presence

A. H a k u r a , N. O t s u j i  a n d  Y. H ir o t a

o f  the sex-factor F  o f Escherichia 

G e n o ty p e *

coli

S tra in
N u t r i t i o n a l

r e q u i r e m e n t
S u g a r  f e r 
m e n ta t io n L p S S ex

R e s p o n s e  t o  
p h a g e  t a u

W 4574 P ~ A ra ,7  X v l r  M ai, -i- r F - _1_

jE -2 3 f P
M tl~  G a l„ L hc85 
A r a v  X v l ,7  M a l r + r F  +

W 3110 P r o t o t r o p h
M tl -  G a l^  L a c ^  
F e r m e n te r s F - +

JE-24+ P r o to t r o p h F e r m e n te r - s F  + —
58-161 J I- F e r m e n te r s F  + —
JE-25J M - F e r m e n te r + s F - +

* T h e  a b b r e v ia t i o n s  o f  g e n e t ic  m a r k e r s  u s e d  h e re  a r e  a s  fo llo w s : P ,  p r o l in e ;  M , m e th io n in e ;  
L p ,  p r o p h a g e  l a m b d a ;  F, s e x  f a c t o r ;  A r a ,  a r a b in o s e ;  X y l ,  x y lo s e ;  M a i, m a l to s e ;  M tl ,  m a n n i to l ;  
G a l, g a la c to s e ;  L a c ,  la c to s e ;  S , S t r e p to m y c in ,  r o r  s in d i c a t e  r e s is ta n c e  o r  s e n s i t iv i ty .

f  j e -23 and  j e -24 were iso la ted  from  w 4 5 7 3  and w 3 1 1 0  after in fection  w ith  F  factor.
J  j e -25 w a s  i s o la te d  f ro m  5 8 -1 6 1  b y  e l im in a t in g  F  f a c to r s  ( H i r o t a  & I i j im a  1957).

A n  e x p e r im e n t  w a s  d o n e  t o  d e t e r m in e  t h e  g r o w th  o f  t h e  p h a g e  o n  d i f f e r e n t  s t r a in s  
o f  Escherichia coli k  1 2 . A s  s e e n  f r o m  T a b le  1, p la q u e s  o f  t h e  p h a g e  w e re  f o r m e d  o n  
a l l  t h e  P' — s t r a in s  u s e d , b u t  n o t  o n  a n y  o f  t h e  F  +  s t r a in s  t e s t e d .  T h e s e  r e s u l t s  
i n d i c a t e  t h a t  f o r m a t i o n  o f  p la q u e s  o f  t h e  p h a g e  is  p r e v e n t e d  b y  t h e  F  f a c to r ,  a n d  
b a c t e r i a l  c h a r a c t e r i s t i c s  s u c h  a s  s u g a r  f e r m e n t a t io n ,  d r u g  r e s i s t a n c e ,  n u t r i t i o n a l  
r e q u i r e m e n ts ,  o r  t h e  p r e s e n c e  o r  a b s e n c e  o f  p r o p h a g e  lambda a r e  n o t  a s s o c ia te d  w i th  
t h e  c a p a c i ty  o f  t h e  p h a g e  tau t o  f o r m  p la q u e s .
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T o  t e s t  th i s  h y p o th e s i s  tw o  e x p e r im e n t s  w e re  c a r r i e d  o u t .  I n  o n e  e x p e r im e n t ,  

a n  F  — s t r a i n  w h ic h  c o u ld  s u p p o r t  g r o w th  o f  t h e  p h a g e  w a s  c o n v e r t e d  in t o  a n  F  +  
s t r a i n  b y  in f e c t io n  w i th  t h e  F  f a c t o r  f r o m  a n  F +  s t r a in .  I t  w a s  f o u n d  t h a t  a s  a  
r e s u l t  o f  i t s  c o n v e r s io n  f r o m  F  — t o  F  + ,  t h e  s t r a i n  l o s t  i t s  a b i l i t y  t o  s u p p o r t  g r o w th  
o f  p h a g e  tau. I n  t h e  o t h e r  e x p e r im e n t ,  F  — s t r a in s  w e re  i s o la t e d  f r o m  a n  F  +  s t r a i n  
a f t e r  g r o w th  in  t h e  p r e s e n c e  o f  a c r id in e  ( H i r o t a  &  I i j i m a ,  1 9 5 7 ). T h e s e  F — s t r a in s ,  
in  c o n t r a s t  t o  t h e  o r ig in a l  F  — s t r a in ,  s u p p o r t e d  g r o w th  o f  t h e  p h a g e .  T h e s e  r e s u l t s  
f u r t h e r  s h o w  t h a t  f o r  g r o w th  o f  t h e  p h a g e  in  t h e  h o s t  c e lls  t h e  s e x - f a c to r  F  m u s t  b e  
a b s e n t .

A female specific coliphage

T a b le  2 . Com parison on the efficiency of adsorption of phage tau to 

Escherichia coli K 12 F +  and F  —

E x p o n e n t ia l l y  g ro w in g  b r o t h  c u l tu r e s  o f  v -7 0  a n d  jE -2 f i w e re  c e n t r i f u g e d  a n d  r e s u s 
p e n d e d  in  t h e  s a m e  v o lu m e s  o f  b r o th .  T h e y  w e re  in f e c te d  w i th  th e  p h a g e  a t  a  m u l t ip l i c i ty  
o f  a b o u t  10“ 2, a n d  in c u b a te d  a t  3 7 °  f o r  30 m in . a n d  th e n  w e re  c e n t r i fu g e d  a t  5000 r .p .m .  
fo r  10 m in . P h a g e  p a r t i c le s  r e m a in in g  in  t h e  s u p e r n a t a n t  w e re  a s s a y e d  b y  p l a t i n g  o n  F  — .

S t r a in
N o . o f  ce ls P h a g e  p a r t i c le s  

p e r  m l. a d d e d
M u l t ip l ic i ty  
o f  in f e c t io n

A d s o rb e d
p h a g e

Y- 70* 
JE-20+

2- 3 x  1 0 s 1-8 x  10 7 7 -4  x l O - 2 1-2 x l O 7
3- 2 x l O 8 1-8 x l O 7 5-6  x  10~2 1-2 x l O 7

* v - 7 0 :  T L B  y L ac~ . F -  
f  j e -26 : Y-70 F  +

T a b le  3 . The effect of the F  factor on lysogenizalion of phage tau

E x p o n e n t ia l l y  g ro w in g  b r o t h  c u l tu r e s  o f F  —, F '  a n d  F +  s t r a in s  w e re  m ix e d  w i th  a  
p h a g e  ly s a te  w h ic h  h a d  b e e n  p r e p a r e d  b y  u .v . - i r r a d i a t i o n  o f  j e - 10 3  fo r  i n d u c t io n  o f  p h a g e  
tau. T h e  m ix tu r e s  w e re  i n c u b a te d  a t  37  fo r  3 0  m in . a n d  t h e n  w a s h e d  tw ic e  w i th  d is t i l le d  
w a te r  t o  r e m o v e  u n a d s o r b e d  f re e  p h a g e . T h e y  w e re  t h e n  r e s u s p e n d e d  in  t h e  o r ig in a l  
v o lu m e  o f  b r o th .

A p p r o p r i a t e  d i lu t io n s  o f  th e s e  in f e c te d  c e lls  w e re  s p r e a d  o n  in d iv id u a l  n u t r i e n t  a g a r  
p la te s ,  a n d  in c u b a te d  a t  3 7 °  o v e r n ig h t .  C o lo n ie s  f o rm e d  o n  th e s e  p la te s  w e re  r e p l ic a - p la te d  
t o  n u t r i e n t  a g a r  p l a t e s  w h ic h  h a d  b e e n  o v e r la id  w i th  0 -55  %  (w /v )  s o f t  a g a r  c o n ta in in g  
o n e  d r o p  o f  a n  o v e r n ig h t  b r o t h  c u l tu r e  o f  w 3 1 1 0 .

T h e  r e p l ic a  p l a t e s  w e re  e x p o s e d  t o  u .v . - l ig h t  (15  W . o f  T o s h ib a  g e rm ic id a l  la m p )  fo r  20  
se c . a t  a  d i s ta n c e  o f  4 5  c m , a n d  th e n  in c u b a te d  a t  37° fo r  14  h r .

W h e r e  c o lo n ie s  w e re  ly s o g e n iz e d  b y  t h e  p h a g e ,  z o n e s  o f  i n h ib i t io n  o f  g r o w th  a p p e a r e d
a r o u n d  th e  r e p l ic a - p la te d  c o lo n ie s .

F  — * F  +  t F ' î

M u l t ip l ic i ty  o f  in fe c t io n 3-3 3 0 3-4
N o . o f  c o lo n ie s  ly s o g e n iz e d 41 1 3
N o . o f  c o lo n ie s  t e s te d 128 7 9 100

* F — u sed : W 3110, L p s P r o t o t r o p h  F  — . 
f  F +  used: j e -2 4 , w 3110 c a r r y in g  F  f a c to r .
{ F '  u s e d :  j e -34 0 , w 3110 c a r r y in g  a n  F  p r im e ,  F ,

T h e  in a b i l i t y  o f  t h e  p h a g e  to  g ro w  o n  F  +  s t r a in s  m i g h t  h a v e  b e e n  d u e  to  i t s  
f a i lu r e  t o  b e  a d s o r b e d ,  F  — b u t  n o t  F  +  b a c t e r i a  h a v in g  a  sp e c if ic  r e c e p t o r  f o r  t h e  
p h a g e ,  a s  o c c u r s  w i th  Escherichia coli b / 2  a n d  p h a g e  T 2 .  T h e  d a t a  p r e s e n te d  in  
T a b le  2 in d i c a te  t h a t  t h e  p h a g e  a d s o r b s  t o  F  +  s t r a in s  a s  e f f ic ie n tly  a s  t o  F  — s t r a in s .  
T h e r e f o r e ,  i t  w a s  c o n c lu d e d  t h a t  t h e  g r o w th  c y c le  o f  t h e  p h a g e  is in h i b i t e d  a t  so m e  
l a t e r  s t a g e  b y  t h e  p re s e n c e  o f  t h e  s e x - f a c to r  F .



T h e  F  +  s t r a i n  a s  w e ll  a s  t h e  F  — s t r a i n  m a y  b e c o m e  ly s o g e n ic  w i th  t h e  p h a g e .  
U l t r a v i o l e t  ( u .v .)  i r r a d i a t i o n  o r  t r e a t m e n t  w i th  m i to m y c  in  C in d u c e s  g r o w th  o f  t h e  
p h a g e  in  ly s o g e n ic  c e lls . T h e  f r e q u e n c y  o f  ly s o g e n iz a t io n  b y  t h e  p h a g e  o f  F  — a n d  
F +  s t r a in s  w e r e  c o m p a r e d .  A s  s h o w n  in  T a b le  3 , t h e  p h a g e  ly s o g e n iz e d  a  s m a l l e r  
p r o p o r t i o n  o f  F +  a n d  F '  c e lls  t h a n  F  — c e lls  u n d e r  th e s e  e x p e r i m e n t a l  c o n d i t io n s .  
T h is  r e s u l t  i n d i c a te s  t h a t  t h e  F  f a c t o r  in h i b i t s  n o t  o n ly  p la q u e  f o r m a t i o n  b u t  a ls o  
ly s o g e n iz a t io n .  A  o n e - s te p  g r o w th  c u r v e  o f  t h e  p h a g e  a f t e r  u .v . -  i n d u c t io n  o f  a n  
F  — s t r a i n  o f  Escherichia coli ly s o g e n iz e d  b y  p h a g e  tau w a s  m a d e .  T h e  p r o g e n y  w a s  
r e le a s e d  a f t e r  a  l a t e n t  p e r io d  o f  a b o u t  1 2 0  m in .  a n d  2 0 0  in f e c t iv e  p a r t i c l e s /b a c t e r i u m  
w e re  o b ta in e d .  T h e  s e d i m e n t a t i o n  c o n s t a n t  o f  p u r i f ie d  p h a g e  w a s  m e a s u r e d  in  a  
S p in e o  a n a ly t i c a l  u l t r a - c e n t r i f u g e ,  M o d e l E .  T h e r e  w a s  a  s in g le  s c h l ie r e n  p e a k  a n d  
t h e  s e d i m e n t a t i o n  c o n s t a n t  w a s  a b o u t  2 0 0  S .  E l e c t r o n n i c r o g r a p h s  o f  th i s  p h a g e  
s h o w s  a n  a p p r o x i m a t e ly  s p h e r ic a l  p a r t i c l e  o f  4 0 - 5 0  m/i d ia m e te r .
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D IS C U S S IO N

W e  c a n  a s s u m e  t h a t  t h e  g e n e t i c  m a t e r i a l  o f  p h a g e  tau is  in j e c te d  in t o  F  +  c e lls , 
s in c e  t h e  p h a g e  a d s o r b s  e q u a l ly  w e ll t o  F  +  a s  F  — s t r a in s  o f  Escherichia coli, a n d  c a n  
ly s o g e n iz e  F +  a s  w e ll  a s  F — s t r a in s ,  a l t h o u g h  w i th  d i f f e r e n t  e ff ic ie n c ie s . I t  is  w e ll 
k n o w n  t h a t  ly s o g e n ic  b a c t e r i a  a r e  im m u n e  t o  s u p e r in f e c t io n  b y  h o m o lo g o u s  p h a g e .  
T o  e x p la in  t h e  i m m u n i ty  o f  t h e  ly s o g e n ic  b a c t e r i a ,  i t  is  a s s u m e d  t h a t  t h e r e  e x is ts  
a  c y to p la s m ic  r e p r e s s o r  in  ly s o g e n ic  b a c t e r i a ,  w h ic h  in h ib i t s  m u l t i p l i c a t i o n  o f  
h o m o lo g o u s  t e m p e r a t e  p h a g e s  ( J a c o b  &  C a m p b e l l ,  1 9 5 9 ). T h e  r e l a t i o n s h ip  b e tw e e n  
t h e  F  f a c t o r  a n d  t h e  p h a g e  m a y  b e  s o m e w h a t  a n a lo g o u s  t o  t h e  p h e n o m e n o n  s e e n  in  
t h e  ly s o g e n ic  b a c t e r i a .  B y  a n a lo g y ,  w e  m a y  a s s u m e  t i n t  t h e  F  f a c t o r  d i r e c t s  t h e  
s y n th e s is  o f  a  c y to p la s m ic  r e p r e s s o r  w h ic h  in h i b i t s  m u l t i p l i c a t i o n  o f  p h a g e  tau.

L o e b  & Z in d e r  (1 9 6 1 )  r e p o r t e d  t h a t  t h e  b a c t e r io p h a g e  sp e c if ic  f o r  F  +  s t r a i n s  o f  
Escherichia coli c o n ta i n  R N A . P r e l im in a r y  e x p e r im e n t s  in d i c a te  t h a t  p h a g e  tau 

c o n ta in s  D N A , b u t  i t  is  n o t  y e t  p o s s ib le  t o  g iv e  e x a c t  v a lu e s  f o r  t h e  a m o u n t  o f  
D N A /p h a g e  p a r t i c l e ,  b e c a u s e  o f  d if f ic u l t ie s  in  o b ta i n in g  p u r e  p r e p a r a t i o n s  w i t h o u t  
lo s s  o f  p la q u e - f o r m in g  c a p a c i ty  (O ts u j i ,  1 9 6 1 ).

R e c e n t l y  tw o  o t h e r  b a c te r io p h a g e s  w h ic h  a r e  c a p a b le  o f  g r o w th  o n  F  — b u t  n o t  o n  
F +  s t r a in s  h a v e  b e e n  is o la te d  ( I i j i m a  & E g u c h i ,  p e r s o n a l  c o m m u n ic a t io n ) .  O n e  o f  
th e s e  s h o w s  t h e  s a m e  i m m u n i ty  a s  p h a g e  tau, b u t  t h e  o t h e r  o n e  is  a b le  t o  g ro w  in  
b a c t e r i a  w h ic h  w e re  ly s o g e n iz e d  w i th  p h a g e  tau. S u c h  ly s o g e n ic  b a c t e r i a  c a r r y in g  
d i f f e r e n t  k in d s  o f  p r o p h a g e ,  t h e  g r o w th  o f  w h ic h  is  a f f e c te d  b y  t h e  F  f a c to r ,  m a y  b e  
u s e d  a s  to o ls  f o r  g e n e t i c  a n a ly s is  o f  t h e  F  f a c t o r ;  e x p e r im e n t s  o n  th i s  a r e  in  p r o g r e s s .

T h e  a u th o r s  w is h  t o  e x p r e s s  t h e i r  a p p r e c i a t i o n  t o  P r o f e s s o r s  H .  K ik k a w a  a n d  
J .  K a w a m a t a  f o r  t h e i r  i n t e r e s t  a n d  e n c o u r a g e m e n t  i n  This w o rk . T h is  p a p e r  w a s  
s u p p o r t e d  i n  p a r t  b y  r e s e a r c h  g r a n t s ,  G M  0 8 2 9 3 , f r o m  t h e  N a t io n a l  I n s t i t u t e s  o f  
H e a l t h ,  U .S . P u b l i c  H e a l t h  S e rv ic e ,  a n d  t h e  W a k s m a n  F o u n d a t i o n  o f  J a p a n .
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Inactivation of Vaccinia Virus by Ascorbic Acid
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SUMMARY

Ascorbic acid undergoing auto-oxidation inactivated vaccinia virus. 
Copper ion was shown to have a catalytic effect on the inactivation. Neither 
unoxidized ascorbic acid nor its oxidation product, dehvdroascorbic acid, 
were inhibitory. When ascorbic acid was oxidized a t high pH  in the 
absence of copper ion no inactivation took place. Similarly, enzymic oxida
tion of ascorbic acid in the absence of copperwas without effect on thevirus. 
Catalase prevented inactivation but not the oxidation of ascorbic acid. 
Glutathione prevented both inactivation and the oxidation of ascorbic- 
acid. Inhibition experiments with ascorbic acid under anaerobic conditions 
were inconclusive. The mechanism of ascorbic acid inactivation is discussed 
in the light of these data and th a t of other authors with different viruses.

INTRODUCTION

During experiments on the stability of vaccinia virus in the presence of various 
reducing agents, it was found th a t ascorbic acid was strongly inhibitory. Kligler & 
Bernkopf (1 9 3 7 )  noted this phenomenon, and Jungeblut (1 9 3 5 )  reported th a t 
ascorbic acid inactivated poliovirus. Similar results have been reported for herpes 
virus (Holden & Resnick, 1 9 3 6 ; Holden & Mollov, 1 9 3 7 ), bacteriophages (Lominski, 
1 9 3 6 ) and tobacco mosaic virus (Lojkin, 1 9 3 6 ). Lojkin made a systematic study of 
the inhibitory effects of ascorbic acid on tobacco mosaic virus infectivity; our results 
with vaccinia virus are in many respects like hers.

METHODS

Virus. T h e  L i s t e r  I n s t i t u t e  v a c c in e  s t r a i n  o f  v a c c in ia  v i r u s  w a s  u s e d  t h r o u g h o u t  
t h e  e x p e r im e n t s .  I t  w a s  p r e p a r e d  f r o m  s h e e p  d e r m a l  p u lp  in  0  0 0 4  M - M c llv a in e  
b u f f e r  ( p H  7 -2 ). T h e  v i r u s  w a s  p a r t i a l l y  p u r i f ie d  b y  e x t r a c t i o n  w i th  ‘A r c to n  1 1 3 ’ 
( t r i f iu o r o t r i c h lo r o e th a n e ,  I.C.I.) fo l lo w e d  b y  o n e  c y c le  o f  h ig h - s p e e d  c e n t r i f u g a t io n .  
I t  w a s  s t o r e d  in  s m a l l  v o lu m e s  a t  —7 0 ° . S u c h  p r e p a r a t i o n s  p r o d u c e d  c y to p a t h i c  
c h a n g e s  in  m o n k e y  k id n e y  t i s s u e  c u l t u r e s  in  d i l u t i o n s  o f  1 0 -6  t o  1 0 -9 .

Virus titrations. S u i t a b le  d i l u t i o n s  o f  s a m p le s  w e re  i n o c u la te d  in  0 1  m l .  v o lu m e s  
in t o  r o l le r  t u b e  c u l tu r e s  o f  2 n d  c y c le  m o n k e y  k id n e y  c e l l s ; f o u r  t u b e s  w e re  u s e d  p e r  
d i l u t i o n .  C y to p a t h ic  c h a n g e s  w e re  e v id e n t  in  4 8  h r  w i th  h ig h  c o n c e n t r a t i o n s  o f  
v i r u s ,  b u t  t h e  t u b e s  w e re  e x a m in e d  d a i l y  u n t i l  t h e  s e v e n t h  d a y  a f t e r  in o c u la t io n ,  
w h e n  n o  f u r t h e r  c h a n g e s  w e re  r e c o r d e d .  F i f t y  %  e n d - p o in t s  (T C D 5 0 )  w e re  c a lc u 
l a t e d  b y  t h e  m e t h o d  o f  R e e d  & M u e n c h  (1 9 3 8 ) .

Buffers were prepared from Mcllvaine’s 0 -2  M-disodium phosphate+ 0-1 M-citric



76 G. S. Turner

a c id  s o lu t io n s ,  w h ic h  w e re  m ix e d  a n d  d i l u te d  t o  g iv e  t h e  d e s i r e d  p H  v a lu e  a n d  
m o l a r i t y .  U n le s s  o th e r w is e  s t a t e d ,  a l l  e x p e r im e n t s  w e re  d o n e  in  b u f f e r  a t  p H  6 -9 .

Enzym es. C a ta la s e  w a s  a  c o m m e r c ia l  b e e f - l iv e r  p r e p a r a t i o n  ( L ig h t  a n d  C o .) . 
I t  w a s  u s e d  in  d i f f e r e n t  e x p e r im e n t s  in  f in a l  c o n c e n t r a t i o n s  o f  10  a n d  4 -0  m g . /m l .

Ascorbic acid oxidase ( a s c o r b a te  o x id a s e )  w a s  p r e p a r e d  f r o m  f r e s h  c a b b a g e  b y  
f r e e z in g  w h o le  c a b b a g e - h e a r t  a t  —7 0 °  a n d  t h e n  e x p r e s s in g  t h e  ju i c e  in  a  p r e s s .  T h e  
ju i c e  w a s  d ia ly s e d  o v e r n i g h t  a g a in s t  d is t i l l e d  w a te r ,  a n d  a n  e q u a l  v o lu m e  o f  c o ld  
a c e to n e  w a s  a d d e d  t o  t h e  d ia ly s i s  r e s id u e .  T h e  r e s u l t i n g  p r e c i p i t a t e  w a s  d is s o lv e d  
in  d is t i l l e d  w a t e r  o f  o n e - t e n th  o f  t h e  o r ig in a l  v o lu m e  o f  ju ic e . T h is  p r e p a r a t i o n  w a s  
s to r e d  a t  —7 0 ° ; a t  p H  6-8  a n d  3 7 ° , 0-2  m l .  o f  th i s  s o lu t io n  in  a  t o t a l  v o lu m e  o f  
2 -0  m l .  c o m p le te ly  o x id iz e d  1 8 0  fig. a s c o r b ic  a c id  in  2  h r .

Copper solution  w a s  0 -1  m -C u S 0 4 in  d is t i l l e d  w a te r .  I t  w a s  a d d e d  t o  a s c o r b ic  
a c id  +  v i r u s  m i x tu r e s  t o  a  f in a l  c o p p e r  c o n c e n t r a t i o n  o f  5  /¿ g ./m l.

Ascorbic acid  ( B r i t i s h  D r u g  H o u s e s  L t d . )  w a s  p r e p a r e d  in  s o lu t io n s  o f  v a r io u s  
s t r e n g th s  in  p H  6-8  b u f f e r  im m e d ia te ly  b e fo r e  u s e .  T h e  c o n c e n t r a t i o n  o f  a s c o r b ic  
a c id  w a s  e s t im a te d  b y  t i t r a t i o n  a g a in s t  s t a n d a r d  B .D .H .  d ic h lo r o p h e n o l in d o p h e n o l .

C y s te in  h y d r o c h lo r id e ,  g lu t a th i o n e  a n d  th io g ly c o l l ic  jm e r c a p to a c e t i c )  a c id  w e re  
d is s o lv e d  in  d is t i l l e d  w a t e r  a n d  d i l u te d  in  b u f f e r  o f  t h e  d e s i r e d  p H  v a lu e .

R E S U L T S

I n  p r e l im in a r y  e x p e r im e n t s  s a m p le s  o f  v i r u s  c o n ta in in g  5  x  103 T C D 5 0 /m l .  w e re  
e x p o s e d  t o  c y s te in e ,  g lu t a th i o n e ,  th io g ly c o l l ic  a c id  o r  a s c o r b ic  a c id  a t  1 0 0  /¿ g ./m l. 
f o r  18  h r  a t  3 7 c a n d  p H  7 -4 . W h e r e a s  t h e  t h r e e  th i o l - c o n ta i n in g  r e d u c in g  s u b s ta n c e s  
w e re  w i t h o u t  e f fe c t,  a s c o r b ic  a c id  d e c r e a s e d  t h e  v i r u s  t i t r e  t o  <  10  T C D 5 0 /m l .  
T h is  i n a c t iv a t io n  w a s  n o t  a b o l i s h e d  b y  d ia ly s i s  o f  t h e  v ir u s  +  a s c o r b ic  a c id  m i x tu r e  
a g a in s t  w a te r .  T is s u e  c u l t u r e  c e lls , p r e t r e a t e d  f o r  2  d a y s  a t  3 7 °  w i th  a s c o r b ic  a c id  
2 0 0  / tg /m l .  h a d  n o  a l t e r e d  s u s c e p t ib i l i ty  t o  v i r u s .  T h e  in a c t iv a t in g  e f f e c t  o f  a s c o r b ic  
a c id  o n  v a c c in ia  v i r u s  w a s  a ls o  s h o w n  b y  t i t r a t i o n  o f  s a m p le s  o n  t h e  c h o r io a l l a n to i c  
m e m b r a n e s  o f  c h ic k  e m b r y o s .

Effect of copper. T h e  a u to x i d a t i o n  o f  a s c o r b ic  a c id  is  a  w e ll- k n o w n  p h e n o m e n o n  
a n d  is  c a t a ly s e d  b y  c o p p e r  io n s  ( B a r r o n ,  D e m il io  & K le m p e r e r ,  1 9 3 6 ). P r e l im in a r y  
e x p e r im e n t s  s h o w e d  t h a t  C u 2~ 5 /¿ g ./m l. w a s  i t s e l f  w i t h o u t  e f f e c t  o n  t h e  v i r u s ,  b u t  
i t  in c r e a s e d  b o t h  t h e  r a t e  a n d  d e g re e  o f  in a c t iv a t io n  b y  a s c o r b ic  a c id  i n  a s c o r b ic  
a c id  +  v a c c in ia  v i r u s  m ix tu r e s .  T h e  C u 2+ a ls o  in c r e a s e d  th e  r a t e  o f  o x id a t io n  o f  
a s c o r b ic  a c id  i n  t h e  m i x t u r e  (F ig .  1).

Effect of concentration of ascorbic acid. V a c c in ia  v i r u s  h a s  a n  o p t im u m  s t a b i l i t y  a t  
p H  6 -8 -7 -0  a t  3 7 ° ;  a c c o r d in g ly ,  q u a n t i t a t i v e  e x p e r im e n t s  w i th  a s c o r b ic  a c id  w e re  
p e r f o r m e d  in  u n d i l u t e d  M e l lv a in e  b u f f e r  a t  p H  6 -9 . V a c c in ia  v i r u s  w i th  a n  in i t i a l  
t i t r e  o f  1 0 85 T C D 5 0 /m l .  w a s  d i l u te d  1 /1 0 0  a n d  m ix e d  w i th  d i f f e r e n t  q u a n t i t i e s  o f  
a s c o r b ic  a c id .  T h e  m i x tu r e s  w e re  in c u b a t e d  a t  3 7 °  a n d  s a m p le s  e x a m in e d  a t  v a r io u s  
t im e s  f o r  in f e c t io u s  v i r u s .  A  c o n t r o l  s a m p le  o f  v i r u s  a lo n e  w a s  t i t r a t e d  a f t e r  i n c u b a 
t i o n  f o r  t h e  m a x i m u m  t im e .  A ll  t h e  m i x tu r e s  c o n ta in e d  5 fig. C u 2+/m l.  T h e  c o n c e n 
t r a t i o n  o f  a s c o r b ic  a c id  a n d  t h e  t i m e  o f  e x p o s u r e  in f lu e n c e d  t h e  i n a c t i v a t i o n  o f  
v a c c in ia  v i r u s ;  q u a n t i t i e s  a s  s m a l l  a s  50  fig. a s c o r b ic  a c id /m l .  f u l ly  i n a c t i v a t e d  
1 0 6'5 T C D 5 0  in  2  h r  a t  3 7 3 a n d  a m o u n t s  a s  l i t t l e  a s  10  fig. c a u s e d  p a r t i a l  
i n a c t i v a t i o n  a f t e r  24  h r  ( T a b le  1).
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Time (hr)
Fig. 1. Vaccinia virus 10,000 TCD50 that was exposed to ascorbic acid 100 /tg./ml. at 37° 
and pH 7-4. Curve (a) open circles virus titre without Cu2+. Curve (b) open circles virus 
titre +  Cu2+ 5 /tg./ml. Curve (c) closed circles % ascorbic acid oxidized in the presence of 
Cu2+ 5 /tg./ml. Curve (d) closed circles % ascorbic acid oxidized in the absence of Cu2'.

Effect of dehydroascorbic acid. A n  in h i b i t o r y  c o n c e n t r a t i o n  o f  a s c o r b ic  a c id  
(1 0 0  / t g . /m l . )  w a s  o x id iz e d  w i th  a n  e q u iv a l e n t  q u a n t i t y  o f  p o ta s s iu m  p e r m a n g a n a te .  
A l th o u g h  p o ta s s iu m  p e r m a n g a n a te  i n a c t i v a t e s  v a c c in ia  v i r u s ,  t h e  a m o u n t  r e q u i r e d  
t o  o x id iz e  1 0 0  f ig .  a s c o r b ic  a c id  w a s  c a lc u la te d  t o  b e  le s s  t h a n  t h e  i n h i b i t o r y  c o n 
c e n t r a t i o n .  O n ly  p a r t i a l  i n a c t i v a t i o n  o c c u r r e d  w h e n  t h e  s a m p le  o f  o x id iz e d  a s c o r b ic

T a b le  1 . Effect o f ascorbic acid on the infectivity of vaccinia virus suspensions

Amount of 
ascorbic acid 

oxidized at time
Time of exposure (hr) of inacti-

Ascorbic acid ,------------------------------------2------------------------------------, vation of virus
(mg./ml.) 0 0-25 0-5 1 0 2 0  

Relative degree of virus inactivation

240 (/'g-)

1 0 — + + + + + 80-190
0-5 — — + + + + 140
0-25 — — + + + + 70
0125 — — + + + + 65
00625 — — — + + + 50
005 — — — — — + 50
001 - - - — + 10

complete inactivation ; + =  partial inactivation; -  =  > 10 t c d 5 0 active virus
present.
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a c id  w a s  h e ld  w i th  v ir u s  o v e r n i g h t  a t  3 7 ° . A s c o rb ic  a c id  (1 2 5  / t g . /m l . )  c o m p le te ly  
o x id iz e d  w i th  a s c o r b ic  a c id  o x id a s e  d id  n o t  i n a c t i v a t e  v a c c in ia  v i r u s  a f t e r  2 h r  a t  
3 7 ° . C o n tro ls  o f  u n o x id iz e d  a s c o r b ic  a c id  in  t h i s  c o n c e n t r a t i o n  i n a c t i v a t e d  c o m 
p le t e ly .  T h e  in f e c t i v i t y  o f  u n t r e a t e d  v i r u s  u n d e r  th e s e  c o n d i t io n s  w a s  u n a l t e r e d .

Effect of ascorbic acid oxidase (ascorbate oxidase). T h e  r a p i d  o x id a t io n  o f  a s c o r b ic  
a c id  c a n  b e  c a ta ly s e d  w i t h o u t  a d d e d  C u 2+ b y  t h e  e n z y m e  h e x o x id a s e .  V ir u s  a n d  
a s c o r b a te  o x id a s e  p r e p a r a t i o n  in  p H  6-9 b u f f e r  w e re  m ix e d  t o  g iv e  a  v i r u s  l i t r e  o f  
1 0 6 T C D 5 0 /m l .  a n d  a  c o n c e n t r a t i o n  o f  e n z y m e  p r e p a r a t i o n  o f  2 0 %  ( v /v ) .  T o  o n e  
p o r t i o n  o f  th i s  m i x t u r e  a s c o r b ic  a c id  w a s  a d d e d  t o  1 2 5  / tg . /m l .  T h e  s e c o n d  p o r t io n  
w a s  a d j u s t e d  t o  t h e  s a m e  v o lu m e  b y  a d d in g  p H  6-9 b u f f e r .  C o n tro ls  c o n s i s t in g  o f  v i r u s  
a lo n e  a n d  v i r u s  +  a s c o r b ic  a c id  +  C u 2+ w e re  s e t  u p  a t  t h e  s a m e  t im e .  A ll  m i x tu r e s  w e re  
i n c u b a t e d  a t  3 7 °  f o r  2 h r .  T h e r e  w a s  n o  i n a c t i v a t i o n  o f  v a c c in ia  v i r u s  w h e n  t h e  
a s c o r b ic  a c id  u s e d  h a d  b e e n  c o m p le te ly  o x id iz e d  b y  a s c o r b a te  o x id a s e  in  t h e  a b s e n c e  
o f  a d d e d  ( in 2 . T h e  e n z y m e  a lo n e  w a s  w i t h o u t  effect, o n  t h e  v i r u s ,  w h ic h  w a s  
c o m p le te ly  i n a c t i v a t e d  in  t h e  p r e s e n c e  o f  t h e  s a m e  c o n c e n t r a t i o n  o f  a s c o r b ic  a c id  
w h e n  o x id a t io n  w a s  c a ta ly s e d  b y  C'u2+. T h e s e  r e s u l t s  c o n f i rm e d  t h a t  t h e  o x id a t io n  
p r o d u c t  o f  a s c o r b ic  a c id  ( d e h y d r o a s c o r b ic  a c id )  d id  n o t  in a c t iv a t e  a n d  in d i c a t e  t h a t  
t h e  c o p p e r  c a t a ly s e d  o x id a t io n  o f  a s c o r b ic  a c id  ( p r o b a b ly  in  t h e  p r e s e n c e  o f  o x y g e n )  
w a s  n e c e s s a r y  f o r  i n a c t iv a t io n ,  a n d  t h a t  t h e  e n z y m e - c a ta ly s e d  o x id a t io n  p r o c e e d s  b y  
d i f f e r e n t  m e c h a n is m .  T h e s e  f in d in g s  a r e  l ik e  th o s e  o f  L o jk in  (1 9 3 6 ) w i th  to b a c c o  
m o s a ic  v i r u s .

Effect of catalase. T h e  a d d i t i o n  o f  c a ta la s e  t o  a s c o r b ic  a c id  — to b a c c o  m o s a ic  v i r u s  
m i x tu r e s  a b o l i s h e s  t h e  in a c t iv a t in g  e f f e c t  o f  a s c o r b ic  a c id  ( L o jk in ,  1 9 3 6 ). S im ila r ly ,  
t h e  a d d i t i o n  o f  b e e f - l iv e r  c a ta la s e  4  m g ./m l .  c o m p le te ly  p r e v e n t e d  t h e  in a c t iv a t io n  
o f  v a c c in ia  v i r u s  in  a  b u f f e r e d  m i x t u r e  c o n ta i n in g  1 0 6'5 T C D 5 0  v i r u s /m l .  +  a s c o r b ic  
a c id  125  jug.!m l . +  C u 2+ 5 / tg . /m l .  h e ld  a t  3 7 °  f o r  2 h r .  I n a c t i v a t i o n  o c c u r r e d  w h e n  
t h e  c a t a l a s e  w a s  o m i t t e d  f r o m  a  s im i la r  m i x tu r e  o r  w h e n  t h e  e n z y m e  w a s  in a c t iv a t e d  
b y  b o i l in g  b e f o r e  a d d i t io n .  T h e  e n z y m e  a lo n e  w a s  w i t h o u t  e f f e c t  o n  t h e  v i r u s ,  a n d  
d id  n o t  p r e v e n t  t h e  o x id a t io n  o f  a s c o r b ic  a c id .  T h e  a s c o r b ic  a c id  in  t h e  m i x t u r e  
w a s  a b o u t  9 0  %  o x id iz e d .

Effect of high jsE  values. B a r r o n  et al. (1 9 3 6 )  s h o w e d  t h a t  t h e  a u t o x i d a t i o n  o f  
a s c o r b ic  a c id  w a s  in c r e a s e d  in  a lk a l in e  m e d ia  in  t h e  a b s e n c e  o f  c a t a l y t i c  C u 2+. 
V a c c in ia  v i r u s  a n d  a s c o r b ic  a c id  w e re  m ix e d  w i t h o u t  a d d e d  C u 2+ in  p H  10-0  b u f f e r  
t o  f in a l  c o n c e n t r a t i o n s  o f  1 0 6 T C D 5 0  a n d  1 2 5  / tg . /m l .  r e s p e c t iv e ly .  T h e  m i x tu r e ,  a n d  
a  v i r u s  c o n t r o l  a t  t h e  s a m e  p H  v a lu e ,  w e re  i n c u b a t e d  f o r  2  h r  a t  3 7 ° . N o  i n a c t i v a 
t i o n  o f  v i r u s  t o o k  p la c e ,  a l t h o u g h  m o r e  t h a n  4 0  %  o f  t h e  a s c o r b ic  a c id  w a s  o x id iz e d .  
E x p o s u r e  t o  p H  10-0  f o r  2  h r  a t  3 7 °  h a d  n o  e f f e c t  o n  t h e  v i r u s  a lo n e .

Effect of glutathione. T h e  in h i b i t io n  o f  v a c c in ia  v i r u s  b y  r e d u c e d  g lu t a th i o n e  
r e p o r t e d  b y  K lig le r  & B e r n k o p f  (1 9 3 7 ) w a s  n o t  c o n f i rm e d .  N o t  o n ly  w e re  g lu t a th i o n e  
c o n c e n t r a t i o n s  u p  to  1 -0  m g ./m l .  w i t h o u t  e f f e c t  o n  t h e  v i r u s ,  b u t  a p p e a r e d  to  p r e v e n t  
t h e  o x id a t io n  o f  a s c o r b ic  a c id  in  v a c c in ia  v i r u s  +  a s c o r b ic  a c id  m i x tu r e s  a n d  c o n 
s e q u e n t ly  t h e  i n a c t i v a t i o n  o f  v i r u s .  A s c o rb ic  a c id  w a s  a d d e d  t o  m i x tu r e s  o f  v i r u s  
a n d  f r e s h ly  p r e p a r e d  r e d u c e d  g lu t a th i o n e .  T h e  f in a l  m i x tu r e ,  c o n ta in in g  v i r u s  1 0 6'5 
T C D 5 0 /m l . ,  g lu t a th i o n e  1 2 5  / tg . /m l . ,  a s c o r b ic  a c id  1 2 5  / tg . /m l . ,  a n d  C u 2+ 5 / tg . /m l .  
w a s  h e ld  f o r  2 h r  a t  3 7 ° ;  s u i t a b l e  c o n t r o ls  w e re  in c lu d e d .  G lu ta t h io n e  d e c r e a s e d  t h e  
in a c t iv a t io n  b y  a s c o r b ic  a c id  a t  1 2 5  / t g . /m l . ,  a n d  a b o l i s h e d  i t  a t  1 m g ./m l .  G l u t a 
th i o n e  p r e v e n t e d  t h e  a u to x i d a t i o n  o f  a s c o r b ic  a c id ,  b u t  d id  n o t  r e a c t i v a t e  v i r u s  w h e n



a d d e d  t o  v i r u s  +  a s c o r b ic  a c id  m i x tu r e s  i n  w h ic h  i n a c t iv a t io n  o f  t h e  v i r u s  h a d  a l r e a d y  
o c c u r r e d .  T h e  s u b s t i t u t i o n  c f  c y s te in e  in  t h e  s a m e  c o n c e n t r a t i o n  f o r  g lu t a th i o n e  
h a d  n o  e f f e c t  o n  t h e  in a c t iv a t io n  b y  a s c o r b ic  a c id .  T h e s e  e x p e r i m e n t s  a ls o  in d i c a te  
t h a t  a s c o r b ic  a c id  i t s e l f  is  n o t  i n h i b i t o r y  w h e n  i t s  a u t o x i d a t i o n  is  p r e v e n te d .

Effect of an  atmosphere of nitrogen and anaerobiosis on ascorbic acid inactivation. 

S e v e ra l  a t t e m p t s  w e re  m a d e  t o  p r e v e n t  t h e  a u t o x i d a t i o n  o f  a s c o r b ic  a c id  in  v a c c in ia  
v i r u s  +  a s c o r b ic  a c id  m i x tu r e s  b y  g a s s in g  t h e  s y s te m  w i th  o x y g e n - f r e e  n i t r o g e n .  
I n  a  t y p i c a l  e x p e r i m e n t  t h e  b u f f e r  t o  b e  u s e d  a s  d i l u e n t  w a s  b o ile d  t o  d r iv e  o ff  
d is s o lv e d  a i r .  O x v g e n - f r e e  n i t r o g e n  ( B r i t i s h  O x y g e n  C o m p a n y  L im i te d )  w a s  b u b b le d  
th r o u g h  a  m i x t u r e  c o n ta in in g  1 0 6 T C D 5 0 /m l .  v i r u s  a n d  5  fig. C u 2+ /m l. f o r  3 0  m in . 
b e fo r e  a  f r e s h ly  p r e p a r e d  s o lu t io n  o f  a s c o r b ic  a c id  w a s  a d d e d  to  125 fig.¡ml., t h e  
n i t r o g e n  b u b b l in g  w a s  c o n t in u e d  d u r i n g  t h e  2  h r  i n c u b a t io n  a t  3 7  L T h e  v i r u s  w a s  
c o m p le te ly  i n a c t iv a t e d ,  a l t h o u g h  o n ly  1 5 - 2 0 %  o f  t h e  a s c o r b ic  a c id  w a s  o x id iz e d .  
A  T h u n b e r g  t u b e  w a s  p r e p a r e d  c o n ta i n in g  s im i la r  c o n c e n t r a t i o n s  o f  v i r u s  a n d  C u 2+. 
A s c o rb ic  a c id  s o lu t io n  w a s  p la c e d  in  t h e  s id e  a r m  a n d  t h e  t a p  o p e n e d .  T h is ,  to g e t h e r  
w i th  a  v i r u s  c o n t r o l ,  w a s  p la c e d  in  a n  a n a e r o b ic  j a r .  A f t e r  t h e  u s u a l  p r o c e d u r e  f o r  
p r o d u c in g  a n a e r o b ic  c o n d i t io n s  w i th in  t h e  j a r ,  t h e  a s c o r b ic  a c id  w a s  t i p p e d  in t o  t h e  
v i r u s .  A g a in ,  a f t e r  in c u b a t io n  a t  3 7 °  t h e  v i r u s  w a s  i n a c t iv a t e d ,  a l t h o u g h  o n ly  a b o u t  
11 %  o f  t h e  a s c o r b ic  a c id  w a s  o x id iz e d .  T h e  c o n t r o l  v i r u s  r e t a in e d  i t s  o r ig in a l  
i n f e e t iv i t y .  I t  a p p e a r s  t h a t  u n d e r  th e s e  c o n d i t io n s  e v e n  a  s m a l l  d e g re e  o f  a u t o x i d a 
t i o n  o f  a s c o r b ic  a c id  w a s  s u f f ic ie n t  t o  i n a c t i v a t e  t h e  v a c c in ia  v i r u s .

D IS C U S S IO N

T h e  o b s e r v a t io n s  r e p o r t e d  h e r e  f o r  t h e  in a c t iv a t io n  o f  v a c c in ia  v i r u s  b y  a s c o r b ic  
a c id  a r e  s im i la r  t o  th o s e  o f  L o jk in  w i th  to b a c c o  m o s a ic  v i r u s .  T h e  in a c t iv a t io n  o f  
o t h e r  a n im a l  v i r u s e s  b y  a s c o r b ic  a c id  h a s  b e e n  in v e s t i g a te d  f ro m  d i f f e r e n t  v ie w 
p o in t s .  I n  a t  l e a s t  o n e  c a s e  t h e  in a c t iv a t io n  c a n  b e  a s c r ib e d  to  a  d i r e c t  p H  e f f e c t ; 
in  o t h e r  c a s e s  n o  c o g n iz a n c e  w a s  t a k e n  o f  t h e  r e a d y  a u t o x i d a t i o n  o f  a s c o r b ic  a c id ,  
t h e  c a ta ly s i s  o f  th i s  o x id a t io n  b y  m i n u te  a m o u n t s  o f  c u p r ic  io n , o r  t h e  e f f e c t  o f  p H  
o n  t h e  a u to x i d a t i o n  p ro c e s s .  M ila s  (1 9 3 2 ) , in  a  r e v ie w  o f  a u to x i d a t i o n ,  s t a t e d  t h a t  
a u to x i d a t i o n s  in d u c e  t h e  o x id a t io n  o f  o t h e r  s u b s ta n c e s  t h a t  a r e  r e l a t i v e ly  u n a f f e c te d  
b y  f r e e  o x y g e n .  T h e  i n a c t iv a t io n  o f  to b a c c o  m o s a ic  v i r u s  b y  a s c o r b ic  a c id  h a s  b e e n  
e x p la in e d  n o t  a s  a  r e d u c t io n ,  b u t  a n  o x id a t io n  e f f e c te d  b y  a n  in t e r m e d ia t e  u n s t a b l e  
p e r o x id e  fo r m e d  d u r i n g  t h e  a u t o x i d a t i o n  o f  a s c o r b i c  a c id  c a t a ly s e d  b y  C u + . 
A l th o u g h  t h e  i d e n t i t y  o f  t h e  p e r o x id e  w a s  n o t  e s t a b l i s h e d ,  t h e  a d d i t i o n  o f  c a ta la s e  
t o  a s c o r b ic  a c id  +  to b a c c o  m o s a ic  v i r u s  m i x tu r e s  a b o l i s h e d  t h e  i n a c t i v a t i o n  ( L o jk in ,  
1 9 3 6 ). C a ta la s e  l ik e w is e  p r e v e n t e d  th e  i n h i b i t io n  o f  v a c c in ia  v i r u s  b y  a s c o r b ic  a c id ,  
p r e s u m a b ly  b y  d e s t r o y in g  p e r o x id e s ,  a l t h o u g h  i t  d id  n o t  p r e v e n t  t h e  a u to x i d a t i o n  
o f  a s c o r b ic  a c id .  P e lo u x ,  L o i r e ,  C ie r  & C o lo b e r t  (1 9 6 2 ) i n a c t i v a t e d  p o l io v i r u s  w i th  
h y d r o g e n  p e r o x id e  a n d  a s c o r b ic  a c id  a n d  s u g g e s te d  t h a t  f r e e  h y d r o x y l  r a d ic a ls  
in d u c e d  b y  i r o n  a n d  c o p p e r  io n s  w e re  r e s p o n s ib le .  B e r n e is  (1 9 6 3 )  s h o w e d  t h a t  
a s c o r b ic  a c id  d e g r a d e d  d e o x y r ib o n u c le ic  a c id ,  a  d e g r a d a t io n  t h a t  c o u ld  b e  a b o l i s h e d  
b y  c a ta la s e  o r  p e r o x id a s e :  h e  t o o  c o n c lu d e d  t h a t  f r e e  h y d r o x y l  r a d ic a ls  r a t h e r  t h a n  
in t e r m e d ia t e  p e r o x id e s  w e re  in v o lv e d .  F r e e  r a d i c a ls  d r a s t i c a l l y  a l t e r  t h e  p r o p e r t i e s  
o f  b o t h  s y n t h e t i c  a n d  n a t u r a l  p o ly m e r s .  T h e  i n a c t i v a t i o n  o f  v a c c in ia  v i r u s  m i g h t  
s im i la r ly  b e  e x p la in e d  o n  th i s  b a s is .  W h e th e r  v i r a l  p r o t e in  o r  n u c le ic  a c id  is  a t t a c k e d  
r e m a in s  t o  b e  e s t a b l i s h e d .

Ascorbic acid inactivation of vaccinia virus 79
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S U M M A R Y

A d d i t i o n  o f  o r t h o p h o s p h a te  t o  Aerobacter aerogenes s t r a i n  a 3 (0 ) o r g a 
n is m s  p r e v io u s ly  s u b je c te d  to  p h o s p h a t e  s t a r v a t i o n  in d u c e d  a c c u m u la t io n  
o f  in o r g a n ic  p o ly p h o s p h a te  w i th i n  t h e  o r g a n is m s .  W i t h  r e s u m p t io n  o f  g r o w th  
t h e  p o ly p h o s p h a te  w a s  d e g r a d e d  a n d  s e r v e d  a s  a  s o u r c e  o f  n u c le ic  a c id  p h o s 
p h o r u s .  D u r in g  p h o s p h a t e  s t a r v a t i o n  t h e  sp e c if ic  a c t i v i t y  o f  p o ly p h o s p h a te  
k in a s e  a n d  in o r g a n ic  p o ly p h o s p h a ta s e  in c r e a s e d  f iv e - t o  te n f o ld  w h ile  t h e  
a m o u n t  o f  a lk a l in e  p h o s p h a t a s e  in c r e a s e d  5 0  t im e s .  T h e  r e s u l t s  s u g g e s t  t h a t  
s y n th e s i s  o f  p o ly p h o s p h a te  k in a s e  a n d  a lk a l in e  p h o s p h a t a s e  w a s  s u b j e c t  
t o  r e p r e s s io n  b y  e x o g e n o u s  o r th o p h o s p h a te .  T w o  m u t a n t  s t r a in s  b lo c k e d  
in  p o ly p h o s p h a te  a c c u m u la t i o n  w e re  f o u n d  t o  c a r r y  d e f e c t s  in  t h e  s y n th e s is  
o f  th e s e  e n z y m e s .  M u t a n t s  o f  c la s s  P n - 1  c o n ta in e d  n o r m a l  a m o u n t s  o f  a ll  
t h r e e  e n z y m e s , b u t  r e p r e s s io n  o f  t h e i r  s y n th e s i s  w a s  n o t  a n n u l l e d  b y  p h o s 
p h a t e  s t a r v a t i o n .  M u t a n t s  o f  c la s s  P n - 2  c o n ta in e d  n o  p o ly p h o s p h a te  k in a s e .
I t  is s u g g e s te d  t h a t  s y n th e s i s  o f  p o ly p h o s p h a te  k in a s e  is  c o n t r o l l e d  b y  tw o  
g e n e s , a  s t r u c t u r a l  g e n e  a n d  a  r e g u l a to r  g e n e ;  t h e  l a t t e r  g e n e  a ls o  a p p e a r s  
t o  c o n t r o l  t h e  s y n th e s i s  o f  a lk a l in e  p h o s p h a t a s e  a n d  p e r h a p s  p o ly p h o s p h a 
ta s e .  T h e  p a t t e r n s  o f  p o ly p h o s p h a te  a c c u m u la t io n  u n d e r  v a r io u s  n u t r i t i o n a l  
c o n d i t io n s  a r e  d is c u s s e d  in  r e l a t i o n  t o  t h e  a m o u n t s  a n d  a c t i v i t i e s  o f  t h e  
e n z y m e s  o f  p o ly p h o s p h a te  s y n th e s is  a n d  d e g r a d a t io n .

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

J e e n e r  &  B r a c h e t  (1 9 4 4 )  d is c o v e r e d  t h a t  a d d i t i o n  o f  o r t h o p h o s p h a te  t o  p h o s p h a t e -  
s t a r v e d  y e a s t  r e s u l t e d  in  r a p i d  u p t a k e  o f  p h o s p h a t e  a n d  a c c u m u la t io n  o f  a  b a s o p h i l ic  
s u b s ta n c e  w i th i n  t h e  o r g a n is m s .  O r ig in a l ly  t h o u g h t  t o  b e  r ib o n u c le ic  a c id  (R N A ) ,  
t h e  b a s o p h i l i c  m a t e r i a l  w a s  l a t e r  id e n t i f ie d  a s  in o r g a n ic  p o ly p h o s p h a te  (W ia m e , 
1 9 4 7 ; S c h m id t ,  1 9 5 1 ). I t s  a c c u m u la t io n  c o r r e s p o n d e d  to  t h e  a p p e a r a n c e  o f  s t r u c 
t u r e s  k n o w n  a s  ‘ v o lu t in  g r a n u l e s ’ ; b o t h  d i s a p p e a r e d  t o g e t h e r  w h e n  g r o w th  o f  t h e  
o r g a n is m s  w a s  r e s u m e d .  T h is  b a s ic  p a t t e r n  h a s  s in c e  b e e n  d e s c r ib e d  in  v a r io u s  fu n g i  
a n d  b a c t e r i a  ( K u h l ,  1 9 6 0 ; H a r o ld ,  1 9 6 2 ; L is s  &  L a n g e n ,  1 9 6 2 ; S m i th ,  W ilk in s o n  & 
D u g u id ,  1 9 5 4 ; Z a i t s e v a ,  B e lo z e r s k i i  & N o v o z h i lo v a ,  1 9 6 0 ; K a l tw a s s e r ,  1 9 6 2 ). T h e  
t e r m  ‘ p o ly p h o s p h a te  o v e r p l u s ’ is  p r o p o s e d  to  d e s ig n a te  t h e  a c c u m u la t i o n  o f  p o ly 
p h o s p h a t e  u p o n  a d d i t i o n  o f  o r t h o p h o s p h a te  t o  p h o s p h a t e - s t a r v e d  o r g a n is m s ,  in  
o r d e r  t o  d is t i n g u i s h  th i s  f r o m  p o ly p h o s p h a te  a c c u m u la t io n  u n d e r  o t h e r  c o n d i t io n s  
o f  n u t r i e n t  im b a la n c e  ( S m i th  et al. 1 9 5 4 ) . T h e  t e r m  c o r r e s p o n d s  t o  ‘ P o l y p h o s p h a t -  
t J b e r k o m p e n s a t i o n  ’ a s  u s e d  b y  L is s  &  L a n g e n  (1 9 6 2 ) .

T h e  p h y s io lo g ic a l  b a s is  o f  t h e  p o ly p h o s p h a te  o v e r p lu s  h a s  r e m a in e d  o b s c u r e  
d e s p i te  r e p e a t e d  in v e s t i g a t io n .  L is s  & L a n g e n  (1 9 6 2 ) f o u n d  a n  in c r e a s e d  r a t e  o f

M icrcb . x x x v6
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p o ly p h o s p h a te  s y n th e s is  i n  y e a s t  p r e v io u s ly  s u b je c te d  to  p h o s p h a t e  s t a r v a t i o n  a n d  
a t t r i b u t e d  th i s  t o  a n  im b a la n c e  o f  p h o s p h a t e  u p t a k e  a n d  u t i l i z a t i o n .  I n  t h e  p r e s e n t  
p a p e r  e v id e n c e  w ill b e  o f fe re d  to  r e l a t e  t h e  p o ly p h o s p h a te  o v e r p lu s  t o  t h e  c o n t r o l  
o f  t h e  e n z y m e s  o f  p o ly p h o s p h a te  m e ta b o l i s m  in  w i ld - ty p e  Aerobacter aerogenes a n d  
in  m u t a n t s  o f  i t  w h ic h  c a r r y  g e n e t ic  d e f e c ts  in  p o ly p h o s p h a te  s y n th e s i s .  P r e l im in a r y  
a c c o u n t s  o f  t h e s e  r e s u l t s  h a v e  b e e n  p u b l i s h e d  ( H a r o ld ,  1 9 6 3 o , b).

M E T H O D S

Organisms. Aerobacter aerogenes s t r a i n  a  3  (0 ) w a s  o b ta i n e d  f r o m  P r o f e s s o r  J .  F .  
W ilk in s o n .  T h e  i s o la t io n  o f  a u x o t r o p h ic  m u t a n t s  r e q u i r in g  u r a c i l  (Slu.) a n d  
m e th io n in e  (0 met.) w a s  d e s c r ib e d  b y  H a r o ld  (1 9 6 3 c ) . M u t a n t s  d e f e c t iv e  in  p o ly 
p h o s p h a t e  a c c u m u la t i o n  w e re  i s o la te d  b y  a  32P -s u ic id e  t e c h n iq u e  ( H a r o ld  & H a r o ld .  
1 9 6 3 ). T h e s e  m u t a n t s ,  w e re  o f  tw o  t y p e s : (i) P n - 1  m u t a n t s  w h ic h  d id  n o t  s h o w  t h e  
o v e r p lu s  e f f e c t  b u t  a c c u m u la te d  p o ly p h o s p h a te  u p o n  s u l p h u r  s t a r v a t i o n ;  (ii)  Pn-*2 
m u t a n t s  w h ic h  d id  n o t  a c c u m u la te  p o ly p h o s p h a te  u n d e r  a n y  c o n d i t io n s .  M o s t  o f  
t h e  p r e s e n t  e x p e r im e n t s  w e re  c o n d u c te d  w i th  t h e  s t r a in s  1 0 2 5 d ( P n -1 )  a n d  1 0 2 3 c  
( P n - 2 )  p r e v io u s ly  u s e d .

Growth experiments. T h e  b a c t e r i a  w e re  g ro w n  in  T „ bst.Iipt m e d ia  a s  d e s c r ib e d  
e a r l ie r  ( H a r o ld .  1 9 6 3 c ; H a r o ld  &  H a r o ld ,  1 9 6 3 ). T h is  is  a  m in e r a l  m e d iu m  c o n 
t a i n in g  s u l p h a t e  a s  so le  s o u r c e  o f  s u lp h u r ,  g lu c o s e  a s  c a r b o n  +  e n e r g y  s o u r c e  a m i 
b u f f e r e d  w i th  t r i s  ( p H  7 -6 , 10  g . / l . ) .  T h e  s u b s c r ip t  in d ic a te s  t h e  p h o s p h o r u s  (P )  
c o n t e n t  a s  fig. P / m l .  A ll c u l tu r e s  w e re  g ro w n  o n  a  r o t a r y  s h a k e r  a t  3 7 ° . T h e  p o p u la 
t i o n  d e n s i ty  w a s  n o r m a l ly  a b o u t  1 0 9 c e l l s / 'm l.; m u l t i p l i c a t i o n  w a s  fo l lo w e d  tu r b id i -  
m e t r i c a l l y  a t  6 0 0  nyi. O v e r n ig h t  c u l t u r e s  w e re  g ro w n  in  T 230 m e d i u m ; t h e  o r g a n i s m s  
w e re  t h e n  h a r v e s te d ,  w a s h e d ,  a n d  r e s u s p e n d e d  in  f r e s h  p r e - w a r m e d  T  m e d iu m  
c o n ta in in g  o r t h o p h o s p h a te  a n d  g r o w th  f a c to r s  a s  d e s c r ib e d  fo r  t h e  i n d iv id u a l  
e x p e r im e n t s .  S a m p le s  w e re  w i th d r a w n  p e r io d ic a l ly  a n d  th e  o r g a n is m s  c e n t r i f u g e d  
d o w n . S a m p le s  in t e n d e d  f o r  e n z y m e  a s s a y  w e re  w a s h e d  w i th  c h il le d  t r i s  b u f f e r .  
P h o s p h o r u s  a n a ly s e s  w e re  p e r f o r m e d  o n  u n w a s h e d  o r g a n is m s .  T h e  f r a c t i o n a t io n  
a n d  e s t im a t i o n  o f  p h o s p h o r u s  c o m p o u n d s  w a s  d e s c r ib e d  e a r l ie r  ( H a r o ld ,  1 9 6 3 c ) . T h e  
b u lk  o f  t h e  p o ly p h o s p h a te  w a s  a c id - in s o lu b le  p o l y p h o s p h a te :  a c id - s o lu b le  p h o s 
p h a t e ,  w h e n  p r e s e n t ,  w a s  m e a s u r e d  s e p a r a t e l y  a n d  t h e  tw o  f r a c t i o n s  a d d e d  to  
g iv e  t h e  a m o u n t  o f  t o t a l  in o r g a n ic  p o ly p h o s p h a te .

Enzyme assay. B a c t e r i a l  ce lls  f r o m  30  m l .  c u l t u r e  w e re  r e s u s p e n d e d  in  1 m l .  t r i s  
b u f f e r  ( 0 1  m , p H  7 -0) in  a  p la s t i c  t u b e .  G la s s  b e a d s  ( S u p e r b r i t e ,  M in n e s o ta  M in in g  
a n d  M a n u f a c tu r in g  C o ., T y p e  1 1 5 ; 0 -5 0  g .)  w e re  a d d e d ,  a n d  t h e  t u b e  e x p o s e d  f o r  
20  m in . t o  s o n ic  t r e a t m e n t  in  a  R a y t h e o n  10  K e  o s c i l l a to r  c o o le d  w i th  ic e  w a te r .  
T h e  tu b e s  w e re  t h e n  c e n t r i f u g e d  a t  4 °  f o r  10  m in . a t  2 0 ,0 0 0  g; t h e  s u p e r n a t a n t  
f lu id  w a s  u s e d  f o r  t h e  e s t im a t i o n  o f  p o ly p h o s p h a te  k in a s e  a s  d e s c r ib e d  b e lo w , a n d  
f o r  p r o t e in  e s t im a t i o n  b y  t h e  b i u r e t  m e th o d  ( L a y n e ,  1 9 5 7 ).

A s s a y  o f  p o ly p h o s p h a ta s e  a c t i v i t y  in  th e s e  e x t r a c t s  g a v e  v a r i a b le  r e s u l t s .  A s a 
r id e ,  h ig h  a c t i v i t y  w a s  fo u n d  o n ly  in  e x t r a c t s  o f  b a c t e r i a l  c e lls  w h ic h  h a d  b e e n  
a llo w e d  to  a c c u m u la te  p o ly p h o s p h a te  fo l lo w in g  p h o s p h a t e  s t a r v a t i o n .  T h is  a p p a r e n t  
p r o d u c t io n  o f  p o ly p h o s p h a ta s e  in  r e s p o n s e  t o  p o ly p h o s p h a te  a c c u m u la t io n  w a s  
u l t i m a t e l y  f o u n d  t o  b e  a n  a r t i f a c t : t h e  e n z y m e  is  r e a d i ly  lo s t ,  a p p a r e n t l y  b y  a d s o r p 
t i o n  to  t h e  g la s s  b e a d s ,  u n le s s  in o r g a n ic  p o ly p h o s p h a te  is p r e s e n t .  C o n s e q u e n t ly ,
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fo r  t h e  a s s a y  o f  p o ly p h o s p h a ta s e  t h e  b a c t e r i a l  c e lls  w e re  s o n ic a l ly  t r e a t e d  in  t r i s  
b u f f e r  c o n ta in in g  p o ly p h o s p h a te  ( s y n th e t i c ,  c h a in  le n g th  a b o u t  1 70 , 1 0 0 / /g . /m l .  P ) .

Polyphosphate kinase. T h is  e n z y m e  w a s  a s s a y e d  in  c r u d e  e x t r a c t s  b y  a  m o d if ic a 
t i o n  o f  t h e  p r o c e d u r e  d e s c r ib e d  b y  M u h a m m e d  (1 9 6 1 ) . I t  h a d  a n  o b l i g a to r y  r e q u i r e 
m e n t  f o r  M g 2+ a n d  a n  o p t i m u m  a t  a b o u t  p H  7 . A d e n o s in e  d i p h o s p h a te  (A D P )  w a s  
i n h i b i t o r y  a t  c o n c e n t r a t i o n s  a b o v e  2 x  1 0 ~ 3 m , b u t  p o ly p h o s p h a te  i t s e l f  h a d  l i t t l e  
e f f e c t  a t  15  x  1 0 ~ 3 m . E a c h  a s s a y  t u b e  r e c e iv e d  2 / /m o le  a c e t y l  p h o s p h a t e - 32P ,  
2 / /m o le  M g C l2, 1 -5 -5  u n i t s  a c e to k in a s e  (R o s e ,  1 9 5 5 ), 0-2  / /m o le  A D P , 2 5  / /m o le  
g lv c y lg ly c in e  o r  t r i s  b u f f e r  ( p H  7 -0 ), a n d  0 -0 5 -0 -1 0  m l .  e n z y m e  e x t r a c t  in  a  f in a l 
v o lu m e  o f  0 -3 3  m l .  T h e  t u b e s  w e re  i n c u b a t e d  f o r  10  m in .  a t  3 7 ° . A t  t h a t  t im e ,
0 -2 5  m l .  N -p e rc h lo r ic  a c id  w a s  a d d e d  a n d  t h e n  0 -5 0  m l .  b o v in e  s e r u m  a lb u m in  s o lu 
t i o n  ( 5 m g . /m l . )  t o  p r e c i p i t a t e  t h e  p o ly p h o s p h a te  fo r m e d .  T h e  p r e c i p i t a t e  w a s  w a s h e d  
tw ic e  w i th  0 -5  N -p e rc h lo r ic  a c id ,  d is s o lv e d  in  0 -5  x - N a O H  a n d  p l a t e d  f o r  C o u n tin g . 
T h e  c o u r s e  o f  t h e  r e a c t io n  w a s  l i n e a r  w i th  t i m e  f o r  20  m in .  a n d  p r o p o r t i o n a l  t o  
e n z y m e  c o n c e n t r a t i o n  o v e r  t h e  r a n g e  o f  0 -0 2  t o  4  u n i t s / t u b e .  T h e  u n i t  is  d e f in e d  a s  
t h a t  a m o u n t  o f  e n z y m e  w h ic h  p r o d u c e s  0-01  / /m o le s  p o ly p h o s p h a te  in  10  m in .  T in - 
i d e n t i t y  o f  t h e  p r o d u c t  w a s  e s t a b l i s h e d  b y  i t s  b e h a v io u r  in  t h e  s t a n d a r d  f r a c t i o n a 
t i o n  s c h e m e  a n d  b y  i t s  c o m p le te  l a b i l i t y  t o  a c id  ( n -H C 1, 15  m in . ,  1 0 0 °).

Polyphosphatase. T h e  p o ly p h o s p h a ta s e  a c t i v i t y  o f  c r u d e  e x t r a c t s  h a d  a  b r o a d  
p H  o p t i m u m  b e tw e e n  7  a n d  9 . A  r e q u i r e m e n t  f o r  M g 2+ w a s  o b s e r v e d  o n ly  in  t h e  
p r e s e n c e  o f  E D T A , b u t  h ig h  c o n c e n t r a t i o n s  o f  KC1 ( a b o u t  0 -3  m )  w e re  n e c e s s a r y  f o r  
m a x i m a l  a c t i v i t y .  N o  d ia ly s a b le  c o f a c to r s  w e re  d e te c te d .  T h e  a s s a y  o f  p o ly p h o s 
p h a t a s e  w a s  m o d if ie d  f r o m  t h a t  d e s c r ib e d  b y  M u h a m m e d ,  R o d g e r s  & H u g h e s  (1 9 5 9 ) . 
E a c h  a s s a y  t u b e  r e c e iv e d  1 0 0  / /m o le  K C 1, 0 -2 5  / /m o le  M g C l2, 1-6 / /m o le  p o ly p h o s 
p h a t e - 32? ,  10  / /m o le  t r i s  b u f f e r  ( p H  9) a n d  0 -0 5  m l .  e n z y m e  e x t r a c t  in  a  f in a l  v o lu m e  
o f  0 -3 0  m l .  ( t h e  a m o u n t  o f  p o ly p h o s p h a te  in t r o d u c e d  w i th  t h e  e x t r a c t  w a s  n e g le c te d ) .  
T h e  tu b e s  w e r e  i n c u b a t e d  a t  3 7 °  f o r  3 0  m in . ,  t h e n  e x c e s s  p o ly p h o s p h a te  a n d  p r o t e in  
w e re  p r e c i p i t a t e d  b y  a d d in g  1-0 m l. 0-5  N -p e rc h lo r ic  a c id  a n d  0-1 m l .  b o v in e  s e r u m  
a lb u m in  (1 0  m g ./m l .) .  T h e  tu b e s  w e re  c e n t r i f u g e d  a n d  t h e  s u p e r n a t a n t  f lu id s  
d e c a n te d .  A f t e r  a d d i t i o n  o f  a m m o n iu m  m o l y b d a te  t h e  32P - o r th o p h o s p h a t e  w a s  
e x t r a c t e d  w i t h  i s o b u ta n o l  ( W e i l - M a lh e r b e  & G re e n , 1 9 5 1 ), p la t e d  a n d  c o u n te d .  T h e  
h y d r o ly s is  o f  p o ly p h o s p h a te  w a s  l in e a r  w i th  t i m e  f o r  6 0  m in . a n d  p r o p o r t i o n a l  t o  
t h e  e n z y m e  c o n c e n t r a t i o n  o v e r  a  w id e  r a n g e .  A  u n i t  o f  p o ly p h o s p h a ta s e  is  d e f in e d  
a s  t h a t  a m o u n t  o f  e n z y m e  w h ic h  l i b e r a t e s  0 -01  / /m o le  32P - o r th o p h o s p h a t e  in  10  m in .

A  Ikaline and acid phosphatase. T h e s e  e n z y m e s  w e re  in  g e n e r a l  a s s a y e d  w i th  i n t a c t  
Aerobacter aerogenes o r g a n i s m s  a s  d e s c r ib e d  b y  T o r r i a n i  (1 9 6 0 ) . F o r  c o n s i s te n c y ,  t h e  
u n i t  is  d e f in e d  a s  t h a t  a m o u n t  o f  e n z y m e  w h ic h  l i b e r a t e s  0-01  / /m o le  o r t h o p h o s p h a te  
f r o m  o - n i t r o p h e n y l  p h o s p h a t e  in  10  m in .

Chemicals. A c e ty l  p h o s p h a t e - 32P  w a s  s y n th e s iz e d  a s  d e s c r ib e d  b y  Iv o r n b e r g  
(1 9 5 7 ) , p o ly p h o s p h a te - 32P  b y  t h e  m e t h o d  o f  M u h a m m e d  et at. (1 9 5 9 ) . O th e r  r e a g e n t s  
w e re  p u r c h a s e d  f r o m  S ig m a  C h e m ic a l  C o . a n d  t h e  C a l i fo rn ia  C o r p o r a t io n  f o r  B io 
c h e m ic a l  R e s e a r c h .

RESULTS

The polyphosphate overplus in  wild-type and mutant strains of Aerobacter aero

genes a  3 (0 ). Aerobacter aerogenes o r g a n i s m s  in  t h e  lo g a r i t h m ic  o r  t h e  s t a t i o n a r y  
p h a s e  o f  g r o w th  c o n ta in e d  o n ly  t r a c e s  o f  p o ly p h o s p h a te .  W h e n  o r t h o p h o s p h a te  
w a s  a d d e d  t o  o r g a n i s m s  w h ic h  h a d  b e e n  in c u b a t e d  in  p h o s p h a te - d e f i c ie n t  m e d iu m

6 -2

Polyphosphate accumulation in A. aerogenes
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fo r  3 - 4  h r  d r a m a t i c  a c c u m u la t io n  o f  p o ly p h o s p h a te  o c c u r r e d ,  to g e t h e r  w i th  t h e  
a p p e a r a n c e  o f  m ic r o s c o p ic a l ly  v is ib le  v o lu t in  g r a n u le s  ( S m i th  et al. 1 9 5 4 ) . I n d u c t i o n  
o f  th i s  p o ly p h o s p h a te  o v e r p lu s  w a s  d e p e n d e n t  u p o n  p r o t e in  s y n th e s i s  d u r i n g  
t h e  s t a r v a t i o n  p h a s e :  n o  p o ly p h o s p h a te  a c c u m u la t i o n  w a s  o b s e r v e d  w h e n  
o r t h o p h o s p h a te  w a s  a d d e d  t o  s t r a i n  a 3 (0) o r g a n i s m s  s u b je c te d  t o  p h o s p h a t e  
s t a r v a t i o n  in  a b s e n c e  o f  g lu c o s e  o r  o f  s u lp h u r ,  o r  t c  o r g a n i s m s  o f  s t r a i n  0 met_ 
i n c u b a t e d  in  m e d iu m  la c k in g  o r t h o p h o s p h a te  a n d  m e th io n in e .  P r o t e i n  s y n th e s i s  
w a s  n o t ,  h o w e v e r ,  r e q u i r e d  f o r  p o ly p h o s p h a te  a c c u m u la t i o n  i t s e l f  s in c e  c h lo r a m 
p h e n ic o l  (1 0  yK g./m l.), s u l p h u r  d e f ic ie n c y  o r  m e th io n in e  d e p r i v a t i o n  h a d  n o  e f f e c t  
o n c e  s t a r v a t i o n  w a s  c o m p le te .

F ig . 1 . T h e  p o ly p h o s p h a te  o v e r p lu s  in  Aerobactcr aerogenes s t r a i n  a 3 ( 0 ) .  T h e  o rg a n is m s  
w e re  s u b je c te d  to  p h o s p h o r u s  s t a r v a t i o n  fo r  4  h r ,  c o l le c te d , w a s h e d  a n d  r e s u s p e n d e d  in  
T 0 m e d iu m  w i th  a n d  w i th o u t  s u lp h a te .  O r th o p h o s p h a te  w a s  a d d e d  t o  b o th  f la sk s  a t  0  m in .
• — • ,  P o ly p h o s p h a te ;  O — C , t o t a l  n u c le ic  a c id s .

A  t y p i c a l  e x p e r i m e n t  i l l u s t r a t i n g  t h e  a c c u m u la t io n  o f  p o ly p h o s p h a te  a n d  i t s  
s u b s e q u e n t  f a t e  is  s h o w n  in  F ig .  1. Aerobacter aerogenes a 3 (0 ) o r g a n i s m s  w e re  
s u b je c te d  to  p h o s p h o r u s  s t a r v a t i o n  in  T 0 m e d iu m  f o r  4 h r .  T h e  b a c t e r i a  w e re  t h e n  
h a r v e s te d ,  w a s h e d ,  a n d  r e s u s p e n d e d  in  T 100 m e d iu m , w i th  a n d  w i t h o u t  s u l p h a t e .  
B o th  c u l tu r e s  r a p i d ly  a c c u m u la te d  p o ly p h o s p h a te  a n d  s m a l le r  a m o u n t s  o f  n u c le ic  
a c id s .  I n  t h e  f la s k  s u p p le m e n te d  w i th  s u lp h a te ,  g r o w th  o f  t h e  b a c t e r i a  r e s u m e d  
a n d  w a s  a c c o m p a n ie d  b y  e x te n s iv e  n u c le ic  a c id  s y n th e s i s  a n d  d e g r a d a t io n  o f  p o ly 
p h o s p h a te .  I n  t h e  s u lp h u r - d e f ic i e n t  c u l t u r e  g r o w th  w a s  p r e v e n te d ,  a n d  a  h ig h  
p o ly p h o s p h a te  c o n c e n t r a t i o n  w a s  m a i n t a i n e d .  T h e  d e g r a d a t io n  o f  p o ly p h o s p h a te  
u p o n  r e s u m p t i o n  o f  g r o w th  w a s  s h o w n  to  b e  a  c o n s e q u e n c e  o f  n u c le ic  a c id  s y n th e s is .  
I n  t h e  p re s e n c e  o f  c h lo r a m p h e n ic o l  p r o t e in  s y n th e s is  a n d  g r o w th  w e re  i n h ib i t e d ,  
b u t  n u c le ic  a c id s  a c c u m u la te d  w i th in  t h e  b a c t e r i a  a n d  p o ly p h o s p h a te  w a s  c o n 
c u r r e n t l y  d e g r a d e d .  I n  a  t y p i c a l  e x p e r im e n t ,  o r g a n i s m s  o f  t h e  u r a c i l - r e q u i r in g  
m u t a n t  Sl„. w e re  s u b j e c te d  t o  p h o s p h a t e  s t a r v a t i o n ;  t h e  b a c t e r i a  w e re  t h e n
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h a r v e s te d  a n d  a l lo w e d  t o  a c c u m u la te  p o ly p h o s p h a te  in  r a d i o a c t i v e  T 1C0 m e d iu m  
w i t h o u t  u r a c i l  ( to  p r e v e n t  n u c le ic  a c id  s y n th e s is ) .  A l 'te r  1 h r  t h e  32P - o r th o o h o s p h a t e  
w a s  d i l u t e d  w i th  e x c e s s  u n la b e l le d  o r th o p h o s p h a te ,  a n d  u r a c i l  +  c h lo r a m p h e n ic o l  
(1 0  f ig ./ m l.)  w e re  a d d e d .  N u c le ic  a c id  a c c u m u la te d  w i th i n  t h e  b a c t e r i a  w h ile  t h e  
32P - p o l y p h o s p h a te  w a s  d e g r a d e d  a n d  th e  32P  t r a n s f e r r e d  t o  t h e  n u c le ic  a c id  f r a c t i o n .  
T h e s e  r e s u l t s  a r e  a n a lo g o u s  t o  th o s e  d e s c r ib e d  p r e v io u s ly  f o r  t h e  d e g r a d a t io n  o f  
p o ly p h o s p h a te  a c c u m u la t e d  d u r i n g  n u t r i e n t  d e p r i v a t i o n  ( H a r o ld ,  1 9 6 3 c ) .

M u t a n t s  d e f e c t iv e  in  p o ly p h o s p h a te  a c c u m u la t i o n  s h o w e d  q u i t e  a  d i f f e r e n t  p a t t e r n  
o f  p h o s p h o r u s  m e ta b o l i s m .  Aerobacter aerogenes a 3 (0 ) , P n - 1  a n d  P n - 2  o r g a n i s m s  
w e re  s u b je c te d  t o  p h o s p h o r u s  s t a r v a t i o n  f o r  4  h r .  T h e  b a c t e r i a  w e re  t h e n  t r a n s 
f e r r e d  t o  s u lp h u r - d e f ic i e n t  m e d iu m  a n d  32P - o r th o p h o s p h a t e  (1 0 0  jug./m l.)  w a s  
a d d e d .  A s  i l l u s t r a t e d  in  F ig .  2 , s o m e  n u c le ic  a c id  w a s  s y n th e s iz e d  b y  a l l  t h r e e  s t r a in s  
b u t  o n ly  s t r a i n  A 3 ( 0 )  a c c u m u la te d  p o ly p h o s p h a te .  M u t a n t  a n d  w i ld - ty p e  b a c t e r i a  
in c o r p o r a t e d  a b o u t  e q u a l  a m o u n t s  o f  32P  in t o  t h e  o r t h o p h o s p h a te  a n d  a c id - s o lu b le  
o r g a n ic  p h o s p h a t e  f r a c t i o n s .

Differential synthesis of enzymes of phosphate metabolism in  Aerobacter aerogenes 

during phosphate starvation. F r o m  th e  r e s u l t s  p r e s e n te d  in  t h e  p r e c e d in g  s e c t io n  i t  is 
c le a r  t h a t  t h e  o v e r p lu s  p h e n o m e n o n  is  a  c o n s e q u e n c e  o f  e v e n t s  w h ic h  o c c u r  d u r i n g  
t h e  s t a r v a t i o n  p h a s e  a n d  r e q u i r e  p r o t e in  s y n th e s is .  C lu e s  t o  t h e  n a t u r e  o f  th e s e  
e v e n t s  c a m e  f r o m  s tu d ie s  o n  t h e  a m o u n t  o f  p o ly p h o s p h a te  k in a s e  in  w i ld - ty p e  a n d  
m u t a n t  Aerobacter aerogenes u n d e r  v a r io u s  g r o w th  c o n d i t io n s .  W h e n  b a c t e r i a  o f  
s t r a i n  A 3 (0 )  w e re  i n c u b a t e d  _n p h o s p h a te - d e f i c ie n t  m e d iu m ,  t h e  o p t i c a l  d e n s i ty  a n d  
p r o t e in  c o n t e n t  o f  t h e  c u l t u r e  in c r e a s e d  b y  a b o u t  5 0  % , a n d  c o n c u r r e n t l y  th e r e  w a s  
a  m a r k e d  in c r e a s e  in  t h e  sp e c if ic  a c t i v i t y  o f  p o ly p h o s p h a te  k in a s e .  T h is  in c r e a s e  in  
e n z y m e  c o n t e n t  w a s  a b o l i s h e d  b y  c h lo r a m p h e n ic o l  a n d ,  in  a  m e th io n in e  a u x o t r o p h ,  
w a s  d e p e n d e n t  u p o n  t h e  p r e s e n c e  o f  m e th io n in e  (F ig .  3 ) . T h e  d i f f e r e n t ia l  in c r e a s e  
in  t h e  sp e c if ic  a c t i v i t y  o f  p o ly p h o s p h a te  k in a s e  w a s  in d u c e d  s p e c if ic a l ly  b y  p h o s 
p h o r u s  s t a r v a t i o n :  s u l p h u r  s t a r v a t i o n  a n d  a m in o  a c id  d e p r i v a t i o n  in  a u x o t r o p h ic  
m u t a n t s  h a d  n o  s u c h  e f f e c t.  U p o n  a d d i t i o n  o f  o r t h o p h o s p h a te  t o  p h o s p h a t e - s t a r v e d  
b a c t e r i a  t h e  d i f f e r e n t ia l  r a t e  o f  e n z y m e  s y n th e s i s  d e c r e a s e d  u n t i l  t h e  v a lu e  c h a r a c 
t e r i s t i c  o f  g r o w in g  b a c t e r i a  ( 2 - 5  u n i t s / m g .  p r o t e in )  w a s  a t t a i n e d .  T h e s e  r e s u l t s  
s u g g e s t  t h a t  t h e  s y n th e s i s  o f  p o ly p h o s p h a te  k in a s e  is  s u b j e c t  t o  r e p r e s s io n  b y  e x t r a 
c e l lu la r  o r t h o p h o s p h a te  a n d  th u s  p r o c e e d s  a t  a  h ig h e r  d i f f e r e n t ia l  r a t e  d u r i n g  p h o s 
p h a t e  s t a r v a t i o n .

T h e  tw o  p o ly p h o s p h a te l e s s  m u t a n t s  e x h ib i t e d  c le a r  d e f e c t s  in  t h e  s y n th e s i s  o f  
p o ly p h o s p h a te  k in a s e .  O r g a n is m s  o f  s t r a in s  a 3(0) ,  P n - 1  a n d  P n - 2  w e re  g r o w n  o n  
T 230 m e d iu m  a n d  t h e n  t r a n s f e r r e d  t o  T 0 m e d iu m . A s  s h o w n  in  F ig .  4 , d e - r e p r e s s io n  
o f  p o ly p h o s p h a te  k in a s e  o c c u r r e d  o n ly  w i t h  s t r a i n  a 3(0).  M u t a n t  s t r a in s  of c la s s  
P n - 1  c o n ta in e d  n o r m a l  a m o u n t s  o f  e n z y m e  (2 -4  u n i t s /m g .  p r o t e in )  i n  g ro w in g  
o r g a n is m s ,  b u t  t h e r e  w a s  n o  in c r e a s e  in  s p e c if ic  a c t i v i t y  d u r i n g  p h o s p h o r u s  s t a r v a 
t i o n .  M u t a n t s  o f  c la s s  P n - 2  c o n ta i n e d  n o  d e t e c t a b l e  p o ly p h o s p h a te  k in a s e  u n d e r  
a n y  n u t r i t i o n a l  c o n d i t io n s .  N o  e v id e n c e  w a s  o b ta i n e d  f o r  d e s t r u c t i o n  o f  p o ly 
p h o s p h a t e  k in a s e  in  th e s e  e x t r a c t s ,  n o r  f o r  t h e  p r e s e n c e  o f  a n  i n h ib i to r .

T h e  e f f e c ts  o f  n u t r i t i o n a l  c o n d i t io n s  o n  t h e  a m o u n t  o f  p o ly p h o s p h a ta s e  p a r a l le le d  
th o s e  d e s c r ib e d  f o r  p o ly p h o s p h a te  k in a s e .  B a c t e r i a  f r o m  o v e r n i g h t  c u l tu r e s  c o n 
t a i n e d  v e r y  l i t t l e  p o ly p h o s p h a ta s e  ( 2 - 4  u n i t s  e n z y m e /m g . p r o t e in )  a n d  in c u b a t io n  
o f  s u c h  o r g a n i s m s  in  m e d iu m  d e f ic ie n t  in  s u l p h u r  p r o d u c e d  n o  in c r e a s e  in  i t s  a m o u n t .

Polyphosphate accumulation in A . aerogenes
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F ig . 2 . A c c u m u la t io n  o f  p o ly p h o s p h a te  a n d  n u c le ic  a c id s  in  Aerobacter aerogenes s t r a in s  
a  3 (0 ), P n -1  a n d  P n -2 .  T h e  b a c t e r i a  w e re  s u b je c te d  to  p h o s p h o r u s  s t a r v a t i o n  f o r  4  h r ,  
c o l le c te d , w a s h e d  a n d  r e s u s p e n d e d  in  T 0 m e d iu m  w i th o u t  s u lp h a te .  S2P - o r th o p h o s p h a te  
w a s  a d d e d  t o  a l l  f la sk s  a t  0  m in . C lo sed  s y m b o ls ,  p o ly p h o s p h a te ;  o p e n  s y m b o ls ,  n u c le ic  
a c id s .  • ,  0> S t r a in  \ 3 ( 0 ) ;  ▲, A, m u t a n t  P n - 1 ;  ■ ,  □ ,  m u t a n ;  P n -2 .

F ig . 3. S y n th e s i s  o f  p o ly p h o s p h a te  k in a s e  in  Aerobacter aerogenes s t r a in  O met. d u r in g  
p h o s p h a te  s t a r v a t io n .  W a s h e d  o r g a n is m s  w e re  s u s p e n d e d  in  A 0 m e d iu m  a t  0  h r ,  a n d  th e  
c u l tu r e  d i s t r i b u t e d  a m o n g  th r e e  f la sk s . F l a s k  n o . 1 (O—O) w a s  s u p p le m e n te d  w i th  
m e th io n in e  (30  / tg . /m l . ) ;  n o . 2  ( □ — □ )  r e c e iv e d  n o  m e th io n in e ;  n o . 3  ( # — • )  re c e iv e d  
m e th io n in e  b u t  c h lo r a m p h e n ic o l  (C M P ; 10  /tg ./m l .)  w a s  a d d e d  a f t e r  1 h r .

Polyphosohate kinase

Time (hr)

Polyphosphatase Alkaline phosphatase

F ig .  4 . E f f e c t  o f  p h o s p h a te  s t a r v a t i o n  o n  t h e  a m o u n ts  o f  p o ly p h o s p h a te  k in a s e , p o l y 
p h o s p h a ta s e  a n d  a lk a l in e  p h o s p h a ta s e  in  Aerobacter aerogenes s t r a in s  a 3 (0 ), P n -1  a n d  
P n -2 .  B a c t e r i a  f ro m  a n  o v e r n ig h t  c u l tu r e  w e re  c o l le c te d , w a s h e d  a n d  r e s u s p e n d e d  in  
T 0 m e d iu m  a t  0  h r .  • — » ,  s t r a i n  - \ 3 ( 0 ) ;  O— O, m u t a n t  P n - 1 ;  ▲— ▲, m u t a n t  P n -2 .
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B a c te r i a  h a r v e s t e d  d u r i n g  t h e  lo g a r i t h m ic  p h a s e  o f  g r o w th  c o n ta in e d  6 - 1 0  u n i t s  
e n z v m e /m g . p r o t e in .  D u r in g  in c u b a t io n  in  p h o s p h a te - d e f i c ie n t  m e d iu m , a  s u b 
s t a n t i a l  in c r e a s e  in  t h e  sp e c if ic  a c t i v i t y  o f  p o ly p h o s p h a ta s e  o c c u r r e d  i n  s t r a i n  a 3  (0 ) 
o r g a n is m s  a n d ,  t o  a  le s s e r  d e g re e ,  in  P n - 2  o r g a n i s m s ;  t h e  sp e c if ic  a c t i v i t y  o f  p o ly 
p h o s p h a ta s e  i n  s t r a in s  o f  c la s s  P n - 1  w a s  n o t  a f f e c te d  (F ig .  4 ). T h e  p r o d u c t io n  o f  
p o ly p h o s p h a ta s e  r e q u i r e d  p r o t e in  s y n th e s is  a n d  t h u s  p r e s u m a b ly  r e f le c te d  d i f 
f e r e n t i a l  s y n th e s i s  o f  t h e  e n z y m e ,  b u t  r e p r e s s io n  u p o n  s u b s e q u e n t  a d d i t i o n  o f  
o r t h o p h o s p h a te  w a s  n o t  u n e q u iv o c a l ly  d e m o n s t r a t e d .

D if f e r e n t i a l  s y n th e s is  o f  a lk a l in e  p h o s p h a t a s e  d u r i n g  p h o s p h a t e  s t a r v a t i o n  in  
Escherichia coli w a s  d e m o n s t r a t e d  b y  T o r r i a n i  (1 9 6 0 ) a n d  b y  H o r iu c h i ,  H o r iu c h i  & 
M iz u n o  (1 9 5 9 ) , a n d  s h o w n  t o  b e  d u e  t o  r e p r e s s io n  o f  t h e  s y n th e s is  o f  t h i s  e n z y m e  
b y  e x o g e n o u s  o r t h o p h o s p h a te .  I t  t h e r e f o r e  s e e m e d  o f  i n t e r e s t  t o  e x a m in e  w h e th e r  
t h e  s y n th e s i s  o f  a lk a l in e  p h o s p h a t a s e  a n d  o f  t h e  e n z y m e s  o f  p o ly p h o s p h a te  m e t a 
b o li s m  m i g h t  b e  u n d e r  j o i n t  g e n e t i c  c o n t r o l .  A s  s h o w n  in  F ig .  4 , p h o s p h a t e  s t a r v a 
t i o n  in d u c e d  e x te n s iv e  s y n th e s i s  o f  a lk a l in e  p h o s p h a t a s e  i n  o r g a n is m s  o f  Aerobacter 

aerogenes s t r a in s  a 3(0) a n d  P n - 2 ,  b u t  n o t  in  o r g a n is m s  o f  s t r a i n  P n - 1 .  T h e  a m o u n t  
o f  a c id  p h o s p h a t a s e  w a s  u n a f f e c te d .

D I S C U S S IO N

A c c u m u la t io n  o f  in o r g a n ic  p o ly p h o s p h a te  in  m ic r o - o r g a n is m s  is  g e n e r a l ly  a s s o 
c i a t e d  w i th  n u t r i t i o n a l  c o n d i t io n s  u n f a v o u r a b le  t o  g r o w th .  T w o  q u i t e  d i s t i n c t  p r o 
c e d u r e s  f o r  t h e  i n d u c t io n  o f  p o ly p h o s p h a te  a c c u m u la t i o n  in  Aerobacter aerogenes 

w e re  d e s c r ib e d  b y  S m i th  et al. (1 9 5 4 ) . O n  t h e  o n e  h a n d ,  p o ly p h o s p h a te  a c c u m u la te s  
w h e n  g r o w th  o f  t h e  o r g a n i s m s  c e a s e s  b e c a u s e  o f  l a c k  o f  c e r t a in  e s s e n t ia l  n u t r i e n t s ,  
e .g . in  s u l p h u r  s t a r v a t i o n .  D e p o s i t io n  o f  p o ly p h o s p h a te  u n d e r  th e s e  c o n d i t io n s  h a s  
b e e n  s h o w n  t o  b e  d u e  p r i m a r i l y  t o  t h e  c e s s a t io n  o f  n u c le ic  a c id  s y n th e s i s  w h ile  
a s s im i la t io n  o f  p h o s p h a t e  f r o m  t h e  m e d iu m  c o n t in u e s  ( H a r o ld ,  1 9 6 3 c ) . O n  t h e  
o t h e r  h a n d ,  p o ly p h o s p h a te  a c c u m u la te s  u p o n  a d d i t i o n  o f  o r t h o p h o s p h a te  t o  a  
p h o s p h a t e - s t a r v e d  c u l t u r e .  T h is  p h e n o m e n o n ,  f o r  w h ic h  t h e  t e r m  ‘ p o ly p h o s p h a te  
o v e r p l u s ’ is  p r o p o s e d ,  is  t h e  s u b j e c t  o f  t h e  p r e s e n t  p a p e r .  T h e  p a t t e r n s  o f  p o ly 
p h o s p h a t e  a c c u m u la t i o n  u n d e r  th e s e  tw o  n u t r i t i o n a l  c o n d i t io n s  a r e  q u i t e  d i f f e r e n t .  
P o ly p h o s p h a te  a c c u m u la t i o n  d u e  t o  n u t r i e n t  d e p r i v a t i o n  is  r e l a t i v e ly  s lo w , a n d  is  
p r e v e n t e d  b y  c o n c u r r e n t  n u c le ic  a c id  s y n th e s i s  a s  w e ll  a s  b y  o t h e r  e n v i r o n m e n t a l  
f a c to r s  w h ic h  a c c e l e r a te  p o ly p h o s p h a te  d e g r a d a t io n  ( H a r o ld  & S y lv a n ,  1 9 6 3 ). T h e  
p o ly p h o s p h a te  o v e r p lu s  is  m o r e  r a p i d  a n d  is  q u i t e  in d e p e n d e n t  o f  n u c le ic  a c id  
s y n th e s is  (F ig .  1 ) a n d  o f  c h a n g e s  i n  t h e  c o m p o s i t io n  o f  t h e  m e d iu m . T h e  p h y s io 
lo g ic a l  b a s i s  o f  th e s e  d if f e re n c e s  a p p e a r s  t o  r e s id e  in  t h e  a m o u n t  o f  p o ly p h o s p h a te  
k in a s e .  W i l d - t y p e  A .  aerogenes o r g a n i s m s  n o r m a l ly  c o n ta i n  a  lo w  c o n c e n t r a t i o n  o f  
p o ly p h o s p h a te  k in a s e ,  a n d  t h e  r a t e  o f  p o ly p h o s p h a te  s y n th e s i s  in  vivo d u r i n g  
n u t r i e n t  d e p r i v a t i o n  a g re e s  w e ll w i th  t h a t  c a lc u la te d  f r o m  t h e  a m o u n t  o f  e n z y m e  
p r e s e n t .  D u r in g  p h o s p h a t e  s t a r v a t i o n  t h e  sp e c if ic  a c t i v i t y  o f  p o ly p h o s p h a te  k in a s e  
in c r e a s e s  u p  t o  te n f o ld ,  a n d  a  c o r r e s p o n d in g  in c r e a s e  in  t h e  r a t e  o f  p o ly p h o s p h a te  
a c c u m u la t i o n  is  o b s e r v e d  w h e n  o r t h o p h o s p h a te  is  m a d e  a v a i l a b le  t o  t h e  s t a r v e d  
o r g a n is m s .  I t  t h u s  a p p e a r s  t h a t  t h e  r a t e  o f  p o ly p h o s p h a te  s y n th e s is  is  d i r e c t l y  p r o 
p o r t i o n a l  t o  t h e  a m o u n t  o f  p o ly p h o s p h a te  k in a s e  w i th i n  t h e  o r g a n is m s .  R e s u l t s  w i th  
m u t a n t s  b lo c k e d  in  p o ly p h o s p h a te  a c c u m u la t i o n  ( H a r o ld  &  H a r o ld ,  1 9 6 3 ) s u p p o r t  
t h i s  c o n c lu s io n .  Aerobacter aerogenes m u t a n t s  o f  c la s s  P n - 2  la c k  p o ly p h o s p h a te
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k in a s e ,  a n d  d o  n o t  a c c u m u la te  p o ly p h o s p h a te  u n d e r  a n y  c o n d i t io n s .  H e n c e  p o ly 
p h o s p h a t e  k in a s e  c a ta ly s e s  t h e  m a in ,  i f  n o t  t h e  o n ly ,  r e a c t io n  r e s p o n s ib le  f o r  p o ly 
p h o s p h a t e  s y n th e s is .  M u t a n t s  o f  A .  aero genes c la s s  P n - 1  c o n ta i n  n o r m a l  a m o u n t s  o f  
p o ly p h o s p h a te  k in a s e  a n d  a r e  t h e r e f o r e  c a p a b le  o f  s lo w  p o ly p h o s p h a te  a c c u m u la t i o n  
w h e n  s u b j e c te d  t o  n u t r i e n t  d e p r i v a t i o n .  H o w e v e r ,  r e p r e s s io n  o f  t h e  s y n th e s i s  o f  
t h i s  e n z y m e  is  n o t  a n n u l l e d  b y  p h o s p h a t e  s t a r v a t i o n  a n d  h e n c e  n o  p o ly p h o s p h a te  
o v e r p lu s  o c c u r s  u p o n  a d d i t i o n  o f  o r t h o p h o s p h a te .

T h e  in t r a c e l lu l a r  c o n c e n t r a t i o n  o f  p o ly p h o s p h a te  m u s t  b e  a  f u n c t io n  o f  t h e  r a t e s  
o f  s y n th e s is  a n d  o f  d e g r a d a t io n .  F r o m  t h e  p r e s e n t  r e s u l t s  a n d  f r o m  th o s e  r e p o r t e d  
e a r l ie r  ( H a r o ld ,  1 9 6 3  c), i t  s e e m s  c le a r  t h a t  p o ly p h o s p h a te  d e g r a d a t io n  is  c o u p le d  
t o  n u c le ic  a c id  s y n th e s is .  E x c e p t  u n d e r  s p e c ia l  n u t r i t i o n a l  c o n d i t io n s  ( H a r o l d  & 
S y lv a n ,  1 9 6 3 ), l i t t l e  p o ly p h o s p h a te  d e g r a d a t io n  o c c u r s  u n t i l  g r o w th  a n d  n u c le ic  
a c id  s y n th e s i s  r e s u m e .  T h e  m o le c u la r  b a s i s  u n d e r ly in g  t h e  c o n t r o l  o f  p o ly p h o s p h a te  
b r e a k d o w n  is  u n k n o w n .  S tu d ie s  w i th  c e ll - f re e  e x t r a c t s  h a v e  p r o v id e d  e v id e n c e  f o r  
f o u r  p o s s ib le  r o u t e s  f o r  t h e  m o b i l i z a t i o n  o f  in o r g a n ic  p o ly p h o s p h a te :  t r a n s f e r  o f  
p h o s p h a t e  t o  A D P  b y  r e v e r s a l  o f  p o ly p h o s p h a te  k in a s e  ( K o r n b e r g ,  1 9 5 7 ) ; t r a n s f e r  
o f  p h o s p h a t e  t o  a d e n o s in e  m o n o p h o s p h a te  ( W in d e r  & D e n n e n y ,  1 9 5 7 ) ; d i r e c t  
p h o s p h o r y la t i o n  o f  h e x o s e s  b y  p o ly p h o s p h a te  ( D ir h e im e r  & E b e l ,  1 9 6 2 ; S z y m o n a ,  
S z y m o n a  & K u le s z a ,  1 9 6 2 ) ; h y d r o l y t i c  d e g r a d a t io n  t o  o r t h o p h o s p h a te  b y  in o r g a n ic  
p o ly p h o s p h a ta s e .  T h e  l im i te d  in f o r m a t io n  a v a i l a b le  f r o m  w o r k  w i th  i n t a c t  
o r g a n i s m s  ( H u g h e s  &  M u h a m m e d ,  1 9 6 2 ; H a r o ld ,  1 9 6 2 ) s e e m s  t o  f a v o u r  h y d r o ly s is  
a s  t h e  c h ie f  r o u t e  o f  p o ly p h o s p h a te  d e g r a d a t io n .  S h o u ld  t h i s  p r o v e  t o  b e  t h e  c a s e  
in  Aerobacter aerogenes, a n  e x p la n a t io n  w ill b e  r e q u i r e d  f o r  t h e  a c c u m u la t i o n  o f  
p o ly p h o s p h a te  in  o r g a n i s m s  s u b j e c te d  to  p h o s p h a t e  s t a r v a t i o n  d e s p i te  t h e i r  e le v a te d  
c o n t e n t  o f  p o ly p h o s p h a ta s e  (F ig .  4 ) .

I t  r e m a in s  t o  c o n s id e r  t h e  g e n e t i c  c o n t r o l  o f  p o ly p h o s p h a te  m e ta b o l i s m . D u r in g  
p h o s p h a t e  s t a r v a t i o n  d i f f e r e n t ia l  s y n th e s i s  o f  a lk a l in e  p h o s p h a ta s e ,  p o ly p h o s p h a te  
k in a s e  a n d  p o ly p h o s p h a ta s e  o c c u r s  i n  w i ld - ty p e  Aerobacter aerogenes; t h e  s y n th e s i s  
o f  t h e  f i r s t  tw o  e n z y m e s  is  r e p r e s s e d  w h e n  o r t h o p h o s p h a te  is  r e s to r e d .  T w o  m u t a 
t i o n s  w e re  f o u n d  to  a f f e c t  th i s  m e ta b o l i c  re g io n . M u t a n t s  o f  c la s s  P n - 1  c o n ta i n  a l l  
t h r e e  e n z y m e s  b u t  r e p r e s s io n  o f  t h e i r  s y n th e s i s  is  n o t  a n n u l l e d  b y  p h o s p h a t e  
s t a r v a t i o n .  M u t a n t s  o f  c la s s  P n - 2  la c k  p o ly p h o s p h a te  k in a s e ,  b u t  s y n th e s iz e  
a lk a l in e  p h o s p h a t a s e  a n d  a  s m a l l  a m o u n t  o f  p o ly p h o s p h a ta s e  in  p h o s p h a te - d e f i c ie n t  
m e d iu m . I t  i s  t h u s  r e a s o n a b le  t o  p o s t u l a t e  tw o  g e n e s , a  r e g u l a to r  g e n e  w h ic h  c o n t r o ls  
t h e  s y n th e s is  o f  a l l  t h r e e  e n z y m e s  ( P n - 1 )  a n d  a  s t r u c t u r a l  g e n e  f o r  p o ly p h o s p h a te  
k in a s e  (P n - 2 ) .  T h e  d im in i s h e d  f o r m a t i o n  o f  p o ly p h o s p h a ta s e  in  P n - 2  sh o w s  t h a t  t h i s  
s im p le  p i c t u r e  is  n o  m o r e  t h a n  a  f i r s t  a p p r o x i m a t io n .  N e v e r th e le s s ,  t h e  f in d in g  t h a t  
th e s e  t h r e e  e n z y m e s  f o r m  a  u n i t  o f  g e n e t i c  r e g u l a t i o n  s u g g e s ts  t h a t  t h e y  c o n s t i t u t e  
a ls o  a  p h y s io lo g ic a l  u n i t ,  f u n c t io n a l ly  c o n c e r n e d  w i th  p h o s p h a t e  s to r a g e  ( H a r o ld ,  
1 9 6 3 6 ) .

T h e  a u t h o r  w is h e s  t o  t h a n k  M iss  N o r m a  L a y h e r  f o r  e x c e l le n t  te c h n ic a l  a s s is t a n c e .  
T h is  w o rk  w a s  s u p p o r te d  in  p a r t  b y  a  r e s e a r c h  g r a n t  ( A I  0 3 5 6 8 )  f r o m  t h e  U .S . 
P u b l i c  H e a l t h  S e rv ic e .
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S U M M A R Y

W a s h e d  s u s p e n s io n s  o f  Entodinium caudatum i n c u b a t e d  a n a e r o b ic a l ly  
in  t h e  p r e s e n c e  o f  p e n ic i l l in  a n d  n e o m y c in  i n c o r p o r a t e d  14C -g ly c in e  in  t h e  
c e ll ‘p o o l ’ a s  IV -a c e ty lg ly c in e  a n d  in t o  t h e  c e ll p r o t e in  a s  g ly c in e  w i th o u t  
c o n v e r s io n  t o  a n y  o t h e r  a m in o  a c id .  A t  lo w  e x te r n a l  c o n c e n t r a t i o n s  t h e  
g ly c in e  w a s  p r e s e n t  i n  t h e  p r o t o z o a  th e m s e lv e s  a n d  w a s  n o t  f r e e  i n  t h e  
g a s t r i c  s a c  o r  p r e s e n t  so le ly  in  t h e  i n t r a c e l lu l a r  o r  e x t r a c e l l u la r  b a c te r i a .
T h e  in c o r p o r a t io n  r e a c h e d  a  c o n s t a n t  v a lu e  a f t e r  i n c u b a t io n  f o r  2 4  h r ;  
a f t e r  th i s  t i m e  t h e  u p t a k e  o f  g ly c in e  w a s  b a la n c e d  b y  a n  e q u a l  lo s s  o f  
.iV -a c e ty lg ly c in e  f r o m  t h e  o r g a n is m s .  T h e s e  s u s p e n s io n s  a ls o  i n c o r p o r a t e d  
14C f r o m  N a H 14C O g in t o  c a r b o n  a to m s  3  a n d  4  o f  p r o to z o a l  g lu c o s e  w h ic h  
w a s  p r o b a b l y  p r e s e n t  a s  s t a r c h  in  t h e  i n t a c t  p r o to z o a .

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

A l th o u g h  Entodinium caudatum c a n  b e  g r o w n  in vitro in  t h e  p re s e n c e  o f  b a c t e r i a  
o n  a  s u b s t r a t e  o f  r ic e  s t a r c h  g r a in s ,  d r i e d  g r a s s ,  a u to c l a v e d  r u m e n  f lu id  a n d  c h lo r a m 
p h e n ic o l  (C o le m a n , I 9 6 0 « ) ,  i t  h a s  n o t  so  f a r  p r o v e d  p o s s ib le  t o  g ro w  th e s e  p r o to z o a  
in  t h e  a b s e n c e  o f  b a c t e r i a  (C o le m a n , 1 9 6 2 ) a n d  v e r y  l i t t l e  is  k n o w n  a b o u t  t h e  b io s y n 
t h e t i c  c a p a b i l i t i e s  o f  th i s  o r  a n y  o t h e r  E n to d i n io m o r p h id  p r o to z o o n .  A b o u  A k k a d a  &  

H o w a r d  (1 9 6 2 ) f o u n d  t h a t  a l t h o u g h  c h lo r a m p h e n i c o l - t r e a t e d  E. caudatum t a k e n  
d i r e c t l y  f r o m  t h e  r u m e n  r a p i d ly  h y d r o ly s e d  c a s e in ,  t h e r e  w a s  l i t t l e  s im u l ta n e o u s  
in c r e a s e  i n  c e ll  n i t r o g e n .  H o w e v e r ,  D L -a la n in e , D L -le u c in e  a n d  D L -v a lin e  w e re  
i n c o r p o r a t e d  b y  Ophryoscolex caudatus (W ill ia m s , D a v is ,  D o e ts c h  & G u t ie r r e z ,
1 9 6 1 ) a n d  Epidinium ecaudatum ( G u t i e r r e z  & D a v is ,  1 9 6 2 ) a l t h o u g h  w i th  n e i t h e r  
o r g a n i s m  w a s  t h e  c e l lu la r  d i s t r i b u t i o n  o f  t h e  i n c o r p o r a t e d  a m in o  a c id  in v e s t i g a te d .  
T h e  p r e s e n t  in v e s t i g a t i o n  w a s  u n d e r t a k e n  in  a n  a t t e m p t  t o  d e te r m in e  i f  u n i f o r m ly  
la b e l le d  14C -g ly c in e , 14C -g lu c o s e , 14C -m a l to s e ,  14C - s ta r c h  a n d  14C - b ic a r b o n a te  w e re  
in c o r p o r a t e d  b y  w a s h e d  E. ca.udatum g r o w n  u n d e r  c o n t r o l l e d  c o n d i t io n s  in vitro 
a n d  w h e th e r  a n y  s u c h  u p t a k e  w a s  in t o  t h e  in t r a c e l lu l a r  b a c t e r i a  o r  p r o to z o a l  

m a t e r i a l .

METHODS

Source of protozoa. T h e  p r o t o z o a  w e re  g r o w n  a n d  ‘ in o c u lu m  c u l t u r e s ’ p r e p a r e d  
a n d  t r e a t e d  a s  d e s c r ib e d  b y  C o le m a n  (1 9 6 2 ) e x c e p t  t h a t  ‘ in o c u lu m  c u l t u r e s ’ w e re  
t r e a t e d  e a c h  d a y  w i th  15  m g . r ic e  s t a r c h  a n d  a b o u t  10  m g . d r i e d  g ra s s .  W h e r e  t h e
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m e ta b o l i s m  o f  14C - s ta r c h  o r  14C -g lu c o s e  w a s  s t u d ie d  t h e  a m o u n t  o f  r ic e  s t a r c h  w a s  
r e d u c e d  to  5 m g . o n  t h e  d a y  b e fo r e  t h e  e x p e r im e n t .

Preparation of protozoa for inoculation. T h e  p r o t o z o a  w e re  t a k e n  f r o m  t h e  ‘ i n o 
c u lu m  c u l t u r e s ’ a f t e r  r e m o v a l  o f  t h e  s u r f a c e  s c u m  a n d  m o s t  o f  t h e  s u p e r n a t a n t  
l iq u id ,  a n d  a l lo w e d  t o  s t a n d  in  9  in . x 1 in .  t u b e s  u n t i l  a n y  g r a s s  p r e s e n t  h a d  s u n k  
to  t h e  b o t to m .  T h e  s u p e r n a t a n t  f lu id  c o n ta in in g  t h e  p r o t o z o a  w a s  t r a n s f e r r e d  to  
c e n t r i f u g e  tu b e s ,  t h e  r e s id u a l  g r a s s  w a s h e d  w i th  s a l t  s o lu t io n  B  (C o le m a n , 1 9 6 0 b) 

a n d  t h e  w a s h in g s  a d d e d  to  t h e  s u p e r n a t a n t  f lu id . T h e  p r o to z o a  w e re  s p u n  d o w n  a n d  
w a s h e d  f iv e  t im e s  in  s a l t  s o lu t io n  B , w h ic h  c o n ta in e d  0 -0 3  %  (w /v )  L -c y s te in e ,  o n  a n  
a n g le - h e a d  c e n t r i f u g e  f o r  4 5  se c . f r o m  s t a r t i n g .  T h e  m a x i m u m  s p e e d  w a s  e q u iv a l e n t  
t o  3 0 0  g. T h e  o r g a n i s m s  w e re  f in a l ly  in o c u la te d  a t  a  p o p u la t io n  d e n s i ty  o f  1 0 0 ,0 0 0  
2 5 0 ,0 0 0 /m l.  i n c u b a t io n  m e d iu m .

Incubation conditions for incorporation experiments. E x c e p t  w h e r e  o th e r w is e  
s t a t e d ,  t h e  b a s a l  m e d iu m  c o n s i s te d  o f  1 -0  2-0  m l .  ( c h o s e n  so  t h a t  t h e  f in a l  v o lu m e  
w a s  4 -0  m l .)  s a l t  s o lu t io n  B  (C o le m a n , 1 9 6 0 6 )  a u to c l a v e d  (1 1 5 °  f o r  20  m in .)  w i th
0-8  m l .  w a te r ,  1 -5  m l .  2 %  s o lu b le  s t a r c h  (d is s o lv e d  in  s a l t  s o lu t io n  B ) a n d  g ly c in e  
(w h e n  a d d e d  a t  t h e  b e g in n in g  o f  t h e  e x p e r im e n t )  in  a  5  in .  x I  in . c o t to n - p lu g g e d  
t e s t  t u b e .  I m m e d i a t e l y  a f t e r  r e m o v a l  f r o m  t h e  a u to c l a v e  a n d  c o o lin g , t h e  fo l lo w in g  
a d d i t io n s  w e re  m a d e  a s e p t ic a l ly :  0-1 m l .  1 %  L -c y s te in e  h y d r o c h lo r id e  ( n e u t r a l iz e d  
a n d  S e i t z  f i l t e r e d ) ,  0-1 m l .  5  %  N a H C 0 3 (S e i tz  f i l t e r e d ) ,  0 -2  m l .  p e n ic i l l in  G  (2 5 ,0 0 0  
u n i t s / m h ) ,  0 -2  m l .  1 %  n e o m y c in  s u l p h a t e  s o lu t io n ,  0-2  m l .  a u to c l a v e d  r u m e n  f lu id  
r e s id u e  (A R )  a n d  a n y  o t h e r  a d d i t io n s .  A f t e r  in o c u la t i o n ,  t h e  t u b e s  w e r e  g a s s e d  f o r  
10  sec . w i th  9 5 %  ( v /v )  N 2 +  5 %  ( v /v )  C 0 2, s e a le d  w i th  a  s t e r i l e  r u b b e r  b u n g  a n d  
in c u b a t e d  a t  3 9 ° . W h e r e  l a r g e r  q u a n t i t i e s  o f  p r o t o z o a  w e re  r e q u i r e d  5 - 1 0  t im e s  th e s e  
q u a n t i t i e s  w e re  u s e d .  F o r  e x p e r im e n t s  o n  t h e  m e ta b o l i s m  o f  c a r b o h y d r a t e s  t h e  
s o lu b le  s t a r c h  w a s  o m i t t e d  a n d  f o r  e x p e r im e n t s  o n  t h e  in c o r p o r a t io n  o f  14C f r o m  
N a H 14C O s t h e  N a H C 0 3 w a s  o m i t t e d  a n d  t h e  t u b e s  g a s s e d  w i th  1 0 0  %  N 2. 14C- 
g lu c o s e  a n d  N a H 14C 0 3 w e re  a lw a y s  a d d e d  im m e d ia te ly  b e fo r e  t h e  t u b e  w a s  s e a le d .  
A t  t h e  e n d  o f  e x p e r im e n t s  w h e re  t h e  u p t a k e  o f  a  14C -c o m p o u n d  w a s  in v e s t i g a t e d  t h e  
p r o to z o a  w e re  c e n t r i f u g e d  a n d  w a s h e d  tw ic e  a t  3 0 0  g  f o r  1 m in .  i n  s a l t  s o lu t io n  B  
c o n ta in in g  a b o u t  0 -0 0 5  %  o f  t h e  12C f o r m  o f  t h e  14C -c o m p o u n d  a d d e d  in i t i a l l y .

Bacterial viable counts. T h e s e  w e re  c a r r i e d  o u t  o n  m e d ia  A  a n d  C a s  d e s c r ib e d  b y  
C o le m a n  (1 9 6 2 ) . T h e  n u m b e r  o f  v ia b l e  b a c t e r i a  in s id e  e a c h  p r o to z o o n  w a s  d e te r m in e d  
a f t e r  b r e a k a g e  o f  w a s h e d  p r o t o z o a  in  a  P o t t e r  ( P o t t e r  & E lv e h je m ,  1 9 3 6 ) h o m o -  
g e n iz e r .  T h e  n u m b e r  o f  p r o t o z o a  w a s  e s t im a te d  b y  t h e  m e t h o d  o f  C o le m a n  (1 9 5 8 ) . 
O n ly  th o s e  p r o to z o a  w h ic h  s h o w e d  n o  s ig n s  o f  d i s in t e g r a t i o n  w e re  c o u n te d .

Sterile rumen fluid fractions. A ll r u m e n  f lu id  w a s  t a k e n  f r o m  C lu n  F o r e s t  w e th e r s  
f e d  o n  h a y  a n d  o a ts .  P r o t o z o a - c o n t a in in g  a u to c l a v e d  r u m e n  f lu id  ( P A R F )  w a s  
p r e p a r e d  f r o m  f r e s h  r u m e n  c o n te n t s  b y  s t r a in i n g  th r o u g h  tw o  la y e r s  o f  m u s l in  a n d  
a u to c l a v in g  u n d e r  9 5 %  ( v /v )  N 2 +  5 %  ( v /v )  C 0 2 in  s e a le d  M c C a r tn e y  b o t t l e s  a t  
1 1 5 °  f o r  20  m in .  A u to c la v e d  r u m e n  f lu id  ( A R F )  w a s  p r e p a r e d  s im i la r ly  t o  P A R F  
e x c e p t  t h a t  t h e  s t r a in e d  m a t e r i a l  w a s  c e n t r i f u g e d  a t  5 0 0 g  f o r  3  m in .  b e fo r e  
a u to c l a v in g .  A u to c la v e d  r e s id u e  (A R )  w a s  t h e  p e l l e t  f r o m  t h e  a b o v e  c e n t r i 
f u g a t io n  r e s u s p e n d e d  in  15 %  o f  t h e  o r ig in a l  v o lu m e  a n d  a u to c l a v e d  a t  1 1 5 °  f o r  
2 0  m in .

Estimation of 14C . 14C in  w h o le  p r o t o z o a  w a s  e s t im a te d  b y  w a s h in g  t h e  o r g a n i s m s  
w i th  w a te r  o n  t o  a n  a lu m in iu m  d is c  o f  a r e a  4 -7  c m .2 c a r r y in g  a  d is c  o f  le n s  t i s s u e .
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T h e  s a m p le  w a s  s p r e a d  b y  o n e  d r o p  o f  c e ty l t r im e th y l - a m m o n iu m  b r o m id e  s o lu t io n  
(5  mg.¡ml.) a n d  f ix e d  b y  o n e  d r o p  o f  p o ly v i n y l  a lc o h o l  (2  m g . /m l . ) .  T h e  d is c  w a s  
d r i e d  in vacuo a n d  t h e  14C e s t im a te d  b y  u s in g  a  t h i n  m ic a  e n d - w in d o w  G M  t u b e  a n d  
c o n v e n t io n a l  s c a le r  e q u ip m e n t .  O v e r  1 0 0 0  c o u n ts  a t  a  r a t e  g r e a t e r  t h a n  f iv e  t im e s  
b a c k g r o u n d  w e re  r e c o r d e d  f c r  a l l  f r a c t i o n s .  M o s t  d e t e r m i n a t i o n s  w e re  c a r r i e d  o u t  
w i th  le s s  t h a n  0-5  m g . o f  m a t e r i a l  p e r  c m .2 o f  d is c .  W h e r e  m o r e  m a t e r i a l  w a s  p r e s e n t ,  
t h e  r e s u l t s  w e re  c o r r e c te d  t o  in f in i te  th i n n e s s  b y  u s in g  c o r r e c t io n s  d e te r m i n e d  f r o m  
a d d in g  k n o w n  w e ig h ts  o f  g ly c in e ,  m in e r a l  s a l t s  o r  r u m e n  f lu id  f r a c t i o n s  t o  t r a c e r  
q u a n t i t i e s  o f  14C -g ly c in e . T h e  a m o u n t  o f  g ly c in e  i n c o r p o r a t e d  b y  p r o t o z o a  w a s  
c a lc u la te d  f r o m  t h e  k n o w n  s p e c if ic  a c t i v i t y  ( u s u a l ly  1 -0 -4 -0  /iC.jmg.) o f  g ly c in e  
a d d e d  in i t i a l l y .  T o  d e t e r m in e  t h e  r e l a t i v e  14C c o n te n t s  o f  s p o t s  o n  a  c h r o m a to g r a m  
a  t h i n  m ic a  e n d - w in d o w  G M  t u b e  w a s  p la c e d  d i r e c t l y  o n  t h e  s p o t ,  t h e  p o s i t i o n  o f  
w h ic h  h a d  b e e n  d e t e r m i n e d  b y  r a d i o a u to g r a p h y .  14C 0 2 w a s  e s t im a te d  b y  t h e  
m e t h o d  o f  C o le m a n  (1 9 5 6 ) .

Fractionation of organisms. T h e  p r o t o z o a  a f t e r  h a r v e s t in g ,  w a s h in g  a s  d e s c r ib e d  
a b o v e  a n d  r e s u s p e n s io n  in  a  s m a l l  v o lu m e  o f  s a l t  s o lu t io n ,  w e re  f i r s t  b r o k e n  b y  
t r e a t m e n t  i n  a n  a l l -g la s s  P o t t e r  h o m o g e n iz e r  a t  r o o m  t e m p e r a t u r e  u n t i l  9 8 - 1 0 0  %  
o f  t h e  p r o t o z o a  w e re  b r o k e n  ( u s u a l ly  a b o u t  9 0  s e c .)  a n d  t h e n  h o m o g e n a te  m a d e  u p  
t o  a  k n o w n  v o lu m e  a n d  c e n t r i f u g e d  a t  7 0 0 0 g  f o r  2 0  m in .  T h e  s u p e r n a t a n t  l iq u id  
f r o m  th i s  c e n t r i f u g a t io n  is  h e r e a f t e r  r e f e r r e d  t o  a s  t h e  ‘ b r o k e n - c e l l  s u p e r n a t a n t  
f l u i d ’ a n d  t h e  p e l l e t  a f t e r  w a s h in g  o n c e  in  w a t e r  a s  t h e  ‘ b r o k e n - c e l l  p e l l e t ’. T h is  
l a t t e r  f r a c t i o n  c o n ta in e d  a l l  A ie  v ia b l e  b a c t e r i a  i n  t h e  h o m o g e n a te .

T h e s e  tw o  f r a c t i o n s  w e re  f u r t h e r  f r a c t i o n a t e d  b y  a  m e t h o d  b a s e d  o n  t h a t  o f  
S c h n e id e r  (1 9 4 5 )  a n d  R o b e r t s  et al. (1 9 5 5 ) . T h e  f r a c t i o n  w a s  t r e a t e d  w i t h  5 %  t r i 
c h lo r o a c e t i c  a c id  (T C A ) a n d  a l lo w e d  t o  s t a n d  a t  4 °  f o r  8 0  m in .  T h e  p r e c i p i t a t e  w a s  
c e n t r i f u g e d  d o w n  a n d  w a s h e d  o n c e  w i th  5  %  T C A . T h e  s u p e r n a t a n t  f lu id  a n d  th e  
w a s h in g  f o r m e d  t h e  ‘ c o ld  T C A  s o lu b le  f r a c t i o n ’. T h e  p r e c i p i t a t e  w a s  t h e n  e x t r a c t e d  
w i th  5 %  T C A  a t  1 0 0 °  f o r  3 0  m in .  T h e  r e s id u e  w a s  c e n t r i f u g e d  d o w n  a n d  w a s h e d  
o n c e  w i th  5  %  T C A . T h e  s u p e r n a t a n t  f lu id  a n d  w a s h in g s  fo r m e d  t h e  ‘ h o t  T C A  
s o lu b le  o r  n u c le ic  a c id  f r a c t i o n ’. T h e  T C A  w a s  r e m o v e d  f r o m  b o t h  f r a c t i o n s  b y  
w a s h in g  th r e e  t im e s  w i th  e t h e r  b e f o r e  p l a t i n g  o u t  f o r  t h e  e s t im a t i o n  o f  14C. T h e  
r e s id u e  a f t e r  f u r t h e r  w a s h in g ,  o n c e  w i th  a c id i f ie d  e th a n o l  a n d  o n c e  w i th  e th e r ,  
fo r m e d  t h e  p r o t e in  f r a c t i o n .

T h e  c o m p le te  a c id  h y d r o ly s is  o f  a n y  f r a c t i o n  w a s  d o n e  b y  h e a t i n g  t o  1 0 5 °  in  
6  n -H C I  f o r  16  h r  i n  a  s e a le d  tu b e .  A t  t h e  e n d  o f  t h i s  p e r io d  t h e  t u b e  w a s  c o o le d  a n d  
o p e n e d  a n d  t h e  a c id  r e m o v e d  o n  a  b o i l in g  w a t e r  b a t h  in  a  c u r r e n t  o f  a i r .

Paper chromatography. T h e  fo l lo w in g  s o lv e n ts  w e re  u s e d : A, s e c - b u ta n o l  +  f o r m ic  
a c id  +  w a t e r  (7 0  +  10  +  2 0 , b y  v o l . ) ;  B , p h e n o l  +  a m m o n ia  ( s p .g r .  0 - 8 8 0 ) + w a te r  
(8 0  g . +  0 -3  m l . + 2 0  m l . ;  R o b e r t s  et al. 1 9 5 5 ) ; C , « - p r o p a n o l  +  e th y l  a c e t a t e  +  w a te r  
(2 4  +  13  +  7 , b y  v o l . ) ;  D , « - b u t a n o l  s a t u r a t e d  w i th  1 %  (w /v )  a q u e o u s  e th y l a m in e  
( E ls d e n  & L e w is , 1 9 5 3 ) ; E ,  « - b u t a n o l  +  e th a n o l  +  w a te r  (1 0  +  1 + 2  b y  v o l . ) ;  F ,  n- 

b u ta n o l  +  a c e to n e  +  w a t e r  +  d ie t h y la m in e  (1 0  +  1 0  +  5 +  2 , b y  v o l . ;  H a r d y ,  H o l la n d  & 
N a y le r ,  1 9 5 5 ) ; G , i s o p r o p a n o l +  H C 1 s o lu t io n  ( s p .g r .  =  l - 1 8 ) + w a t e r  (1 6 2  +  4 2  +  4 6 , 
b y  v o l . ) ;  H ,  « - b u t a n o l  +  c y c lo h e x a n e  +  p r o p y le n e  g ly c o l  +  w a t e r  +  N H 4O H  ( s p .g r .  
=  0 - 8 8 0 ) + m o r p h o l in e  (3 0  +  3 0  +  1 0  +  3 -5  +  0 -7  +  0 -0 7 , b y  v o l . ;  G u i l la u m e  & O s te u x ,
1 9 5 5 ) ; J ,  b e n z e n e  +  i s o p r o p a n o l  +  p r o p y le n e  g ly c o l  +  w a t e r  +  N H 4O H  ( s p .g r .  =
0 -8 8 0 ) (3 0  +  2 0  +  10 +  3  +  0 -6 , b y  v o l . ;  G u i l l a u m e  & O s te u x ,  1 9 5 5 ).

Metabolism of Entodinium caudatum



P r o t e i n  h y d r o l y s a te s  w e re  c h r o m a to g r a p h e d  in  tw o  d im e n s io n s  in  s o lv e n ts  A  a n d  
B  ( R o b e r t s  et ah 1 9 5 5 ).

Purification of glycine-X. T h e  m e t h o d  f in a l ly  a d o p te d  w a s  a s  fo l lo w s . T h e  s u p e r 
n a t a n t  f lu id s  o b t a i n e d  a f t e r  i n c u b a t io n  o f  p r o t o z o a  f o r  3  d a y s  in  t h e  s t a n d a r d  m e d iu m  
c o n ta i n in g  0 -0 5  m  12C -g ly c in e  o r  t r a c e r  [u -14C ]g ly c in e  w e re  c o m b in e d  a n d  s h a k e n  
w i th  Z e o  K a r b  2 2 5  ( H + ) a n d  t h e  r e s in  d is c a r d e d .  T h e  s u p e r n a t a n t  f lu id  w a s  n e u t r a 
l iz e d  w i th  8  %  B a ( O H ) 2 a n d  t h e  p r e c i p i t a t e  c e n t r i f u g e d  d o w n . G ly c in e - X  w a s  t h e n  
a b s o r b e d  o n  t o  a  c o lu m n  o f  D o w e x  2  ( O H - ) w h ic h  w a s  t h e n  w a s h e d  s u c c e s s iv e ly  
w i th  w a te r ,  N -a e e tic  a c id ,  w a te r .  G ly c in e - X  w a s  t h e n  e lu t e d  w i th  x - H C l  a n d  t h e  
e lu a t e  e v a p o r a t e d  t o  d r y n e s s  in vacuo. T h e  m a t e r i a l  w a s  f u r t h e r  p u r i f ie d  b y  c h r o m a t o 
g r a p h y  in  s o lv e n t  A  a n d  i t s  p o s i t i o n  d e te r m in e d  b y  r a d i o a u to g r a p h y .  T h e  s p o t  w a s  
e lu t e d  a n d  th i s  m a t e r i a l  u s e d  f o r  a n a ly t i c a l  t e s t s .

Estimation of soluble glycine in protozoa. W a s h e d  p r o to z o a  w e re  b r o k e n  in  a  
P o t t e r  h o m o g e n iz e r  a n d  t h e  h o m o g e n a te  c e n t r i f u g e d  a t  7000g  f o r  2 0  m in .  F r e e  
g ly c in e  w a s  t h e n  e s t im a te d  in  t h e  s u p e r n a t a n t  f lu id ,  a f t e r  t h e  r e m o v a l  o f  p r o t e in  
w i th  t u n g s t i c  a c id ,  b y  t h e  m e t h o d  o f  A le x a n d e r ,  L a n d w e h r  & S e l ig m a n  (1 9 4 5 ) . 
C o m b in e d  a n d  f r e e  g ly c in e  w e re  e s t im a te d  t o g e t h e r  a f t e r  h y d r o ly s is  o f  t h e  p r o t e in -  
f r e e  s u p e r n a t a n t  in  6 n -H C 1 f o r  16  h r  a t  1 0 5 °  i n  a  s e a le d  tu b e .

Chemicals. 14C -c o m p o u n d s  w e re  s u p p l ie d  b y  t h e  R a d io c h e m ic a l  C e n tre ,  A m e r s h a m , 
B u c k in g h a m s h i r e .  A ll t h e  c o m p o u n d s  w e re  u n i f o r m ly  la b e l le d  e x c e p t  f o r  [1 -14C] 
s o d iu m  a c e t a t e .  T h e  s p e c if ic  a c t i v i t y  o f  t h e  c o m p o u n d s  a s  s u p p l ie d  w a s  in  //C . p e r  
m g . : g lu c o s e  4 5 0 , g ly c in e  4 1 , m a l to s e  16 , s o d iu m  a c e t a t e  2 6 0 , s o d iu m  c a r b o n a t e  2 5 0 , 
s t a r c h  2 3 . T h e  s p e c if ic  a c t i v i t y  o f  t h e s e  c o m p o u n d s  w a s  u s u a l ly  lo w e re d  t o  a  m o r e  
c o n v e n ie n t  le v e l  b y  t h e  a d d i t i o n  o f  c a r r i e r  12C -c o m p o u n d  b e fo r e  u s e .  X - A c e ty l -  
g ly c in e  w a s  s u p p l ie d  b y  L .  L ig h t  a n d  C o. L td .
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R E S U L T S

Metabolism of glycine
W a s h e d  s u s p e n s io n s  o f  Entodiniuni caudatum p r e p a r e d  f r o m  g ro w in g  c u l t u r e s  

a n d  in c u b a t e d  a n a e r o b ic a l ly  in  t h e  p r e s e n c e  o f  s o lu b le  s t a r c h ,  p e n ic i l l in  a n d  n e o m y c in  
i n c o r p o r a t e d  14C -g ly c in e . I n i t i a l l y  e a c h  p r o to z o o n  c o n ta in e d  1 0 -1 0 0  v ia b l e  b a c t e r i a  
in  i t s  g a s t r i c  s a c  a n d  th e r e  w e re  1 0 -2 0  v ia b l e  b a e t e r i a / p r o to z o o n  f r e e  in  t h e  m e d iu m  
a s  d e te r m in e d  b y  g r o w th  o n  m e d ia  A  a n d  C (C o le m a n , 1 9 6 2 ). T h e  n u m b e r  o f  v ia b le  
b a c t e r i a  in  th e s e  c u l tu r e s  m e a s u r e d  im m e d ia te ly  a f t e r  in o c u la t i o n  w a s  o n ly  10  %  o f  
t h a t  f o u n d  p r e v io u s ly  (C o le m a n , 1 9 6 2 ). T h is  f in d in g  is  p r o b a b l y  a s s o c ia te d  w i th  t h e  
a d d i t i o n  o f  le s s  r i c e  s t a r c h  e a c h  d a y  t o  t h e  p r o to z o a l  c u l t u r e s  a n d  t h e  u s e  o f  lo w e r  
c e n t r i f u g e  s p e e d s  w h e n  w a s h in g  t h e  p r o to z o a .  W h e n  t h e  b a s a l  m e d iu m  w a s  s u p p le 
m e n t e d  b y  5 %  a u to c l a v e d  r e s id u e  (A R )  8 0 - 1 0 0  %  o f  t h e  p r o to z o a  s u r v iv e d  f o r  o v e r  
3  d a y s  c o m p a r e d  w i th  4 0  %  in  i t s  a b s e n c e ,  d u r i n g  w h ic h  t i m e  th e  b a c t e r i a l  v ia b le  
c o u n t  o n  th e  c o m p le te  m e d iu m  d e c r e a s e d  to  10  %  o f  t h e  in i t i a l .  F ig u r e  1 s h o w s  t h a t  
14C -g ly c in e  a d d e d  to  t h e  c u l t u r e  a t  a n y  t im e  d u r i n g  th e  f i r s t  24  h r  w a s  i n c o r p o r a t e d  
in t o  t h e  p r o to z o a l  f r a c t i o n  a l t h o u g h  t h e  i n i t i a l  r a t e  a n d  th e  f in a l  le v e l  o f  i n c o r p o r a 
t i o n  d r o p p e d  t h e  l a t e r  t h e  g ly c in e  w a s  a d d e d .

Effect of salt concentration and rumen fluid fractions. T h e  c o n c e n t r a t i o n  o f  s a l t s  in  
t h e  m e d iu m  h a d  a  m a r k e d  e f f e c t  o n  t h e  i n c o r p o r a t io n  o f  g ly c in e  m e a s u r e d  a f t e r  
in c u b a t io n  f o r  7  h r  a l t h o u g h  th e r e  w a s  n o  e f f e c t o n  t h e  n u m b e r  o f  a p p a r e n t l y



95
h e a l t h y  p r o t o z o a  o v e r  th i s  t i m e  a n d  o n ly  a  s m a l l  e f f e c t  o v e r  48  h r .  T h e  u p t a k e  o f  
14C -g ly c in e  w a s  s t im u la t e d  b y  t h e  a d d i t i o n  o f  1 0 %  o f  a l l  t h e  r u m e n  f lu id  f r a c t i o n s  
t e s t e d  o f  w h ic h  10  %  A R  w a s  t h e  m o s t  e f f e c t iv e  (F ig .  2 ). H o w e v e r ,  t h e  m a g n i tu d e  
o f  th i s  s t im u la t io n  w i th  A R  v a r ie d  f r o m  3 8 0  %  in  s a l t  s o lu t io n  B  t o  55  %  in  s a l t  
s o lu t io n  B  d i l u te d  b y  20  % . A R  w a s  th e r e f o r e  a d d e d  to  a l l  m e d ia  f o r  i n c o r p o r a t io n  
e x p e r im e n t s .  C o n tr o l  e x p e r im e n t s  c a r r i e d  o u t  i n  t h e  a b s e n c e  o f  p r o t o z o a  s h o w e d  
t h a t  t h e r e  w a s  n o  a d s o r p t io n  o f  14C o n  t o  t h e  p a r t i c l e s  o f  A R .  T h e  s u p e r n a t a n t  
o b ta i n e d  a f t e r  c e n t r i f u g a t io n  o f  A R  h a d  o n ly  1 0 - 2 0  %  o f  t h e  i n c o r p o r a t io n - p r o m o t in g  
a c t i v i t y  o f  t h e  o r ig in a l  m a t e r i a l .

Metabolism of Entodinium caudatum

Percentage of salt solution B

F ig . 1 F ig .  2

F ig . 1. I n c o r p o r a t io n  o f  g ly c a te  i n to  Entodinium caudatum in c u b a te d  in  p re s e n c e  o f
p e n ic i l l in  a n d  n e o m y c in . • ------- •  , 28  /ig “ C -g ly c in c /m l.  a d d e d  i n i t i a l l y ;  x -------- x  , 28  / tg
I4C -g ly c in e /n iI . a d d e d  a f t e r  9 J  h r ;  O ------- O ,  2 8  /tg . 14C -g ly c in e /n r l.  a d d e d  a f t e r  23  h r .
R e s u l t s  c a lc u la te d  f ro m  u p t a k e  o f  140  f ro m  14C -g lv e in e  o f  s p e c if ic  a c t i v i t y  130  c o u n ts /  
m in ./ / tg .

F ig .  2 . E f f e c t  o f  s a l t  c o n c e n t r a t io n  o n  in c o r p o r a t io n  o f  14C -g ly c in e  d u r in g  th e  f i r s t  7 h r  
o f  i n c u b a t io n .  T h e  c o n c e n t r a t i o n  o f  c y s te in e ,  N a I I C 0 3, p e n ic i l l in  a n d  n e o m y c in  w e re  
m a in t a in e d  c o n s t a n t  t h r o u g h o u t  a n d  o n ly  t h e  c o n c e n t r a t i o n  o f  t h e  c o n s t i t u e n t s  o f  s a l t  
s o lu t io n  B  v a r ie d .  O ------- O ,  n o  a d d i t i o n ;  x -------- x ,  + 1 0 %  a u to c la v e d  r e s id u e  (A R ).

Effect of glycine concentration. T o  d e te r m i n e  w h e th e r  t h e  g ly c in e  in c o r p o r a t e d  b y  
t h e  p r o to z o a  w a s  f r e e  in  t h e  g a s t r i c  s a c , t h e  p r o t o z o a  w e re  i n c u b a t e d  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  [ u - 14C ]g lycir_e  a n d  t h e  u p t a k e  m e a s u r e d .  A t  t h e  lo w e s t  c o n c e n t r a 
t i o n s  o f  g ly c in e  ( u p  t o  2 0  fig.jm l. i n  t h e  p r e s e n c e  o f  2  x  1 0 s p r o to z o a /m l . )  o v e r  7  %  
o f  t h e  t o t a l  14C w a s  t a k e n  u p  in  4  h r  b y  o r g a n is m s ,  t h e  p a c k e d  c e ll p a d  v o lu m e  o f  
w h ic h  w a s  le s s  t h a n  1 %  o f  t h e  t o t a l .  T h is  s h o w s  t h a t  g ly c in e  w a s  c o n c e n t r a t e d  
in s id e  t h e  p r o to z o a .  A t  lo w  e x te r n a l  g ly c in e  c o n c e n t r a t i o n s  m o s t  o f  t h e  n o n - p r o te in  
g ly c in e  w a s  in  a  c o m b in e d  f o r m , b u t  a s  t h e  e x t e r n a l  c o n c e n t r a t i o n  w a s  in c r e a s e d  
t h e r e  w a s  a  m a r k e d  in c r e a s e  in  t h e  a m o u n t  o f  f r e e  g ly c in e  p r e s e n t  (F ig .  3 ). I t  is 
p o s s ib le  t h a t  s o m e  o f  th i s  g ly c in e  w a s  n o t  i n t r a c e l lu l a r  b u t  w a s  p r e s e n t  in  t h e



g a s t r i c  s a c , a s  t h e  m e t h o d  u s e d  d o e s  n o t  s e p a r a t e  g ly c in e  in  t h e  c e ll ‘ p o o l  ’ f r o m  t h a t  
in  t h e  g a s t r i c  s a c .

Effect of antibiotics and breakage of the protozoa. A lth o u g h  th e  a b o v e  r e s u l t s  sh o w  
t h a t  g ly c in e  w a s  i n c o r p o r a t e d  in t o  t h e  m ic r o - o r g a n is m s  in  t h e  s u s p e n s io n s ,  th i s  
u p t a k e  m i g h t  h a v e  b e e n  in t o  t h e  e x t r a c e l l u l a r  o r  in t r a c e l lu l a r  b a c t e r i a  r a t h e r  t h a n  
i n t o  t h e  p r o to z o a l  p r o to p la s m .  I n  a n  a t t e m p t  t o  e l im in a te  t h i s  p o s s ib i l i t y  t h e  u p t a k e  
o f  14C -g ly c in e  b y  i n t a c t  p r o t o z o a  w a s  c o m p a r e d  w i th  t h a t  o b t a i n e d  w i th  p r o to z o a  
w h ic h  h a d  b e e n  b r o k e n  u n d e r  c o n d i t io n s  t h a t  d id  n o t  b r e a k  t h e  b a c t e r i a ,  i .e .  in  
a  P o t t e r  h o m o g e n iz e r .  A s  a  f u r t h e r  t e s t  f o r  t h e  p o s s ib le  u p t a k e  o f  14C -g ly c in e  in t o  
b a c te r i a ,  a l l  t h e  e x p e r im e n t s  w e re  d o n e  in  d u p l i c a t e ;  o n e  t u b e  w a s  c e n t r i f u g e d  u n d e r
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T a b le  1. Incorporation of 14C-glycine by broken and intact Entodinium 
caudatum in the presence and absence of antibiotics

P r o to z o a  w e re  in c u b a te d  a t  a  c o n c e n t r a t i o n  o f  1-4 x  105 p r o to z o a /m l.  in  s a l t  m e d iu m  
c o n ta in in g  0 -75  %  s o lu b le  s t a r c h ,  0 -025  % L -c y s te in e , 0 -12  % X a l lC O , ,  25  fig. 14C -g ly c in e  
(1 3 0  c o u n ts /m in . / / ig .) /m l .  i n  t h e  p r e s e n c e  o r  a b s e n c e  o f  0 - 0 5 %  n e o m y c in  s u lp h a te  a n d  
1250  u n i t s  p e n ic i l l in  G /m l. f o r  51  h r  u n d e r  95  %  N 2 +  5 %  C O ,. T o  d e te r m in e  14C in  i n t a c t  
p r o to z o a  t h e  c u l tu r e  w a s  c e n t r i fu g e d  f o r  4 5  sec . f ro m  s t a r t i n g  th e  c e n t r i fu g e ,  a t  t h e  e n d  
o f  w h ic h  t im e  t h e  s p e e d  w-as e q u iv a le n t  t o  3 00  g. T o  d e te r m in e  14C in  p r o to z o a  +  b a c t e r i a  
free  in  t h e  m e d iu m  t h e  c u l tu r e  w a s  c e n t r i f u g e d  a t  7 0 0 0  g  f o r  20  m in . a n d  t h e  p e l le t  w a s h e d  
tw ic e  in  s a l t  m e d iu m  in  e a c h  c a s e . A ll r e s u l t s  a r e  e x p r e s s e d  p e r  m l. c u l tu r e .

“ C in
V ia b le  b a c te r ia 14C in  p r o to z o a l p r o to z o a  +

,---------------- -------------------------- , f r a c t io n b a c t e r i a
P r o to z o a A n t ib io t ic s M e d iu m  A M e d iu m  C ( c o u n ts /m in .) ( c o u n ts /m in .

I n i t i a l
I n t a c t — 1()5 5 x  10"
B r o k e n - 10 5 30  x  IQ 5

F in a l
I n t a c t + 10" < 1 0 5 196 194
B r o k e n + 1 0 5 5 x 1 0 " 10 12
I n t a c t — 1 0 s 1 50  X  10 6 22 2 22 6
B ro k e n — 10 7 3 0 0 x 1 0 6 144 6 2 4

* T h e  v ia b le  c o u n ts  w e re  c a r r ie d  o u t  o n  m e d ia  A  a n d  C r e s p e c t iv e ly  (C o le m a n , 1902).

c o n d i t io n s  s u c h  t h a t  o n ly  p r o t o z o a  w e re  s e d im e n te d  (4 5  se c . a t  u p  t o  3 0 0 g )  a n d  t h e  
o t h e r  s u c h  t h a t  p r o t o z o a  +  f r e e  b a c t e r i a  w e re  s e d im e n te d  (2 0  m in .  a t  7000g-). 
T a b le  1 sh o w s  t h a t  in  t h e  p re s e n c e  o f  a n t i b io t i c s  b r e a k a g e  o f  t h e  p r o to z o a  d e c r e a s e d  
t h e  i n c o r p o r a t io n  in t o  t h e  p r o to z o a l  f r a c t i o n  t o  5 %  a n d  t h a t  t h e  s a m e  r e s u l t  w a s  
o b t a i n e d  u n d e r  b o t h  s e t s  o f  s e d i m e n t a t i o n  c o n d i t io n s ,  in d i c a t i n g  t h a t  u p t a k e  b y  
in t r a c e l lu l a r  a n d  e x t r a c e l l u l a r  b a c t e r i a  w a s  n e g lig ib le .  I n  t h e  a b s e n c e  o f  a n t i 
b io t ic s  t h e r e  w a s  a n  in c r e a s e  ( r a n g e  1 0 -1 0 0  %  d e p e n d in g  o n  t h e  e x p e r im e n t )  in  t h e  
in c o r p o r a t io n  b y  i n t a c t  p r o to z o a .  H o w e v e r ,  t h e  e x p e r im e n t s  m a d e  in  t h e  a b s e n c e  
o f  a n t i b io t i c s  a r e  d i f f ic u l t  t o  i n t e r p r e t  d u e  t o  t h e  r a p i d  b a c t e r i a l  g r o w th  u n d e r  th e s e  
c o n d i t io n s .

intracellular products of glycine metabolism. A s a  f u r t h e r  t e s t  a s  t o  w h e th e r  t h e  
u p t a k e  o f  14C -g ly c in e  w a s  in t o  t h e  b a c t e r i a ,  p r o to z o a l  s u s p e n s io n s  w h ic h  h a d  i n 
c o r p o r a t e d  g ly c in e  w e re  b r o k e n  in  a  P o t t e r  h o m o g e n iz e r .  T h e  h o m o g e n a te  w a s  t h e n  
c e n t r i f u g e d  t o  p r o d u c e  a  s u p e r n a t a n t  f r a c t i o n  f r e e  o f  b a c t e r i a  a n d  a  p e l l e t  f r a c t i o n  
w h ic h  c o n ta in e d  a l l  t h e  b a c t e r i a .  T a b le  2  s h o w s  t h a t  a f t e r  1 h r  in c u b a t io n  in  t h e



p re s e n c e  o f  " C - g ly c in e  o v e r  8 0  %  o f  t h e  14C i n c o r p o r a t e d  in t o  i n t a c t  p r o t o z o a  w a s  
p r e s e n t  in  t h e  b r o k e n - c e l l  s u p e r n a t a n t  f lu id  a n d  t h a t  88  %  o f  t h a t  w a s  in  t h e  c o ld  
5 %  T C A  s o lu b le  o r  s m a l l  m o le c u la r  w e ig h t  f r a c t i o n .  T h e  lo w  in c o r p o r a t io n  o f  14C 
in t o  t h e  p e l l e t  s h o w s  t h a t  le s s  t h a n  2 0  %  o f  t h e  t o t a l  i n c o r p o r a t io n  c o u ld  h a v e  b e e n  
in to  t h e  b a c te r i a .  I n c u b a t i o n  in  t h e  a b s e n c e  o f  a n t i b io t i c s  r e s u l t e d  i n  a  te n f o ld  
in c r e a s e  in  t h e  14C in  t h e  p e l l e t  f r a c t i o n  a n d  th i s  w a s  p r o b a b l y  d u e  t o  in c r e a s e d  
in c o r p o r a t io n  b y  t h e  in t r a c e l lu l a r  b a c t e r i a  w h ic h  w e re  p r e s e n t  in  t h i s  f r a c t i o n ;  t h e  
i n c o r p o r a t io n  in t o  t h e  s u p e r n a t a n t  f r a c t i o n  w a s  u n c h a n g e d .

T a b le  2 . Distribution o f u C in  Entod in ium  caudatum  

during the incorporation of  14C-glycine

P r o to z o a  w e re  in c u b a te d  a t  a  c o n c e n t r a t i o n  o f  3-5  x  1 0 5 p r o to z o a /m l.  in  8 m l. s a l t  
m e d iu m  c o n ta in in g  0 -75  %  s o lu b le  s t a r c h ,  0  0 2 5  %  L -c y s te in e , 0 -12  %  N a H C O a, 0  05  %  
n e o m y c in  s u lp h a te ,  1 2 5 0  u n i t s  p e n ic i l l in  G /m l. a n d  28  fig. 1JC -g ly c in e  (4 4 0  c o u n ts /m in . /  
/ 'g - ) /m t  u n d e r  95  %  N 2 +  5 %  0 O 2. O n e  8 m l. t u b e  w a s  h a r v e s t e d  f o r  e a c h  t im e  p o in t .  A ll 
r e s u l t s  a r e  e x p r e s s e d  in  c o u n ts /m in .
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T im e
(h r)

B ro k e n -c e l l  s u p e r n a t a n t  f lu id B ro k e n -c e l l  p e l le t

C o ld  T C A  
s o lu b le

H o t  T C A  
so lu b le

C o ld  T C A
P r o t e in  s o lu b le  

( e o u n ts /m in .)

H o t  T C A  
s o lu b le P r o te in

1 1710 64 140 95 123 180
X  1 21 7 0 :6 8 580 23 0 232 3 8 0

23 1120 160 1440 110 76 7 00

I n  a n t i b i o t i c - t r e a t e d  c u l tu r e s  a l l  t h e  p r o t e i n  14C w a s  p r e s e n t  a s  g ly c in e .  T h is  w a s  
d e te r m i n e d  b y  c h r o m a to g r a p h y  in  s o lv e n ts  A , B , C, D  a n d  E  a n d  b y  t h e  f in g e r 
p r i n t  m e t h o d  o f  R o b e r t s  et al. (1 9 5 5 ) . S o lv e n t  F  s e p a r a t e d  g ly c in e  a n d  s e r in e  b e t t e r  
t h a n  t h e  o t h e r  s o lv e n ts  a n d  n o  t r a c e  o f  14C w a s  f o u n d  a t  t h e  R p  o f  t h e  s e r in e  m a r k e r .  
T h e  c o ld  T C A -s o lu b le  m a t e r i a l  f r o m  t h e  s u p e r n a t a n t  f r a c t i o n  p r e p a r e d  f r o m  
p r o t o z o a  in c u b a t e d  in  t h e  p r e s e n c e  o r  a b s e n c e  o f  a n t i b io t i c s  c o n ta in e d  o n ly  o n e  
14C -c o m p o n e n t  a t  lo w  e x te r n a l  g ly c in e  c o n c e n t r a t i o n s  a n d  t h i s  h a d  d i f f e r e n t  
c h r o m a to g r a p h ic  p r o p e r t i e s  f r o m  g ly c in e  (s e e  b e lo w ) .

Extracellular products of glycine metabolism. F ig u r e  1 sh o w s  t h a t  a l t h o u g h  g ly c in e  
u p t a k e  a p p a r e n t l y  p ro c e e d e d  f o r  o n ly  2 4  h r  w h e n  g ly c in e  w a s  a d d e d  in i t i a l l y ,  
g ly c in e  f i r s t  a d d e d  a f t e r  24  h r  w a s  s t i l l  in c o r p o r a t e d .  T h is  s u g g e s te d  t h a t  t h e  a m o u n t  
o f  14C f o u n d  in  t h e  p r o t o z o a  a t  a n y  t i m e  m a y  h a v e  r e p r e s e n te d  a  b a la n c e  b e tw e e n  
t h e  u p t a k e  o f  g ly c in e  a n d  th e  l i b e r a t i o n  o f  g ly c in e  o r  a  g ly c in e  m e t a b o l i t e  b y  th e  
o r g a n is m s .  T o  t e s t  t h i s  t h e o r y  t h e  fo l lo w in g  e x p e r im e n t s  w e re  c a r r ie d  o u t .

P r o t o z o a  w e re  i n c u b a t e d  u n d e r  o th e r w is e  id e n t ic a l  s t a n d a r d  c o n d i t io n s  i n  t u b e s  
c o n ta i n in g :  (a) 3  /¿m o le  12C -g ly c in e  +  0 -2  ¡iC. 14C -g ly c in e ;  (b) 3  /« m o le  12C -g ly c in e ;  
(c) n o  g ly c in e .  W h e n  t h e  r a t e  o f  14C in c o r p o r a t io n  in  t u b e  (a) b e g a n  t o  d e c re a s e ,  
i .e .  a f t e r  10  h r ,  0-2  /iC . 14C -g ly c in e  w a s  a d d e d  t o  t u b e  (b) a n d  3  /¿ m o le  12C -g lv c in e  a n d
0 - 2 p C .  14C -g ly c in e  t o  t u b e  (c). T h e  r a t e  a n d  t o t a l  u p t a k e  o f  14C w a s  t h e  s a m e  in  t u b e s  
(b) a n d  (c). S im ila r  r e s u l t s  w e re  o b ta i n e d  w h e n  t h e  a d d i t io n s  w e re  m a d e  a f t e r  2 4  h r .  
T h is  s h o w s  t h a t  e v e n  w h e n  th e r e  w a s  a n  e q u i l ib r iu m  a m o u n t  o f  12C -g ly c in e  i n  t h e  
p r o to z o a ,  u p t a k e  o f  g ly c in e ,  p r e s u m a b ly  b a la n c e d  b y  a n  e q u iv a l e n t  lo s s  o f  
‘ g ly c i n e ’, s t i l l  o c c u r r e d .

I n  a n  a t t e m p t  t o  d e m o n s t r a t e  t h i s  lo s s  o f  g ly c in e  a n  e x c e s s  o f  12C -g ly c in e  w a s
7  M icrob. x x x v
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a d d e d  t o  p r o to z o a  t h a t  c o n ta in e d  a n  a m o u n t  o f  14C -g ly c in e  in  e q u i l ib r iu m  w i th  
14C -g ly c in e  in  t h e  m e d iu m . U n d e r  t h e s e  c o n d i t io n s  d e c r e a s e  in  t h e  sp e c if ic  a c t i v i t y  
o f  t h e  m e d iu m  g ly c in e  t o  a b o u t  10  %  o f  t h e  i n i t i a l  v a lu e  d e c r e a s e d  t h e  14C in  t h e  
p r o t o z o a  b y  5 0  %  a f t e r  7  h r .  I n  t h e  a b s e n c e  o f  a n y  a d d e d  12C -g ly c in e  t h e r e  w a s  n o  
lo s s  o f  14C . T h is  sh o w s  t h a t  w h e n  t h e  r a t e  o f  u p t a k e  o f  14C. w a s  d e c re a s e d  b y  lo w e r in g  
th e  sp e c if ic  a c t i v i t y  o f  t h e  m e d iu m  g ly c in e ,  t h e n  t h e  p r o to z o a  lo s t  14C p r e s u m a b ly  
d u e  t o  t h e  l i b e r a t i o n  o f  h ig h  sp e c if ic  a c t i v i t y  ‘ g ly c in e  I f  t h e  p l a t e a u  in  t h e  g ly c in e  
in c o r p o r a t io n  w e re  d u e  t o  t h e  in a b i l i t y  o f  t h e  p r o to z o a  t o  t a k e  u p  f u r t h e r  g ly c in e ,  
t h e n  th i s  lo s s  w o u ld  n o t  h a v e  o c c u r r e d .  T h e  a d d i t i o n  o f  e q u iv a l e n t  a m o u n t s  o f  
L -a la n in e ,  L - a s p a r t i c  a c id  o r  s a r c o s in e  p r o d u c e d  n o  f a l l  in  t h e  p r o to z o a l  14C.

80 h
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F ig .  4

F ig .  3 . E f f e c t  o f  g ly c in e  c o n c e n t r a t io n  o n  t h e  a m o u n t  o f  f re e  ( O ------- O )  a n d  c o m b in e d
( x --------x  ) g ly c in e  p r e s e n t  in  Entodinium caudatum a f t e r  r e m o v a l  o f  p r o te in .  T h e  r e s u l t s
a r e  e x p r e s s e d  p e r  9 -26  x  1 0 “ p r o to z o a  w h ic h  w e re  i n c u b a t e d  in  5 m l. m e d iu m  f o r  6  h r .  
T h e  in i t i a l  g ly c in e  a m o u n t s  w e r e :  f re e  10-2  fig. ; c o m b in e d  15-5 fig.
F ig .  4 . M e ta b o l is m  o f  g ly c in e  b y  Entodinium. caudatum. O ------- O ,  g ly c in e  in c o r p o r a te d
i n to  p r o to z o a ;  • ------- ® ,  f re e  g ly c in e  i n  t h e  s u p e r n a t a n t  f lu id ;  X --------x ,  g ly c in e - m e ta 
b o l i te  i n  s u p e r n a t a n t  f lu id . R e s u l t s  c a lc u la te d  f ro m  u p t a k e  o f  l i C  f ro m  l4C -g ly c in e  (4 4 0  
c o u n ts /r r i i i i . /^ g .)  b y  1 -84  x  1 0 s p r o to z o a  s u s p e n d e d  in  10  m l.  m e d iu m .

I t  w a s  n o t  p o s s ib le  t o  d e m o n s t r a t e  a  g ly c in e - in d u c e d  lo s s  o f  14C f r o m  w a s h e d  
e q u i l ib r iu m - s t a te  p r o t o z o a  b e c a u s e  a f t e r  w a s h in g  o n c e  in  s a l t s  0 -02  % L - c y s te in e  
m e d iu m  a n d  r e s u s p e n s io n  in  t h e  s t a n d a r d  m e d iu m , t h e  p r o t o z o a  lo s t  5 0  %  o f  t h e i r  
14C in  7  h r  in  t h e  a b s e n c e  o f  e x t e r n a l  g ly c in e .  T h e  r a t e  o f  14C r e le a s e  u n d e r  t h e s e  
c o n d i t io n s  w a s  t h e  s a m e  a t  3 8 ° , 3 3 ° , 2 7 °  a n d  2 0 ° . T h a t  th i s  w a s  n o t  t h e  r e s u l t  o f  
d a m a g e  t o  t h e  p r o t o z o a  w a s  s h o w n  b y  t h e  f i n d in g  t h a t  w a s h e d  e q u i l i b r iu m - s t a t e  
p r o to z o a  in o c u la te d  in t o  m e d iu m  c o n ta in in g  g ly c in e  o f  t h e  s a m e  s p e c if ic  g r a v i t y  a s  
t h a t  p r e s e n t  in  t h e  f i r s t  i n c u b a t io n  m e d iu m  lo s t  n o  14C.

C h r o m a to g r a p h ic  s e p a r a t i o n  o f  t h e  m a t e r i a l s  p r e s e n t  i n  t h e  i n c u b a t io n  m e d iu m  
f r o m  e q u i l i b r iu m - s t a t e  p r o t o z o a  r e v e a l e d  tw o  14C s p o t s  o n ly .  O n e  w a s  g ly c in e  a n d  
t h e  o th e r  r a n  w i th  t h e  s a m e  R f  a s  (a) 14C - m a te r ia l  f o u n d  in  t h e  c o ld  T C A -s o lu b le  
f r a c t i o n  f r o m  t h e  b r o k e n - c e l l  s u p e r n a t a n t  f lu id , a n d  (b) t h e  m a t e r i a l  l i b e r a t e d  f r o m  
e q u i l ib r iu m - s t a te  p r o t o z o a  b y  12C -g ly c in e  o r  w a s h in g .  T h e  a m o u n t  o f  t h i s  m a t e r i a l  
in c r e a s e d  t h r o u g h o u t  t h e  in c u b a t io n  a n d  c o u ld  a c c o u n t  f o r  3 0  %  o f  t h e  14C -g ly c in e  
a d d e d  in i t i a l l y  (F ig .  4 ). T h is  u n k n o w n  m a t e r i a l  w a s  a ls o  p r o d u c e d  w h e n  t h e  s o d iu m



p r o p i o n a t e  in  t h e  m e d iu m  w a s  r e p la c e d  b y  a n  e q u im o la r  a m o u n t  o f  s o d iu m  a c e t a t e  
o r  s o d iu m  c h lo r id e .

The composition of the glycine-metabolite. P r e l im in a r y  e x p e r im e n t s  c a r r ie d  o u t  
w i th  i n c u b a t io n  m e d ia  t a k e n  a f t e r  3  d a y s  s h o w e d  t h a t  t h i s  m a t e r i a l  w a s  n o t  
a b s o r b e d  b y  Z e o  K a r b  2 2 5  ( H +) w h ic h  r e m o v e d  f r e e  g ly c in e ,  b u t  w a s  a b s o r b e d  b y  
D o w e x  2 ( O H - ) f r o m  w hic_ i i t  w a s  e lu t e d  b y  n - H C 1 b u t  n o t  b y  N -a c e tic  a c id ;  th i s  
sh o w s  t h a t  t h e  m e t a b o l i t e  w a s  a  c o m p a r a t i v e ly  s t r o n g  a c id .  B y  u s in g  a  m e th o d  
b a s e d  o n  th e s e  p r o p e r t i e s  c o n s id e r a b le  p u r i f ic a t io n  w a s  a c h ie v e d .  T h e  14C - m a te r ia l  
in  t h e  f in a l  e lu a t e  w a s  c h r o m a to g r a p h e d  in  s o lv e n t  A  w h e re  i t  r a n  a s  a  d is c r e te  s p o t  
w i th  R f  v a lu e  0 -9 . T h is  s p o t ,  w h ic h  w a s  d e t e c t e d  b y  r a d i o a u to g r a p h y  o r  b y  s p r a y in g  
w i th  b r o m o c r e s o l  g re e n ,  w a s  e lu t e d ,  f o u n d  t o  b e  a  s in g le  s n o t  w h e n  c h r o m a to 
g r a p h e d  in  s o lv e n ts  A , B ,  C , D , E ,  J ,  a n d  a n a ly s e d .

A f t e r  c o m p le te  a c id  h y d r o ly s is ,  t h e  m a t e r i a l  w a s  c h r o m a to g r a p h e d  in  tw o  
d im e n s io n s  in  s o lv e n ts  A  a n d  B . T h e  o n ly  14C- a n d  n in h y d r in - p o s i t iv e  s p o t  w a s  
g ly c in e .  W h e n  0 -5  %  c o ll id in e  w a s  i n c o r p o r a t e d  in  t h e  n i n h y d n n  s p r a y  t h e  s p o t  h a d  
t h e  c h a r a c t e r i s t i c  g ly c in e  c o lo u r .  T h e  a b s e n c e  o f  s e r in e  w a s  s h o w n  b y  c h r o m a to 
g r a p h y  in  s o l v e n t  F .  H o w e v e r ,  t h e  s a m e  q u a n t i t y  o f  t h e  u n h y d r o ly s e d  m a te r i a l ,  
a f t e r  c h r o m a to g r a p h y  in  s o lv e n t  A , w a s  n in h y d r in  n e g a t iv e ,  i n d i c a t in g  t h e  p r o b a b le  
a b s e n c e  o f  a  f r e e  a m in o  g r o u p ,  c o n ta in e d  n o  p h o s p h a t e  a s  s h o w n  b y  s p r a y in g  w i th  
m o l y b d a te  +  p e r c h lo r ic  a e i c  ( B a n d u r s k i  &  A x e lr o d ,  1 9 5 1 ) a n d  n o  c a r b o h y d r a t e  a s  
s h o w n  b y  s p r a y in g  w i th  a n i l in e  +  o x a l a t e  ( H o r r o c k s  & M a n n in g , 1 9 4 9 ).

T h e s e  p r o p e r t i e s  s u g g e s te d  t h a t  t h e  g ly c in e  m e t a b o l i t e  m ig h t  b e  a  c o m p o u n d  s u c h  
a s  a n  iV -a c y lg ly e in e , p o s s ib ly  A7- a c e ty lg ly c in e .  T h e  u n k n o w n  m a t e r i a l  w a s  c h r o 
m a t o g r a p h e d  in  s o lv e n ts  A , B , C, D , F ,  H  a n d  J  a n d  s h o w n  to  r u n  w i th  t h e  s a m e  
R f  a s  m a r k e r  AT- a c e ty l  g ly c in e ,  w h ic h  w a s  d e te c te d  b y  s p r a y in g  w i th  b r o m o c r e s o l  
g re e n ,  in  a l l  s o lv e n ts .  T h e  u n k n o w n  h a d  d i f f e r e n t  c h r o m a to g r a p h ic  p r o p e r t i e s  f r o m  
A’- f o r m y lg ly c in e  in  s o lv e n ts  A  a n d  J .  T o  o b t a i n  s a t i s f a c to r y  r e s u l t s  i t  w a s  e s s e n t ia l  
t o  a d j u s t  t h e  u n k n o w n  m a t e r i a l  a n d  t h e  Ar- a c e ty lg ly c in e  t o  t h e  s a m e  p H  v a lu e  
b e fo r e  d e v e lo p in g  t h e  c h r o m a to g r a m s .  T h e  g ly c in e  m e t a b o l i t e  p r e p a r e d  f r o m  t r a c e r  
q u a n t i t i e s  o f  14C -g ly c in e  o n ly  a ls o  c o r r e s p o n d e d  w i th  A’- a c e ty lg ly c in e  b y  t h e  f in g e r 
p r i n t  t e c h n i q u e  o f  R o b e r t s  et al. (1 9 5 5 ) a f t e r  c h r o m a to g r a p h y  in  s o lv e n ts  A  a n d  B .

T h e  p r e s e n c e  o f  a n  a c e t y l  g r o u p  in  t h e  g ly c in e  m e t a b o l i t e  w a s  s h o w n  in  t h e  fo l lo w 
in g  w a y .  T h e  p r o t o z o a  w e re  i n c u b a t e d  f o r  3  d a y s  u n d e r  s t a n d a r d  c o n d i t io n s  in  t h e  
p r e s e n c e  o f  0 - 0 2 M-12C -g ly c in e  a n d  1 -44  ¡tg  (0 -4  /¿C .) l - 14C -s o d :u m  a c e t a t e /m l .  T h e  
m e t a b o l i t e  i n  t h e  m e d iu m  w a s  p u r i f ie d  a n d  f in a l ly  c h r o m a to g r a p h e d  in  s o lv e n t  J  
( o p p o s i te  A '- a c e ty lg ly c in e ) .  T h e  14C s p o t  w a s  e lu t e d ,  s h o w n  t o  h a v e  t h e  s a m e  c h r o 
m a t o g r a p h i c  p r o p e r t i e s  a s  A7- a c e ty lg ly c in e  in  s o lv e n ts  A , B ,  H  a n d  J ,  h y d r o ly s e d  in  
x - X a O H  f o r  2 h r  a n d  f in a l ly  c h r o m a to g r a p h e d ,  w i t h o u t  r e m o v a l  o f  t h e  a lk a l i ,  in  
s o lv e n t  H  w h ic h  s e p a r a te s  r h e  lo w e r  f a t t y  a c id s .  T h e  14C m a t e r i a l  w h ic h  w a s  a c id  
v o la t i l e  c h r o m a to g r a p h e d  w i th  t h e  s a m e  R f  a s  m a r k e r  s o d iu m  a c e t a t e .

Incorporation of  14(7 from  14C -bicarbonate

14C ( a d d e d  t o  t h e  m e d iu m  a s  X a H 14C 0 3) w a s  i n c o r p o r a t e d  l in e a r ly  b y  E ntod in ium  

caudatum  f o r  10  h r  (F ig .  5 ) b e fo r e  t h e  u p t a k e  r e a c h e d  a  p l a t e a u .  T h e  a d d i t io n  o f  
f u r t h e r  X a H 14C 0 3 a t  10  o r  24  h r  in  o r d e r  a p p r o x i m a t e ly  t o  d o u b le  t h e  o r ig in a l  
sp e c if ic  a c t i v i t y  ( o f  t h e  C 0 2; p r o d u c e d  a  f u r t h e r  i n c o r p o r a t io n  o f  14C . D im in u t io n  in  
t h e  s p e c if ic  a c t i v i t y  o f  t h e  C 0 2 to  a p p r o x i m a t e ly  2 0  %  o f  t h a t  o f  t h e  o r ig in a l  14t ' 0 2
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b y  t h e  a d d i t i o n  o f  N a H 12C O g a t  10 h r  p r o d u c e d  a  s m a l l  d e c r e a s e  in  t h e  14C in  t h e  
p r o to z o a ,  b u t  t h e  e f f e c t  w a s  s m a l l e r  t h a n  in  t h e  c a s e  o f  g ly c in e .  A s  t h e r e  w a s  a 
u n i f o r m  in c r e a s e  in  t h e  a m o u n t  o f  n o n - v o la t i le  14C - m a te r ia l  in  t h e  m e d iu m  o v e r  
2 4  h r  t h e s e  r e s u l t s  s u g g e s te d  t h a t  14C w a s  i n c o r p o r a t e d  b y  t h e  p r o to z o a  a n d  t h e n  
l i b e r a t e d  a g a in  i n t o  t h e  m e d iu m .

T h e  14C u p t a k e  w a s  d e p e n d e n t  o n  t h e  p re s e n c e  o f  i n t a c t  p r o to z o a  a n d  b r e a k a g e  o f  
t h e  p r o t o z o a  r e d u c e d  i t  b y  o v e r  9 0  % . T h e  r e s u l t s  o b t a i n e d  in  t h e  p r e s e n c e  a n d  
a b s e n c e  o f  a n t i b io t i c s  w i th  p r o to z o a  h a r v e s t e d  a t  t h e  e n d  o f  t h e  in c u b a t io n  b y  h ig h -  
o r  lo w -s p e e d  c e n t r i f u g a t io n  w e re  s im i la r  t o  th o s e  o b t a i n e d  w i th  g ly c in e .

G. S. Coleman
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F ig .  5 . I n c o r p o r a t io n  o f  14C i n to  Entodinium caudalum in c u b a te d  • ------- •  in  p re s e n c e
o f  N a H 14C O s (1 0 0  f i g . a n d  4 0 0 0  c o u n ts /m in . /m l . ) .  • ------ ® . A d d i t io n a l  N a H 14C 0 3 (0-2  f i g .

a n d  4 0 0 0  c o u n ts /m in . /m l . )  a d d e d ;  0 ..... 0 , 5 0 0  fig./ml. N a H 120 O 3 a d d e d .

T a b le  3  sh o w s  t h a t  o v e r  6 0  %  o f  t h e  1JC in c o r p o r a t e d  f r o m  N a H 14C 0 3 w a s  f o u n d  
in  t h e  h o t  T C A -s o lu b le  f r a c t i o n  o f  t h e  b r o k e n - c e l l  p e l l e t .  A f t e r  r e m o v a l  o f  t h e  T C A  
w i th  e t h e r  t h e  m a t e r i a l  w a s  h y d r o ly s e d  in  n -H C I  f o r  1 h r  a t  1 0 0 °  a n d  c h r o m a to 
g r a p h e d  in  s o lv e n t  G . T h e  14C m a t e r i a l ,  w h ic h  r a n  a s  a  s in g le  s p o t ,  a s  d e t e c t e d  b y  
r a d i o a u to g r a p h y ,  d id  n o t  c o r r e s p o n d  w i th  a n y  n u c le ic  a c id  c o m p o n e n ts  a s  d e te c te d  
b y  u l t r a v i o l e t  p h o to g r a p h y .  T h e  s p o t  w a s  e lu t e d  a n d  id e n t i f ie d  in  t h e  fo l lo w in g  w a y .  
W h e n  12C -g lu c o s e  w a s  a d d e d  t o  t h e  14C m a t e r i a l  a n d  a n  o s a z o n e  p r e p a r e d  t h e  14C 
w a s  f o u n d  in  t h e  p r e c i p i t a t e d  o s a z o n e , in d i c a t i n g  t h a t  t h e  14C m a t e r i a l  w a s  g lu c o s e  
o r  f r u c to s e .  T h is  m a t e r i a l  a ls o  g a v e  t h e  c h a r a c t e r i s t i c  h e x o s e  r e a c t io n  w h e n  t r e a t e d  
w i th  a n i l in e  o x a la t e  r e a g e n t  ( H o r r o c k s  & M a n n in g ,  1 9 4 9 ). C h r o m a to g r a p h y  a g a in s t  
m a r k e r s  in  s o lv e n ts  A , B ,  C, E ,  G  a n d  H  in d i c a te d  t h a t  t  ie u n k n o w n  m a t e r i a l  w a s  
g lu c o s e  w h ic h  w a s  p r o b a b l y  p r e s e n t  in  t h e  i n t a c t  p r o to z o c n  a s  s t a r c h .  A s  c o n f i r m a 
t i o n  o f  i t s  i d e n t i t y  t h e  u n k n o w n  m a t e r i a l  w a s  c h r o m a to g r a p h e d  in  s o lv e n t  E  b e fo r e  
a n d  a f t e r  t r e a t m e n t  w i th  g lu c o s e  o x id a s e .  A s  a  r e s u l t  o f  e n z y m e  a c t io n  t h e  o r ig in a l



s p o t  d is a p p e a r e d  a n d  w a s  r e p l a c e d  b y  a n o t h e r  w h ic h  r a n  w i th  t h e  s a m e  R f  a s  t h a t  
p r o d u c e d  f r o m  p u r e  14C -g lu c o s e  u n d e r  t h e  s a m e  c o n d i t io n s .

T o  d e te r m i n e  w h ic h  o f  t h e  g lu c o s e  c a r b o n  a to m s  w e re  la b e l le d  w i th  14C t h e  g lu c o s e  
w a s  f e r m e n t e d  u n d e r  n i t r o g e n  b y  b a k e r ’s y e a s t  ( B a r n e t  & W ic k ,  1 9 5 0 ) in  a  C o n w a y  
u n i t  a n d  t h e  14C 0 2 c o l le c te d  o n  a n  a lu m in iu m  d is c  c o n ta in in g  B a ( O H ) 2 (C o le m a n ,
1 9 5 6 ). A t  t h e  e n d  o f  t h e  r e a c t io n  th e  b a r y t a  w a s  d r i e d  in vacuo a n d  t h e  14C e s t i 
m a t e d .  U n d e r  th e s e  c o n d i t io n s  3 3  %  o f  t h e  14C in  u n i f o r m ly  la b e l le d  g lu c o s e  a n d  
9 5  %  o f  t h e  14C in  g lu c o s e  i s o la te d  f r o m  p r o t o z o a  in c u b a t e d  w i th  14C 0 2 f o r  4  o r

T a b le  3 . Distribution of 14C  in Entodinium caudatum 
after incorporation o f 14C-bicarbonate

Protozoa were incubated at a concentration of 2 0 x 105 protozoa/ml. in salt medium 
containing 0-6 % soluble starch, 0 025 % L-cysteine, 0 05 % neomycin sulphate, 1250 units 
penicillin G/ml. and 500 fig. NaHu C03 (270,000 counts/min.) under Na for 6 hr.

Protein 
(counts/min.)

270 
510

Metabolism of Entodinium caudatum 101

Cold TCA soluble Hot TCA soluble 
(counts/min.) (counts/min.)

Broken-cell supernatant fluid 890 105
Broken-cell pellet 430 4005
Non-volatile 14C in incubation medium 5300

11 h r  w a s  l i b e r a t e d  a s  C 0 2. A s  C 0 2 is  p r o d u c e d  o n ly  f r o m  g lu c o s e  c a r b o n  a to m s  
3  a n d  4  b y  th i s  m e t h o d ,  t h e  r e s u l t  s h o w s  t h a t  Entodinium caudatum w a s  s im i la r  t o  
h ig h e r  a n im a ls  ( A b r a h a m  & H a s s id ,  1 9 5 7 )  in  t h a t  14C f r o m  14C 0 2 w a s  i n c o r p o r a t e d  
o n ly  in t o  t h e s e  c a r b o n  a to m s  o f  g lu c o s e . T h e  p r o t e in  f r o m  t h e  s u p e r n a t a n t  f lu id  a n d  
p e l l e t  c o n ta i n e d  14C - a s p a r t ic  a c id ,  14C - g lu ta m ic  a c id ,  14C -a la n in e  a n d  14C -le u c in e , 
i s o le u c in e  o r  p h e n y la l a n in e  w h ic h  w e re  n o t  s e p a r a t e d  b y  t h e  c h r o m a to g r a p h ic  
s o lv e n ts  u s e d .  I n s ig n i f i c a n t  a m o u n t s  o f  14C w e re  f o u n d  in  l ip id  e x t r a c t e d  b y  t h e  
m e t h o d  o f  R o b e r t s  et al. (1 9 5 5 ) .

Incorporation of UC from uniformly labelled u C-starch, u C-maltose and u C-glucose. 
S o lu b le  14C - s ta r c h  w a s  r a p i d ly  t a k e n  u p  b y  Entodinium caudatum a n d  t h e  m a x im u m  
in c o r p o r a t io n  w a s  r e a c h e d  in s id e  15  m in .  T h e r e a f t e r  t h e  14C w a s  s lo w ly  lo s t  f r o m  
t h e  p r o t o z o a  u n t i l  o n ly  10  %  r e m a in e d  a f t e r  2 4  h r .  A t  t h i s  t i m e  o v e r  8 5  %  o f  th i s  
r e s id u a l  14C w a s  in  t h e  h o t  T C A -s o lu b le  f r a c t i o n  a n d  n o n e  w a s  p r e s e n t  i n  t h e  p r o t e in  
a m in o  a c id s .  A n y  s t a r c h  p r e s e n t  in  t h e  p r o t o z o a  w o u ld  b e  e x t r a c t e d  b y  h o t  T C A  
a n d  a p p e a r  in  t h a t  f r a c t i o n .  T h e  t o t a l  14C in  t h e  c u l t u r e  w a s  c o n s t a n t  o v e r  2 4  h r ,  a t  
w h ic h  t i m e  t h e  p r in c ip a l  14C m a t e r i a l s  in  t h e  m e d iu m  w e re  f o u n d  t o  b e  m a l to s e  a n d  
g lu c o s e . I t  s e e m s  p r o b a b le  t h e r e f o r e  t h a t  t h e  s o lu b le  s t a r c h  w a s  a b s o r b e d  b y  t h e  
p r o t o z o a  a n d  t h e n  s lo w ly  h y d r o ly s e d  t o  m a l to s e  a n d  g lu c o s e  w i t h o u t  a p p r e c i a b le  
c o n v e r s io n  i n t o  c e l lu la r  m a te r i a l .  I n c o r p o r a t i o n  o f  14C f r o m  [ u - 14C ]g lu c o se  a n d  
[ u -14C ]m a l to s e  w a s  s m a l l ;  le s s  t h a n  0-2  %  o f  t h e  c a r b o n  w a s  i n c o r p o r a t e d  a t  s u g a r  
c o n c e n t r a t i o n s  o f  1 / /g .  4 0  / tg . /m l .  G lu c o s e  d i s a p p e a r a n c e  a t  th e s e  c o n c e n t r a t i o n s  
w a s  a ls o  m e a s u r e d  b y  t h e  m e t h o d  o f  H u g g e t t  & N ix o n  (1 9 5 7 ) b u t  n o n e  w a s  d e te c te d .

DISCUSSION
A lth o u g h  W il l ia m s  et al. (1 9 6 1 ) a n d  G u t ie r r e z  & D a v is  (1 9 6 2 ) s h o w e d  t h a t  

Ophryoscolex caudatus a n d  Epidinium ecaudatam w a s h e d  f r e e  f r o m  m o s t  o f  t h e i r  
e x t r a c e l l u l a r  b a c t e r i a  b u t  p r o b a b l y  s t i l l  c o n ta i n in g  b a c t e r i a  in  t h e i r  g a s t r i c  s a c s , 
in c o r p o r a t e d  th r e e  a m in o  a c id s ,  th e s e  a u th o r s  g a v e  n o  e v id e n c e  t h a t  t h e  u p t a k e  w a s  
d i r e c t l y  i n t o  p r o to z o a l  m a t e r i a l .  A l th o u g h  m a t e r i a l s  i n  t h e  g a s t r i c  s a c  c a n  o b v io u s ly
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b e  d ig e s te d  b y  a  p r o to z o o n ,  t h e y  m u s t  b e  r e g a r d e d  a s  e x t r a c e l lu la r .  T h e  p r e s e n t  
s t u d ie s  s h o w  t h a t  a t  lo w  e x te r n a l  g ly c in e  c o n c e n t r a t i o n s  a t  le a s t ,  m u c h  m o r e  g ly c in e  
( f re e  a n d  c o m b in e d )  w a s  f o u n d  in s id e  t h e  p r o t o z o a  t h a n  c o u ld  b e  a c c o u n te d  f o r  b y  
f r e e  d if fu s io n  o f  e x t e r n a l  m e d iu m  in t o  t h e  g a s t r i c  s a c .  S in c e  a f t e r  i n c u b a t io n  fo r  
1 h r  o v e r  70  %  o f  t h e  g ly c in e  h a d  b e e n  m e ta b o l iz e d  t o  A’-a c e ty lg ly c in e  a n d  n o  f r e e  
g ly c in e  c o u ld  b e  d e te c te d  in  t h e  b r o k e n - c e l l  s u p e r n a t a n t  f lu id ,  t h i s  s u g g e s ts  t h a t ,  i f  
t h e  g ly c in e  e n te r e d  t h e  o r g a n i s m  v i a  t h e  g a s t r i c  s a c , i t  w a s  r a p i d ly  m e ta b o l i z e d  f r o m  
i t .  A l th o u g h  th i s  e v id e n c e  a n d  t h e  f in d in g  t h a t  b r e a k a g e  o f  t h e  p r o t o z o a  a lm o s t  
c o m p le te ly  a b o l i s h e d  in c o r p o r a t io n  in d i c a te  t h a t  t h e  r e a c t io n s  p r o b a b l y  r e p r e s e n t  
p r o to z o a l  m e ta b o l i s m , i t  is  im p o s s ib le  t o  b e  c e r t a in  t h a t  t h e  i n c o r p o r a t io n  w a s  n o t  
m e d i a te d  b y  th e  b a c t e r i a  i n  t h e  g a s t r i c  s a c . I t  h a s  b e e n  a s s u m e d  in  t h e s e  s t u d ie s  
t h a t  t h e  m a t e r i a l  i n  t h e  b ro k e n - c e l l  s u p e r n a t a n t  f lu id  w a s  o f  p r o to z o a l  o r ig in ,  b u t  i t  
is  u n c e r t a i n  t o  w h a t  e x t e n t  p r o to z o a l  p r o t e in  a n d  n u c le ic  a c id  w e re  c a r r i e d  d o w n  
w i th  b a c t e r i a ,  s t a r c h  a n d  o t h e r  c e ll d e b r i s  i n  t h e  p e l l e t  f r a c t io n .

T h e  l i b e r a t i o n  o f  A ^ -a c e ty lg lv c in e  in t o  t h e  m e d iu m  is  n o t  c o n s id e r e d  t o  b e  t h e  
r e s u l t  o f  ly s is  o f  t h e  p r o t o z o a  b e c a u s e :  (a) a s  m u c h  2 V -a e e ty lg ly c in e  w a s  r e le a s e d  
e v e r y  7 - 1 0  h r  a s  w a s  f o u n d  in  t h e  p r o t o z o a  a t  a n y  o n e  t i m e  (F ig .  4 ) ;  (b) t h e  n u m b e r  
o f  p r o t o z o a  r e m a in e d  c o n s t a n t  o v e r  t h e  p e r io d  o f  t h e  e x p e r im e n t ,  a l t h o u g h  th i s  m a y  
h a v e  b e e n  t h e  r e s u l t  o f  t h e  d e a t h  o f  s o m e  p r o t o z o a  b a la n c e d  b y  t h e  d iv i s io n  o f  a n  
e q u a l  n u m b e r  o f  o t h e r  p r o to z o a ;  (c) a f t e r  w a s h in g  e q u i l ib r iu m - s t a te  p r o to z o a  th e r e  
w a s  o n ly  a  d e c r e a s e  in  p r o to z o a l  14C w h e n  t h e  p r o t o z o a  w e re  i n o c u la te d  in t o  f r e s h  
m e d iu m  c o n ta in in g  n o  g ly c in e  o r  g ly c in e  o f  a  lo w e r  sp e c if ic  a c t i v i t y  t o  t h a t  u s e d  
in  t h e  f i r s t  in c u b a t io n .  T h e  o b s e r v a t io n  t h a t  iV -a c e ty lg ly c in e  w a s  l i b e r a t e d  f r o m  
p r o to z o a  a f t e r  w a s h in g  a n d  t h a t  t h e  r a t e  o f  r e le a s e  w a s  i n d e p e n d e n t  o f  t e m p e r a t u r e  
s u g g e s ts  t h a t  t h e  p ro c e s s  w a s  p a s s iv e  d if fu s io n  r a t h e r  t h a n  a c t i v e  s e c r e t io n .  
I n  v ie w  o f  t h e  k n o w n  a c t i o n  o f  p e n ic i l l in  o n  b a c t e r i a l  c e ll-w a ll  s y n th e s i s  ( P a r k ,  1 9 5 8 ) 
i t  is  o f  i n t e r e s t  t h a t  fV -a c e ty lg ly c in e  w a s  a ls o  p r o d u c e d  in  t h e  a b s e n c e  o f  p e n ic i l l in .  
A l th o u g h  g ly c in e  is  o f t e n  c o n v e r t e d  in t o  s e r in e  in  m a m m a ls  (B a c h ,  1 9 5 2 ), s o m e  
b a c t e r i a  (e .g . R o b e r t s  et al. 1 9 5 5 ) a n d  in  T e t r a h y m e n a  (D e w e y  & K id d e r ,  1 9 5 5 ), 
th e r e  is  n o  e v id e n c e  f o r  s u c h  a  r e a c t io n  in  Entod in ium  caudatum.

A lth o u g h  t h e  p r o t o z o a  w e re  c a p a b le  o f  i n c o r p o r a t in g  g ly c in e  in t o  t h e i r  c e l lu la r  
p r o t e in  n o  e v id e n c e  w a s  o b ta i n e d  f o r  t h e  s y n th e s i s  o f  p r o t e in  a m in o  a c id s  f r o m  
c a r b o h y d r a t e .  T h e  p r o t o z o a  w e re  t h e r e f o r e  e i t h e r  u n a b le  t o  s y n th e s iz e  a m in o  a c id s  
u n d e r  a n y  c o n d i t io n s  o r  o n ly  w h e n  m u l t i p ly in g .  A s  s h o w n  p r e v io u s ly  (C o le m a n ,
1 9 6 2 ) h ig h  c o n c e n t r a t i o n s  o f  s o m e  c a r b o h y d r a t e s  p r o lo n g e d  th e  li fe  o f  s t a r v e d ,  a lm o s t  
b a c te r i a - f r e e  p r o to z o a .  T h e  r e s u l t s  q u o te d  h e r e  w i th  p r o to z o a  c o n ta in in g  b a c t e r i a  
s h o w  t h a t  i f  th i s  e f f e c t  w a s  c o n c e r n e d  w i th  t h e  m e ta b o l i s m  o f  t h e  c a r b o h y d r a t e s  
t h e n  t h e  p r o p o r t io n  o f  t h e  c a r b o h y d r a t e  t h a t  w a s  m e ta b o l i z e d  b y  o r  i n c o r p o r a t e d  in t o  
t h e  p r o t o z o a  w a s  v e r y  s m a ll .  I n  c o n t r a s t  t h e r e  w a s  r a p i d  i n c o r p o r a t io n  o f  14C f r o m  
14C - b ic a r b o n a te  in t o  c a r b o n  a to m s  3  a n d  4  o f  p r o to z o a l  g lu c o s e , p r o b a b l y  i n  t h e  fo r m  
o f  s t a r c h  in  t h e  l iv in g  o r g a n is m , s u g g e s t in g  t h a t  t h e  e n z y m e s  o f  t h e  E m b d e n -  
M e y e r h o f  p a t h w a y  a r e  p r e s e n t  in  t h e s e  p r o to z o a .

I t  is  n o t  c la im e d  t h a t  t h e  c o n c lu s io n s  r e a c h e d  h e r e  w i th  n o n - m u l t ip ly in g  p r o to z o a  
in  t h e  p r e s e n c e  o f  a n t i b io t i c s  c a n  b e  u s e d  a s  g o o d  e v id e n c e  fo r  t h e  s o u r c e  o f  t h e  
a m in o  a c id s  r e q u i r e d  f o r  t h e  g r o w th  o f  th e s e  p r o to z o a .  H o w e v e r ,  t h e  r e s u l t s  d o  s h o w  
t h a t  c e r t a in  b io s y n th e t i c  r e a c t io n s  c a n  p r o b a b l y  b e  c a r r i e d  o u t  b y  th e s e  e n to d i n ia  
w i t h o u t  a s s i s t a n c e  f r o m  t h e i r  a s s o c ia te d  b a c te r i a .

1 0 2
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SUMMARY

A  g r o u p  o f  tw e lv e  u l t r a v i o l e t - s e n s i t i v e  m u t a n t s  h a s  b e e n  is o la te d  
a f t e r  u .v .  i r r a d i a t i o n  o f  Escherichia coli s t r a i n  b . T h e  u s e  o f  c r y s t a l  v io l e t  
d u r i n g  i r r a d i a t i o n  a n d  s u b s e q u e n t  g r o w th  a p p e a r s  t o  in c r e a s e  t h e  f r e q u e n c y  
o f  s u c h  m u t a n t s  a m o n g  c o lo n ie s  f o r m e d  b y  s u r v iv in g  c e lls . T h is  e f f e c t  m a y  
b e  d u e  t o  p o s t - i r r a d i a t  o n  s e le c t io n .  E le v e n  o f  t h e  m u t a n t s  w e re  m o r e  
c r y s t a l  v io l e t  r e s i s t a n t  t h a n  t h e i r  p a r e n t .

T h e  m u t a n t s  w e re  c o m p a r e d  b y  d e t e r m i n in g  t h e i r  u .v .  s u r v iv a l  c u rv e s ,  
t h e  e x t e n t  o f  e lo n g a t io n  a f t e r  u .v .  i r r a d i a t i o n ,  t h e i r  a b i l i t y  t o  r e p a i r  u .v .  
in d u c e d  d a m a g e  t o  b a c te r io p h a g e  T l ,  a n d  t h e i r  r e s i s t a n c e  t o  f u r a c in .  
T h e y  c o m p r is e d  n in e  d i f f e r e n t  p h e n o ty p e s .  I n  a l l  b u t  o n e  c a s e ,  t h e  
m u t a n t s  d if fe re d  f r o m  t h e  p a r e n t  i n  m o r e  t h a n  o n e  p r o p e r ty .

INTRODUCTION

T h e  g e n e t ic  b a s is  o f  u l t r a v i o l e t  ( u .v .)  s e n s i t i v i t y  in  t h e  b a c t e r iu m  Escherichia 
coli h a s  b e e n  e s t a b l i s h e d  in  a  n u m b e r  o f  r e c e n t  in v e s t i g a t io n s  ( A d le r  &  C o p e la n d , 
1 9 6 2 ; R o r s c h ,  E d e lm a n ,  v a n  d e r  I v a m p  & C o h e n , 1 9 6 2 ; H o w a r d - F la n d e r s ,  B o y c e , 
S im s o n  & T h e r io t ,  1 9 6 2 ; R o r s c h ,  E d e lm a n  & C o h e n , 1 9 6 3 ). T h e s e  s tu d ie s  h a v e  
u s u a l ly  c o n s i s te d  in  t h e  g e n e t i c  t r a n s f e r  o f  p r o p e r t i e s  p r e v io u s ly  f o u n d  in  s o m e  
u .v .  s e n s i t iv e  o r  u .v .  r e s i s t a n t  m u t a n t s  a n d  t h e  s u b s e q u e n t  d e m o n s t r a t i o n  t h a t  t h e  
r e c i p ie n t  o r g a n i s m  h a s  a c c u i r e d  t h e  e x p e c t e d  c h a n g e  in  u .v .  s e n s i t i v i t y .  T h e  
p r o p e r t i e s  e m p lo y e d  h a v e  b e e n  t h e  a b i l i t y  t o  r e p a i r  u .v .  in d u c e d  d a m a g e  in  b a c t e r io 
p h a g e  a n d  t h e  f o r m a t i o n  o f  s n a k e - l ik e  f i la m e n ts  a f t e r  u .v .  i r r a d i a t i o n .  T h e  f o r m e r  
p r o p e r t y  is  t h o u g h t  t o  b e  d e p e n d e n t  u p o n  t h e  o r g a n i s m ’s a b i l i t y  t o  r e p a i r  u .v .  
in d u c e d  d a m a g e  to  D N A ;  t h e  l a t t e r  is  c o n s id e r e d  t o  b e  i n d i c a t i v e  o f  u .v .  in d u c e d  
d a m a g e  t o  c e ll d iv is io n .

I t  is  a p p a r e n t  f r o m  th e s e  s t u d ie s  t h a t  u .v .  r a d i a t i o n  p ro d u c e s  m o r e  t h a n  o n e  
e f f e c t.  H e n c e  i t  m i g h t  b e  e x p e c t e d  t h a t  m u t a n t s  w h o s e  in c r e a s e d  u .v .  s e n s i t i v i t y  is 
d u e  t o  in c r e a s e d  s u s c e p t ib i l i ty  t o  o n e  e f f e c t  s h o u ld  b e  l ik e  t h e  p a r e n t  s t r a i n  w i th  
r e s p e c t  t o  s u s c e p t ib i l i ty  t o  o t h e r  e f f e c ts . T h e  p r e s e n t  r e p o r t  c o n c e rn s  a n  in v e s t i g a t i o n  
o f  th i s  q u e s t io n  in  t h e  c a s e  o f  u .v .  s e n s i t iv e  m u t a n t s  d e r iv e d  f r o m  E. coli s t r a i n  B.

M E T H O D S

T h e  b a c t e r i a l  s t r a in s  e m p lo y e d  w e re  E. coli n , a  u .v .  r e s i s t a n t  (b /t) m u t a n t ,  a n d  
tw e lv e  u .v .  s e n s i t iv e  (b s) m u t a n t s .  T w o  o f  t h e  u .v .  s e n s i t iv e  m u t a n t s ,  b s_x a n d  Bg_2, 
h a d  b e e n  is o la te d  p r e v io u s ly  a n d  s o m e  o f  t h e i r  p r o p e r t i e s  d e s c r ib e d  (H il l  & S im s o n ,
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1961). T h e  t e n  a d d i t i o n a l  m u t a n t s  w e re  i s o la te d  a s  fo l lo w s . C u l tu r e s  o f  b  w e re  
g ro w n  t o  t h e  lo g a r i t h m ic  s t a g e  b y  a e r a t i o n  in  n u t r i e n t  t r o t h .  S a m p le s  c o n ta in in g  
1 0 6- 1 0 7 o r g a n is m s  w e re  s p r e a d  o n  n u t r i e n t  b r o t h  a g a r .  I n  so m e  i s o la t io n  e x p e r im e n t s  
t h e  n u t r i e n t  b r o t h  a g a r  w a s  s u p p le m e n te d  w i th  c r y s t a l  v io le t .  T h e  s ig n if ic a n c e  o f  
t h i s  w ill b e  d is c u s s e d  l a t e r .

A f t e r  s p r e a d in g ,  t h e  o r g a n i s m s  w e re  u .v .  i r r a d i a t e d  w i th  d o s e s  a l lo w in g  10 4 10 5 
s u r v iv a l  a n d  i n c u b a t e d  a t  3 7 ° . C o lo n ie s  fo r m e d  b y  s u r v iv in g  c e lls  w e re  s u b c u l tu r e d  
in  n u t r i e n t  b r o r h  a n d  lo o p fu ls  w e re  s p r e a d  o v e r  s m a l l  a r e a s  o n  n u t r i e n t  b r o t h  
a g a r .  T h e s e  a r e a s  w e re  u .v .  i r r a d i a t e d  w i th  a  d o s e  (1 6 0  e r g s /m m .2) a l lo w in g  1 %  
s u r v iv a l  o f  B  c e lls . A f t e r  3  h r  in c u b a t io n ,  t h e  s p r e a d  a r e a s  w e re  e x a m in e d  m ic r o 
s c o p ic a l ly .  A r e a s  c o n ta i n in g  v e r y  s h o r t  c e lls  o r  m i x tu r e s  o f  s h o r t  c e lls  a n d  s l ig h t ly  
e lo n g a te d  c e lls  w e re  t e n t a t i v e l y  d ia g n o s e d  a s  c o n ta in in g  3 S m u t a n t s ,  in  c o m p a r is o n  
w i th  a r e a s  s h o w in g  e x t r e m e l y  lo n g  f d a m e n ts  ( ‘ s n a k e s ') ,  w h ic h  is  ty p i c a l  o f  b  a t  t h e  
g iv e n  d o se , o r  w i th  a r e a s  s h o w in g  a  m o d e r a te  a m o u n t  o f  c e l lu la r  e lo n g a t io n  a n d  
m ic r o c o lo n y  f o r m a t io n ,  ty p i c a l  o f  n / r  a t  t h e  s a m e  d o s e  ( P a y n e ,  H a r t m a n ,  M u d d  &  

P h il l ip s ,  1 9 5 6 : H i l l  & S im s o n , 1 9 6 1 ).
T h e  t e n t a t i v e  d ia g n o s is  o f  b s m u t a n t s  w a s  c o n f i rm e d  o r  r e f u t e d  b y  m a c r o s c o p ic  

r e - e x a m i n a t io n  o f  th e  s p r e a d  a r e a s ,  a f t e r  r e - in c u b a t io n  o v e r n ig h t .  A r e a s  c o n ta i n in g  
b o r  B /r s h o w e d  d e n s e  c o n f lu e n t  g r o w th  w h ile  a r e a s  c o n ta in in g  u .v .  s e n s i t iv e  m u t a n t s  
s h o w e d  c o n s id e r a b ly  le s s  g r o w th .  T h e  m o s t  s e n s i t iv e  s h o w e d  e i t h e r  n o  g r o w th  o r  
o n ly  a  fe w  i s o la t e d  c o lo n ie s . O c c a s io n a l ly ,  a r e a s  w h ic h  h a d  b e e n  t e n t a t i v e l y  d i a 
g n o s e d  a s  c o n ta i n in g  bs m u t a n t s  s h o w e d  a  f a i n t  f i lm  o f  g r o w th .  S u b s e q u e n t  d e t e r 
m i n a t i o n  o f  t h e  s u r v iv a l  c u r v e s  s h o w e d  t h a t  t h e s e  w e re  s lo w - g ro w in g  B /r ty p e s .  
I n  tw o  c a se s , t h e  t e n t a t i v e  d ia g n o s is  o f  b  o n  t h e  b a s i s  c f  t h e  f o r m a t i o n  o f  s n a k e s  
w a s  r e f u t e d  b y  t h e  s c a n t y  g r o w th  o v e r n i g h t  a n d  t h e  s u r v iv a l  c u r v e s  f o r  th e s e  
s h o w e d  t h a t  t h e y  w e re  b s m u t a n t s .

The procedure used to determine the u.v. survival curves for the bacteria was 
the same as the preceding except th a t measured samples were spread on nutrient 
broth agar and irradiated with a range of doses. Bacteriophage T l  was irradiated 
while suspended in 2 % ammonium acetate. Its  survival, using the different 
bacterial strains as hosts, was determined by the agar layer method (Adams, 1 9 5 0 ). 
The apparatus used for irradiation has been described previously (Hill & Rossi,
1 9 5 2 ). The present dose rate of the u.v. lamp a t 56  cm. is 8 T  ergs/mm.2/sec. as 
measured by a calibrated Jagger dosimeter (Jaggcr, 1 9 6 1 ).

T h e  e x t e n t  c f  e lo n g a t io n  o f  Escherichia coli c e lls  a f t e r  u .v .  i r r a d i a t i o n  is  d e p e n d e n t  
u p o n  t h e  s t r a i n  a n d  t h e  d o s e  ( P a y n e  et al. 1 9 5 6 ). I n  o r d e r  t o  c o m p a r e  m o r e  p re c is e ly  
t h e  a b i l i t y  o f  t h e  d i f f e r e n t  b s m u t a n t s  t o  e lo n g a te ,  t h e  p r o c e d u r e  d e s c r ib e d  a b o v e  
f o r  t h e  t e n t a t i v e  d ia g n o s is  o f  t y p e  w a s  m o d if ie d .  A f te r  t h e  s u r v iv a l  c u r v e s  w e re  
o b ta i n e d ,  e a c h  m u t a n t  w a s  i r r a d i a t e d  w i th  a  d o s e  g iv in g  a b o u t  1 %  s u r v iv a l .  
T h e  e x t e n t  o f  e lo n g a t io n  b y  3  h r  a f t e r  i r r a d i a t i o n  w a s  t h e n  c la s s if ie d  a s  1 +  t o  
4 +  b y  c o m p a r is o n  w i th  t h e  l e n g t h  (4  +  ) o f  t h e  s n a k e s  f o r m e d  b y  b  a t  1 %  s u r 
v iv a l .

S e n s i t i v i t y  t o  c r y s ta l  v io l e t  w a s  d e te r m i n e d  b y  s p r e a d in g  0 T  m l. s a m p le s  o f  
a p p r o p r i a t e  s a l in e  d i l u t i o n s  o f  b r o th - g r o w n  c u l t u r e s  o n  n u t r i e n t  b r o t h  a g a r  c o n 
t a i n in g  v a r y i n g  c o n c e n t r a t i o n s  o f  t h e  d y e ,  fo l lo w e d  b y  in c u b a t in g  a t  3 7 ° . E x p o s u r e  
t o  c r y s t a l  v io l e t  d u r i n g  g r o w th  s lo w s  t h e  d e v e lo p m e n t  o f  c o lo n ie s . B y  c o u n t i n g  
t h e  n u m b e r s  o : c o lo n ie s  a p p e a r i n g  b y  a  m a x im u m  o f  4  d a y s  o f  in c u b a t io n ,  s u r v iv a l
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curves for colony formation as a function of dye concentration were obtained. 
The times required for the appearance of colonies were also noted.

Sensitivity to furacin was determined by the gradient plate technique (Szybalski. 
1 9 5 2 ).
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R E S U L T S

Effect of crystal violet on the isolation of bs mutants 
T h e  n u m b e r s  o f  b s, B /r a n d  p a r e n t a l  b c o lo n ie s  f o u n d  in  d i f f e r e n t  i s o la t io n  e x p e r i 

m e n ts  a r e  s h o w n  in  T a b le  1 . T h e  p r e s e n c e  o f  B /r c o lo n ie s  c o u ld  b e  d u e  t o  s e le c t io n  
o f  p r e - e x i s t in g  m u t a n t s  a s  w e ll  a s  t o  t h e  i n d u c t io n  o f  n e w  m u t a t i o n s  o f  th i s  t y p e .  
S e le c t io n  u n d o u b te d l y  o c c u r s  s in c e  B /r m u t a n t s  a r e  m o r e  r e s i s t a n t  b o th  t o  u .v .  
r a d i a t i o n  a n d  t o  c r y s t a l  v io le t  t h a n  b  ( B r y s o n  et al. 1 9 5 1 -5 2 ) .  U n f o r t u n a t e l y ,  t h e  
e v id e n c e  a v a i l a b le  o n  t h e  u .v .  in d u c t io n  o f  B /r m u t a t i o n s  in  b o r g a n is m s  is  s c a n t y  
a n d  e q u iv o c a l  ( W i tk in ,  1 9 4 7 ). I n  tw o  r e p o r t e d  e x p e r im e n t s ,  t h e  f r e q u e n c ie s  o f  
B /r m u t a n t s  b e fo r e  a n d  a f t e r  u .v .  i r r a d i a t i o n  o f  b w e re  d e te r m in e d .  I n  o n e  c a s e ,

Table 1. Frequency of radiological types among survivors of u.v. irradiation of
Escherichia coli b

C o n c e n 
t r a t i o n

o f
crystal No. of No. of colonies of

u.v. dose violet colonies ---------- A---------------- -

Expt. (sec.) (/tg./ml.) examined B/r Bs B

1 81) 1 h 1 1 0
■2n 80 0 100 7 1 02

b 0 0 100 0 0 100
3a (¡0 2 27 23 3 1

b 40 2 54 47 2 5
c 0 2 217 107 0 110
d 80 1 60 13 2 45
e 60 1 21 5 1 15

4 60 0 132 3 2 127

the post-irradiation frequency was about ten times the frequency expected on the 
basis of u.v. selection, as calculated from the survival curves. However, in the 
second, the post-irradiation frequency was very nearly equal to the expected 
frequency. In  the absence of definite information to the contrary, it was assumed 
th a t B /r m utations may not be u.v. inducible in b and therefore th a t the presence 
of B /r m utants among surviving colonies was due only to  selection. These colonies 
were regarded as unavoidable ‘contam inants’.

T h e  s ig n if ic a n c e  o f  th i s  is  t h a t  in  c a lc u la t i n g  t h e  f r e q u e n c y  o f  bs c o lo n ie s , B /r 
c o lo n ie s  s h o u ld  n o t  b e  in c lu d e d  in  t h e  t o t a l  s c o r e d  i f  t h e y  a r e  m e r e ly  c o n ta m in a n t s .  
H o w e v e r ,  t h e  p o s s ib i l i t y  t h a t  s o m e  o f  t h e  b s c o lo n ie s  m i g h t  h a v e  r e s u l t e d  f r o m  
u .v .  in d u c e d  m u t a t i o n  in  t h e  B /r ‘ c o n t a m i n a n t s ’ a ls o  h a s  t o  b e  c o n s id e r e d .  T h e  
u n l ik e l ih o o d  o f  t h i s  c a n  b e  d e m o n s t r a t e d .  F o r  e x a m p le ,  in  e x p e r im e n t s  3 a a n d  3b 

( T a b le  1), 2 7  a n d  5 4  t o t a l  c o lo n ie s  r e s p e c t iv e ly  w e re  s c o r e d . I n  e a c h  c a s e ,  th e s e  
n u m b e r s  w e re  t h e  t o t a l s  a p p e a r i n g  a f t e r  t h e  i r r a d i a t i o n  o f  1 0 7 o r g a n is m s .  T h e  s p o n 
ta n e o u s  f r e q u e n c y  o f  B /r in  p o p u la t io n s  o f  b  is  a b o u t  1 0~ 5 ( W i tk in ,  1 9 4 7 ). T h u s  t h e
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t o t a l  n u m b e r  o f  i r r a d i a t e d  o r g a n i s m s  m u s t  h a v e  in c lu d e d  a b o u t  1 0 0  B /r m u t a n t s .  
S in c e  o n ly  t h r e e  a n d  tw o  b s c o lo n ie s  w e re  f o u n d  in  e x p e r im e n t s  3  a a n d  3 b r e s p e c 
t iv e ly ,  t h e  u .v .  in d u c e d  m u t a t i o n  r a t e  f o r  t h e  c h a n g e  f r o m  s / r  t o  bs w o u ld  h a v e  to  
b e  e x t r e m e ly  h ig h .  H o w e v e r ,  in  s e p a r a t e  e x p e r im e n t s  w h e re  B /r p o p u la t io n s  w e re  
i r r a d i a t e d  t o  1 %  s u r v iv a l  in  t h e  p r e s e n c e  o f  1 fig. c r y s t a l  v io l e t  p e r  m l .  o f  n u t r i e n t  
b r o t h  a g a r ,  n o  3 S m u t a n t s  w e re  f o u n d  a m o n g  4 1 2  c o lo n ie s  f o r m e d  b y  s u r v iv in g  c e lls . 
A s im i la r  r e s u l t  h a s  b e e n  r e p o r t e d  f o r  t h e  u .v .  i r r a d i a t i o n  o f  E . coli s t r a i n  k  12, 
a  s t r a i n  r e s e m b l in g  B /r in  u .v .  r e s i s t a n c e .  N o  u .v .  s e n s i t iv e  m u t a n t s  w e re  f o u n d  
a m o n g  5 0 0  c o lo n ie s  ( H o w a r d - F la n d e r s  & T h e r io t ,  1 9 6 2 ). T h u s  a l t h o u g h  u .v .  
s e n s i t iv e  m u t a n t s  m a y  b e  u .v .  in d u c e d  in  B /r, t h e  r a t e  o f  i n d u c t io n  c a n n o t  b e  h ig h  
e n o u g h  t o  a c c o u n t  f o r  t h e  b s m u t a n t s  f o u n d  a f t e r  t h e  u .v .  i r r a d i a t i o n  o f  b  p o p u la t io n s .  
T h e  Bg m u t a n t s  m u s t  th e r e f o r e  h a v e  r e s u l t e d  f r o m  m u t a t i o n  in  b  o n ly .

In  view  of th e  above considerations, th e  frequency  o f b s m u ta n ts  w as ca lcu la ted  
as th e  ra tio  o f b 3 colonies to  th e  to ta l o f b  a n d  b s colonies. As show n in T ab le  2, 
th e  frequency  is increased  m ark ed ly  w hen  increasing  co n cen tra tio n s  of c ry s ta l 
v io le t a re  p re se n t d u rin g  irra d ia tio n  an d  su b se q u en t g row th .

T ab le  2. E ffect o f crystal violet concentration on frequency o f  bs m utants

Concentration
of

crystal
violet b ./b . +  b *

(/(g./ml.) (%) Mean

0 1-0
0 1-6 1-3
1 1 0 0
1 4-3
1 0-7 TO
2 75
2 30 5*>

* T h e  r e a s o n  for e x e lu d in g  B/r m u t a n t s  f ro m  t h e  d e n o m in a to r  of th i s  f r a c t i o n  is e x p la in e d  in  
t h e  t e x t .

Properties o f b s  m utants

T h e  u .v .  s u r v iv a l  d a t a  f o r  s m a l l  a n d  la r g e  d o s e s  t o  t h e  bs m u t a n t s  a r e  s h o w n  in  
F ig .  1 . A l th o u g h  th e r e  w a s  a  w id e  d i s t r i b u t i o n  in  t h e  p o s i t io n s  o f  t h e  c u r v e s  a n d  
v a r i a t i o n  in  s h a p e ,  a l l  o f  t h e  m u t a n t s  w e re  m o r e  u .v .  s e n s i t iv e  t h a n  t h e  p a r e n t  b 
s t r a i n  (F ig .  1 5 ).

T h e  c u r v e s  f o r  t h e  s u r v iv a l  o f  c o lo n y  f o r m a t i o n  w h e n  t h e  s t r a in s  w e re  g ro w n  o n  
a g a r  c o n ta in in g  v a r y i n g  c o n c e n t r a t i o n s  o f  c r y s ta l  v io l e t  w e re  o f  t h r e e  ty p e s .  T h e  
s t r a in s  w e re  t h e r e f o r e  c o m p a r e d  b y  a s s ig n in g  e a c h  to  a  t y p e ,  a s  i l l u s t r a t e d  in  F ig .  2 . 
T y p e  A  in c lu d e s  s t r a in s  w h o s e  s u r v iv a l  s h o w s  a  s h a r p  d e c r e a s e  a t  c r y s t a l  v io l e t  
c o n c e n t r a t i o n s  o f  1 - 2  / tg . /m l .  T y p e  B  s t r a in s  s h o w  a  s h a r p  d e c r e a s e  a t  2 - 4  / /g ./ r n l .  
T h e  s u r v iv a l  c u r v e s  f o r  s t r a in s  o f  t y p e  C s h o w  a  g r a d u a l  d e c r e a s e  f o r  c o n c e n t r a t i o n s  
u p  t o  a t  l e a s t  3 tig./m l. T y p e  C is  h e te r o g e n e o u s ;  s o m e  s t r a in s  s h o w e d  a n  a c c e le r a te d  
d e c r e a s e  in  s u r v iv a l  a t  8 - 1 6  fig. ¡ml. w h ile  o th e r s  c o n t i n u e d  to  d e c re a s e  a t  t h e  s a m e  
r a t e  e v e n  a t  c o n c e n t r a t i o n s  a s  h ig h  a s  3 2  / tg . /m l .  I n  a d d i t io n ,  c o lo n ie s  o f  t h e  l a t t e r  
a p p e a r e d  w i th i n  2 4  h r  e v e n  a t  3 2  /e g ./m l. T h u s ,  t y p e  C s t r a in s  c o u ld  b e  d i s t in g u is h e d  
a s  C j, C 2 a n d  C3, in  o r d e r  o f  in c r e a s in g  r e s i s t a n c e .



O f  t h e  tw e lv e  m u t a n t  s t r a in s ,  n in e  w e re  c la s s if ie d  a s  t y p e  C, tw o  a s  t y p e  B  a n d  
o n ly  o n e  a s  t y p e  A , t h e  m o s t  c r y s t a l  v io le t - s e n s i t iv e  g r o u p .  T h e  o n ly  o t h e r  t y p e  A 
s t r a i n  w a s  t h e  p a r e n t  B  ( T a b le  3 ) . T h u s  e le v e n  o f  t h e  m u t a n t s  w e re  m o r e  c r y s ta l  
v io l e t - r e s i s t a n t  t h a n  th e i r  p a r e n t .  T h e  o n ly  s t r a i n  ( n s.n ) w h ic h  w a s  l ik e  t h e  p a r e n t .
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F ig .  1 . S u r v iv a l  o f  u .v .  s e n s i t iv e  m u t a n t s  o f  Escherichia coli b  a f t e r  s m a ll  a n d  la rg e  
d o s e s  o f  u .v .  r a d i a t i o n .  D o t t e d  c u r v e s  a r e  f o r  th o s e  m u t a n t s  w h ic h  a r e  u n a b le  t o  r e p a i r  
u .v .  in d u c e d  d a m a g e  in  b a c te r io p h a g e  T 1  (hcr~).

T ab le  3. Properties o f  b s  m utan ts

I n h ib i to r y
E lo n g a t io n S e n s i t iv i ty  t o c o n c e n t r a t io n A b i l i ty  t o

I s o la te d a f t e r  u .v . c r y s ta l  v io le t o f  f u ra c in r e p a i r  T 1
S t r a in in  e x p t .* i r r a d ia t io n ( ty p e ) ( / ig ./m l.) (hcr+ or hcr~)

B — 4  + A 0-25 +
B / r 1 2  + C 3 3-3 4-
B g - l 1 1 + C 2 0-23 —

B 5-2 2 1 + C l 0-53 +
B s _3 3  a 4  + B 0-25 -

B 5-4 3 a 2 + C 2 0-75 +
B g - 5 3 a 2  + C 2 0-67 +
B s _6 3 b 2 + C 2 0-53 +
B g _  7 3b 2 + C 2 0-59 +

B g . 8 3d 2 + C 3 0-87 —

E g - 9 3d 2  + C 3 0-59 +
B s_10 3e 2  + C 2 0-73 +
B g . U 4 1 + A 0-20 +

b b 12 4 4  -j- B 0-20 —

* S ee  T a b le  1.
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h ad  been  iso la ted  w ith o u t th e  use o f c ry s ta l v io le t. H ow ever, th is  is p ro b ab ly  
w ith o u t significance since, a lth o u g h  b s,2 an d  b s.12 w ere also iso la ted  in  th is  w ay , 
th e y  w ere classified as ty p e s  C a n d  B, respectively .

T w o  d i f f e r e n t  s u r v iv a l  c u r v e s  w e re  o b ta i n e d  w h e n  t h e  m u t a n t s  w e re  u s e d  a s  
h o s t s  fo r  u .v .  i r r a d i a t e d  b a c te r io p h a g e  T l .  T h e  c h a n g e  in  s lo p e  s h o w n  in  t h e  u p p e r  
c u r v e  o f  F ig .  3  h a s  b e e n  i n t e r p r e t e d  a s  in d i c a t i n g  t h a t  t h e  h o s t  o r g a n i s m  c a n  r e p a i r

Fig. 3

F ig . 2 . T y p e s  o f  s u r v iv a l  c u r v e s  s h o w n  b y  Ba m u t a n t s  w h e n  g ro w n  in  t h e  p re s e n c e  o f  
c r y s ta l  v io le t .

F ig .  3 . S u r v iv a l  o f  u .v .  i r r a d i a t e d  b a c te r io p h a g e  T 1 w h e n  m e a s u re d  b y  u s in g  d i f fe r e n t  b 8 
m u t a n t s  a s  h o s t  o rg a n is m s .

a  f r a c t i o n  o f  u .v .  in d u c e d  d a m a g e  in  T l  ( G a r e n  & Z in d e r ,  1 9 5 5 ; H a r m ,  1 9 6 3 ). 
S t r a in s  g iv in g  th i s  c u r v e  h a v e  b e e n  d e s ig n a te d  a s  hcr+ ( h o s t  c e ll r e p a r a b i l i t y  is 
p o s i t iv e ) .  T h e  lo w e r  c u r v e  o f  F ig .  3  is  c h a r a c t e r i s t i c  o f  hcr~ s t r a in s .  E i g h t  o f  t h e  
m u t a n t s  g a v e  t h e  s a m e  hcr+ c u r v e  a n d  f o u r  g a v e  t h e  s a m e  hcr~ c u rv e .

I n  r e g a r d  t o  s e n s i t i v i t y  t o  f u r a c in ,  f o u r  o f  t h e  m u t a n t s  w e re  a s  s e n s i t iv e  a s  t h e  
p a r e n t  a n d  e ig h t  w e re  m o r e  r e s i s t a n t  ( T a b le  3 ). N o n e  o f  t h e  l a t t e r  w e re  a s  r e s i s t a n t  
a s  t h e  B /r s t r a i n  u s e d  f o r  c o m p a r is o n .  S im ila r ly ,  n o n e  o f  t h e  m u t a n t s  o f  t y p e  C 
w i th  r e s p e c t  t o  c r y s t a l  v io l e t  r e s i s t a n c e  w e re  a s  r e s i s t a n t  a s  t h i s  B /r. T h e r e f o r e  
o t h e r  B /r s t r a in s  in  o u r  c o l le c t io n  w e re  e x a m in e d .  O n e  B /r, a  t r y p to p h a n - d e f i c i e n t  
a u x o t r o p h  u s e d  in  o t h e r  s tu d ie s ,  s h o w e d  a c r y s t a l  v io l e t  s u r v iv a l  c u r v e  id e n t ic a l  
t o  t h a t  s h o w n  b y  bs_2. T w o  o t h e r  B /r m u t a n t s  w e re  i n h ib i t e d  b y  a b o u t  O '75  //g . 
f u r a c in /m l . ,  a s  w e re  tw o  o f  t h e  b s m u t a n t s .

C o m p a r is o n  o f  t h e  tw e lv e  Bs m u t a n t s  ( T a b le  3 , F ig s .  1 a n d  2 ) s h o w e d  p o s s ib ly  
n in e  d i f f e r e n t  p h e n o ty p e s .  F o u r  o f  th e s e  w e re  r e p r e s e n te d  b y  t h e  f o u r  hcr~ s t r a in s .  
A l th o u g h  bs_3 a n d  bs.12 w e re  id e n t ic a l  in  s n a k e  f o r m a t io n  a n d  a n t i b i o t i c  r e s i s t a n c e ,



th e ir  u .v . su rv iv a l cu rves w ere d is tin c tly  d ifferen t, bs_j a n d  bc.8 differed from  bs 3 
an d  bs_12 in sn ak e  fo rm a tio n  an d  c ry s ta l v io le t resis tan ce  an d  differed from  each 
o th e r  in  c ry s ta l v io le t resis tance, in  fu rae in  resis tan ce  an d  in th e ir  u .v . su rv iv a l 
curves. T he e ig h t her+ s tra in s  gave  a n  ad d itio n a l five p h en o ty p es. bs.u  differed 
from  all th e  o th e r  hcr+ s tra in s  in  th a t  i t  h ad  th e  sam e se n sitiv ity  to  th e  an tib io tics  
as th e  b p a re n t. bs.9 w as like th e  hcr~ b s.8 in  h av in g  th e  g re a te s t resis tan ce  to  
c ry s ta l v io le t an d  in  ad d itio n , h ad  th e  g re a te s t resis tan ce  to  h igh  doses of u .v . 
ra d ia tio n  of all th e  bs s tra in s . O f th e  o th e r  six hcr+ s tra in s , b3.2 could  be d iffe ren tia ted  
b y  its c ry s ta l v io le t an d  u .v . cu rve  an d  bs.6 b y  th e  fa c t th a t ,  a lth o u g h  i t  w as like 
Bs 4> b s -5 !  b s - 7  a n d  Bs-io in  degree o f elongation  a n d  an tib io tic  resis tance, its  u .v . cu rve  
w as v e ry  close to  th a t  for bs_2. O nly  b3.4, bs,5. bs_- an d  bs_10 m a y  n av e  been iden tical.

D I S C U S S IO N

T he find ing  th a t  bs m u ta n ts  te n d  to  be m ore c ry s ta l v io le t re s is ta n t th a n  b 
suggests th a t  th e  m echan ism  by  w hich c ry s ta l v io le t increases th e ir  frequency  
am ong  colonies fo rm ed  b y  u .v . irra d ia te d  b o rgan ism s is p ro b ab ly  selective. T his 
w ould  n o t be a  se lec tion  o f p re-ex is tin g  m u ta n ts .  R a th e r , th o se  p a re n ta l organism s 
w hich su rv iv e  ir ra d ia tio n  b u t  m u ta te  to  th e  bs form  w ould h av e  a se lective ad v a n ta g e  
d u rin g  su b se q u en t g ro w th  in  th e  p resence o f th e  dy e  ov er th o se  su rv ivo rs  w hich 
do  n o t m u ta te . Since th e  use of c ry s ta l v io le t a lone does n o t se lect bs m u ta n ts  to  
a d e tec tab le  e x te n t  (T able I), i t  seem s likely  th a t  th e y  o rig in a ted  b y  u .v . induced  
m u ta tio n  ra th e r  th a n  b y  sp o n tan eo u s m u ta tio n  d u rin g  p o s t- irra d ia tio n  g ro w th  on 
agar. In  th is  respect, m u ta tio n  to  increased  u .v . se n s itiv ity  m a y  differ from  m u ta tio n  
to  increased  u .v . resis tan ce  since, as m en tio n ed  prev iously , th e  la t te r  m ay  n o t be 
u .v . inducib le .

T h e  w ide d is tr ib u tio n  w hich  w as observed  fo r th e  positions of th e  u .v . su rv iv a l 
cu rves is in d e p en d e n t o f w h e th e r  th e  bs m u ta n ts  a re  hcr+ o r her". A s im ilar sp read  
has been  rep o rted  for hcr~ u .v . sensitive  m u ta n ts  o f Escherichia coli k  1 2  (H ow ard - 
F lan d e rs  & T h erio t, 1962). I t  has been  suggested  th a t  th e  her p ro p e r ty  is de te rm in ed  
b y  th e  ab ility  o f th e  organism  to  p roduce an enzym e for th e  rep a ir  o f u .v . induced  
dam ag e to  D N A  (S auerb ier, 1961). T he fa c t th a t  her~ m u ta n ts  a re  n o t eq u a lly  u .v . 
sensitive  m ay  m ean  th a t  th e  a m o u n t o f  th is  enzym e is m ore critica l fo r th e  su rv iv a l 
o f th e  u .v . irra d ia te d  b ac te riu m . In  ad d itio n , i t  seem s c lear th a t  u .v . sen s itiv ity  
is d e te rm in ed  b y  a  n u m b e r o f fac to rs  ra th e r  th a n  b y  on ly  one (H o w ard -F lan d e rs  & 
T h erio t, 1962). A second fac to r  w hich has been  p roposed  is in ju ry  to  cell d iv ision , 
m an ifested  b y  th e  fo rm a tio n  o f snake-like  filam en ts a f te r  irra d ia tio n . A ccord ing  
to  cy to log ical stud ies, ‘ s n a k e ’ fo rm a tio n  is due to  con tin u o u s n u clea r rep lica tion  
an d  cy top lasm ic  increase w ith o u t cell d iv is ion  (P a y n e  et at. 1956). A th ird  fac to r 
is suggested  b y  th e  p rese n t find ing  th a t  th e  her~ m u ta n ts  bs_3 an d  bs ]2 form ed 
‘sn a k e s ’ a f te r  u .v . ir ra d ia tio n  like th e  p a re n t b s tra in . A p p a ren tly  th ese  m u ta n ts  
can  rep lica te  th e ir  D N A  in  sp ite  o f in a b ility  to  re p a ir  it. I t  has been suggested  th a t  
D N A  rep lica tio n  w ith o u t re p a ir  resu lts  in m u ta tio n  (W itk in , 1961). T herefo re  th e  
increased  u .v . se n s itiv ity  o f bs 3 a n d  bs12 m ig h t be d u e  to  a  co m b in a tio n  o f th e  her~ 
p ro p e r ty  an d  th e  p ro d u c tio n  o f new  m u ta tio n s  w hich su b se q u en tly  reduce th e  
p ro b ab ility  o f recovery  from  th e  u .v . induced  dam ag e to  cell div ision  even  m ore th a n  
it  is reduced  in  th e  case of th e  licr+  p a r e n t  b .
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R. F. H ill  and  R. R. F e in e b ,
I n j u r y  t o  c e ll d iv i s io n  ( m a n i f e s te d  b y  s n a k e - f o r m a t io n )  is  p r o d u c e d  b y  e x p o s u r e  

t o  o t h e r  a g e n t s  b e s id e s  r a d i a t i o n .  T h e s e  in c lu d e  c r y s t a l  v io l e t  a n d  f u r a c in .  I t  h a s  
b e e n  s u g g e s te d  t h a t  s n a k e  f o r m a t i o n  a n d  s e n s i t i v i t y  t o  th e s e  a n t i b io t i c s  a r e  
c o r r e la t e d  p r o p e r t i e s  ( P a y n e  et al. 1 9 5 6 ; R o r s c h  et al. 1 9 6 2 ). H o w e v e r ,  t h e  p r e s e n t  
r e s u l t s  s h o w  t h a t  th i s  is  n o t  a lw a y s  t h e  c a se . A l th o u g h  b s_3 a n d  bs.12 a r e  s n a k e  
fo r m e rs  a f t e r  i r r a d i a t i o n  l ik e  t h e i r  p a r e n t ,  t h e y  s h o w  a n  in c r e a s e d  r e s i s t a n c e  t o  
c r y s t a l  v io le t  b u t  n o t  t o  f u r a c in .  A  p o s s ib le  e x p la n a t io n  w o u ld  in v o lv e  a  c o m b i 
n a t i o n  o f  (a) d if fe re n c e s  in  t h e  e f f ic ie n c y  w i th  w h ic h  d i f f e r e n t  a g e n t s  in j u r e  t h e  
m e c h a n is m  o f  ce ll d iv is io n ,  a n d  (b) q u a n t i t a t i v e  d if fe re n c e s  in  w h a te v e r  m e ta b o l i c  
p r o p e r ty  is  r e s p o n s ib le  f o r  e v e n tu a l  r e c o v e r y  f ro m  in j u r y  t o  c e ll d iv i s io n .  T h e  
r e s u l t s  w i th  3 3 3 a n d  b s13 s u g g e s t  t h a t  t h e  o r d e r  o f  d e c r e a s in g  e f f ic ie n c y  m a y  b e  
u .v .  r a d i a t i o n ,  f u r a c in ,  c r y s t a l  v io le t .  T h is  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  
u n l ik e  Escherichia coli s t r a i n  b , in  E . coli s t r a i n  s ,  s e le c t io n  f o r  in c r e a s e d  f u r a c in  
r e s i s t a n c e  is  n o t  a lw a y s  e q u iv a l e n t  t o  s e le c t io n  f o r  in c r e a s e d  u .v .  r e s i s t a n c e  ( S z y b a l -  
s k i  & N e ls o n , 1 9 5 4 ; W o o d y - K a r r e r  &  G re e n b e r g ,  1 9 6 3 ). F u r t h e r m o r e  w h e n  s t r a i n  
s  m u t a t e s  t o  in c r e a s e d  u .v .  r e s i s t a n c e ,  t h e r e  m a y  o r  m a y  n o t  b e  a  r e d u c t io n  in  s n a k e  
f o r m a t i o n  ( C u r r y  & G r e e n b e r g ,  1 9 6 2 ). T h u s  a n  in c r e a s e d  a b i l i t y  t o  r e c o v e r  f r o m  
in j u r y  t o  c e ll d iv i s io n  m a y  n o t  b e  t h e  o n ly  c a u s e  o f  in c r e a s e d  r e s i s t a n c e  t o  u .v .  
r a d i a t i o n .  I t  w o u ld  b e  i n t e r e s t i n g  to  k n o w  w h e th e r  s t r a i n  s  is  hcr~. I f  i t  is , th e n  
in c r e a s e d  u .v .  r e s i s t a n c e  c o u ld  b e  d u e  t o  m u t a t i o n  t o  hcr+. I f  i t  is  a l r e a d y  h c rL. 

t h e  in c r e a s e d  u .v .  r e s i s t a n c e  o f  m u t a n t s  w h ic h  s t i l l  f o r m  s n a k e s  a f t e r  u .v .  i r r a d i a t i o n  
w o u ld  s u g g e s t  t h a t  t h e r e  is  a  f o u r th  m e c h a n is m  o f  u .v .  in d u c e d  l e t h a l i t y  in  a d d i t i o n  
to  th o s e  a l r e a d y  m e n t io n e d .  I n  a n y  c a se , i t  is c le a r  f r o m  t h e  r e s u l t s  w i th  s t r a i n  s 
a n d  w i th  t h e  u .v .  s e n s i t iv e  m u t a n t s  o f  s t r a i n  b t h a t  n e i t h e r  s n a k e  f o r m a t i o n  n o r  
s e n s i t i v i t y  t o  c r y s t a l  v io l e t  a n d  f u r a c in  a r e  in f a l l ib le  in d i c a to r s  o f  u .v .  s e n s i t i v i t y .

T h e  d iv e r s i t y  o f  Bs p h e n o ty p e s  r e p o r t e d  h e r e  is n o t  s u r p r i s in g  s in c e  m u t a n t s  w i th  
in c r e a s e d  r a d io - r e s i s t a n c e  a r e  a ls o  h e te r o g e n e o u s  ( W i tk in ,  1 9 4 7 ; W o o d y - K a r r e r  & 
G r e e n b e r g ,  1 9 6 3 ; G r e e n b e r g  & W o o d y - K a r r e r ,  1 9 6 3 ). A n  i n t e r e s t i n g  f e a t u r e  o f  t h e  
p r e s e n t  r e s u l t s  is  t h a t  w i th  t h e  e x c e p t io n  o f  Bs.n , a ll  o f  t h e  u .v .  s e n s i t iv e  m u t a n t s  
d if f e re d  f r o m  t h e i r  n  p a r e n t  in  m o r e  t h a n  o n e  p r o p e r ty .  I f  f a i lu r e  t o  f o r m  s n a k e s ,  
c r y s t a l  v io l e t  r e s i s t a n c e  a n d  f u r a c in  r e s i s t a n c e  a r e  c o n s id e r e d  a s  m a n i f e s t a t i o n s  o f  
a  s in g le  p r o p e r ty  a f f e c t in g  c e ll d iv i s io n  e v e n  th o u g h  t h e  m a g n i tu d e  o f  t h e  c h a n g e  
m a y  v a r y  so  t h a t  a l l  t h r e e  a s p e c t s  m a y  n o t  a p p e a r  s im u l ta n e o u s ly ,  a t  l e a s t  tw o  
p r o p e r t i e s  c h a n g e d  in  e le v e n  o f  t h e  tw e lv e  m u t a n t s .  O n e  c h a n g e ,  e i t h e r  in c r e a s e d  
r e s i s t a n c e  t o  c r y s t a l  v io l e t  a lo n e  o r  t o  b o th  c r y s ta l  v io l e t  a n d  f u r a c in  is  p r e s u m a b ly  
r e l a t e d  t o  a  decreased u .v .  s e n s i t i v i t y  w h ile  t h e  o th e r ,  lo s s  o f  a b i l i t y  t o  p r o p a g a t e  
u .v .  i r r a d i a t e d  T l  o r  s o m e  u n k n o w n  c h a n g e ,  p r e s u m a b ly  increases u .v .  s e n s i t i v i t y .

T h e  o c c u r r e n c e  o f  m u l t i p le  p h e n o ty p i c  c h a n g e s  a s  a  r e s u l t  e i t h e r  o f  s p o n ta n e o u s  
m u t a t i o n  o r  o f  e x p o s u r e  t o  u .v .  r a d i a t i o n  is  a  f a i r ly  c o m m o n  p h e n o m e n o n .  I n  
s o m e  c a se s , s u c h  a s  m u t a n t s  o f  b a c t e r io p h a g e  s h o w in g  b o t h  a  s e n s i t i v i t y  t o  t h e  
p r e s e n c e  o f  a  s u p p r e s s o r  g e n e  in  t h e  h o s t  o r g a n i s m  a n d  a n  a l t e r e d  p ia q u e  m o r p h o lo g y ,  
t h e r e  h a s  b e e n  m u t a t i o n  a t  d i f f e r e n t  lo c i (C a m p b e l l ,  1 9 6 1 ). T h e  in v o l v e m e n t  o f  
d i f f e r e n t  g e n e s  is  f r e q u e n t l y  t h e  r e s u l t  o f  a  d e le t io n  a s  f o r  e x a m p le  in  b a c t e r i a l  
m u t a n t s  e x h ib i t i n g  b o t h  r e s i s t a n c e  t o  T l  a n d  a  r e q u i r e m e n t  f o r  t r y p t o p h a n  ( Y a n o f -  
s k v  & L e n n o x ,  1 9 5 9 ). O n  t h e  o t h e r  h a n d ,  m u t a t i o n  a t  a  s in g le  s i te  c a n  a ls o  c a u s e  
m u l t i p le  p h e n o ty p i c  c h a n g e s .  I n  s o m e  c a se s , t h e  u n d e r ly in g  c o m m o n  f a c t o r  is 
k n o w n . E x a m p le s  o f  th i s  in c lu d e  b a c t e r i a l  m u t a t i o n  c a u s in g  j o i n t  r e s i s t a n c e  to
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b a c te r io p h a g e s  T 3 ,  T 7  a n d  t h e  u n r e l a t e d  T 4  ( t h e  r e s u l t  o f  im p a i r e d  p r o d u c t io n  
o f  t h e  l i p o c a r b o h y d r a t e  p o r t i o n  o f  a  b a c t e r i a l  s u r f a c e  s i t e  f o r  a d s o r p t io n )  a n d  
b a c te r io p h a g e  m u t a t i o n  c a u s in g  in c r e a s e d  s e n s i t i v i t y  t o  a  s u p p r e s s o r  g e n e  in  t h e  
h o s t ,  t o  t e m p e r a t u r e  a n d  t o  p H  e x t r e m e s  ( t h e  r e s u l t  o f  im p a i r e d  p r o d u c t io n  o f  a n  
e n z y m e  (G o e b e l &  J e s a i t i s ,  1 9 5 2 ; C a m p b e l l ,  1 9 6 1 )) . I t  is  a ls o  k n o w n  t h a t  a l t h o u g h  
a l le l ic  m u t a n t s  s h o w  t h e  s a m e  p r i m a r y  p r o p e r t y  g o v e r n e d  b y  a  g e n e , t h e y  m a y  
d if f e r  in  o t h e r  r e s p e c t s  (D e m e r e c ,  1 9 5 6 ). S in c e  a l l  o f  t h e  hcr+ m u t a n t s  e x c e p t  b s.u  
s h o w  in h i b i t o r y  c o n c e n t r a t i o n s  o f  f u r a c in  w i th i n  a  n a r r o w  r a n g e  a n d  ‘ t y p e  C ’ 
c r y s t a l  v io l e t  s u r v iv a l  c u r v e s ,  t h e  d if fe re n c e s  b e tw e e n  t h e m  m a y  b e  a l le lic . b s_3 a n d  
b s_12 m a y  a ls o  b e  a l le l ic  m u t a n t s  s in c e  t h e y  a r e  b o t h  hcr~, b o t h  s n a k e - f o r m e r s  a n d  
s h o w  t h e  s a m e  r e s p o n s e  t o  c r y s t a l  v io l e t  a n d  f u r a c in .  I n  a n y  c a s e , d e c is io n  a s  to  
w h ic h  o f  t h e  v a r io u s  p o s s ib i l i t ie s  o f  g e n e t i c  c h a n g e  is  r e s p o n s ib le  f o r  e a c h  o f  t h e  
b 3 p h e n o ty p e s  o r  g r o u p s  o f  p h e n o ty p e s  m u s t  a w a i t  t h e  r e s u l t s  o f  g e n e t i c  a n a ly s is .

W e  w is h  t o  e x p r e s s  o u r  a p p r e c i a t i o n  f o r  t h e  te c h n i c a l  a s s i s t a n c e  r e n d e r e d  b y  
M iss  R o s e a n n e  L e v i t t  a n d  M iss  J o s e p h in e  M . S h e n . T h is  w o r k  w a s  p e r f o r m e d  
u n d e r  A E C  C o n t r a c t  A T ( 3 0 - l ) - 2 7 4 0 .
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S U M M A R Y

N um erical m e th o d s w ere app lied  to  an  ana ly sis  o f th e  re la tio n sh ip s am ong  
Salm onella  se ro types lis ted  in  th e  K au ffm a n n -W h ite  schem a. A lthough  
th e  re s id t suggested  a  possib le new  basis fo r schem atic  a rran g e m en t o f these  
se ro types, a  com plete  an d  sa tis fac to ry  classification  could  n o t be derived  
en tire ly  from  th e  co m p u te r resu lts . E x a m in a tio n  of th is  ou tcom e suggests 
som e cau tio n s to  be observed  in  th e  design an d  in te rp re ta t io n  of ex p eri
m en ts  in  num erical tax o n o m y .

I N T R O D U C T IO N

In  m o st num erical s tud ies  of b ac te ria l classification , th e  ‘o p era tio n a l tax o n o m ic  
u n i t s ’ (or O T U ’s) h av e  been  ac tu a l cu ltu res. A lth o u g h  num erical ana lysis  m ig h t 
equa lly  well be app lied  to  descrip tions of ta x a  or to  pooled d a ta  ta k e n  from  th e  
li te ra tu re  (S n eath , 1 9 6 2 ), th is  ap p ro ach  has been used  in fre q u en tly  (e.g. L ysenko  & 
S n ea th , 1 9 5 9 ). T his p ap e r rep o rts  a n  a t te m p t to  develop  a  num erica l classification  
of th e  genus Salmonella, using  K au ffm an n ’s (1 9 6 1 ) descrip tions o f Salm onella  
se ro types as th e  O T U ’s.

M E T H O D S

D e s c r ip t io n s  o f  e a c h  o f  t h e  7 0 0  S a lm o n e l la  s e r o ty p e s  l i s te d  in  t h e  K a u f f m a n n -  
W h i t e  s c h e m a  ( K a u f f m a n n ,  1 9 6 1 ) w e re  r e c o r d e d  in  fo r m  s u i t a b l e  f o r  c o m p u te r  
a n a ly s is ,  u s in g  a  m e th o d  p r e v io u s ly  d e s c r ib e d  ( L o c k h a r t  &  H a r t m a n ,  1 9 6 3 : 
L o c k h a r t ,  1 9 6 3 ). E n t r i e s  f o r  w h ic h  K a u f f m a n n  l i s t s  tw o  b io c h e m ic a l  t y p e s  (e .g . 
Salmonella arechavaleta 4 , 5 ,1 2  a n d  S. arechavaleta 4 ,1 2 )  w e re  t r e a t e d  a s  tw o  s e p a r a t e  
s e r o ty p e s .  F o r  e a c h  l i s t e d  p r o p e r t y  o f  a  g iv e n  s e r o ty p e ,  a  c o d e  s y m b o l  (A , B , C o r  D ) 
w a s  a s s ig n e d  f o r  e a c h  a l t e r n a t i v e  s t a t e  in  w h ic h  t h e  p r o p e r ty  m i g h t  o c c u r .  A  t o t a l  
o f  155  p r o p e r t i e s  w a s  u s e d ,  s c o re d  a s  fo l lo w s :  Somatic antigens 1 through 56  (5 6  
features)-, A =  p r e s e n t ,  B  =  a b s e n t ,  D  =  in c o m p le te  o r  v a r i a n t  ( l i s te d  in  p a r e n 
th e s e s  b y  K a u f f m a n n ,  1 9 6 1 ). T h e  V i a n t i g e n  w a s  n o t  s c o r e d . Flagellar antigens— 
phase variation (1 feature)-, A  =  a n t ig e n s  l i s t e d  in  o n ly  o n e  p  la s e ,  B  =  a n t ig e n s  
l i s t e d  f o r  tw o  p h a s e s ,  C =  n o  H  a n t ig e n s  l i s t e d .  Individual flagellar antigens a 
through z (2 6  features), zq through z47 (4 7  features) and 1 through 11 (11 features); A  =  
a n t i g e n  l i s t e d  in  f i r s t  p h a s e ,  B  =  a n t ig e n  l i s te d  in  s e c o n d  p h a s e ,  C =  a n t ig e n  n o t  
l i s t e d  in  e i t h e r  p h a s e ,  D  =  a n t i g e n  s o m e t im e s  p r e s e n t  i n  e i t h e r  p h a s e  ( l is te d  in  
p a r e n t h e s e s  b y  K a u f f m a n n ,  1 9 6 1 ). Biochemical characteristics (1 4  features); A  =  - f ,  
B  =  +  +  o r  +  w i th  a  s u p e r s c r ip t ,  C =  — o r  x, D  =  d ( s y m b o ls  a s  d e f in e d  b y  
K a u f f m a n n ,  1 9 6 1 ). A  n u m b e r  o f  t h e  a n t ig e n s  l i s t e d  h e r e  (e .g . s o m a t ic  a n t ig e n s  2 6 , 
2 9 , 3 1 , 3 2 , 3 3 , 3 6 , 3 7  a n d  4 9 ) a r e  n o t  a c tu a l ly  f o u n d  in  t h e  1961 s c h e m a . S u c h  a n t i -

8 - 2



116
g e n s ,  f o r ty - f iv e  in  a l l ,  w e re  s c o r e d  a s  ‘ a b s e n t ’ f o r  a l l  O T U ’s, r e d u c in g  t h e  t o t a l  o f  
e f f e c t iv e  f e a t u r e s  t o  1 10 . T h is  d id  n o t  a f f e c t  t h e  o u tc o m e ;  t h e  q u e s t io n  o f  w h e th e r  
o r  n o t  o n e  s h o u ld  s c o re  a  s i m i la r i ty  w h e n  b o t h  o f  tw o  O T U ’s lack a  p a r t i c u l a r  a n t i g e n  
( o r  w h e n  b o th  g iv e  a  n e g a t iv e  r e s p o n s e  t o  a  p a r t i c u l a r  b io c h e m ic a l  t e s t )  d o e s  n o t  
a r i s e ,  s in c e  t h e  c o m p u t e r  p r o g r a m  u s e d  w a s  o n e  w h ic h  e n u m e r a te s  d if fe re n c e s  o n ly .

D u r in g  c o m p u t a t i o n s ,  tw o  s e r o ty p e s  w e re  c o n s id e r e d  ‘d i f f e r e n t ’ w i th  r e s p e c t  t o  
a  g iv e n  p r o p e r t y  w h e n e v e r  d i f f e r e n t  s y m b o ls  w e re  r e c o r d e d  f o r  e a c h  in  t h a t  p r o 
p e r t y .  F o r  s o m a t ic  a n t ig e n s ,  t h e n ,  a  d if f e re n c e  w a s  r e c o r d e d  f o r  a n y  a n t i g e n  
p o s s e s s e d  b y  o n e  s e r o ty p e  b u t  n o t  b y  t h e  o th e r .  T w o  s e r o ty p e s  s c o r e  a  d if f e re n c e  
w i th  r e s p e c t  t o  a n y  f la g e l la r  a n t i g e n  u n le s s  i t  is  p o s s e s s e d  'oy b o th  in  t h e  s a m e  p h a s e .  
N o  a t t e m p t  w a s  m a d e ,  in  s c o r in g  t h e  b io c h e m ic a l  f e a tu r e s ,  t o  d i s c r im in a t e  a m o n g  
v a r y i n g  d e g re e s  o f  ‘ l a t e n e s s ’ i n  p o s i t iv e  r e a c t io n s  ( + 1 _ 3 ®s. + 2-4, e tc .) ,  a l t h o u g h  
th e s e  w e re  d i s t i n g u is h e d  f r o m  s t r o n g  p o s i t iv e s  ( +  ) a n d  f r o m  n e g a t iv e s  ( — ). 
K a u f f m a n n ’s s y m b o l  ( +  + )  is  n o t  r e a l ly  e q u iv a l e n t  t o  ( + )  w i th  a  s u p e r s c r ip t ,  b u t  
h e  n e v e r  u s e s  b o th  in  d e s c r ib in g  t h e  s a m e  r e a c t io n .  H is  s y m b o l  (x), m e a n in g  ‘ l a t e ,  
i r r e g u la r ly  p o s i t iv e ,  o f t e n  n e g a t i v e ’, s e e m s  n e a r ly  e q u iv a l e n t  t o  a n  o u t r i g h t  
n e g a t iv e ,  a n d  i t  is  so  s c o r e d . T h e  s y m b o l  (d ) a p p a r e n t l y  in d i c a te s  t h a t  i n d iv id u a l  
s t r a in s  o f  t h e  s e r o ty p e  in  q u e s t io n  m a y  g iv e  a lm o s t  a n y  r e s p o n s e  f r o m  s t r o n g  p o s i t i v e  
t o  o u t r i g h t  n e g a t iv e ,  a n d  is  s c o r e d  so  t h a t  i t  r e c o r d s  a  d if fe re n c e  f r o m  a n y  s e r o ty p e  
s h o w in g  c o n s t a n c y  w i th  r e g a r d  t o  t h e  p r o p e r t y  in  q u e s t io n .

G r o u p in g s  w e re  o b t a i n e d  a c c o r d in g  t o  t h e  m o n o t h e t i c  c r i te r io n  o f  L o c k h a r t  & 
H a r t m a n  (1 9 6 8 ) , u s in g  t h e  C y c lo n e  c o m p u t e r  ( I o w a  S t a t e  U n iv e r s i ty ) .  I n  th i s  
m e th o d ,  t h e  o p e r a t o r  d e s ig n a te s  a  s t a r t i n g  O T U , a n d  t h e  m a c h in e  t h e n  lo c a te s  t h e  
s e c o n d  in d iv id u a l  w h ic h  ( o f  a l l  th o s e  u n d e r  s t u d y )  is  m o s t  l ik e  t h e  f i r s t .  A ll  t h e  
f e a tu r e s  in  w h ic h  th e s e  tw o  a r e  n o t  i d e n t ic a l  a r e  t h e n  e l im in a te d  f r o m  c o n s id e r a t io n ,  
a n d  t h e  c o m p u t e r  lo c a te s  t h e  t h i r d  O T U  w h ic h  is  m o s t  l ik e  t h e  o r ig in a l  p a i r  w i th  
r e s p e c t  t o  t h e  r e m a in in g  f e a tu r e s .  T h is  p ro c e s s  is  r e p e a t e d  m a n y  t im e s ,  w i th  t h e  
c o m p u t e r  o u t p u t  d e s ig n a t in g  t h e  n e w  O T U  a d d e d  a t  e a c h  s t e p  a n d  t h e  t o t a l  n u m b e r  
o f  f e a tu r e s  e l im in a te d  f r o m  c o n s id e r a t io n  t h u s  f a r  ( t h i s  q u a n t i t y  is  d e s ig n a te d  t h e  
‘ c u m u la t iv e  d i f f e r e n c e ’, d c). A ll  m e m b e r s  o f  t h e  g r o u p s  o b ta i n e d  in  th i s  w a y  a r e  
t h u s  id e n t ic a l  w i th  r e s p e c t  t o  t h e  c o m m o n  c o re  o f  r e m a in in g  p r o p e r t ie s ,  p r e s u m a b ly  
p r o d u c in g  a  c la s s i f ic a t io n  in  h a r m o n y  w i th  t h e  h ie r a r c h i c a l  c h a r a c t e r  o f  m o s t  
c u r r e n t l y  a c c e p te d  t a x o n o m ic  s c h e m e s . S in c e  p r e v io u s  w o r k  ( L o c k h a r t  & H a r t m a n ,
1 9 6 3 ) h a d  in d i c a te d  t h a t  l i t t l e  u s e f u l  i n f o r m a t io n  is  o b t a i n e d  a f t e r  a  g r o u p  u n d e r  
f o r m a t io n  h a s  c o a le s c e d  w i th  a  ta x o n o m ic a l ly  a d j a c e n t  g r o u p ,  t h e  c o m p u t e r  p r o 
g r a m  h a s  a n  i n s t r u c t io n  w h ic h  m a k e s  i t  p o s s ib le  t o  s to p  t h e  c a lc u la t i o n  a f t e r  t h e  
g r o u p  h a s  r e a c h e d  a  p r e d e t e r m in e d  s iz e . A ll  t h e  p r e s e n t  e x p e r im e n t s  w e re  t e r m i n a t e d  
a f t e r  1 0 0  s e r o ty p e s  h a d  b e e n  g r o u p e d  a r o u n d  t h e  o r ig in a l  p a i r .  T h e  p r o g r a m  a ls o  
h a s  a n  o p t io n a l  i n s t r u c t io n  p e r m i t t i n g  c e r t a in  p r o p e r t i e s  t o  b e  e l im in a te d  f ro m  
c o n s id e r a t io n  d u r in g  f o r m a t i o n  o f  a  g r o u p ,  a n d  th i s  w a s  d o n e  in  s o m e  in s ta n c e s  
sp e c if ie d  la t e r .

W . R . L ockhart and J .  G. H olt

RESULTS

A  p r e l im in a r y  e x a m i n a t i o n  o f  t h e  K a u f f m a n n  (1 9 6 1 ) d a t a  s h o w s  t h a t  t h e  
K a u f f m a n n - W h i t e  s c h e m a  is  e s s e n t ia l ly  a  m o n o t h e t i c  c la s s i f ic a t io n  b a s e d  o n  
s o m a t ic  a n t ig e n s .  W i t h in  t h e  m a j o r  g r o u p s  t h u s  d e s ig n a te d ,  s u b d iv is io n s  a r e  b a s e d  
o n  th e  f la g e l la r  a n t ig e n s  f o u n d  in  t h e  f i r s t  p h a s e .  A n tig e n ic  c o m p o s i t io n  in  t h e  s e c o n d
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p h a s e  a n d  a  n u m b e r  o f  b io c h e m ic a l  p r o p e r t i e s  a r e  l i s t e d  f o r  e a c h  ty p e ,  b u t  n e i t h e r  
s h o w s  a n y  o b v io u s  c o r r e la t io n s  w i th  t h e  s o m a t ic  o r  f i r s t - p h a s e  a n t ig e n s .  C e r ta in  
r a t h e r  c h a r a c t e r i s t i c  c o m b in a t io n s  o f  a n t ig e n s  m a y  b e  f o u n d  in  t h e  s e c o n d  p h a s e ,  
h o w e v e r .  F r e q u e n t l y  t h e r e  is  n o  s e c o n d  p h a s e ,  b u t  w h e n  o n e  e x is ts  a n t i g e n  1 s e e m s  
t o  o c c u r  m o s t  f r e q u e n t l y — n e a r ly  a lw a y s  p a i r e d  w i th  a n t ig e n s  2, 5 , 6  o r  7  ( s o m e t im e s  
a  c o m b in a t io n  l ik e  1, 5 , 7  m a y  b e  s e e n ) . I f  a n t i g e n  1 is  n o t  p r e s e n t ,  t h e  m o s t  l ik e ly  
a l t e r n a t iv e s  a r e  t h e  c o m b in a t io n s  e , n ,  x  o r  e , n , z 15 ( a n d ,  o c c a s io n a l ly ,  s u c h  c o m b in a 
t io n s  a s  d , e , n , z 15 o r  e, n ,  x ,  z 16). L e s s  o f te n ,  t h e  c o m b in a t io n  1, w  o r  t h e  s in g le  
a n t i g e n  z e m a y  b e  f o u n d .  Q u i te  r a r e ly ,  a  fe w  o t h e r  a n t ig e n s  a r e  r e p o r t e d  f o r  t h e  
s e c o n d  p h a s e .  A l th o u g h  m o s  t  o f  th e s e  a n t ig e n s  a r e  s o m e t im e s  f o u n d  a ls o  in  t h e  f i r s t  
p h a s e ,  t h e  c h a r a c t e r i s t i c  c o m b in a t io n s  ( a n d  th e i r  m u t u a l  e x c lu s iv e n e s s )  in  s e c o n d  
p h a s e  a r e  r a t h e r  s t r ik in g .

Classification of salmonellas

Table 1. C o m p o s itio n  o f  a  m o n o th e tic  g r o u p  fo r m e d  a ro u n d  
S a lm o n e lla  e a iro , c o n s id e r in g  a ll  fe a tu r e s

N o . o f N e w
in d iv id u a ls K a u f im a n n N e w  a n t ig e n s  r e p r e s e n te d

C u m u la t iv e ( s e ro ty p e s ) g ro u p s ( -------------------A,-------------------

d if fe re n c e a d d e d r e p re s e n te d S o m a tic P h a s e  1 P h a s e  2

0 1 B 1 ,4 ,1 2 ,2 7 d 1 ,2
4 2 5 ,7
8 2 b

11 i v

13 i a
14 2 r
16 i 6
17 3 c
19 1 i
2 0 7 5
2 4 3 z
25 5 Z 10

29 8 Z6
3 3 1 a b s e n t
3 4 2 Z 29

35 1 Z 38

37 2 A 2
38 21 lb 9
39 1 Z 39

40 2 Z 35

41 1 k
42 9 D , 46
4 4 3 c3 8
45 18 c 2 6
46 4 c 7

W h e n  t h e  14  b io c h e m ic a l  f e a t u r e s  w e re  s u b je c te d  to  a  c o n v e n t io n a l  c a r d - s o r t in g  
r o u t in e ,  i t  w a s  f o u n d  t h a t  m a n y  o f  t h e  s e r o ty p e s  w e re  a l ik e  in  a l l  o r  m o s t  o f  t h e i r  
b io c h e m ic a l  c h a r a c t e r s ,  b u t  th e r e  w a s  n o  d is c e r n ib le  p a t t e r n  t h a t  c o u ld  b e  c o r r e 
l a t e d  w i th  a n t ig e n ic  s t r u c t u r e .  M o re  t h a n  a  t h i r d  o f  t h e  7 0 0  s e r o ty p e s ,  in c lu d in g  a ll 
t h e  s p e c ie s  l i s t e d  in  B e rg e y 's  M a n u a l  (1 9 5 7 ) , w e re  u n iq u e ;  t h e i r  p a t t e r n s  o f  p h y s io 
lo g ic a l c h a r a c t e r s  r e s e m b le d  n o n e  o f  t h e  o t h e r  ty p e s .

T h e  f i r s t  a t t e m p t  a t  f o r m a t i o n  o f  g r o u p s  u s in g  t h e  e n t i r e  b o d y  o f  d a t a  w a s  m a d e  
w i th  S a lm o n e lla  Cairo (1 , 4 , 12 , 2 7 ;  d ;  1, 2 ) sp e c if ie d  a s  t h e  o r ig in a l  O T U . S a lm o n e lla
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Cairo a p p e a r s  t o  b e  a  ‘ t y p i c a l ' m e m b e r  o f  K a u f f m a n n ’s G r o u p  B , a n d  i t  h a d  b e e n  
f o u n d  in  o u r  p r e l im in a r y  s t u d y  t o  b e  b io c h e m ic a l ly  s im i la r  t o  a  n u m b e r  o f  o th e r  
s e r o ty p e s .  T h e  r e s u l t s  o f  th i s  c o m p u t a t i o n  a r e  p r e s e n te d  in  T a b le  1 , w h ic h  s h o w s  t h e  
n u m b e r  o f  s e r o ty p e s  a d d e d  a t  e a c h  le v e l  o f  c u m u l a t i v e  d if fe re n c e  ( d c) a n d  t h e  K a u f f -  
m a n n  g r o u p s  t o  w h ic h  t h e y  b e lo n g . I n  a n  e a r l ie r  t r i a l  o f  t h i s  c o m p u t e r  p r o g r a m

W. R. L ockhart and  J. G. E olt

Table 2. C o m p o s itio n  o f  a m o n o th e tic  g ro u p  fo r m e d  a ro u n d  
S a lm o n e lla  Cairo, w ith  b io ch em ica l fe a tu r e s  o m itte d  f r o m  co n sid era tio n

N o . o f N e w
in d iv id u a l s K a u f fm a n n N e w  a n t ig e n s  r e p r e s e n te d

C u m u la t iv e ( s e ro ty p e s ) g ro u p s A

d if fe re n c e a d d e d * r e p r e s e n te d S o m a t ic  P h a s e  1 P h a s e  2

0 1 B 1 ,4 ,1 2 ,2 7  d  1 ,2
2 1 5
3 1 . . 7
5 2 b
7 9 5 a

i l 1 6
12 1 . . a b s e n t
13 4 . c
14 2 z c
15 2 . i

16 3 r
17 3 y
18 4 Z
19 4 Z 10

20 2 • Z 29

21 1 • Z 38

23 2 A 2
24 21 D i 9
25 1 • • Z 39

26 2 * 3 5

27 1 k

29 9 d 2 46
30 3 c 3 8
31 18 C 2 6
32 4 Cl 7

T h e  T a b le  is c o n d e n s e d  in th o s e  in s ta n c e s  w h e n  a n  in c re a s e  in  d c o c c u r r e d  a s  a  r e s u l t
a d m is s io n  o f  a  s e r o ty p e  t h a t  la c k e d  a n  a n t ig e n  p o s s e s s e d  b y  a l l  p r e v io u s  m e m b e r s  o f  t h e  g ro u p , 
r a t h e r  t h a n  o n e  h a v in g  a  ‘n e w ’ a n t ig e n .  T h e  s p e c if ic  s e ro ty p e s  a d d e d  a t  v a r io u s  s ta g e s  o f  t h e  
c o m p u ta t io n  w e re  a s  fo l lo w s :  d c = 0 ,  S. cairo; d c =  2 , S. eppendorf; d c =  3 , S. schwarzegrund; 
d„ =  5 , S. límete; d c =  6 , S. uppsala; d c =  7 , S. ‘hessarek' 4 , 12 , 2 7 ;  d .  =  8 , S. hessarek 4 , 12 , 
S. ‘ arechavalela' 4 , 1 2 ; d„ =  9 , S. kisangani, S. fúlica, S. arechaialela 4 , 5 , 12 , S. paratyphi-M, 
S. Stanley, d c =  13 , S. java ; d c =  11 , Salmonella 4 , 1 2 :  b :  1, 6 ;  d c =  12 , S. schleissheim; d c =  13 , 
S. legón, S . abortus-ovis, S. altendorf, S. womba; d c =  14 , S. bury, S. ayinde-, d e =  15 , S. typhi- 
murium, S. agama; d c =  16 , S. Heidelberg, S. bradford, S. remo; d c =  17 , 5 .  coein, S. teddington, 
S. kamoru; d c =  1 3 , S. shubra, S. kiarnbu, S. indiana, S. cntebbe; d c =  19, S. haifa, S. ituri, 
S. tudu, S. fortune: d 0 =  2 0 , S . brancaster 1, 4 , 12 , S. ‘ brancaster’ 1, 4 , 12 , 2 7 ;  d c =  2 1 , S. Wilhelms- 
burg; d c =  2 3 , S. paratyphi-A, S . paratyphi-A v a r .  durazzo; d c =  24, S. sendai, S . miami, S. os, 
S. saarbruecken, S .  onarimon, S. frintop, S. blankenese, S. goeteborg, S. ipeko, S. ridge, S. typhi, 
S. ndolo, S. zega, S. seremban, S . jamaica, S . lawndale, S . Stellenbosch, S. angola, S . portland, 
S . canastel, S. gaUinarum-pullorum.

( L o c k h a r t  & H a r t m a n ,  1 9 6 3 ), a  s u b s t a n t i a l  in c r e a s e  in  c u m u la t iv e  d i f f e re n c e  ( d c) 
w a s  n o t e d  w h e n  a  n e w  s u b g r o u p  f u s e d  w i th  t h e  g r o u p  u n d e r  f o r m a t io n .  T h e  p e c u l i a r  
n a t u r e  o f  t h e  p r e s e n t  d a t a  p r e v e n t e d  th i s  ; a d d i t i o n  o f  a  n e w  s u b g r o u p  m i g h t  o c c u r
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w ith  on ly  a s lig h t increase in  d c. T h e  ex istence of th e  su bg roup  could  be d e tec ted  
how ever, b v  th e  fa c t th a t  a n  ap p rec iab le  n u m b e r of new  in d iv id u als  w ould  jo in  th e  
m ain  g roup  a t  th e  sam e tim e. In  T ab le  1, for exam ple , 21 ty p e s  w ere ad d ed  as a 
g roup  a t  d c =  38, w hen  so m atic  an tig en  9 w as a d m itte d . F o r  s im p lic ity , no lists of 
in d iv id u a l se ro ty p e  designations a re  g iven  in  th e  ta b le s ; in stead , th e  new  an tig en s 
possessed b y  se ro ty p es ad d ed  a t  each  successive level o f d t a re  in d ica ted . T hese 
la s t th re e  co lum ns of th e  ta b les  th u s  show  w hich  fea tu res  h av e  been  e lim ina ted  
d u rin g  fo rm a tio n  o f th e  group . T his in fo rm atio n  w as n o t inc luded  in  th e  co m p u te r 
o u tp u t, b u t  could  easily  be deduced  b y  com p arin g  th e  resu lts  w ith  K au ffm an n ’s
(1961) tab les . As we will d iscuss la te r, m em bers o f th e  g roup  m ay  or m a y  n o t h av e  
a n y  of th e  ‘ e lim in a ted  ’ fea tu res , b u t  ca n n o t possess a fea tu re  w hich has n o t y e t 
been listed .

Classification of salmonellas

T ab le  3. C om position o f a monothetic group fo rm ed  around  
Salm onella  saarbruecken, considering all fea tures

C u m u la t iv e

N o . o f  
in d iv id u a ls  
( s e ro ty p e s )

N e w
K a u f fm a n n

g ro u p s
d if fe re n c e a d d e d r e p r e s e n te d

0 1 Di
6 2 15

12 1
13 1
15 2
16 6
19 1
2 0 3
21 4
22 4
23 2
2 1 4
25 2
26 8
32 15
36 3
37 2 A
38 3
39 1
40 1
41 1
4 2 1
44 9 n.
45 3 c 3
46 18 C 2
47 4 C,

N e w  a n t ig e n s  r e p re s e n te d
----------- A------------ "l

S o m a t ic P h a s e  1 P h a s e  2

1 ,9 ,1 2 a 1 ,1
4 .5

c
z

5
2

b
()

27
d
i
r
y
ZI0

Z6
a b s e n t

2

7'2 9

Z 38

Z 39

Z 35

k
46

8
6
7

T h e fa te  o f b iochem ical fea tu re s  is n o t in d ic a ted  in  th e  tab les , for reasons th a t  
becom e obv ious on ex am in a tio n  o f T ab le  2, w hich shows th e  re su lt w hen  th e  
co m p u ta tio n  w as rep e a te d  w ith  th e  14 biochem ical fea tu re s  e lim inated . T he groups 
fo rm ed  in  T ab les 1 an d  2 a re  iden tical. T h e  o rd er in  w hich  in d iv id u a l se ro types w ere 
ad d ed  to  th e  g roups w as s ligh tly  d iffe ren t in  th e  ea rly  s tages o f th e  tw o co m p u ta tio n s, 
b u t  th e  ev e n tu a l com position  of th e  g roups w as th e  sam e. T he process o f g roup  
fo rm a tio n  m a y  a p p e a r m ore  clear a f te r  ex a m in a tio n  of th e  fo o tn o te  to  T ab le  2, 
w herein  is in d ic a ted  th e  o rd er in  w hich specific se ro types w ere added  to  th e  group .



I t  w ill b e  n o te d  t h a t  t h e  d c le v e l  a t  w h ic h  t h e  s e c o n d  c o m p u t a t i o n  e n d e d  (3 2 ) is  j u s t  
14  le s s  t h a n  t h a t  a t  w h ic h  t h e  f i r s t  h a d  e n d e d  (4 6 ) . T h e  o n ly  e s s e n t ia l  d if f e re n c e  is  
in  t h e  e l im in a t io n  o f  t h e  14  b io c h e m ic a l  f e a t u r e s ;  t h a t  is , a n y  c o m b in a t io n  o f  b io 
c h e m ic a l  c h a r a c t e r i s t i c s  is  a c c e p ta b le  f o r  a d m is s io n  t o  t h e  g r o u p .
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T a b le  4 . C o m p o s itio n  o f  a  m o n o th e tic  g r o u p  fo r m e d  a ro u n d  
S a lm o n e lla  d a r -e s -sa la a m , c o n s id e r in g  a ll  fe a tu r e s

N o . o f N e w
in d iv id u a ls K a u f f m a n n N e w  a n t ig e n s  r e p r e s e n te d

C u m u la t iv e (s e ro ty p e s ) g ro u p s ( A -------------------i
d if f e r e n c e a d d e d r e p r e s e n te d S o m a t ic P h a s e  1 P h a s e  2

0 1 I), 1 ,9 ,1 2 l , w e , n , x
3 1 b
7 1 11 4

10 1 Zio
12 1 27 d
13 1 y
15 1 *15
16 3 a
19 3 c
21 3 5
22 1 k
23 4 V
28 2 z
30 i Z13
31 i * 2 8

33 3 1,W
34 1 a b s e n t
35 9 *6
36 4 e
37 1 i
38 1 r
39 2 Z£9
40 1 Z38
41 i Z39
42 3 Z35
4 4 8 1) , 46
46 2 A 2
47 3 a b s e n t
49 12 F 11
50 11 I 16
51 6 J 17
52 4 L 21
53 4 M 28

I t  w a s  c o n c lu d e d  t h a t  t h e  p r i m a r y  b a s is  f o r  g r o u p  f o r m a t io n  h a d  b e e n  p o s s e s s io n  
o f  t h e  1, 2 ;  1, 5 ; 1, 6  o r  1, 7  a n t ig e n ic  g r o u p in g  in  t h e  s e c o n d  p h a s e ,  w i th  a  s e c o n d a r y  
s u b g r o u p in g  b a s e d  o n  s o m a t i c  a n t ig e n s .  A l th o u g h  t h e  m a c h in e  e v e n tu a l ly  b e g a n  
t o  a c c e p t  s u c h  s in g le  s e c o n d - p h a s e  a n t ig e n s  a s  z 6 , z39, a n d  z 35, i t  r i g o r o u s ly  e x c lu d e d  
t h e  s e c o n d  p h a s e  c o m p le x e s ,  e , n ,  x  o r  e , n ,  z 15. T h e  a n t ig e n ic  c o m p o s i t io n  in  f i r s t  
p h a s e ,  a n d  t h e  b io c h e m ic a l  c h a r a c t e r i s t i c s ,  a p p e a r  t o  h a v e  n o  in f lu e n c e  o n  t h e  
c o m p o s i t io n  o f  t h e  g r o u p .  S a lm o n e lla  Cairo g a th e r e d  a b o u t  i t  n e i t h e r  t h e  r e s t  o f  
G r o u p  B  n o r  a  b io c h e m ic a l  g r o u p ,  b u t  o n e  b a s e d  o n  s e c o n d - p h a s e  a n t ig e n s .

W h e n  t h e  c a lc u la t i o n  w a s  r e p e a t e d  u s in g  S a lm o n e lla  ty p h im u r iu m  (1, 4 , 5 , 1 2 ;
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i ; 1, 2 ) a s  t h e  s t a r t i n g  O T U , t h e  r e s u l t i n g  g r o u p  w a s  a g a in  t h e  s a m e  a s  t h a t  s h o w n  in  
T a b le s  1 a n d  2 . T h u s  t h e  g r o u p  f o r m e d  a r o u n d  o n e  o f  t h e  c la s s ic a l  s p e c ie s  a ls o  is  
b a s e d  o n  s e c o n d - p h a s e  a n t ig e n ic  c o m p o s i t io n  r a t h e r  t h a n  o n  t h e  K a u f f m a n n  
g r o u p in g s .  E s s e n t i a l l y  s im i la r  r e s u l t s  w e re  o b t a in e d  in  s e v e r a l  f u r t h e r  e x p e r im e n t s .  
B y  w a y  o f  i l l u s t r a t i o n ,  tw o  o f  th e s e  a r e  s h o w n  in  T a b le s  3  a n d  4 . T h e  s t a r t i n g  ty p e s  
f o r  th e s e  g r o u p in g s  w e re  S. saarbruecken (1, 9 , 1 2 ; a ;  1, 7 ) a n d  S.  dar-es-salaam  

(1 , 9 , 1 2 ; 1 , w ;  e , n ,  x ) , b o th  m e m b e r s  o f  K a u f f m a n n ’s G ro u p  I n  b o t h  c a s e s  t h e  
i n i t i a l  g r o u p s  f o r m e d  a r e  m i x tu r e s  o f  K a u f f m a n n  G r o u p s  Dx a n d  B , a n d  a r e  b a s e d  
p r i m a r i ly  o n  th e  c h a r a c t e r i s t i c  s e c o n d - p h a s e  a n t ig e n ic  c o m p le x e s  1, 2 - 5 - 6  o r  7  a n d  e, 
n , x  o r  z 16, r e s p e c t iv e ly .  I n  t h e s e  a n d  o t h e r  c o m p u t a t i o n s ,  a  fe w  s in g le  s e c o n d - p h a s e  
a n t ig e n s  w e r e  e v e n tu a l ly  in c lu d e d  in  t h e  g r o u p  u n d e r  f o r m a t io n  (a s  w a s  t h e  l a c k  
o f  a  s e c o n d  p h a s e ) ,  b u t  t h e  tw o  p r in c ip a l  k in d s  o f  g r o u p s  (1 , 2 , e tc . ,  vs. e , n ,  x )  w e re  
n e v e r  m ix e d .  I n  n o  c a s e  w a s  t h e r e  a n y  e v id e n c e  t h a t  b io c h e m ic a l  f e a tu r e s  h a d  a n  
in f lu e n c e  o n  g r o u p  f o r m a t io n ,  o r  t h a t  m o r e  d i s t i n c t i v e  g r o u p s  w e re  f o r m e d  a r o u n d  
sp e c ie s  l i s t e d  in  Bergey’s M a n u a l  (1 9 5 7 )  t h a n  a r o u n d  s e r o ty p e s  c h o s e n  a t  r a n d o m  
a s  a  s t a r t i n g  p o in t .

D ISCUSSION

Unfortunately, the physiological characters listed by Kauffmann (1 9 6 1 ) for each 
serotype were of no help in achieving a numerical classification. Relationships based 
entirely on the biochemical features did not include all the serotypes, and could not 
be correlated either with the Kauffmann-White serological groups or with any of 
the groupings obtained by computer analysis. The fact that exclusion of the bio
chemical features did not effectively alter the result of computations (cf. Tables 1 
and 2) indicates that not even a selected few of the physiological features were 
involved in group formation. This conclusion applies primarily to attempts to 
rearrange the Kauffmann data, however, and not necessarily to all efforts to achieve 
a classification of salmonellas. The physiological data given by Kauffmann for each 
‘type’ appear not to be based on the characters of a single type strain, but to 
represent a summary of the reactions shown by an indeterminate number of isolates 
having the requisite antigenic composition. The result of this, for any ‘type’ of 
which a number of individual isolates had been studied, is that a great many of the 
biochemical results are recorded as ‘variable’. This seems to be especially true of 
the frequently encountered species, so that attempts to form groups around these 
serotypes, as they are characterized by Kauffmann, become almost hopeless. 
A better result might be obtained if data were available for the reactions obtained 
either from a great many individual isolates or from single, type strains (using 
‘type’ in its nomenclatural sense). Since our study was restricted to Kauffmann’s 
(1 9 6 1 )  data, we could hope—at best—only to produce a classification of his 
classification.

I n  o u r  r e s u l t s ,  t h e  p r i m a r y  c r i t e r io n  f o r  g r o u p  f o r m a t i o n  s e e m s  to  h a v e  b e e n  a n t i 
g e n ic  c o m p o s i t io n  in  s e c o n d  p h a s e ,  w i th  s o m a t ic  a n t ig e n s  f u r n is h in g  a  b a s is  f o r  
f u r t h e r  s u b d iv is io n s .  M e m b e rs  o f  a  K a u f f m a n n - W h i t e  s o m a t ic  g r o u p  w e re  r e j e c te d  
b y  t h e  c o m p u t e r  i f  t h e y  d id  n o t  f i t  t h e  e s t a b l i s h e d  s e c o n d - p h a s e  p a t t e r n  o f  t h e  
n u m e r ic a l  g r o u p in g .  I n  T a b .e s  1 a n d  2 , f o r  e x a m p le ,  a l l  m e m b e r s  o f  G r o u p  B  w h ic h  
s h o w e d  t h e  e , n ,  x  o r  e , n ,  z 15 p a t t e r n  w e re  e x c lu d e d ,  w h ile  m e m b e r s  o f  K a u f f m a n n ’s 
G r o u p s  A , D j ,  D 2, e tc .  w e re  a d m i t t e d  i f  t h e y  p o s s e s s e d  t h e  p r e v a i l i n g  1, 2 - 5 - 6  o r  7 
c o m b in a t io n  o f  a n t ig e n s  in  s e c o n d  p h a s e .  T h is  t r e n d  is  e v e n  m o r e  s t r ik i n g ly  d e m o n -
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s t r a t e d  in  T a b le s  3  a n d  4, w h e re  t h e  n u m e r ic a l  g r o u p s  ( t h o u g h  c o n s i s te n t  f o r  s e c o n d  
p h a s e  a n t ig e n s )  a r e  c o m p o s e d  f r o m  t h e  o u t s e t  o f  a  m i x tu r e  o f  K a u f f m a n n  ( s o m a t ic )  
g r o u p s .  T h e  i l lu s t r a t io n s  s h o w n  in  t h e  T a b le s  w e re  s e le c te d  b e c a u s e  t h e  ‘ s t a r t i n g ’ 
s e r o ty p e s  w e re  th o s e  w i th  c o m p le x  s o m a t ic  a n t ig e n s .  O th e r  c o m p u t a t i o n s ,  i n  w h ic h  
t h e  o r ig in a l  s e r o ty p e  w a s  o n e  l i s t e d  b y  K a u f f m a n n  a s  p o s s e s s in g  o n ly  a  s in g le  
s o m a t ic  a n t ig e n ,  p r o d u c e d  g r o u p s  o f  e v e n  m o r e  m ix e d  s o m a t ic  c o m p o s i t io n — th o u g h  
s t i l l  c o n s i s te n t  f o r  s e c o n d - p h a s e  a n t ig e n s .

F i r s t - p h a s e  a n t ig e n s  s e e m  to  b e  so  d iv e r s e  t h a t  t h e y  c o n t r ib u t e  l i t t l e  o r  n o th i n g  
to  t h e  p a t t e r n  o f  a  g r o u p ;  t h e  T a b le s  in d i c a te  t h a t  f i r s t - p h a s e  c o m p o n e n ts  o c c u r  
m o r e  o r  le s s  a t  r a n d o m  a m o n g  t h e  g r o u p s  o b ta in e d .  H o w e v e r ,  s e r o ty p e s  w i th  a  
c o m p le x  f i r s t  p h a s e ,  s u c h  a s  d , e , h  o r  g , m , s , t ,  w e re  c o n s i s te n t ly  e x c lu d e d .

M e m b e rs  o f  t h e s e  n u m e r ic a l  ‘ g r o u p s  ’ d id  n o t  n e c e s s a r i ly  p o s s e s s  c o m m o n  p r o p e r 
t i e s ,  b u t  a l l  m e m b e r s  o f  a n y  g r o u p  w e re  c o m m o n ly  l a c k in g  in  c e r t a in  p r o p e r t i e s  
( a n t ig e n s ) .  A s a  g r o u p  w a s  fo r m e d ,  i t  w a s  d e f in e d  in  t e r m s  o f  a  l i s t  o f  t h e  p r o p e r t i e s  
a  m e m b e r  m i g h t  p o s s e s s  w i t h o u t  b e in g  e x c lu d e d  f r o m  t h e  g r o u p .  T h e  g r o u p in g s ,  
th e r e f o r e ,  a r e  n o t  r e a l ly  o o n o t h e t i c  ( S n e a th ,  1 9 6 2 ). T h e y  a r e  p a r t i a l l y  p o ly t h e t i c  
o r  p o ly th e t i c ,  b u t  r e s t r i c t e d ; t h a t  is , a  g iv e n  in d iv id u a l  m a y  b e  c o n s id e r e d  a  m e m b e r  
o f  a  g r o u p  i f  t h e  p r o p e r t i e s  i t  p o s s e s s e s  a r e  r e s t r i c t e d  t o  w i th i n  t h e  r a n g e  o f  th o s e  
c h a r a c t e r i s t i c  o f  t h e  g r o u p .  B u t  a n y  g iv e n  m e m b e r  d o e s  n o t  n e c e s s a r i ly  h a v e  a l l  t h e  
p r o p e r t i e s  t h a t  a r e  in c lu d e d  in  th i s  d e f in i t io n  o f  t h e  g ro u p .

W h a te v e r  t h e  a c t u a l  n a t u r e  o f  g ro u p s ,  e v e n  i f  t h e y  a r e  a l t o g e th e r  p o ly t h e t i c ,  i t  
m a y  b e  n e c e s s a r y  t o  e f f e c t  s im p l i f ic a t io n s  o f  th i s  s o r t  f o r  p u r p o s e s  o f  d ia g n o s is .  
P r a c t i c a l  d e f in i t io n  o f  g r o u p s  m a y  r e q u i r e  a p p l i c a t i o n  o f  so m e  s u c h  m o n o t h e t i c  
c r i t e r io n  a s  a c c e p t in g  t h e  p o s s e s s io n  o r  la c k  o f  a  v e r y  fe w  c o r r e la t e d  p r o p e r t i e s  a s  
s u f f ic ie n t  e v id e n c e  f o r  a s s ig n in g  a n  in d iv id u a l  t o  a  g ro u p  o r  e x c lu d in g  i t  th e r e f r o m .  
P e r h a p s  a n y  r e a l ly  u s e f u l  c la s s i f ic a t io n  is  n e c e s s a r i ly  s o m e w h a t  a r b i t r a r y .  T h e  
d e f in i t io n  o f  t a x a ,  a n d  p a r t i c u l a r ly  t h e  d ia g n o s is  o f  u n k n o w n  is o la te s  a s  m e m b e r s  
th e r e o f ,  m i g h t  o th e r w is e  p r o v e  o p e r a t io n a l ly  im p o s s ib le — o r  a t  l e a s t  so  c u m b e r s o m e  
a s  t o  b e  h a r d l y  w o r th  t h e  b o th e r .

I n  th i s  lig h t,, a  c o m p u t e r  i n  s o m e  c a s e s  is  le s s  u s e f u l  f o r  a  c o m p le te  a n a ly s is  o f  
g r o u p in g s  t h a n  f o r  o b ta i n in g  h in t s  a s  t o  p o s s ib le  c r i t e r i a  f o r  g r o u p  f o r m a t io n  (a s  w e  
h a v e  d o n e  in  th i s  c a se ) . W i t h  s o m e  s e t s  o f  d a t a ,  t h e  m u l t i d im e n s io n a l  n a t u r e  o f  
r e la t i o n s h ip s  w i th i n  a n d  b e tw e e n  p o ly t h e t i c  g r o u p s  is  s u c h  t h a t  e v e n  l e n g t h y  
c o m p u t a t i o n  p r o d u c e s  n u m e r ic a l  r e s u l t s  t h a t  c o n fu s e  r a t h e r  t h a n  i l lu m in a t e .  O n e  
c a n  p r o p o s e  a  r e v i s io n  o f  t h e  S a lm o n e l la  s c h e m e , b a s e d  p a r t l y  o n  s e c o n d - p h a s e  
a n t ig e n s  ( H o l t  &  L o c k h a r t ,  u n p u b l i s h e d ) ,  b u t  t h e  s c h e m e  w ill b e  ‘ b e t t e r ’ t h a n  
K a u f f m a n n ’s o n ly  i f  i t  is m o r e  p r a c t i c a l— n o t  s im p ly  b e c a u s e  i t  is  d e r iv e d  b y  
n u m e r ic a l  m e th o d s .  I n  a n y  c a se , s u c h  a n  a r r a n g e m e n t  is  n o  m o r e  t h a n  s u g g e s te d  
b y  th e s e  r e s u l t s .  T h e  c o m p u te r  c e r t a in l y  d id  n o t  p r o d u c e  th i s  o r  a n y  o t h e r  c la s s if ic a 
t i o n ;  i t  m e r e ly  i n d i c a te d ,  in  a  v a g u e  a n d  in c o m p le te  m a n n e r ,  s o m e  t r e n d s  in  t h e  
d a t a .  T h e  m a c h in e ,  in  f a c t ,  w a s  s e v e r e ly  h a n d ic a p p e d  n o th  b y  t h e  n a t u r e  o f  t h e  
d a t a  a n d  b y  t h e  in a d e q u a c y  o f  t h e  d i r e c t i o n s  w e  p r o v id e d .  T h e  r e s u l t  is  in s t r u c t iv e ,  
f o r  i t  p r o v id e s  s o m e  in s ig h t  in t o  t h e  l i m i ta t io n s  a s  w e ll a s  t h e  a d v a n ta g e s  o f  
n u m e r ic a l  a p p r o a c h e s  t o  c la s s if ic a t io n .

W e  h a v e  s e e n  t h a t  a n  O T U  m a y  b e  o m i t t e d  f r o m  a  g r o u p  s im p ly  b e c a u s e  i t  h a s  
a n  ‘ e x c lu d e d  ’ p r o p e r t y — i.e . o n e  t h a t  h a s  n o t  y e t  b e e n  in c lu d e d  in  t h e  d e f in i t io n  o f  
t h e  g r o u p .  T h is  s e e m s  t o  h a v e  o c c u r r e d  a  n u m b e r  o f  t im e s  in  o u r  e x p e r im e n t s ,  w h e n
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p o s s e s s io n  o f  a n  o b s c u r e  a n t i g e n  ( u s u a l ly  in  t h e  f i r s t  p h a s e )  c a u s e d  r e j e c t i o n  o f  
in d i v id u a l  s e r o ty p e s  t h a t  m i g h t  o th e r w is e  h a v e  b e e n  in c lu d e d .  A n  in v e s t i g a to r  m a y  
s im p ly  ig n o r e  s u c h  a n o m a l ie s ,  b u t  t h e  c o m p u te r ,  o f  c o u r s e ,  c a n n o t .  T h e  p a r t i c u l a r  
p r o p e r t ie s  w h ic h  b e c o m e  ‘ a c c e p t e d ’ a s  c h a r a c t e r i s t i c  o f  a  g r o u p  d e p e n d  n o t  o n ly  
o n  th e  p r o p e r t i e s  o f  t h e  O T U  d e s ig n a te d  a s  a  s t a r t i n g  p o in t ,  b u t  a ls o  o n  t h e  o r d e r  
in  w h ic h  s im i la r  in d iv id u a l s  h a p p e n  to  b e  l i s t e d  i n  t h e  d a t a .  T h u s ,  i f  tw o  s e r o ty p e s  
h a v e  t h e  s a m e  n u m b e r  o f  d if fe re n c e s , t h o u g h  in  d i f f e r e n t  sp e c if ic  p r o p e r t ie s ,  f r o m  
t h e  c o m m o n  g r o u p  p a t t e r n ,  t h e  c o m p u te r  w ill  ‘ a c c e p t  ’ w h ic h e v e r  o n e  is  e n c o u n te r e d  
f i r s t ,  a n d  e l im in a te  f r o m  f u r t h e r  c o n s id e r a t io n  a n y  o f  i t s  p r o p e r t i e s  w h ic h  a r e  n o t  
a ls o  p o s s e s s e d  b y  t h e  r e s t  o f  t h e  g r o u p .  T h e  p r o p e r t i e s  t h u s  e l im in a te d  a r e  n o w , in  
e f fe c t,  a d m i t t e d  t o  t h e  d e f in i t io n  o f  t h e  g r o u p ,  a n d  th e  c o m p u t e r  h a s  r e v e r s e d  t h e  
in v e s t i g a to r ’s  in t e n d e d  c r i t e r io n  f o r  g r o u p  f o r m a t i o n ! T h is  is  i l l u s t r a t e d  i n  T a b le s  2 
a n d  3 , w h e r e  a l t h o u g h  t h e  p r e d o m in a n t  g r o u p in g  in  b o t h  c a s e s  is  a r o u n d  t h e  1, 
2 - 5 - 6  o r  7  c o m p le x  o f  s e c o n d - p h a s e  a n t ig e n s ,  t h e  s e c o n d a r y  s u b d iv is io n  in  o n e  c a s e  
is  c o m p o s e d  o f  K a u f f m a n n  G ro u p  B  ( s o m a t ic  a n t i g e n s  1, 4 , 5 , 12 , 2 7 ) i n d iv id u a l s  
o n ly ,  a n d  in  t h e  o t h e r  c a s e  is  a m i x tu r e  o f  G ro u p  B  a n d  G ro u p  I ) j  ( s o m a t ic  a n t ig e n s  
1, 9, 12) s e r o ty p e s .  I n  t h e  l a t t e r  c a s e  t h e  G r o u p  D : a n t ig e n s  w e re  a c c e p te d  b e c a u s e  
t h e  s t a r t i n g  O T U  p o s s e s s e d  th e m ,  b u t  t h e  s e a r c h  f o r  s im i la r  in d iv id u a l s  t h e n  b e g a n  
in  G r o u p  B  ( s e r o ty p e s  w e re  s t o r e d  in  t h e  c o m p u t e r  ‘ m e m o r y  ’ in  t h e  o r d e r  in  w h ic h  
t h e y  a r e  l i s t e d  b y  K a u f f m a n n ) ,  a n d  s o m a t i c  a n t ig e n s  4 a n d  5  w e re  a c c e p te d  a t  o n c e . 
S im ila r ly ,  a l l  t h e  r e s u l t s  r e f le c te d  a  t e n d e n c y  f o r  a c c e p ta n c e  o f  s o m a t i c  a n t ig e n s  
l i s t e d  n e a r  t h e  s t a r t  o f  K a u f f m a n n ’s d a t a  (i .e . g r o u p s  A , B ,  C, D )  r a t h e r  t h a n  e q u a l ly  
a p p r o p r i a t e  r e p r e s e n ta t i v e s  o f  g r o u p s  l i s t e d  l a t e r  a n d  t h u s  le s s  l ik e ly  t o  b e  
e n c o u n te r e d  d u r i n g  s e a r c h e s  o f  t h e  s t o r e d  d a t a .  T h e s e  ‘ p o s i t i o n  e f fe c ts  ’ a r e  a  s e r io u s  
d e f e c t  in  t h e  c o m p u t e r  p r o g r a m ,  f o r  t h e y  le a d  s o m e t im e s  t o  a  q u i t e  t r i v i a l  p r o p e r t y  
o f  a  s in g le  in d i v id u a l  b e c o m in g  o n e  o f  t h e  c r i t e r i a  f o r  g r o u p  f o r m a t io n .

F u r t h e r ,  t h e  p r o g r a m  n e c e s s a r i ly  s h o w s  a  b ia s  a g a in s t  c o m p le x  a n t ig e n s .  A  
‘g r o u p ’ w ill e v e n tu a l ly  in c lu d e  in  i t s  d e f in i t io n  a  v a r i e t y  o f  a n t ig e n s  t h a t  c a n  b e  
a d d e d  in d i v id u a l ly  w i th  s m a l l  in c r e m e n t s  in  d c , b u t  w ill e x c lu d e  a n t i g e n  c o m p le x e s  
w h o s e  a d m is s io n  w o u ld  in v o lv e  a  la r g e r  in c r e a s e  in  d c . A  g r o u p  f o r m e d  a b o u t  a  
s t a r t i n g  O T U  p o s s e s s in g  a n t ig e n s  I  a n d  5  in  i t s  s e c o n d  p h a s e ,  f o r  e x a m p le ,  w ill 
a c c e p t ,  s in g ly ,  a n t ig e n s  2 , 6  a n d  7 , a n d  e v e n tu a l ly  o t h e r  s in g le  a n t ig e n s  s u c h  a s  
z 6, b u t  i t  w ill r e j e c t  a  c o m p le x  l ik e  e, n ,  x .

Although these particular difficulties are characteristic of the ‘monothetic’ 
method we have used, other techniques for group-formation have deficiencies of 
their own (Lockhart & Hartman, 1 9 6 3 ). Numerical taxonomy has enormous 
potential, but depending on the nature and complexity of the data, and the adequacy 
of the programs used, computer analysis may or may not provide complete and 
satisfactory solutions for specific problems in classification. The machine will not 
automatically transform confusion into order; on the contrary, it will perpetuate 
faithfully any errors or misconceptions the investigator has unwittingly included 
in his program. One must therefore examine carefully all the assumptions, intended 
or otherwise, that are implied in the way the data were scored or in the directions 
given the machine for calculation of similarities and formation of groups. The com
puter will follow all such instructions quite literally, and will exercise neither 
discrimination nor good judgement in any instance—however obvious—unless these 
are explicitly specified beforehand by the investigator.

Classification of salmonellas
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SUMMARY

The protein-synthesizing activity of cell-free preparations of Escherichia  
coli was estimated by adding radioactive amino acids according to the 
system of Matthei & Nirenberg (1961). Cell-free systems were prepared 
from antibiotic-sensitive strains of E . coli and from resistant variants, and 
the sensitivity of amino acid incorporation to inhibition by chloramphenicol 
and tetracycline determined. The same sensitivity was shown for the sensi
tive as for the resistant strains.

INTRODUCTION

Several explanations have been proposed to account for bacterial resistance to 
chloramphenicol, for example: increased production of chloramphenicol reductase 
(Merkel & Steers, 1953; Miyamura, 1961), changes in permeability (Kuschner, 1955), 
and alteration of the process of protein synthesis (Ramsey, 1958). However, for 
none of these explanations is the experimental evidence conclusive. In a preliminary 
account (Okamoto & Mizuno, 1962), we reported that a cell-free system for amino 
acid incorporation into protein prepared from a chloramphenicol-resistant strain of 
Escherichia coli b  was almost as sensitive to chloramphenicol inhibition as was that 
from the wild type of E . coli b . The present paper gives a more detailed description 
of this work, together with further experimental work. The extended programme 
included examination of resistance to tetracycline exhibited by this chloramphenicol- 
resistant strain as well as by in  ihb'o-developed tetracycline-resistant strains, and 
also by another type of chloramphenicol and tetracycline resistance, i.e. the 
multiple drug resistance transferable by ‘R factor’ (review by Watanabe, 1963). 
Results similar to those previously reported were obtained in all these cases.

METHODS

S tra in s  used. The following five strains were examined: (1) Escherichia coli b , 
wild strain; (2) a chloramphenicol-resistant strain (b  c m s ) developed in  vitro from 
E . coli b  as described by Okamoto & Mizuno (1962); (3) E . coli k 12 c s -2 (Skaar 
& Garen, 1956); (4) a multiple drug-resistant strain (k  mE) obtained by transfer 
of resistance into E . coli k 12 c s-2 from a resistant strain of Shigella isolated from 
a natural source, kindly supplied by Mr H. Ikeda of our laboratory; (5) tetracycline- 
resistant strains isolated from E . coli k12 cslOl (Hfr), (Skaar & Garen, 1956) by 
successive passages through liquid media containing increasing concentrations of 
tetracycline (strains k t c r ). This procedure was performed chiefly by Mrs N. Okamoto.



Twelve independent cultures were used, but only two of them (nos. 3 and 5) 
attained resistance to tetracycline 100 //g./ml. without losing their Hfr character. 
Several independent cultures from each of the two were further developed to 
higher degrees of resistance, and five strains were obtained which could grow in 
the presence o f  more than 300 /ig . tetracycline/ml. They were designated as t c r  5 a , 
5 b , 5-350, 5-900, tcr . 3c. Since precise genetic analysis was not performed, it is 
not known whether these strains were genetically different or not.

Table 1. S en sitiv ity  o f the strains o f  Escherichia coli 
to various antibiotics

T h e  f ig u re s  in d ic a te  t h e  c o n c e n t r a t io n s  ( / tg ./m l .)  o f  a n t ib io t i c s  w h ic h  p r o d u c e  50  %  
in h ib i t io n  o f  g r o w th  a s  d e te r m in e d  b y  th e  m e th o d  d e s c r ib e d  b y  T re r f e rs  (1 9 5 6 ).

A n t ib io t ic
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Escherichia
coli

s t r a in

B

C h lo r a m 
p h e n ic o l

T e t r a -  P e n i -  E r y t h r o -  S t r e p to -  
c y c l in e  c il l in  m y c in  m y c in

C o n c e n t r a t io n  ( / tg ./m l .)  fo r  50  %  g r o w th  in h ib i t io n

P o ly 
m y x in  B

0-3 1-3 7 10 1 1-2
B CMR 3 0 0 22 100 170 1*3 0-3
k 12 0-6 3-6 15 22 0-75 1-8
k  m R 90 25 16 2 5 10 0-4

K TCR 5-EOO 15 1 00 130 100 0-25 0-25

The sensitivity of the strains to various antibiotics :s shown in Table 1 as the 
concentration required to inhibit the bacterial growth by 50 %. As shown, strain 
b  c m r  was abcut a thousand times as resistant to chloramphenicol as the wild strain 
and exhibited cross-resistance against tetracycline, penicillin and erythromycin, 
but was sensitive to streptomycin, as reported earlier by Szvbalsky & Bryson (1952); 
strain k  m R  was resistant to chloramphenicol, tetracycline and streptomycin, but 
not to erythromycin and penicillin. Strain k  t c r  shows similar patterns of cross
resistance to those of strain b  c m r . All resistant strains were somewhat more sensi
tive to polymyxin b  than were their wild types.

Culture m ed ium  a,nd cultural conditions. The culture medium consisted of the 
following ingredients: 0-1 M-solution of MgS04, 10 ml.; 0 01 M-solution of KH2P 04,
3-2 ml.; 20% (w/v) solution of glucose, 5 ml.; NaCl, 3 g.; Polypepton (Daigo Eiyo 
Co.), 10 g.; in a total volume of 1000 ml.; adjusted to pH 7-2. An overnight shaken 
culture (incubated at 37°) was transferred to about 50 vol. of fresh medium and the 
culture incubated with aeration. In the case of strains b  cm r  and k  m R, chloram
phenicol was added to the medium at 30 //g./ml. The t c r  strains were pre-cultured 
in the presence of tetracycline 100 /tg./ml. and then grown in a large-scale culture 
(5 1.) in medium containing tetracycline 20 /tg./ml.

Preparation  o f  cell-free system . When the culture reached early logarithmic phase, 
it was chilled rapidly with ice; the organisms were harvested (centrifugation) and 
washed twice with 0-05 M-tris buffer (pH 7-6) containing 8 x 10_3M-MgCl2. In later 
experiments this buffer, which was also used for the preparatory procedure and 
dialysis, was modified according to Matthei & Nirenberg (1961) to include 0-06 m-KCI 
and 0-006 M-/?-mercaptoethanol. The washed organisms were suspended in about 2 vol.



of the buffer and disrupted by sonic treatment (Okamoto & Mizuno, 1962) or, in 
later experiments, by passage through a French pressure cell. The latter procedure 
gave more active preparations. The disrupted-cell suspension was centrifuged twice 
at 30.000 g for 30 min. to remove whole organisms and large deoris, and the final 
supernatant fluid was kept as ‘ 3s fraction’. The 3s fraction was further fractionated 
by centrifugation at 100,000 g for 60 min. to give supernatant fraction (10s) and 
pellet fraction (ribosome fraction); the ribosome fraction was washed once by 
resuspending and sedimenting at 100,000 g, and the 10s fraction was dialysed over
night against tris buffer (pH 7-6) containing 8 x 10-3 M-MgCl2, at 4°. In later 
experiments the 3s fraction was directly dialysed against buffer containing /?- 
mercaptoethanol and kept frozen before use.

A ssa y  o f  incorporation o f  14C -am ino acids into pro tein  by the cell-free system . 
The ribosome fraction (equiv. about 2 mg. protein) together with the 10s fraction 
(equiv. about 1 mg. protein) were incubated with 14C-amino acids and neces
sary cofactors as describee previously. In later experiments dialysed 3s 
fraction was chiefly employee and the reaction mixture was modified according 
to Matthei & Xirenberg (1961), as follows: 3s fraction, equiv. 2-3 mg. protein; 
tris buffer (0 05 m , pH 7-6); MgCl2, 8 x 10- 3 m ; KC1, 6 x 10_2m ; adenosine tri
phosphate (ATP) Na salt, 1 /¿mole/ml.; creatine phosphate, Na salt, 5 /¿moles/ml.; 
creatine kinase, equiv. 0-1 mg. protein/ml.; guanosine triphosphate (GTP), 0-03 
//mole/ml.; /^-mercaptoethanol 0 006 m ; 14C-amino acid mixture (hydrolysed 
algal protein, specific activity 6-88 mc./mM, supplied by the Institute of 
Applied Microbiology, University of Tokyo), 2 x 105 c.p.rn./tube (counted 
with the windowless gas-flow counter); antibiotic to be tested at the required 
concentration; the total volume was 0-3 or 0-5 ml. After incubation at 37° for 
45 min., the reaction was stopped by adding about 5 ml. of 5 % trichloroacetic 
acid (TCA). The radioactivity incorporated into the hot-acid insoluble fraction was 
counted, and the degree of inhibition by the antibiotic assayed as described 
(Okamoto & Mizuno, 1962). Counting was performed with a windowless gas-flow 
counter or with a thin-window gas-flow counter equipped with an automatic sample 
changer; the counting efficiency of the latter was about one-fourth that of the former. 
All the data are presented as values to be obtained with the windowless gas-flow 
counter.
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R E S U L T S

In h ib itio n  o f  the am ino acid incorporation w ith  chloramphenicol 
in  the cell-free system  o f  Escherichia coli

The inhibition of amino acid incorporation in the cell-free preparations of 
Escherichia coli b  and strain b cm r  was examined. The results are shown graphically 
in Fig. 1. Almost identical inhibition curves were obtained with the wild-type and 
the chloramphenicol-resistant strains. The same kind of experiment with the cell- 
free systems of strains k  and k  m R  gave similar inhibition patterns, as shown in 
Fig. 2. In both cases the amino acid incorporation system of the resistant strain 
was as sensitive, within the experimental errors, to inhibition by chloramphenicol 
as that of the sensitive strain.

It should be noted that the amino acid incorporation in these systems was 
inhibited about 50 % by 2-5 //g. ehloramphenicol/ml. and about 80 % with 40 /¿g./ml.;



the inhibition was not complete even in the presence of 230 //g./ml., where the inhibi
tion was about 80-90  %.

In h ib itio n  w ith tetracycline

Amino acid incorporation by the cell-free system of the wild strain, Escherichia  
coli k 12, was inhibited also by tetracycline; the inhibition was about 4 0 -5 0 %  at 
40 //g./ml. and about 80 % at 160 /¿g./ml. Thus the concentration of tetracycline 
required to inhibit the cell-free system was considerably higher than that required 
for growth inhibition. However, when growth inhibition with tetracycline was 
examined in the medium supplemented with MgCl2 (0-008 m ) and KC1 (0-06 m ), the 
concentration of tetracycline which caused 50%  inhibition of growth was about
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Chloramphenicol (//g./ml.) Ch oramphenicol (,«g./m!.)
Fi„<. 1 F ig . 2

F ig . 1. E f f e c t  o f  c l i lo ra m p h e n ic o l  o n  a m in o  a c id  i n c o r p o r a t io n  b y  c e ll- fre e  s y s te m s  o f  
Escherichia ctli b a n d  s t r a in  b cmr. T h e  r e a c t io n  m ix tu r e  c o n ta in e d  a b o u t  e q u iv .  1 - 3  m g . 
p r o te in  o f  r ib o s o m a l  f r a c t io n  a n d  a b o u t  1 m g . p r o te in  o f  10s f r a c t io n .  I n c u b a t io n  w a s  a t  
37° fo r  2 0 -m in .;  o th e r  c o n d i t io n s  a s  d e s c r ib e d  in  t h e  t e x t .  E a c h  p o in t  r e p r e s e n t s  t h e  
a v e r a g e  v a lu e  o f  tw o  o r  t h r e e  i n d e p e n d e n t  e x p e r im e n ts .  T h e  v a lu e  fo r  c o m p le te  s y s te m  
w i th o u t  a n t ib io t i c  r a n g e d  f ro m  12 0  to  6 0 0  c o u n ts /m in . /m g .  p r o te in ,  d e p e n d in g  o n  th e  
e x p e r im e n t .  T h e  r a d io a c t iv i t y  is  c o r r e c te d  f o r  t h e  v a lu e  o f  t h e  2 0 - 0  t im e  c o n t r o l  o f  
2 0 - 8 0  c o u n ts /m in . /m g .  p r o te in ,  a n d  n o t  c o r r e c te d  fo r  s e lf - a b s o r p t io n .

F ig . 2 . E f f e c t  o f  c h lo r a m p h e n ic o l  o n  a m in o  a c id  i n c o r p o r a t io n  b y  c e ll- fre e  s y s te m s  o f  
Escherichia coli s t r a in s  k a n d  k dir. C o n d it io n s  a r e  s im i la r  t o  F ig . 1. A v e ra g e  d a t a  o f  f ro m  
tw o  to  f o u r  e x p e r im e n ts  a r e  sh o w n . 20

20 //g./ml. for E . coli k12, about 100 //g./ml. for k mu, and about 300 /¿g./ml. for 
k  t c r  strains. Under these circumstances, therefore, the tetracycline concentration 
which caused 50% inhibition of growth of E . coli k12 was not very different from 
that which caused 50 % inhibition of the cell-free system.

As shown :n Table 1, strain b cm r  exhibited considerable cross-resistance to 
tetracycline, and strain k  m R  was also resistant to it. The sensitivity to tetracycline 
of cell-free amino acid incorporation by these resistant strains was identical with 
that of their wild strains (Figs. 3, 4).
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Since it was reported by Yokota & Akiba (1962) that a tetracycline-resistant 

strain of Escherichia coli selected in  vitro by using tetracycline gave tetracycline- 
resistant ribosomes, we examined the sensitivity to tetracycline o:’ cell-free prepara
tions from several in  rà'tro-developed tetracycline-resistant strains of E . coli k12. 
Representative results are shown in Table 2. The cell-free systems of the t c r  strains 
investigated were, again, as sensitive to the effect of tetracycline as that of E . coli k  
wild strain, with some slight differences, especially in the case of t c r  3 c. Two other 
t c r  strains tested gave similar results.

Protein synthesis and chloramphenicol resistance

Tetracycline (/¿g./ml.) Tetracycline (/¿g./ml.)

F ig . 3  F ig .  4

F ig . 3 . E f f e c t  o f  t e t r a c y c l in e  o n  a m in o  a c id  in c o r p o r a t io n  b y  c e ll- fre e  s y s te m s  o f  
Escherichia coli b  a n d  s t r a i n  b  c m k .  C o n d it io n s  a r e  s im i la r  t o  F ig . 1 . A v e ra g e  d a t a  o f  f ro m  
tw o  t o  f o u r  e x p e r im e n ts  a r e  s h o w n .

F ig .  4 . E f f e c t  o f  t e t r a c y c l in e  o n  a m in o  a c id  in c o r p o r a t io n  b y  c e ll- fre e  s y s te m s  o f  
Escherichia coli s t r a in s  k  a n d  k  m » . C o n d it io n s  a r e  s im i la r  t o  F ig . 1. A v e ra g e  d a t a  o f  
f ro m  tw o  t o  f o u r  e x p e r im e n ts  a r e  sh o w n .

In h ib itio n  o f  am ino  acid incorporation by other com pounds 

As mentioned above, strain b  cm r  was also cross-resistant to penicillin, erythro
mycin, and strain k mR to streptomycin. Since it has been observed that erythro
mycin (Brock & Brock, 1959) and streptomycin (Eaton & Caffrey, 1961; Erdos & 
Ullmann, 1959; Hahn et al. 7962) have inhibitory effects on protein synthesis, the 
effects of these compounds on the cell-free system of Escherichia coli b  and strain 
k 12 were examined.

Streptomycin (100 /ig./ml.) exerted diverse effects. With amine acid incorporation 
by cell-free preparations of relatively low activity, streptomycin exhibited no 
inhibitory effect and occasionally even an acceleration was observed, especially at 
higher concentrations (500 /ig./ml. or more). However, amino acid incorporation by 
preparations with higher activity obtained by the modified method used in later 
experiments was inhibited by streptomycin to a variable extent. These complicated 
effects produced by streptomycin are now' under investigation in view of the findings

o Microb. xxxv



on the effect of streptomycin on the synthesis of polyphenylalanine directed by 
polyuridylic acid in a cell-free system (Speyer, Lengyel & Basilio, 1962; Flaks, Cox 
& White, 1962).

Erythromycin inhibited the amino acid incorporation up to 30 % at concentra
tions of 100-1000 /ig./ml. Penicillin (40 /¿g./ml.) had no effect on amino acid incor
poration, suggesting that this process is not related to the synthesis of cell-wall 
substance, which is sensitive to inhibition by penicillin (Park, 1958; Mandelstam & 
Rogers, 1959).

Table 2. Inhibition by tetracycline of amino acid incorporation by cell-free prepara
tions of various in vitro-developed tetracycline-resistant strains of Escherichia coli k 12

S t r a in
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TCIt 5 A TCR 5--900 TCR 3C k 12  w ild

D e g re e o f  r e s i s ta n c e  ( t e t r a c y c l in e  fig /m l.)*

> 100 A b o u t  120 A b o u t  50 3-6

T e t r a - c o u n ts / c o u n ts  / c o u r t s / A v e ra g e
c y c lin e m in . I n h ib i- m in . I n h ib i- m in . I n h ib i- v a lu e  o f
a d d e d in c o r - t i o n in c o r - t io n in c o r- t io n %  o f  in -

( / /g ./m l.) p o r a t e d t 0/.0 p o r a te d 0//o p o r a t e d 0//o h ib i t i o n i

0 1588 0 1170 0 202 4 0 0
10 1216 22 952 19 1732 14 32  (1 6 -4 5 )
20 1144 28 84 2 28 1528 25 38 (1 9 -4 7 )
4 0 1004 37 648 45 140 1 31 51 (4 5 -0 7 )
80 70 4 56 53 6 54 1284 36 02  (5 2 -8 0 )

t o o 41 2 7 4 26 4 78 888 56 7 7  (7 4 -8 4 )
32 0 244 85 110 90 4 48 78 81 (6 8 -9 0 )

E a c h  tu b e  c o n ta in e d  e q u iv .  2 - 3  m g . p r o te in  o f  d ia ly s e d  3 s f r a c t io n  in  a  t o t a l  v o lu m e  o f  0 - 3 -  
0 -5  m l. I n c u b a t i o n : 37° fo r  4 5  m in . O th e r  c o n d i t io n s  a r e  a s  d e s c r ib e d  in  t h e  t e x t .  E a c h  e x p e r im e n t  
m a d e  in  d u p l ic a te .

* T h e  f ig u re s  in d ic a te  t h e  c o n c e n t r a t io n  ( / ig ./m l .)  o f  t e t r a c y c l in e  r e q u i r e d  fo r  50  %  g r o w th  
i n h i b i t i o n ; t e s t s  w e re  m a d e  d i r e c t ly  o n  th e  o rg a n is m s  u s e d  fo r  p r e p a r a t io n  o f  t h e  c e ll- fre e  s y s te m .

f  T o ta l  c o u n ts  m e a s u r e d  o n  s a m p le s  c o n ta in in g  e q u iv .  1 -5 -2  m g . p r o t e in ;  t h e  v a lu e  fo r  t h e  
0  t im e  c o n t r o l ,  a b o u t  100  c o u n ts /m in . ,  w a s  s u b t r a c t e d .  N o t  c o r r e c te d  fo r  s e lf - a b s o r p t io n ,  

i  A v e ra g e  v a lu e  o f  f o u r  t o  s ix  e x p e r im e n ts .  T h e  r a n g e  o f  v a r i a t i o n  is  s h o w n  in  p a r e n th e s e s .

DISCUSSION

I t is well established that chloramphenicol specifically inhibits protein synthesis 
in bacteria (Gale & Folkes, 1953; Wisseman, Smadel, Hahn & Hopps, 1954). The 
amino acid incorporation system of Escherichia coli used in the present work can be 
considered to approximate to the process of protein synthesis in many respects, and 
is sensitive to inhibition by chloramphenicol at a concentration slightly higher than 
that required for growth inhibition. Thus the cell-free amino acid incorporation 
system may well be regarded as the site of action of chloramphenicol on bacteria. 
The data presented above indicate that the resistant strains investigated lost their 
chloramphenicol resistance when they were disrupted to a cell-free preparation. 
Thus it can be concluded that the primary cause of chloramphenicol resistance in 
these strains is not alteration(s) in the process of protein synthesis, but is some 
change(s) in the process by which the compound reaches its site of action, i.e. some 
change(s) in permeability.
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Since tetracycline acts as a chelating agent, and consequently may exert action 

on several cellular activities (see review by Weinberg, 1957), its mode of action is 
not so well defined as is that of chloramphenicol. However, evidence has been 
given that, at the growth inhibitory concentration, tetracycline inhibits bacterial 
protein synthesis preferentially (Gale & Folkes, 1953) as chloramphenicol does. 
Therefore, it seems likely that the inhibitory effect of tetracycline on the amino 
acid incorporation system reflects the inhibitory effects of tetracycline on bacterial 
growth. Although the concentration of tetracycline required for inhibition of the 
cell-free system is considerably higher than that required for growth inhibition, this 
may partly be explained by the presence of a rather high concentration of Mg2+ 
(see Results).

If it be assumed that the inhibition by tetracycline of cell-free amino acid in
corporation represents its antibacterial effect, tetracycline resistance in strains 
b  c m r , k  m i and k  t c r  should also be due to changes in permeability as in chloram
phenicol resistance. A certain degree of cross-resistance between chloramphenicol, 
tetracycline and other compounds in in  nfiro-developed chloramphenicol- and 
tetracycline-resistant strains of Escherichia coli has been observed (Szybalsky & 
Bryson, 1952; Cavalli, 1952); changes in permeability for these compounds would 
be a plausible explanation for such cross-resistance.

Independently of our preliminary work (Okamoto & Mizuno, 1962), Akiba & 
Yokota (1962) made similar experiments and reached the same conclusion as we 
did except for the case of the in  »firo-developed tetracycline-resistant strain. 
They reported that the cell-free system of the latter strain was resistant to tetra
cycline and that this resistance resided in the ribosomal fraction (Yokota & Akiba,
1962). As described above, all the tetracycline-resistant strains that we isolated, 
through multiple steps from Escherichia coli k12 strain cslOl, gave tetracycline- 
sensitive cell-free systems. These findings do not, of course, exclude the possibility 
that tetracycline-resistant mutants equipped with tetracycline-resistant protein- 
synthesis machinery may occur. We can only say that, in the most easily obtainable 
tetracycline-resistant strains of E . coli k12, their cell-free systems are not resistant to 
tetracycline. Although only one in  uflro-developed chloramphenicol-resistant strain 
was investigated, this strain was so resistant (about one thousand times as resistant 
as the wild strain) that it may be assumed that many of its loci responsible for 
chloramphenicol resistance have mutated, so that the above considerations can also 
be applied to chloramphenicol resistance.

The contradiction of our conclusion with that of Ramsey (1958) may be explained 
by the staphylococcus he used possessing a different mechanism of chloramphenicol 
resistance from that of Escherichia coli, or by the possibility that the disrupted cell 
system used by Ramsay still retained some sort of permeability barrier.

Our results do not exclude the possible role of a chloramphenicol-inactivating 
enzyme (Merkel & Steers, 1953; Miyamura, 1961) in the chloramphenicol resistance 
of Escherichia coli, since they only showed that cell-free protein synthesis 
of resistant organisms was not resistant, and that resistance was probably due to 
changes other than at the immediate site of protein synthesis. However, the 
enzymic degradation of chloramphenicol is not sufficiently rapid to decrease the 
concentration of chloramphenicol in the medium, and our experiments indicate that 
such an enzyme is not operating in the cell-free system. Hence, if a chloramphenicol

Protein synthesis and chloramphenicol resistance
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inactivating enzyme plays some role in chloramphenicol resistance in E. coli, its 
mode of action might be to decrease intracellular concentration of chloramphenicol 
by acting on the compound at its entrance into the cell, and this might be one type 
of change in the permeability barrier. Spheroplasts of chloramphenicol-resistant 
E. coli remain resistant to chloramphenicol (Hirokawa, Abe & Mizuno, 1959). The 
most probable alteration of permeability, if any, is therefore within the spheroplast.

Resistant strains of Escherichia coli derived in vitro and by transferred resistance 
are somewhat more sensitive than their wild types to polymyxin B, a surface active 
antibiotic which ccmbines with some surface structure of Gram-negative bacilli. 
However, attempts to reverse the resistance by combined action of chloramphenicol 
and polymyxin B were unsuccessful.

This work was aided partly by a grant to Dr J. Tomizawa from the Jane Coflin 
Childs Memorial Fund for Medical Research. We wish to thank Drs .T. Tomizawa and
K. Matsubara for their help and advice. We are indebted to Dr M. Takanami for 
a gift of guanosine triphosphate. Special thanks are due to Mrs K. Okamoto for her 
able technical assistance.
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S U M M A R Y

A complex tissue culture medium supplemented with swine serum and 
peptone supported optimal growth of M ycoplasm a gallisepticum  strain 293. 
Media lacking any of these components supported little or no growth. 
However, when 5'-monophosphate nucleotides replaced the peptone 
growth was supported. The minimal nucleotides necessary to support good 
growth were adenylic, cytidylic, guanylic and thymidylic acids. In some 
cases the addition of the four ribonucleotides and the four deoxyribo- 
nucleotides in place of peptone improved growth; the four ribonucleotides 
alone supported poor growth. Thymidylic acid seemed essential for 
growth, and uridylic acid appeared to be inhibitory.

The mixture of ribonucleosides and deoxvribonucleosides, but not of 
purines and pyrimidines, when substituted for the peptone, also supported 
good growth. The concentrations of nucleosides and nucleotides had 
a significant effect on growth. Although the nutritional factors of swine 
serum were not defined, the effects of different sera on growth were 
investigated. Rabbit, horse, turkey and swine serum supported optimum 
growth; human serum supported less, whereas PPLO serum fraction 
(Difco) or bovine serum supported poor growth. Dog serum did not support 
growth.

INTRODUCTION

The nutritional requirements of some M ycoplasm a  species have been reported 
by Edward (1947, 1953, 1954), Smith & Morton (1951), Smith, Lecce & Lynn (1954), 
Smith (1955), Chalquest & Fabricant (1960), Rodwell (1960), Razin & Knight 
(I960«, b), Razin (1962), and Razin & Cohen (1963). I t is apparent from these 
studies that the pathogenic as well as the saprophytic species have complex nutri
tional requirements. The main purpose of the present work was to evolve a defined 
medium which would support the growth of the avian pathogen M ycoplasm a  
gallicepticum  (Edward & Kaiarek, 1960) strain 293 and to determine its nutritional 
requirements. A partially defined medium described by Razin & Knight (1960a), 
or modifications of it, did not support growth of the test organism. However, 
excellent growth was supported by a medium containing tissue culture (TC) 
medium 199 (Morgan, Morton & Parker, 1950), swine serum and Bacto-peptone. 
This medium was selected as a basis for further work to replace the undefined 
components with defined ones. Media without the serum did not support



growth. However, growth of the test organism did occur when the 5'-monophos- 
phate ribonucleotides and deoxyribonucleotides, or the ribonucleosides and 
deoxyribonucleosides replaced the peptone component.

METHODS

O rganism . M ycop lasm aga llisep ticum  strain 293 was selected as the test organism. 
This strain was originally isolated from a field case of chronic respiratory disease in 
chickens by Dr J. R. E. Taylor in 1957; its morphological and physiological 
characteristics were described by Fabricant et al. (1959). Since isolation the organism 
has been maintained in continuous subculture on the same laboratory medium.

M edia . Adler’s overlay medium (Adler, Yamamoto & Bankowski, 1954) was 
used for maintaining stock cultures and for growing the organism for inocula in 
the nutritional experiments.

Difco PPLO broth without crystal violet, enrichments or inhibitors was used as 
diluent in preparation of serial dilutions for colony counts. Difco PPLO agar 
enriched with 10 % (v/v) pooled swine serum, 1000 units penicillin /ml. and 0-05 % 
(w/v) thallium acetate was used for colony counts. The pooled swine serum was 
obtained from a local slaughtering plant and sterilized by passage through a Seitz 
EK filter. All batches of serum were checked for ability to support growth of 
several Mycophasma species and then stored at — 25° until needed.

The medium used for the nutritional experiments was prepared from Difco TC 
medium 199 (based on the tissue culture medium of Morgan et al. 1950) liquid 
ten-fold concentrate. This medium was diluted to double concentration with 
sterile glass-distilled water, buffered with 0-3% (w/v) K2H P04, rather than with 
sodium bicarbonate. After the addition of 10 % (v/v) pooled swine serum, and various 
supplements, the appropriate volume of distilled water was added to adjust the 
TC medium 199 to single concentration; when necessary, this was readjusted to 
pH 7-6-7-8 with 10% (w/v) KOH. Hereafter the TC medium 199 + swine serum 
but without other supplements will be referred to as the basal medium. The control 
medium used in all nutritional experiments consisted of basal medium to which 
had been added 1 % (w/v) Bacto-peptone.

Except for Adler’s overlay medium all media, including all reagents and supple
ments, were prepared with glass-distilled water. Pyrex glassware was used in all 
experiments. Before use it was cleaned with chromic + sulphuric acid mixture and 
thoroughly rinsed with distilled water.

All nucleic acid derivatives and coenzymes were sterilized by passage through 
sintered glass filters. Undegraded DNA preparations were sterilized with a few drops 
of chloroform and then decanted from the chloroform. All other inorganic reagents 
and media used for colony counts were sterilized by autoclaving at 120° for 15 min.

C onditions o f  growth. Five ml. of basal medium with various supplements were 
dispensed in 13 x 100 mm. tubes with stainless steel closures. These were inoculated 
with 0-05 ml. of a 48 hr stock culture. The cultures were incubated statically in 
air at 37°. Colony counts showed that the inoculum contained about 106 organisms/ 
ml. medium.

A ssessm ent o f  growth. The estimation of growth by turbidimetric methods or 
acid titration was unreliable under our experimental conditions; the basal medium
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was too turbid and there was no consistent correlation between acid production and 
colony counts. Therefore, growth was measured by the colony count technique 
described by Fabricant, VanDemark & Fabricant (1962). All plates for colony counts 
were incubated in candle jars with excess moisture at 37°.

Chemicals. Undegraded DNA, the purines and pyrimidines adenine, cytosine, 
guanine, uracil and thymine, and the 5'-monophosphate deoxyribonucleotides, deoxy- 
adenvlic acid disodium salt.3H20  (dAMP), deoxycytidylic acid.2H20 (dCMP), 
deoxyguanulate. NH4 (dGMP), and thymidylic acid sodium salt (TMP) were 
products of the California Corporation for Biochemical Research (Los Angeles, 
California). The 5'-monophosphate ribonucleotides muscle adenylic acid (AMP), 
guanylic acid sodium salt (GMP), cytidylic acid sodium salt (CMP), and uridylic 
acid disodium salt (UMP) were products of the Pabst Laboratories (Milwaukee, 
Wisconsin) or the Sigma Chemical Company (St Louis, Missouri). The 5'-triphos- 
phate nucleotides of adenosine, disodium salt (ATP), cytidine, sodium salt (CTP), 
guanosine, sodium salt (GTP), and uridine, sodium salt (UTP) were also products 
of the Pabst Laboratories. The ribonucleosides adenosine, evtidine, guanosine. 
uridine, and the deoxyribonucleosides, deoxyadenosine, deoxycytidine.HCl, 
deoxyguanosine, and thymidine were products of the Nutritional Biochemical 
Corporation (Cleveland, Ohio).

Nutrition of Mycoplasma gallisepticum

RESULTS

The partially defined medium described by Razin & Knight '1960«) for a strain 
of Mycoplasma laidlawii did not permit survival of Mycoplasma gallisepticum 
strain 293. Attempts to improve this medium by addition of PPLO serum fraction 
(Difco), 10 % (v/v) swine serum, increased amounts of glucose, or biotin and folic 
acid also failed and further work with it was abandoned.

Initial attempts to grow the test organism in TC medium 199 with or without 
10 % (v/v) swine serum also failed. Since this medium changed from pH 7-6 to 8-9 
within 3 hr of static incubation at 37°, the medium was subsequently buffered with 
0-3 % (w/v) K2H P04 rather than with sodium bicarbonate as recommended. 
Inocula of the test organism survived better in this medium, without serum anti 
buffered with K2H P04, than in media buffered with sodium bicarbonate or tris 
buffer (pH 7-9; Sigma).

However, minimal growth of strain 293 occurred when the TC medium 199 was 
supplemented with 10 % (v/v) swine serum (basal medium). Addition of 0 T -0 -4  %  
(w/v) of glucose to this basa medium did not improve growth.

Other studies indicated that the basal medium lacked some essential nutritional 
factor, or factors, which could be supplied by Difco PPLO broth (without crystal 
violet). The factor, or factors, could be supplied equally by 1 % (w/v) Bacto-peptone, 
one of the PPLO broth ingredients (see Table 1), and to a lesser degree by beef 
heart for infusion, the other PPLO broth ingredient.

The basal medium supplemented with 1 % (w/v) Bacto-peptone was used as the 
control medium in all later experiments. Optimal growth of strain 293 was obtained 
only in the control medium. No growth occurred in media when either TC medium 
199 or serum were omitted.

Optimal growth of the test organism also occurred in media where the concen
tration of peptone (in the control medium) was altered from 0-4 to 4 % (w/v).



Concentration of 6, 0-2 and 0-1 % peptone yielded less growth, while concentrations 
above 6 % were inhibitory.

Essentially the same amount of growth occurred in media where rabbit, horse, 
or turkey serum was substituted for one lot of swine serum in the control medium 
(see Table 2). Human serum supported moderate growth, Difco PPLO serum 
fraction or bovine serum supported poor growth, while dog serum did not support 
growth. Other experiments indicated that some batches of swine serum were 
superior to horse serum in supporting growth of strain 293 in the control medium. 
Neither tryptic digests of casein nor peptone prepared according to the method of 
Roberts & Snell (1946), when substituted for the peptone of the control medium, 
allowed growth of strain 293.
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Table 1. T he growth o f  M ycoplasm a gallisepticum  strain  293 in  T C  m ed ium  199 + 
sw ine serum  {nasal m edium ) supplem ented with Difco P P L O  broth, Bacto-peptone, 
or beef heart for in fu sion  (Difco)

T im e  (d a y s )

1 2 3 4
C o u n ts f /m l .  m e d iu m  ( x  1 0 6)

M e d ia* r ---A-------------------------- --------'

P P L O  b r o th  +  s w in e  s e r u m t 81 139 124 38 0
B a s a l  m e d iu m 7 5 5 3§
B a s a l  m e d iu m  +  P P L O  b r o th 3 10 1255 24 0
B a s a l  m e d iu m  + 1  To (w /v )  p e p to n e 180 1555 0 0
B a s a l  m e d i u m +  5  To (w /v )  b e e f  h e a r t 65 196 90 44

fo r  in fu s io n

* S in c e  t h e  in o c u lu m  d id  n o t  s u r v iv e  in  a n y  o f  t h e  a b o v e  m ix tu r e s  o f  m e d iu m  c o m p o n e n ts  
w i th o u t  s e ru m , th e s e  c o u n ts  a r e  n o t  g iv e n  in  t h e  T a b le .

f  T h e  in o c u lu m  c o n ta in e d  4 x  1 0 6 v ia b le  p a r t i c le s /m l .  m e d iu m . A ll c o u n ts  h a v e  b e e n  r o u n d e d  
o ff t o  t h e  n e a r e s t  10 6 f ig u re .

J  S w in e  s e ru m  w a s  a d d e d  in  1 0 %  ( v /v )  t o  a l l  m e d ia .
§ M a rk e d  d e c re a s e  in  a l l  c o u n ts  a f t e r  in i t i a l  g r o w th  w a s  d u e  t o  a c id  p r o d u c t io n .

Table 2. The growth o f  M ycoplasm a gallisepticum  strain  293 in  T C  m edium  199 
supplem ented w ith peptone and various pooled sera or P P L O  serum frac tion  (Difco)

T im e  ( d a y s )

M e d ia *  s u p p le m e n t  

R a b b i t  s e ru m

i 2
C o u n ts f /m l .

3
m e d iu m  ( x  1 0 6)

4

295 85 5 3 Î 0
H o r s e  s e ru m 795 500 <  1 0
S w in e  s e ru m 705 530 <  1 0
T u r k e y  s e ru m 605 <  1 0 0
H u m a n  s c ru m 105 230 <  1 <  1
B o v in e  s e ru m 22 6 10 6
P P L O  s e ru m  f r a c t io n 9 6 8 7
D o g  s e ru m <  1 <  1 <  1 <  i

* T C  m e d iu m  199  w a s  b u f fe re d  w i th  0 -3  %  (w /v )  K 2H P G 4 s u p p le m e n te d  w i th  1 %  (w /v )  p e p to n e  
a n d  10  %  (v /v )  o :  t h e  v a r io u s  s e ra  o r  1 %  ( v /v )  o f  D ifc o  P P L O  s e ru m  f r a c t io n .

f  T h e  in o c u lu m  c o n ta in e d  7  x  10® v ia b le  p a r t i c le s /m l .  m e d iu m ; a l l  c o u n ts  h a v e  b e e n  r o u n d e d  
o ff t o  t h e  n e a r e s t  10 6 f ig u re .

t  M a rk e d  d e c re a s e  in  c o u n ts  a f t e r  in i t ia l  g r o w th  w a s  d u e  to  a c id  p r o d u c t io n .
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Further work involved attempts to replace the serum and peptone of the control 

medium with chemically defined factors. However, none of the factors tested were 
capable of replacing the serum and only data concerning replacement of the 
peptone will be included here.

Media in which the peptone of the control medium was replaced by the 5'-mono- 
phosphate ribonucleotides or ribonucleosides, where these were added in the same 
concentration as the free purine and pyrimidine bases already present in TC medium 
199, supported slight growth of the test organism. The addition of coenzyme A, 
diphosphopyridine nucleotide (DPN), flavin adenine dinucleotide (FAD) and 
a-lipoic acid (added in 0-25, 0-7, 0T, 0-001 mg./lOO ml. medium, respectively) to 
these media did not stimulate growth. Nor did the addition of reduced glutathione 
and L-cysteine.HCl.H20  (100 mg. each/100 ml. medium) improve the growth in 
these media.

Nutrition of Mycoplasma gallisepticum

Table 3. T he influence o f  ribonucleotides A M P , C M P , G M P , deoxyribonucleotide 
T M P ,  and D N A  on the growth o f  M ycoplasm a gallisepticum  stra in  293 in  the basal
m edium T im e  (d a y s )

_____________A ____________

1 2  3  4  5
M e d ia *  C o u n t s i /m l .  m e d iu m  ( x  10 6)

( B a s a l  m e d iu m y  s u p p le m e n te d  w i th : )  ,--------------------------------------------*-----------------------------------------

1 %  (w /v )  p e p to n e  ( c o n tro l  
m e d iu m )

32 0 6 00 34 24 || —

N o  s u p p le m e n ts  a d d e d 71 3 2 4 --- -
A M P , C M P , G M P , T M P § 4 8 92 48 —
D N A § 1 30 53 140 29
A M P , C M P , G M P , T M P , D N A 71 8 75 35 0 4 2

* M ed ia  c o m b in a t io n s  w i th o u t  s e ru m  h a v e  b e e n  o m i t t e d  s in c e  t h e y  d id  n o t  s u p p o r t  g r o w th ,  
t  B a s a l  m e d iu m  c o n ta in e d  T C  m e d iu m  19 9  b u f fe re d  w i th  0 - 3 %  (w /v )  K 2H P 0 4 a n d  1 0 %  ( v /v )  

sw in e  s e ru m .
J  T h e  in o c u lu m  c o n ta in e d  13 x 10 6 v ia b le  p a r t i c le s /m l .  m e d iu m . A ll c o u n ts  h a v e  b e e n  r o u n d e d  

off t o  t h e  n e a r e s t  10 s f ig u re .
§ N u c le o t id e s  a n d  u n d e g r a d e d  D N A  e a c h  a d d e d  in  1 m g ./lO O  m l. m e d iu m .
|| M a rk e d  d e c re a s e  in  a l l  c o u n ts  a f t e r  in i t i a l  g ro w -th  w a s  d u e  to  a c id  p r o d u c t io n .

However, as shown in Table 3, growth was stimulated when the 5'-monophosphate 
ribonucleotides AMP, CMP, GMP and the same isomer of deoxyribonucleotide 
TMP were added in 1 mg./lOO ml. basal medium (nucleotides replacing the peptone 
of the control medium). As further shown in Table 3, growth was markedly stimu
lated when DNA (1 mg./lOO ml. medium) was added to the basal medium supple
mented with these four nucleotides.

In view of the growth of strain 293 in basal medium + DNA only, and the stimula
tion of growth by DNA in the medium containing the nucleotides, AMP, CMP, 
GMP, and TMP, the four 5'-monophosphate deoxyribonucleotides were substituted 
for the DNA to determine their comparative effects on growth. Table 4 shows that 
the basal medium supplemented with the four ribonucleotides alone supported 
the least growth. The preparation of DNA or the nucleotides AMP, CMP, GMP> 
UMP and TMP supplementing the basal medium supported the same amount of 
growth. Better growth was supported in the medium containing AMP, CMP, GMP, 
and TMP, while slightly less growth occurred in the medium containing both the



ribonucleotides and the deoxyribonucleotides. The medium containing the deoxyribo- 
nucleotides alone supported growth intermediate between the last two media named.

As also shown in Table 4, the addition of the 5'-triphosphate nucleotide ATP to 
the medium ccntaining the eight monophosphate nucleotides, further stimulated 
growth of strain 293. The addition of the four triphosphate nucleotides ATP, CTP, 
GTP and UTP to this medium stimulated only slightly more growth than ATP 
alone. In this experiment the triphosphate nucleotides were prepared and stored 
frozen for 1 week before use. In other experiments freshly prepared ATP did not 
show the same growth stimulation.
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Table 4. The influence o f 5'-monophospho-ribonucleotides, deoxyribonucleotides, 
D N A  and triphosphan ucleotid-es on the growth o f  M ycoplasm a gaU isepticum  stra in  293 
in  the basal m edium  T im e  (d a y s )

M e d ia  (b a s a l  m e d iu m f  s u p p le m e n te d  w i t h :)

I .  1 %  (w /v )  o e p to n e  ( c o n t ro l  m e d iu m )
I I .  A M P , C M P , G M P , U M P t§

I I I .  A M P , C M P , G M P , U M P , T M P
I V . A M P , C M P , G M P , T M P

V . A M P , C J IP ,  G M P , T M P , D N A
V I .  D N A 1

V I I .  d A M P , d C M P . d G M P , T M P f | |
V I I I .  A M P , C M P , G M P , U M P  +  D N A

I X .  A M P , C M P , G M P , U M P , d A M P , d C M P , 
d G M P , T M P

X .  M e d iu m  I X  w i th  A T P 1
X I .  M e d iu m  I X  w i th  A T P ,  C T P , G T P , U T P

1 2  3  4
C o u n t m e d iu m  ( x  1 0 6)

190 64 0 4 8 0 5 4 '
6 18 18 2

10 26 4 7 <  1
28 56 77 <  1

8 101 8 <  1
8 22 48 39

18 56 60 <  1
12 69 115 <  1

9 67 50 <  1

23 790 4 <  1
12 215 10 <  1

* I n o c u lu m  c o n ta in e d  13  x  1 0 6 o rg a n is m s  p e r  m l.  o f  m e d iu m . A ll c o u n ts  h a v e  b e e n  r o u n d e d  o ft 
t o  t h e  n e a r e s t  10 6 fig u re .

f  B a s a l  m e d iu m  c o n ta in e d  T C  m e d iu m  19 9  b u f fe r e d  w i th  0 - 3 %  (w /v )  K » H P 0 4 a n d  1 0 %  ( v /v )  
sw in e  s e ru m .

J  A ll  r ib o -  a n d  d e o x y r ib o n u c le o t id e s  a n d  D N A  w e re  a d d e d  in  1 m g . e a c h /1 0 0  m l. o f  m e d iu m . 
T h e  t r ip h o s p h o n u c le o t id e s  w e re  a d d e d  in  0-1 m g . e a c h /1 0 0  m l. o f  m e d iu m .

§ T h e  5 '- m o n o p h o s p h o r ib o n u c le o t id e s .
|| T h e  S '- m o n o p h o s p h o d e o x y r ib o n u c le o t id e s .
•f M a rk e d  d r o p  in  a l l  c o u n ts  a f t e r  in i t i a l  g r o w th  w a s  d u e  t o  a c i c  p r o d u c t io n .

Further effects on the growth of strain 293 in the basal medium supplemented 
with various mixtures or concentrations of nucleotides are illustrated in Table 5. 
The results indicate that the concentration of the eight monophospate nucleotides 
significantly influenced the amount of growth. Growth was essentially doubled when 
the concentration of these nucleotides was halved, whereas doubling their con
centration supported approximately half as much growth. In this experiment the 
medium containing the eight monophosphate nucleotides supported slightly more 
growth than that ccntaining only AMP, CMP, GMP and TMP. The omission of 
UMP from the medium containing the seven other nucleotides yielded more growth 
than the medium including UMP. In this same experiment, a week-old preparation 
of ATP had a stimulatory effect on growth in the medium containing the eight 
monophosphate nucleotides, whereas adenosine diphosphate (ADP) seemed to have 
an inhibitory effect. When ATP and ADP were added together, the resulting growth 
was essentially the same as that in the medium where ATP was added alone.



141
Table 6 compares the effects of growth of strain 293 in the basal medium supple

mented with the eight monophosphate nucleotides, the corresponding eight nucleo
sides, or the free purine and pyrimidine bases. The concentrations of the nucleosides
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Table 5. T he influence o f  various com binations and concentrations o f o'-monophospho- 
nucleotides and the adenine diphospho- and triphosphonucleotides A  D P , A T P )  on 
growth o f  M ycoplasm a gallisepticum  stra in  293 in  the basal m edium

T im e  ( d a y s )

1 2 3
C o u n ts f / in l .  m e d iu m  ( x  1 0 6)

M e d ia  ( b a s a l  m e d iu m *  s u p p le m e n te d  w i th : ) r -----------------A-----------------------

i . 1 %  (w /v )  p e p to n e  ( c o n t ro l  m e d iu m ) 43 5 74 5 80
i i . A M P , C M P , G M P . I M P ,  d A M P . dC .M P, d G M P . 15 66 7

T M P i
h i . M e d iu m  I I  w i th o u t  U M P 38 94 3
IV . A M P , C M P . G M P , T M P 13 51 43

V . M e d iu m  I I  w i th  n u c le o t id e s  a t  1 /2  c o n c e n t r a t io n 32 114 2
V I . M e d iu m  I I  w i th  n u c le o t id e s  a t  2  x  c o n c e n t r a t io n 28 37 1

V I I . M e d iu m  I I  p lu s  A T P § 22 102 9
V I I I . M e d iu m  I I  p lu s  A D P ); 23 18 2 3 !

I X . M e d iu m  I I  p lu s  A D P  a n d  A T P 33 99 29

* B a s a l  m e d iu m  c o n ta in e d  T C  m e d iu m  199  b u f fe re d  w i th  0  :5 %  (w /v )  K 2H P 0 4 a n d  1 0 %  ( v /v )  
sw in e  s e ru m .

f  T h e  in o c u lu m  c o n ta in e d  12  x  106 v ia b le  p a r t i c le s /m l .  o f  m e d iu m . A ll c o u n ts  h a v e  b e e n  
r o u n d e d  o ff t o  t h e  n e a r e s t  10 6 f ig u re .

J  T h e  f i r s t  f o u r  l i s t e d  a r e  t h e  5 '- r ib o n u c le o t id e s ,  t h e  o th e r s  a r e  t h e  o '- d e o x y r ib o n u c le o t id e s ;  
e a c h  w a s  a d d e d  in  1 m g ./lO O  m l. o f  m e d iu m . ( M o n o p h o s p h a te  n u c le o t id e s ) .

§ A D P  a n d  A T P  w e re  e a c h  a d d e d  in  0 1  m g ./lO O  m l. o f  m e d iu m .
|| S l ig h t  in c r e a s e  in  g r o w th  a t  3  d a y s  w a s  fo llo w e d  in  f o u r  d a y s  b y  a  d r o p  to  le ss  t h a n  1 x  1 0 6. 

M a rk e d  d e c re a s e  in  a l l  c o u n ts  a f t e r  in i t i a l  g r o w th  w a s  d u e  t o  a c id  p r o d u c t io n .

and the purine and pyrimidine bases added were calculated to approximate the 
concentrations of the nucleotides, each of which was added at 1 mg./lOO ml. 
medium. Growth was slightly greater in the medium containing nucleosides than 
that containing nucleotides. Although growth was increased in both media when 
the concentration of nucleosides or nucleotides was halved, considerably more 
growth resulted in the medium with the lower concentration oi nucleosides. How
ever, it was noted in the course of colony counts, that subcultures to plating agar 
from media containing nucleosides resulted in a large number of atypical rough 
colonies. Atypical colonies were rarely, if ever, noted in subcultures during the growth 
phase of strain 293 from media cont aining nucleotides. The substitution of purines and 
pyrimidines for the peptone of the control medium resulted in minimal growth. It 
was further noted that all colonial growth on subcultures to plating agar was ex
tremely rough and atypical.

D I S C U S S IO N

Since the tissue culture medium (TC medium 199) of Morgan et al. (1950) contains 
a large complement of amino acids, vitamins, purines, pyrimidines, inorganic salts 
and cholesterol, it was selected as the base medium from which to evolve a defined 
medium capable of supporting growth of M ycojAasm a gallisepticum  strain 293.
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Table 6. T he relative influence o f the o'-m onophospho-, ribo- and deoxyribonucleotides, 
the corresponding nucleosides, or the free  p u r in e  and p y r im id in e  bases on growth o f  
M ycoplasm a gallisepticum  stra in  293 in  the basal m ed ium

T im e  (d a y s )

1 2 3 4
C o u n ts f /m l .  m e d iu m  ( x  1 0 6)

M e d ia  (b a s a l  m e d iu m *  s u p p le m e n te d  w i th : ) <----- ---A------------------------

I . 1 %  (w /v )  p e p to n e  ( c o n t ro l  m e d iu m ) 030 705 120§
I I . A M P , C M P , G M P , U M P , d A M P , d C M P , 59 81 12 < 1

d G M P . T M P i
I I I . M e d iu m  I I  w i th  n u c le o t id e s  a t  1 /2  c o n - 53 105 02 < 1

c e n t r a t io n
IV . N u c le o s id e s : 5 4 100 0 < 1

V . M e d iu m  I V  w i th  n u c le o s id e s  a t  1 /2  c o n - 8G 167 8 < 1
c e n t r a t io n

V I . P u r in e s  a n d  p y r i t i u d in e s i 5 12 12 < 1
V I I . M e d iu m  V I  w i th  p  u r in e s  a n d  p y r im id in e s 8 9 12 2

a t  1 /2  c o n c e n t r a t io n

* B a s a l  m e d iu m  c o n ta in e d  T C  m e d iu m  19 9  b u f fe re d  w i th  0 -3  %  (w /v )  Iv 2H P 0 4 a n d  10  %  ( v /v )  
sw in e  s e ru m .

t  T h e  in o c u lu m  c o n ta in e d  10  x  10® o r g a n is m s /m l .  o f  m e d iu m . A ll  c o u n ts  h a v e  b e e n  r o u n d e d  
o ff t o  t h e  n e a r e s t  10 6 f ig u re .

i  T h e  f i r s t  f o u r  l i s t e d  a r e  t h e  r ib o n u c le o t id e s ,  t h e  o th e r s  a r e  t h e  d e o x y r ib o n u c le o t id e s ; e a c h  
w a s  a d d e d  in  1 m g ./lO O  m l. o f  m e d iu m . C a lc u la te d  e q u iv a le n t  c o n c e n t r a t io n s  o f  t h e  c o r r e s p o n d in g  
n u c le o s id e s  ( a d e n o s in e , c y t id in e ,  g u a n o s in e , d e o x y a d e n o s in e ,  d e o x y c y r id in e ,  d e o x y g u a n o s in e , 
a n d  th y m id in e )  a n d  p u r in e s  a n d  p y r im id in e s  ( a d e n in e , c y to s in e ,  g u a n in e ,  u r a c i l  a n d  th y m in e )  
w e re  a d d e d  t o  m e d ia  I V  a n d  V I  r e s p e c tiv e ly .

§ M a rk e d  d r o p  in  a ll  c o u n ts  a f t e r  in i t i a l  g r o w th  w a s  d u e  t o  a c id  p r o d u c t io n .

This medium, however, was found to lack essential nutrients which could be 
supplied by adding serum+ Bacto-pep tone. Optimal growth of strain 293 occurred 
only in media containing the TC medium 199 + serum + peptone, omission of any 
of these three components resulted in little or no growth. I t is likely that all the 
components of TC medium 199 are not essential for growth of strain 293. The 
present work and the report of Razin (1962) suggest that the purines and pyrimidines 
might be eliminated. I t is also possible that the essential ingredients of this medium 
are not at optimal concentrations. However, it was felt that until defined reagents 
were found capable of adequately replacing the serum and peptone parts of the 
control medium, it would be unprofitable to determine the effects of the individual 
components of TC medium 199 on growth of strain 293.

The reports of Edward (1954), Chalquest & Fabricant (1960) and Razin & Ivnight 
(1960/>) suggested that nucleic acid precursors or other known protein derivatives 
might replace either or both undefined components (serum, peptone) of the control 
medium. Professor R. W. Holley suggested (personal communication) that the 
preformed ribcnucleosides or the 5'-monophosphate ribonucleotides of adenine, 
cytosine, guanine and uracil, rather than purines and pyrimidines might be essentia] 
for growth of organisms with a limited content of enzymes. Therefore these ribo- 
nucleosides or ribonucleotides were substituted for either or both serum and 
peptone of the control medium. Initial studies indicated that the ribonucleotides, 
rather than the ribonucleosides, would partially replace the peptone, but not the 
serum, in supporting growth o: strain 293. However, better growth resulted when
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peptone was replaced by the ribonucleotides AMP, CMP, GMP and the deoxv- 
ribonucleotide (5'-monophosphate isomer) thymidylic acid (TMP). I t was found 
that the best growth occurred when each of these nucleotides was added in the same 
concentration. These findings parallel those of Razin (1962) in which he reported 
that mixtures of the 5'-monophosphate ribonucleotides were active in growth 
promotion of M ycoplasm a la id law ii strain a .

Comparison of growth in media where the 5'-monophosphate nucleotides of RNA, 
or DXA or mixtures of these were substituted for the peptone (each nucleotide 
added to 1 mg./lOO ml. medium) showed that the four RXA nucleotides, AMP, 
CMP, GMP and UMP, gave the poorest growth. The four DNA nucleotides, dAMP, 
dCMP, dGMP and TMP, or the RXA and DXA nucleotides together gave about 
four times as much growth as the RXA nucleotides alone. However better growth 
was given by the nucleotides AMP, CMP, GMP and TMP than by the four DXA 
nucleotides only. The experimental evidence indicates that in these media TMP 
may be essential for growth while UMP may be somewhat inhibitory.

In one experiment when undegraded DXA replaced the peptone in the control 
medium there was more growth than in the media containing nucleotides. However, 
in a later experiment various mixtures of nucleotides (supplementing the basal 
medium) were superior to undegraded DXA. Further work may resolve this 
discrepancy. The effect of ATP on growth of strain 293 in basal medium supple
mented with nucleotides alsc needs clarification. Week-old preparations of ATP 
had a stimulatory effect on growth, while fresh preparations did not. The difference 
did not seem to be due to the possible breakdown of ATP to ADP, since ADP 
seemed to have an inhibitory effect on growth in one trial.

Comparison of growth of M ycoplasm a gallisepticum  strain 293 in the basal 
medium supplemented by the RXA and DXA nucleosides, 5'-monophosphate 
nucleotides or purines and pyrimidines, parallels in part the results reported by 
Razin (1962) for M . la id law ii strain a . He found that purines and pyrimidines 
would not stimulate growth of M . la id law ii strain a in his partially defined medium. 
The minimal growth of strain 293 in our basal medium supplemented with purines 
and pyrimidines was probably due to the basal medium alone. Furthermore, the 
markedly rough and atypical colonial growth from these media subcultured on 
plating agar, suggests that purines and pyrimidines may disrupt typical colonial 
development of strain 293. Growth of M . gallisepticum  strain 293 was better in 
media containing nucleosides than in those containing nucleotides; similar results 
were reported by Razin (1962) for M . la id law ii. However, we noted that a large 
proportion of colonies plated from media with nucleosides was rough and atypical. 
Atypical colonies were not noted during the growth phase of strain 293 in media 
containing nucleotides. Since the only difference between the nucleosides and 
nucleotides was the phosphate linkage of the latter it is possible that the preformed 
nucleotides may be better utilized by strain 293 for subsequent typical colonial 
growth.

Further work is needed to establish the optimum concentrations and mixtures 
of nucleosides or nucleotides for growth of strain 293 in the basal medium. The 
concentration of 0-5 mg. of each nucleoside or nucleotide/100 ml. medium supported 
more growth than double this concentration. Further increase in concentration of 
nucleotides (and possibly nucleosides) was inhibitory.

Nutrition of Mycoplasma gallisepticum



We found that the minimal nucleotides which supported good growth of M y c o -  

p la sm a  gallisepticum  strain 293 were adenylic, cytidylic, guanylic and thymidylic 
acids (o'-monophosphates). Future work may establish that the minimal nucleoside 
requirements of strains 293 may be adenosine, cytidine, guanosine and thymidine. 
This would parallel the minimal nucleoside requirements for growth of M . la id law ii 
strain a  as reported by Razin (1962) in his partially defined medium.

We wish to thank Professor R. W. Holley (U.S. Plant, Soil and Nutrition Labora
tory at Cornell University, Ithaca, New York) for his assistance and guidance in the 
work with nucleosides and nucleotides. We also thank Professors S. A. Zahler, R. E. 
MacDonald, H. B. Naylor and E. A. Delwiche of the Laboratory of Bacteriology at 
Cornell for helpful advice and the loan of some chemicals and equipment. This 
work was supported in part by Grant No. AI-04318-02 from the U.S. National 
Institutes of Health.
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S U M M A R Y

Cystathionase catalyses the formation of homocysteine from cysta
thionine; its formation in cultures of Escherichia coli is repressed by the 
presence of methionine in the growth medium, and to a similar extent to 
that shown with homocysteine methylase (the enzyme complex which 
catalyses the conversion homocysteine methionine). Cystathionase, 
again like homocysteine methylase, is formed rapidly without concomitant 
growth when repressed organisms are transferred to a medium free from 
methionine; such enzyme formation is prevented by chloramphenicol, 
suggesting that de novo synthesis of protein is required. The co-repression 
by methionine of the two enzyme systems fortifies the evidence that 
cystathionase is a component of the normal pathway of methionine 
synthesis by E. coli and consequently that its substrate, cystathionine, is a 
normal intermediate. Cystathionase preparations also formed pyruvate 
from cysteine; this activity paralleled that of cystathionase itself when the 
methionine status of the medium was changed, and it is concluded that the 
same protein is responsible for both activities.

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

In previous work in this laboratory Wijesundera & Woods (1962) showed that 
L-cystathionine was converted to homocysteine, pyruvate and ammonia by a 
cystathionase enzyme present in several strains of Escherichia coli. Since homo
cysteine is undoubtedly the immediate precursor of methionine in this organism 
(see review by Guest & Woods, 1962), these observations supported the view, 
originating from the properties of methionine auxotrophs of E. coli and other 
micro-organisms, that cystathionine is an earlier intermediate, though there 
remained some evidence to the contrary (see Discussion). The final reaction by 
which homocysteine is converted to methionine is a complicated one requiring 
folic acid derivatives and, in certain circumstances, also cobalamin as cofactors 
(Guest & Woods, 1962). However, the formation of the enzyme complex (homo
cysteine methylase), and indeed individual components of it, is repressed by the 
presence of methionine in the culture medium; the enzymes are, however, rapidly 
resynthesized when methionine is removed (Rowbury & Woods, 1961; Foster, 
Rowbury & Woods, 1963). The main objective of the present work was to examine 
the effect of growth with methionine on the cystathionase content of E. coli with 
conditions under which it could be strictly compared with the known effect on the 
homocysteine methylase complex.

I O M icrob. x x x v
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M E T H O D S

Organisms. The several auxotrophic strains of Escherichia coli used were main
tained on slopes of tryptic digest of meat agar; stocks were subcultured monthly 
and stored at about 4° after incubation for 18 hr at 37° Their growth requirements 
w ere: strain pa  15 (originally obtained from Dr Barbara Wright) serine or glycine; 
strain 121/176 (Davis & Mingioli, 1950) methionine or cobalamin; strain 26/18 
(obtained from Dr B. D. Davis) homocysteine or methionine.

Organisms for the preparation of washed suspensions or cell-free extracts were 
grown on the glucose + lactate medium (GL) of Guest, Helleiner, Cross & Woods
(1960) supplemented with glycine (10mM), DL-methionine (OBitim) and DL-homo- 
cysteine (imvi) for strains p a  15, 121/176 and 26/18. respectively; media were 
autoclaved for 7 min. at 115°. Growth was in conical flasks ( l l . ,  containing 2 0 0 -  
500 ml. medium) which were shaken in air for 16-18 hr at 37° with a circular motion 
of 220 rotations/mill, and radius 2 cm. The size of the iniculum was so adjusted that 
growth reached the equivalent of 0-4-0-7 mg. dry wt. organism/ml. The cultures 
were centrifuged at 2200g for 15 min. and the organisms washed once with the 
culture volume of water. Inocula were derived from cultures (6 ml.) in the same 
medium seeded from an 18 hr culture on tryptic meat agar and incubated in X- 
shaped tubes (150 x 150 x 16 mm.) which were shaken for 8 hr at 37° at 36 oseilla- 
tions/min. of excursion 10 cm.

Cell-free extracts. Washed organisms were resuspended in water (equiv. 20-30 mg. 
dry wt./ml.) and subjected to ultrasonic vibration and further treatment as described 
by Guest et al. (I960); in some experiments the dialysed extract was also treated 
with Dowex-1 resin by the method of these authors. The protein content of the 
final preparation was determined spectrophotometncally according to Lavne 
(1957).

Extract of heated Escherichia coli (strain p a  15) was prepared as by Guest et al.
(1960); it was normally used at 0-1 ml./ml. of reaction mixture.

Cell-free extracts of certain other organisms used in or e group of experiments only 
(Table 3) were mace available by other workers in this laboratory.

Study of enzyme formation. Organisms in which enzyme formation had been 
repressed were obtained by growth in the presence of DL-methionine (10 mM) in 
medium GL supplemented with any other growth factor required by the strain 
under test. After washing in the culture volume of water, the harvested organisms 
were suspended (equiv. 3 mg. dry wt./ml.) in the same medium, but without 
methionine. The suspensions (300-500 ml. in 11. conical flasks) were shaken at 37° as 
described for the original growth of cultures. Samples were taken at intervals 
(usually 1 hr) for assessment of the extent of growth and for the preparation of 
cell-free extracts in which enzyme was determined.

Assay of cystathionase, serine hydratase (deaminase) and cysteine desulphhydrase 
(deaminase). Cell-free extract (equivalent to  1-5 mg. protein) was incubated a t 37° 
for 30 m in. in 2 ml. volum es o f  solution B which contained (in 133 mM phosphate  
buffer, pH  7-4): MgS04, 0-25 mM; pyridoxal phosphate. 0-25 mM; L-cystathionine, 
10 mM (or DL-allocystathionine, 20 mM). The cystathionine was replaced, when  
required, by d - or L-serine (10 mM) or by L-cysteine (10 mM). The reaction was 
stopped (and proteins precipitated) by addition o f trichloroacetic acid (0-5 m l.;



25 %, w/v). The supernatant fluid after centrifugation was used for the estimation 
of pyruvate by the method of Friedemann & Haugen (1943), as modified by 
Wijesundera & Woods (1962).

Methionine synthesis by cell-free extracts. This assay was based on the experiments 
of Guest et al. (1960) and was done by the procedure described by Rowbury & Woods
(1961). When required DL-homocysteine (5 mn) was replaced as substrate by 
L-cystathionine (5 mil) or DL-allocystathionine (10 mm).

Detection and assay of homocysteine. The microbiological method described by 
Wijesundera & Woods (1962) with Escherichia coli strain 26/18 (which responds to 
homocysteine and methionine) was used, as was the chromatographic procedure 
used by those authors.

Chemicals. The L-cystathionine used was the batch described by Wijesundera & 
Woods (1962) isolated from the mycelium of a mutant of Neurospora crassa. d l -  

Allocystathionine was obtained from the California Corporation for Biochemical 
Research (Los Angeles, U.S.A.). Other special chemicals were as described by 
Guest et al. (1960).

R E S U L T S

Cystathionase activity of various strains of Escherichia coli
Earlier experiments in this laboratory on the cystathionase of Escherichia coli 

(Wijesundera & Woods, 1962) were made with a pyridoxin auxotroph (b166) and a 
wild strain ( f ) ;  furthermore the cell-free extracts then used were prepared by 
shaking with minute glass balls. It was first necessary to establish that the strain 
(pa  15) chosen for the present work contained the enzyme, and that it survived 
ultrasonic treatment of the organisms. Cell-free extracts of strain pa  15 prepared in 
this way produced both a keto acid and homocysteine from L-cystathionine; the

Table 1. The effect of pyridoxal phosphate and magnesium ions on 
cystathionase activity

U ltr a s o n ic  e x t r a c t  (Escherichia coli p a  15) w a s  d ia ly s e d  fo r  18 h r  a n d  o n e  s a m p le  
t r e a t e d  w i th  D o w e x -1  re s in .  C y s ta th io n a s e  a c t i v i t y  w a s  t e s te d  in  s o lu t io n  B  w i th  th e  
s t a t e d  o m iss io n s . I n c u b a t io n  w a s  fo r  30  m in .

Cystathionase activity 
(/¿mole pyruvate/mg. protein/hr) 

with extract
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Dialysed and 
treated with

Omission Dialysed only Dowex-1

None 0-66 0-71
>lgS04 0-70 0-63
Pyridoxal phosphate 0-27 008

keto acid was identified as pyruvic acid by the absorption spectrum of its 2,4- 
dinitrophenyl hydrazone, and the homocysteine both by paper chromatography and 
by the growth response of E. coli strain 26/18. Formation of pyruvate was used 
thereafter for the routine assay of cystathionase activity in ultrasonically prepared 
extracts. Pyruvate increased linearly with time up 60 min. and was maximal at a 
cystathionine concentration of 8 m i ; the conditions chosen for normal tests were 
10 mM-cystathionine and an incubation period of 30 min.



Cystathionase activity of dialysed extracts was increased about twofold by pyri- 
doxal phosphate; a considerable increase in resolution of the enzyme was obtained 
by treatment with Dowex-1 resin (Table 1). Contrary to the results of Wijesundera & 
Woods (1962) the omission of Mg2+ had little effect with either the crude or dialysed 
enzyme preparations (Table 1).

Table 2. Effect of homocysteine and methionine on the activity of cystathionase
C y s ta th io n a s e  a c t i v i t y  o f  a n  e x t r a c t  o f  Escherichia coli p a  15  w a s  a s s a y e d  in  s o lu t io n  

B  w i th  t h e  s t a t e d  a d d i t io n s .  I n c u b a t io n  w a s  f o r  30  m in .
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C o n c n .

C y s ta th io n a s e
a c t iv i t y

( /(m o le  p y r u v a te /m g . I n h ib i t i o n
A d d i t io n (m il) p r o te in /h r ) <% )

N o n e — 1 3 4 —

D L -M eth io n in e 1 0 1-34 0
1 0 0 1-36 0

d l - H o m o c y s te in e 0 1 1-84 5
1 0 1-28 35

1 0 0 0 1 0 92

Table 3. Cystathionase activity of various strains of Escherichia coli 
and of other organisms

T h e  s t r a in s  o f  Escherichia coli a n d  Salmonella typhimurium  w e re  g ro w n  o n  b a s a l  
m e d iu m  GL a n d  h a r v e s t e d  a t  a  s im i la r  s ta g e  o f  g r o w th .

C y s ta th io n a s e  a c t i v i t y  
( / im o le  p y r u v a te /m g .

O r g a n is m  p r o te in /h r )

E. coli p a  15 1 0 5
3 /6 2  1-05
1 2 1 /1 7 6  0-93
1 1 3 /3  0-76
2 6 /1 8  0 0 0

Rhodopseudomonas spheroides 0-57
A cetobacter rancens 0 -84
Micrococcus denitrificans 0 -77
Salmonella typhimurium 0 -68
P s e u d o m o n a s  A M I 0  03
P é n ic i l l iu m  Q 1 7 6  0  03

The breakdown of cystathionine was not affected by the presence of equim olar 
concentration o f DL-methionine, but was inhibited (90 %) by a similar concentration  
of DL-homocysteine and perceptibly by even one-hundredth of this (Table 2). 
W ijesundera &  W oods (1962) also reported marked inhibition by hom ocysteine  
(and also by cysteine and glutathione). I t  was concluded th a t the cystathionase  
enzym e present in Escherichia, coli strain p a  15 was essentially similar to  th a t studied  
previously in other strains.

Distribution. The enzyme was absent from ultrasonic extracts of Escherichia coli 
strain 26/18 (Table 3), thus confirming the results obtained by Wijesundera & Woods
(1962) who used a different method of disintegration. This strain 26/18 grows with 
either homocysteine or methionine, but not with cystathionine; a metabolic lesion 
in the conversion cystathionine -> homocysteine was therefore expected. The enzyme 
was present in three other strains of E. coli, and in four other organisms, in activity
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comparable to that of E. coli pa 15; with two organisms however (neither of which 
required methionine for growth) only slight activity was found with the type of 
preparation tested.

Conversion of cystathionine to methionine. In later work it was desired to compare 
the effect of growth of the organism in the presence of methionine on the conversion 
of: (a) cystathionine to homocysteine, (b) homocysteine to methionine, (c) cysta
thionine to methionine. I t was first necessary to establish that (c) occurred by the 
successive action of the enzymes which catalysed (a) and (b); a direct reductive 
fission of cystathionine to methionine and glycine was a theoretical possibility, 
although Wijesundera (1954) found no evidence for this with intact organisms.

Control of cystathionase formation

L-C ysta th io n in e  (mM)

F ig .  1. T h e  e f fe c t  o f  t h e  c o n c e n t r a t i o n  o f  c y s t a th io n in e  o n  i t s  c o n v e r s io n  to  
m e th io n in e  b y  c e ll- fre e  e x t r a c t s  o f  Escherichia coli p a  15.

Table 4. Conversion of cystathionine to methionine
C e ll-free  e x t r a c t s  o f  t h e  s t a t e d  s t r a in s  o f  Escherichia coli w e re  u s e d . T h e  c o n c e n t r a t io n  

o f  D L -a l lo c y s ta th io n in e  w a s  10  h i m ; o th e r  s u b s t r a t e s ,  5  niM . I n c u b a t io n  w a s  fo r  3 h r .

S t r a in  o f
L -M e th io n in e  fo rm e d  

i /m r-m o le /m g .
E. coli S u b s t r a t e p r o te in  i n  3  h r )

P A  15 L -C y s ta th io n in e 31
D L -A llo c y s ta th io n in e 32
D L -H o m o c y s te in e 70

2 6 /1 8 L -C y s ta th io n in e 1

1 2 1 /1 7 6 L -C y s ta t l i io n in e 0

1 2 1 /1 7 6  +  2 6 /1 8 i .- C y s ta th io n in e 12

Methionine was formed by ultrasonic extracts from cystathionine (and allo- 
cystathionine) at about half the rate at which it was formed front homocysteine 
(Table 4). Synthesis increased linearly with time up to about 4 hr, and with 
increasing cystathionine concentration up to about 1-5 mM (Fig. 1); the Km was
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about 0-4 mu. At the lowest concentration of cystathionine tested (0-2 m i) there 
was about 30 % conversion to methionine.

Serine was required for significant synthesis of methionine from cystathionine 
(Table 5), as it is also for synthesis from homocysteine (Guest et al. 1960). Further
more, a source of the folic acid cofactor system (either extract of heated organisms 
or tetrahydropteroylglutamate + cobalamin) was essential (Table 5). Tetrahydro
pteroylglutamate (in the absence of cobalamin) strongly inhibited the action of the 
extract of heated Escherichia coli. These properties are the same as those described 
for the conversion of homocysteine to methionine by ultrasonic extracts of the same 
strain (Guest et al. 1960) and would not be expected if cystathionine were cleaved 
directly to methionine and glycine.

Table 5. Ccfactor requirements for the conversion of cystathionine to methionine

R. J. R ow buby and  D. D. W oods

M e th io n in e  s y n th e s is  b y  e x t r a c t s  o f  Escherichia coli p a  1 5  w a s  te s te d  w i th  L -c y s ta th io n in e  
(5  mM ) r e p la c in g  h o m o c y s te in e  a n d  w i th  t h e  o th e r  m o d if ic a tio n s  t o  t h e  r e a c t io n  m ix tu r e  
i n d ic a te d .  P r e s e n t ,  +  ; a b s e n t ,  — ; E H C , e x t r a c t  o f  h e a t e d  E. coli (see  M e th o d s  s e c t io n )  ;
H 4P tG ,  t e t r a h y d r o p te r o y lg lu t a m a te .

L -M e th io n in e  f o rm e d
( /¿ m -m o le /m g .

i.-S e rin e E H C  H 4P tG C o b a la m in p r o te in  in  3  h r )

+ +  - - 41
— + — 4

—  — — 0
+ + + 4«
+ +  + - 7
+ — — + 0
+ + — 0

It has been shown (Table 3) that extracts of Escherichia coli 26/18 lack cysta- 
thionasc whilst it was known that extracts of strain 121/176 lack homocysteine 
methylase activity (i.e. ability to convert homocysteine to methionine) unless coba
lamin is present (Guest et al. 1960; Foster, Tejerina & Woods, 1961). Neither 
extract alone converted cystathionine to methionine, bin a mixture of the two was 
effective (Table 4), thus confirming the view that methionine formation from 
cystathionine requires the successive action of cystathionase and homocysteine 
methylase, and that in this particular case eacli organism provides the enzyme or 
enzymes lacking in the other.

Repression of the formation of cystathionase
Although it had already been established that growth in the presence of methionine 

represses the formation of homocysteine methylase by Escherichia coli pa 15 (Row- 
biirv & Woods. 1961), further experiments with this enzyme system were included 
in the present series with cystathionase so that a strict quantitative comparison 
might be made. Ultrasonic extracts derived from organisms grown with dl- 
methionine (10 niM) had only about 20 % of the cystathionase activity of prepara
tions from organisms grown without methionine. Loss of activity increased with 
increasing concentration of methionine in the growth medium; the sharpest decrease 
occurred between 0-1 and 1-0 mM, a range over which the effect on homocysteine 
methylase production was also greatest (Table 6). The degree of repression of enzyme 
formation at all methionine concentrations was however slightly greater with homo
cysteine methylase than with cystathionase (Table 6). The overall synthesis of



methionine from cystathionine by ultrasonic extracts of organisms grown with 
methionine was also greatly decreased compared with the controls, and to an extent 
similar to that of the decrease in homocysteine methylase activity (Table 7).

Following the terminology of Wijesundera & Woods (1960) organisms and derived 
enzyme preparations obtained after growth in the presence and absence of methionine 
will be referred to as ‘ inactive ’ and ‘ active respectively, the former term now indicat
ing a severely restricted content of both cystathionase and homocysteine methylase.

Table 6. Effect of methionine on the formation of cystathionase
T h e  f ig u re s  in  p a r e n th e s e s  in d ic a te  th e  p e r c e n ta g e  d e c re a s e  i n  a c t i v i t y  d u e  t o  th e  

p re s e n c e  o f  m e th io n in e  d u r in g  g r o w th .  E n z y m e  a s s a y s  w e re  o n  e x t r a c t s  o f  Escherichia coli 
p a  15 g ro w n  w i th  t h e  s t a t e d  c o n c e n t r a t io n  o f  m e th io n in e .
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D L -M e th io n in e H o m o c y s te in e  m e th y la s e C y s ta th io n a s e
in  g r o w th (/¿ m -m o le  m e th io n in e /m g . (/¿m ole  p y r u v a t e /

m e d iu m  ( m u ) p r o t e in /h r ) m g . p r o te in /h r )

0 60 1-8
0001 58  (4 ) 1 6  (10)
001 50  (16) 1-5 (17)
0 1 39  (35) 1-4 (22)
1 11 (81) 0  6 (67)

10 8 (86) 0 -4  (78)

Table 7. Effect of growth with methionine on the conversion 
of cystathionine to methionine

T h e  f ig u re s  in  p a r e n th e s e s  in d ic a te  t h e  p e r c e n ta g e  d e c re a s e  i n  m e th io n in e  f o rm e d  d u e  
to  t h e  p r e s e n c e  o f  m e th io n in e  in  t h e  g r o w th  m e d iu m . E x t r a c t s  o f  Escherichia coli p a  15 
h a r v e s te d  a f t e r  g r o w th  w i th  t h e  s t a t e d  c o n c e n t r a t io n  o f  m e th io n in e  w e re  u s e d .

L -M e th io n in e  f o rm e d
D L -M eth io n in e  

in  g r o w th  
m e d iu m  ( m u )

( / /m -m o le /m g . p r o te in in  3 h r )  f ro m

H o m o c y s te in e C y s ta th io n in e

0 83 52
0001 75  (1 0 ) 4 2  (19)
001 71 (15) 36 (31)
01 67  (19) 30  (42)
1 21 (75) 15 (71)

10 18 (78) 10 (81)

W hen ‘ active ’ organism s were transferred to  a m edium  containing m ethionine and 
incubated, the cystathionase activ ity  o f ultrasonic extracts decreased exactly  in 
proportion to  the ex ten t of growth. I t  appears that, as in  the case of hom ocysteine 
m ethylase (Row bury & W oods, 1961), there is no destruction o f cystathionase and 
th a t it  is sim ply ‘diluted o u t ’ by new organism s containing only lim ited am ounts 
of the enzym e.

Effect of homocysteine. M ethionine is the u ltim ate product o f the m etabolic 
pathw ay in which cystathionase presum ably functions and it  represses the form a
tion o f th is enzym e. H om ocysteine is the im m ediate product and has been shown  
above to  inhibit the activ ity  o f the enzym e; it  has however only a sm all effect on 
the form ation o f the enzym e. The presence o f DL-hom ocysteine (10 m i )  during 
growth resulted only in  a 20 % decrease in cystathionase activ ity , an effect which 
given was b y  DL-methionine a t one-hundreth of the concentration (Table 6).

io-3



Relief from repression. When ‘ inactive ’ organisms were transferred to a metliio- 
nine-free medium their cystathionase content (as judged by the activity of ultra
sonic extracts) increased rapidly for 3 hr (Fig. 2); the major part of this increase 
occurred during the first 2 hr, a period during which there was no significant 
growth. The rate of increase was similar to that of homocysteine methylase, which 
was assayed in the same cell-free preparations. As expected, the organism also
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Time after transfer (hr )

F ig .  2 . A p p e a r a n c e  o f  c y s ta th io n a s e  (O) a n d  h o m o c y s te in e  m e th y la s e  ( • )  a c t i v i t y  in  
Escherichia coli p a  15 fo llo w in g  t r a n s f e r  f ro m  a  m e th io n in e - r ic h  t o  a  m e th io n in e - f r e e  
m e d iu m . E n z y m e  a c t i v i t y  d e te r m in e d  in  c e ll- fre e  e x t r a c t s  o f  o rg a n is m s  h a r v e s t e d  a t  th e  
s t a t e d  t im e .

regained the ability to bring about the over-all conversion (in the presence of serine) 
of cystathionine to methionine (Fig. 3); the relative rate of synthesis of methionine 
from cystathionine and homocysteine remained constant during the recovery period.

The increase in cystathionase (and homocysteine methylase) activity on transfer 
of ‘inactive’ organisms to methionine-free medium did not occur when chloram
phenicol was added (Fig. 4). Since the main increase takes place in advance of 
growth this effect cannot be a secondary one due to inhibition of growth and pro
vides evidence that relief from repression requires synthesis of new protein; further 
evidence for this in the case of homocysteine methylase was given by Rowbury & 
Woods (1961).
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Specificity of cystath ionase
Allocystathionine. This stereoisom er of the substrate was tested  (DL-form) arbi

trarily at tw ice the optim al concentration o f L-cystathionine and was degraded at 
about the sam e rate (Table £). The individual isom ers o f D i.-allocystathionine were

1_________ I_________ I_________ 1_________ I
1 2  3 4
T im e a f te r  tran sfe r  ( h r )

F ig . 3 . R e la t i v e  a c t i v i t y  o f  Escherichia coli p a  15  in  c o n v e r t in g  h o m o c y s te in e  (O )  a n d  
c y s ta th io n in e  ( • )  t o  m e th io n in e  fo llo w in g  t r a n s f e r  f ro m  a  m e th io n in e - r ic h  t o  a  m e th io n in e -  
f re e  m e d iu m . A c t iv i t y  d e te r m in e d  in  c e ll- fre e  e x t r a c t s  o f  o r g a n is m s  h a r v e s t e d  a t  t h e  
s t a t e d  t im e .

Table 8. Pyruvate production from certain amino acids 
by extracts of Escherichia coli

A ll s u b s t r a t e s  e x c e p t  m ,- a l lo c y s ta th io n in e  (2 0  m m ) w e re  p r e s e n t  a t  a  f in a l  c o n 
c e n t r a t i o n  o f  10  m i .

P y r u v a t e  f o rm e d
S t r a in  o f (« m o le /m g .

E. coli S u b s t r a t e p r o te in /h r )

P A  15 L -C y s ta th io n in e 1-8
d l - A llo c y s ta th io n in e 1-2
D -S erin e 0-8
i .-S e rin e 01
D L -S erine 0-8
L -C y s te in c 0-6
D L -H o m o e y s te in e 00

2 6 /1 8 L -C y s ta th io n in e 00
L -C y s te in e 00
L -S erin e 01
D -S e rin e 0-3
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not available for testing, but, unless the enzyme preparations contained a homo
cysteine racemase, it is certain that D-allocystathionine (which contains a l - 
homocysteine residue) is the isomer attacked since L-methionine is formed by the 
further action of homocysteine methylase (Table 4). I t cannot, however, be con-

£3-

o
£
o

X

T im e a f te r  tra n sfe r  (h r  )

F ig .  4 . F o r m a t io n  o f  c y s ta t l i io n a s e  (O )  a n d  h o m o c y s te in e  m e th y la s e  ( • )  i n  t h e  p re s e n c e
(--------) a n d  a b s e n c e  (--------) o f  c h lo r a m p h e n ic o l  ( 0 1 2 5  h im ). A c t iv i ty  d e te r m in e d  in  ce ll-
f re e  e x t r a c t s  p r e p a r e d  a t  in t e r v a l s  a f t e r  t r a n s f e r r in g  t h e  o rg a n is m s  f ro m  m e th io n in e - r ic h  
t o  m e th io n in e - f r e e  m e d iu m .

Table 9. Effect of methionine on the formation of D-serine dehydratase 
(deaminase) and L-cysteine desulphhydrase (deaminase)

E x t r a c t s  o f  Escherichia coli p a  15 h a r v e s t e d  a f t e r  g r o w th  w i th  t h e  s t a t e d  c o n c e n t r a t io n  
o f  m e th io n in e  w e re  u s e d  f o r  t h e  e n z y m e  a s s a y .

P y r u v a t e  fo rm e d
n i.-M e th io n in e ( / im o le /m g . p r o t e in  'h r )  f ro m

m e d iu m  ( m u ) D -S e rin e n -C y s te in e

0 0-64 0-31
0-001 0-73 0-28
0-01 0-72 0-24
01 0-68 0 1 8
1 0-59 0 0 5

10 0-59 OOS



eluded  th a t  L -a llocysta th ion ine (con ta in ing  a  D -hom ocysteine residue) is n o t a t ta c k e d  
since a n y  D -m eth ion ine fo rm ed  w ould  n o t h av e  been  d e tec ted  by  th e  m icrobiological 
assay  used. D L-A llocystath ionine, w hich, un lik e  cy s ta th io n in e , w as ava ilab le  
com m ercially , w as used  in  som e la te r  experim en ts.

Cysteine. Crude cell-free extracts formed pyruvate from L-cysteine at about a 
half the rate from L-cystathionine (Table 8). No attempt was made by purification 
procedures to determine whether cysteine deaminase activity was due to a distinct 
enzyme or was a function of the cystathionase enzyme itself. Instead, techniques 
suggested by the preceding work were used.
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F ig .  5 . C h a n g e s  in  t h e  a c t i v i t y  o f  t h e  L -c y s te in e  d e s u lp h h y d r a s e  ( © ), D -se rin e  d e h y d r a t a s e  
( O ) a n d  c y s t a th io n a s e  ( 3 )  o f  Esherichia coli p a  15 fo llo w in g  t r a n s f e r  f ro m  m e th io n in e - r ic h  
t o  m e th io n in e - f r e e  m e d iu m . A c t iv i ty ,  a s s e s s e d  in  e a c h  c a s e  i n  t e r m s  o f  p y r u v a t e  f o rm e d , 
w a s  d e te r m in e d  in  c e ll- f re e  e x t r a c t s  o f  o r g a n is m s  h a r v e s t e d  a f t e r  t h e  t im e  s t a te d .

Ability to metabolize L-cysteine was decreased to 10 % by growth of the organism 
in the presence of methionine; as with cystathionase the sharpest fall of activity 
occurred in the range 0-1—1-0 mM-methionine (Table 9). Furthermore, reappearance 
of cystathionase on transfer of the organisms to methionine-free medium was accom
panied by reappearance of cysteine desulphhydrase activity (Fig. 5). Escherichia-, coli 
strain 26/18, which lacks cystathionase, also lacks cysteine desulphhydrase (Table 8) 
it is unlikely that a single mutation would affect the production of two proteins. 
Finally the degradation of cysteine by cell-free preparations of strain p a  15 was 
inhibited 90 % by DL-homocysteine (10 h im ) as was also the case with cystathionine 
as substrate (Table 2). I t  is concluded provisionally that cystathionine and cysteine 
are attacked by the same enzyme.

Serine. Crude cell-free extracts of Escherichia coli p a  15 formed pyruvate from
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D-serine (though not from L-serine) at two-thirds the rate from cystathionine 
(Table 8). In this case, however, it is clear from investigations analogous to those 
used with cysteine that a different enzyme catalyses the reaction. Activity was not 
significantly decreased by growth in the presence of methionine (Table 9), nor did it 
increase in parallel with increase of cystathionase (Fig. 5). The strain of E. coli 
(26/18) deficient in cystathionase contained an active D-serine deaminase (Table 8).

R. J . R owbttby and  D. D. W oods

D IS C U S S IO N

The growth response of methionine auxotrophs of Escherichia coli to possible 
precursors suggests strongly that cysteine is converted to methionine, as in Neuro- 
spora, through the successive intermediate formation of cystathionine and homo
cysteine (Lampen, Roepke & Jones, 1947; Gots & Koh, 1950; Horowitz, 1947). 
Cystathionine is, however, contra-indicated as an intermediate in E. coli by the 
work of Bolton, Cowie & Sands (1952), who showed that the addition of unlabelled 
cystathionine to cultures growing with [35S] sulphate as sole source of sulphur did 
not, as would be expected, decrease the incorporation of 35S into methionine. 
Wijesundera & Woods (1962) established the presence in the organism of an enzyme 
which attacked cystathionine (cystathionase) and whose specific products were 
homocysteine, pyruvate and ammonia; the case for cystathionine as an intermediate 
was thus strengthened since active enzymic mechanisms (homocysteine methylase) 
for the further conversion of homocysteine to methionine had been described (see 
review by Guest & Woods, 1962).

Furthermore, in the present work cell-free extracts of the test strain of Escherichia 
coli catalysed the over-all formation of methionine from cystathionine under 
conditions, discusser, in Results, which make it clear that homocysteine is an 
intermediate. With intact organisms of the same strain, Wijesundera (1954) found 
only slight conversion of cystathionine to methionine (10 % of the rate with homo
cysteine); it is possible that the intact organism has limited permeability to 
exogenous cystathionine, a possibility which might also explain the results (quoted 
above) of Bolton et al. (1952).

The phenomenon of enzyme repression (in the terminology of Vogel, 1957) 
provides an interesting and novel approach to the determination of the status of a 
possible intermediate in a biosynthetic pathway. In several cases the ultimate 
product is known to repress the formation of enzymes which catalyse a number of 
steps in the reaction sequence, though not always to the same extent. Examples of 
this are the biosynthesis of arginine and pyrimidine by Escherichia coli and of his
tidine by Salmonella typhimurium (Gorini & Maas, 1958; Yates & Pardee, 1957; 
Ames & Garry, 1959). One of the earliest described cases of enzyme repression was 
that of homocysteine methylase, the enzyme complex catalysing the last step of 
methionine synthesis by E. coli; the initial observations of Wijesundera & Woods
(1953) and Cohn, Cohen & Monod (1953) were amplified by Wijesundera & Woods
(1960) while Rowbury& Woods (1961) showed that relief from repression entailed syn
thesis of new protein. The present results establish that formation of cystathionase, 
as well as of homocysteine methylase, is repressed by methionine. It seems reason- 
ble to take this as a priori evidence that cystathionase (and therefore cystathionine) 
is a functional entity in methionine biosynthesis, especially since cystathionase
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formation is not markedly repressed by its own immediate product (homocysteine). 
I t  is difficult to  envisage any explanation other than a control mechanism for this 
specific effect of methionine. The slight repression caused by homocysteine (at high 
concentrations) is probably due to methionine formed from ;t by the growing 
organism. I t  may be noted th a t homocysteine does exhibit the second type of 
feedback control shown by products, th a t is, inhibition of the activity of the enzyme.

The extent of repression of cystathionase (and the rate of new enzyme formation 
on relief from repression) was quantitatively similar to th a t with homocysteine 
methylase. Recent studies in this laboratory, reported briefly by Rowbury (1962), 
show th a t enzymes which catalyse the synthesis of cystathionine are also repressed, 
and to a similar degree, by methionine. I t  is possible therefore th a t control of 
methionine synthesis is another example of the ‘co-ordinate repression’ shown to 
occur in the histidine pathway by Ames & Garry (1959).

A p p lica tio n  o f th e  p rincip les of enzym ic rep ression  also p e rm its  a novel ap p ro a ch  
to  o b ta in in g  evidence, w ith o u t p u rify in g  a n  enzym e p rep a ra tio n , as to  w h e th e r tw o 
d is tin c t chem ical ev en ts  a re  or a re  n o t m an ifes ta tio n s  o f th e  a c tiv ity  of th e  sam e 
enzym e. In  th e  p re se n t case cyste ine  d esu lp h y d rase  (deam inase) a c tiv i ty  d isap p eared  
an d  reap p ea red  in  p a ra lle l w ith  th a t  o f cy s ta th io n ase  ; th is  an d  o th e r  ev idence led to  
th e  conclusion  th a t  b o th  ac tiv itie s  a re  a fu n c tio n  of th e  sam e p ro te in . O n th e  o th e r  
h an d , D-serine d e h y d ra ta se  (deam inase) a c tiv i ty  w as n o t affected  w hen  cy s ta th io n in e  
w as rep ressed  or re sy n th e s iz ed ; th is  su p p o rts  th e  conclusion  of W ijesu n d era  & 
W oods (1962), based  on  p u rifica tio n  an d  selective in a c tiv a tio n , th a t  th e  enzym es 
w hich a t ta c k  D-serine a n d  c y s ta th io n in e  a re  d is t in c t en titie s.

One of us (R. J . R.) is indebted to the Agricultural Research Council for a S tudent
ship. The work was aided by grants to the D epartm ent from the United States 
D epartm ent of Health, Education and Welfare.
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SUMMARY

When a sensitive population of Mycobacterium fortuitum  is exposed to 
streptomycin, two effects of the drug on viability can be experimentally 
differentiated: (1) a sublethal injury from which the cells recover once 
streptomycin is removed, and (2) a lethal injury from which no recovery 
occurs. Protein synthesis is markedly inhibited by streptomycin before 
sublethal or lethal effects on viability are noted. The effect on protein 
synthesis of exposure to streptomycin cannot be reversed by washing the 
cells by centrifugation, bu t protein synthesis recovers its original rate on 
further incubation after streptomycin is removed. I t  is postulated th a t 
streptomycin causes both sublethal and lethal injury to cells by irreversibly 
blocking protein synthesis, possibly by inactivating ribosomes.

INTRODUCTION

It has been suggested (Hurwitz & Rosano, 1962) that exposure of sensitive cells 
to streptomycin may result in two categories of reactions: (1) primary reactions 
preceding or accompanying the loss of viability of the cell, and (2) secondary 
reactions following the death of the cell and possibly having no relation to the 
lethal effect of the drug. Many of the reactions which have been shown to occur 
after exposure of sensitive cells to streptomycin may fall into the second category. 
A comparison of the kinetics of the proposed lethal reactions with the kinetics of 
the effects of the drug on growth and on survival should help resolve these two 
types of reaction.

Evidence has been presented supporting the hypothesis that streptomycin exerts 
its lethal action on sensitive cells by blocking a late stage of protein biosynthesis. 
Erdos & Ullmann (1959) reported that streptomycin blocked the reactions concerned 
with the transfer of amino acids from aminoacyl ribonucleic acid (RNA) to ribosomes. 
Spotts & Stanier (1961) later proposed that streptomycin might interfere with the 
attachment of messenger RNA to ribosomes in sensitive cells. Flaks, Cox & White
(1962) showed that the antibiotic inhibited the polyuridylic acid enhancement of 
synthesis of polyphenylalanine by ribosomal preparations from sensitive Escherichia 
coli cells.

To prove that the site of the lethal action of streptomycin occurs at a late stage 
of protein synthesis, one must show that the block of protein synthesis occurs before



or at the same time as loss of viability, that the block is complete enough to account 
for loss of viability or other possible intermediate effects, and that the block is 
irreversible and irreparable when the cells lose their viability.

Some attempts at evaluating the kinetics of the effects of streptomycin on protein 
synthesis and on survival of viable cells have been made (Hurwitz, Rosano & 
Landau, 1962). The effects of the antibiotic on both parameters were found to be 
complex. The decline in viable count resulting from exposure to streptomycin was 
preceded by a period during which the viable count remained unchanged. The 
duration of this period of apparent bacteriostasis wras inversely related to the 
concentration of streptomycin. The effect of streptomycin on protein synthesis 
likewise appeared to occur in two stages. The first observed effect wras a reduction 
of the initial rate of synthesis which appeared to coincide with the duration of 
apparent bacteriostasis. The second stage, which seemed to coincide with the 
beginning of the decline in viability, was observed as a further decrease in the rate 
of protein synthesis leading to its eventual cessation.

In  another study ( Hurwitz, Landau & Doppel, 1962), it was observed th a t a brief 
exposure of E sc h e r ic h ia  co li to 1 f ig . streptomycin/ml. caused a delay in onset of 
growth of survivors plated after the drug was removed. This reaction to a prior 
exposure indicated the possibility of investigating an early type of lesion not 
previously described, i.e. a residual effect found after streptomycin was removed.

The slower growing M y c o b a c te r iu m  fo r tu i tu m  was used in the following experi
ments because it enabled greater resolution of the sequence of events preceding 
and occurring during the loss of viability. More accurate comparisons of the 
kinetics of biological events, following exposure to streptomycin, with the kinetics 
of the proposed biochemical mechanism of the lethal action of streptomycin could 
therefore be made.
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METHODS

The culture of M y c o b a c te r iu m  f o r tu i tu m  was obtained through the courtesy of 
Dr L. Wayne. It grows in Difco-Dubos broth base predominantly as singly 
dispersed cells with about 10 % of the units appearing as clumps. Vigorous shaking 
of the suspension on a Vortex Jr. mixer reduces the incidence of clumps to about 5 %. 
Generation time in the Dubos broth base is slightly less than 3 hr.

When plated on Dubos broth base containing 1 |%  agar, colonies first appear as 
round, white, dense, discernible dots after 40-48 hr of incubation at 37°. Colony 
counts were repeated every 24 hr until new colonies failed to appear. Appearance 
of a colony was marked on the bottom of the plate with a coloured felt-tip marker 
using a different colour for each day’s count.

Each experiment was performed with cells growing exponentially in flasks fitted 
with a Coleman tube sidearm so that nephelometric changes in cell density could 
also be measured with a Coleman Model 7 Nephelometer.

Special care was taken both with the broth base and with the agar to avoid 
presence of dust particles and lint wThich interfered with nephelometric measure
m ent and with recognition of newly emerged colonies on plates.

The bacteria were brought into log phase for each experiment by inoculating 
flasks containing 20 ml. of the broth with about 3 x 105 organisms (estimate based 
on nephelometric readings of a growing suspension) 16 hr before the start of the
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experiment. At the beginning of the experiment, the suspension contained about 
107 bacteria/ml. The cellular suspensions were aerated by rotation on a New 
Brunswick water bath at 37°.

Protein synthesis was measured as incorporation of 14C-leucine into the hot-acid 
insoluble fraction of the bacteria. Since labelled leucine was incorporated from a 
non-defined medium, the true specific activity of the incorporated leucine is not 
known. Comparative results were therefore always obtained within one experiment.

For viable counts the bacteria were diluted in sterile Dubos broth base before 
plating. The volume after each dilution was kept at 1-0 ml. and the suspension was 
shaken vigorously (2 min. on a Vortex Jr. Mixer) before each sampling to ensure 
maximum dispersion of cells.

Action of streptomycin on a mycobacterium

RESULTS
Effects of streptomycin on growth and survival of Mycobacterium fortuitum  

Mycobacterium fortuitum, when plated on Dubos broth base agar, first appeared 
as colonies after 40-48 hr incubation at 37°. Less than 1 % of the colonies took 
longer than 48 hr to appear. As seen from Fig. 1, a considerable number of colonies 
failed to appear in 48 hr when exposed to streptomycin, but did appear from the 
3rd to the 6th day after plating. Furthermore, as the time of exposure to any lethal 
concentration of streptomycin increased, the percentage of colonies showing delayed 
appearance also increased.
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Fig. 1. Delayed appearance of macrocolonies of surviving cells of Mycobacterium 
fortuitum after exposure to 300 fig. streptomvein/ml.

Sequence of appearance of colonies 
after exposure to 300 f ig . SM/ml.

It should be noted that in this illustration the percentage of colonies appearing 
on any given day is a measure of the percentage of total survivors and not the 
percentage of the number of bacteria actually plated. Those bacteria which failed to 
produce macrocolonies, i.e. those rendered non-viable by exposure to streptomycin, 
represent another parameter which will be described below.



Once the colony had become visible, its subsequent increase in size was not 
affected by the length of time it took for the colony to appear. From  this it is 
inferred th a t the delay in appearance of the colony resulted from a delay in onset 
of growth and not from a slower growth rate.

The delay in onset of growth was regarded as a form of injury to the cell which 
could be operationally differentiated from total loss of ability to produce macro
colonies. Those colonies which appeared on the 2nd day are defined as ‘un in jured’, 
those appearing after the 2nd day as ‘in jured’, and those which fail to  appear as 
‘non-viable’.

162 C. H u r w it z , H. W. D o p p e l  a n d  C. L. R o s a n o

Fig. 2. Kinetics of the decline in total viable count and in number of ‘uninjured’ cells 
resulting from exposure of exponentially growing M ycobacterium  fo rtu itu m  to strepto
mycin. ‘Uninjured’ organisms are operationally defined as those producing macro
colonies within 48 hr after being plated.

I t  should be pointed out, however, th a t a delay in onset of growth equivalent to 
the time for several generations m ight not be detectable by the procedure used, 
since colonies were counted as early as they could be detected. Under these con
ditions, it was not possible to precisely regulate the size of the colony a t the time 
of counting, and variations in size of one or more diameters m ight not be noted. 
I t  was therefore possible, indeed likely, th a t m any colonies scored as ‘un injured’ 
may have sustained sufficient injury to delay onset of growth by several hours. 
One cannot, therefore, rule out the possibility th a t any exposure to streptomycin 
may cause some delay in onset of growth and th a t the measurements herein 
reported represent only the more easily distinguishable results of relatively severe 
effects of the drug.

Figure 2 illustrates the effect of exposure to streptomycin on ‘in ju ry ’ and on loss 
of viability a t two concentrations of streptomycin. The dotted lines represent the 
to tal number of survivors, while the unbroken lines represent the survival of 
‘uninjured’ cells. A t both streptomycin concentrations, the to tal number of 
survivors and the number of ‘uninjured’ cells decreased after a preliminary period
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of increase a t the same rate as the control. As time of exposure to streptomycin 
increased, the extent of injury, as measured by the decrease in the to tal number of 
survivors or by the decrease in the number of ‘uninjured’ cells, also increased. As 
concentration of streptomycin increased, the decrease in number of survivors 
began earlier and the extent of injury became greater.

The results show th a t two effects of streptomycin on sensitive cells could be 
experimentally differentiated: (1) a sublethal injury from which the cells recover 
once streptomycin has been removed, and (2) a lethal injury from which no recovery 
occurred. Studies were therefore undertaken to determine how the kinetics of the 
block of protein synthesis were related to the kinetics of the si blethal and lethal 
effects of streptomycin.
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Fig. 3. Kinetics of the decline in rate of protein synthesis resulting :rom exposure of 
exponentially growing M ycobacterium  fo rtu itu m  to streptomycin. Protein synthesis was 
measured as the incorporation of 14C-leucine into the protein fraction of the bacteria. The 
numbers at each curve represent the concentration of streptomycin in ^g./ml. The viable 
count a t zero time was 1 x 107/ml. The medium, Dubos broth base, was supplemented at 
zero time with 0*167 fig. 14C-leucine/ml., specific activity 0-20 fiC/fig.

Fig. 4. Comparative kinetics of the effect of streptomycin on protein synthesis and on 
viable count of M ycobacterium  fortu itu m . Streptomycin concentration, 50 /¿g./ml. 
Protein synthesis was measured as incorporation of 14C-leucine into the protein fraction. 
“Uninjured’ organisms are operationally defined as those producing macrocolonies within 
48 hr after being plated. The medium was supplemented at zero time with 0*167 /eg. 
14C-leucine/ml., specific activity 0*20 yC /fig .

E ffe c ts  o f  s tr e p to m y c in  on  p r o te in  s y n th e s is  b y  M y c o b a c te r iu m  fo r tu i tu m . Figure 3 
shows the effects of various concentrations of streptomycin on protein synthesis by 
growing suspensions of M y c o b a c te r iu m  f o r tu i tu m . Protein synthesis was markedly 
inhibited by as little as 50 f ig ./ml. of the antibiotic.

In Fig. 4 an experiment is illustrated in which the effects of 50 f ig . streptomycin/ 
ml. on the formation of macrocolonies and on protein synthesis were determined 
on the same cellular suspension. Although protein synthesis was strongly inhibited 
after 1 hr of exposure, the viable count at the end of 2 hr had increased at the same 
rate as the control. A decrease in viable count and the appearance of ‘injured’ 
cells were first detected after 3 hr of exposure to streptomycin.
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Macrocolonies obviously cannot be formed from single cells in the absence of 

protein synthesis. Since protein synthesis was extensively blocked by 50 fig . 
streptomycin/ml. 1-2 hr before injury to the cell was detectable by plate counts, 
some method of recovery of protein-synthesizing ability must be available to the 
cells after streptomycin is removed. Experiments were therefore performed to 
determine how much residual protein-synthesizing ability remained after removal 
of the drug by washing, and whether the early block of protein synthesis could be 
reversed.

In these experiments, exponentially growing organisms were exposed to 50 j ig .  
streptomycin/ml. for varying periods of time. Streptomycin was removed by 
centrifugation of the suspension at 14,000 rev./min. for 5 min. and the organisms 
were resuspended in growth medium containing 14C-leucine for further incuba
tion.

The washing procedure itself resulted in from 20 to 50 % loss of viable organisms. 
100 % of the organisms could be recovered if the centrifugation was prolonged for 
15 min., a time period which would handicap the experiment. Initial experiments 
using organisms not exposed to streptomycin showed that the decrease in rate of 
incorporation of 14C-leucine into the protein fraction corresponded to the loss of 
viable organisms resulting from incomplete centrifugation. Similar results were 
obtained when recovery of viable organisms and protein-synthesizing ability were 
determined with suspensions which had been minimally exposed to streptomycin 
(zero time sample). It was therefore concluded that the washing procedure itself 
had no effect on protein synthesis, p e r  se, and that streptomycin was effectively 
removed under these conditions.

In the first of the following experiments, the residual protein-synthesizing ability 
was determined after exposure of the organisms to streptomycin for 1 hr (see Fig. 5). 
The rate of incorporation of leucine was linear for at least 1 hr after streptomycin 
was removed and indicated that about 80 % of the protein-synthesizing ability had 
been lost after 1 hr of exposure to the drug, although the viable count was still 
increasing at the same rate as the control. Furthermore, it appeared that this loss 
of protein-synthesizing ability was not immediately reversible on removal of 
streptomycin.

In later experiments (Fig. 5), exposure to streptomycin was increased to 6 hr. 
The progressive loss in residual protein-synthesizing ability corresponded fairly 
well with the decrease in rate of incorporation of leucine, observed in Fig. 3, after 
addition of 50 jug. streptomycin/ml. Even after 6 hr of exposure to this concentra
tion of streptomycin some protein-synthesizing ability remained intact.

In the last experiment of this series (Fig. 6), an attempt was made to determine 
whether the cells could recover their original rate of prozein synthesis on prolonged 
incubation after removal of streptomycin. After exposure to 50jig. streptomycin/ 
ml. for 20, 40 and 60 min., the cells were washed free of streptomycin and resuspended 
in the growth medium supplemented with 14C-leucine. Incubation, in the absence 
of streptomycin, was continued for 5 hr and samples wrere removed for the determi
nation of the rates of incorporation of label from leucine into the protein fraction. 
As the duration of the exposure to the drug increased, the initial rate of 
protein synthesis decreased and it took longer for recovery of protein synthesis to 
occur.

C. H u r w i t z , H. W . D o p p e l  aistd C . L. R o s a n o
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F ig . 5. E ffe c t o f duration of exposure of M yc o b a c te r iu m  f o r t u i t u m  to 50 fig. streptom ycin/ 
m l. on the residual rate of incorporation of 14C-leucine into the protein fraction . A fte r the 
ind icated exposure, the organisms were washed b y  centrifugation to remove streptom ycin 
and resuspended in growth m edium . Th e  v iab le  count a t zero tim e was adjusted to 
1 x 107 v iab le organism s/m l., and the m edium  was supplemented w ith  0-83 fig .  14C- 
leucine/m l., specific a c t iv ity  0 14 fiC/f ig .

F ig . 6. K in e tic s  of recovery of protein-synthesizing a b ility  of M yc o b a c te r iu m  f o r tu i tu m  
afte r incubation follow ing rem oval of streptom ycin . The  conditions o f the experim ent 
were the same as described in  F ig . 5 except th at the subsequent incubation afte r rem oval 
o f streptom ycin  was extended to 6 hr.

DISCUSSION

The effects of streptomycin on growth and survival of Mycobacterium fortuitum 
have been shown to correspond to the effects observed with Escherichia coli (Hnrwitz, 
Rosano & Landau, 1962) but can be measured with greater resolution. In E. coli, 
on exposure to streptomycin, an apparent bacteriostasis was followed by a decline 
in viability. Under different experimental conditions, a delay in onset of growth 
was observed (Ilurwitz, Landau & Doppel, 1962) which may correspond to the 
bacteriostasis noted above. All of the above parameters were functions of strepto
mycin concentration and time of exposure. With M . fortuitum, exposure to strepto
mycin caused a sublethal effect, which could be measured as a delay in onset of 
growth, and a lethal effect observed as a decline in viability. The extent of both 
these effects also varied whh concentration of streptomycin and with time of 
exposure.

Streptomycin inhibited protein synthesis in both organisms and the general 
kinetics of inhibition were similar. With both organisms, there was a decrease in 
the rate of protein synthesis from the time of addition of the drug, followed by a 
further decline in rate and eventual stoppage. With Escherichia coli, only the 
secondary decline in rate seemed to correspond with loss of viability (Hurwitz, 
Rosano & Landau, 1962). With Mycobacterium fortuitum, as much as 80 % inhibition 
of protein synthesis had no apparent effect on the viable count.
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As pointed out earlier, if the lethal action of streptomycin is caused by an 

inhibition of a late stage of protein synthesis, it must be shown that (a ) the block 
occurs before or at the same time as the decline in viability, (b ) that the block is 
sufficient to account for loss of viability, and (c) that the block is irreversible and 
irreparable. In addition, as a result of the finding of the sublethal injury described 
in this report, it must also be shown that the block is early and extensive enough 
to cause the demonstrated delay in onset of growth, and that it is reparable under 
conditions where the effect of the drug remains sublethal.

The inhibition of protein synthesis begins very early. In fact, an extensive block 
in protein synthesis was observed considerably before any effect on the rate of cell 
division became apparent. This finding raised the question of how cells can divide 
and eventually produce macrocolonies after their protein-synthesizing capacity 
has been largely inhibited. Either the inhibition of protein synthesis by strepto
mycin can be reversed or the lesion can be repaired.

Since an immediate reversal of the block resulting from the removal of strepto
mycin is ruled out by the experiment reported in Fig. 5, recovery of protein- 
synthesizing ability by repair or replacement seems more likely. It should be 
pointed out, however, that the experiments do not exclude the possibility that 
recovery of protein synthesis might result from a slow removal of streptomycin 
from some inhibitory binding site after plating.

As seen in Fig. 5, 80 % of the protein-synthesizing ability of the cells is lost after 
1 hr exposure to 50 fig . streptomycin/ml., yet the rate cf cell division is unaffected 
for at least an additional hour. In addition, no significant delay in onset of growth 
was observed even after 2 hr of exposure.

The 80 % loss of protein-synthesizing ability after 1 hr of exposure can be looked 
upon in two ways. Either 80 % of the cells have lost their ability to synthesize 
protein, while 20% of the cells have not; or within each cell, on the average, 80% 
of its protein-synthesizing ability is destroyed while 20 % remains intact. Recovery 
of ability to synthesize protein must occur if the cells are to resume their normal 
growth rate. It seems unlikely that cells which have completely and irreversibly 
lost their ability to synthesize protein after 1 hr of exposure to streptomycin would 
be capable of producing macrocolonies after 2 hr of exposure. For this to occur, 
cells containing no active protein-synthesizing apparatus would have to be able to 
rapidly synthesize a new apparatus to replace that rendered irreversibly inoperable. 
If synthesis of a new unblocked apparatus itself involves protein synthesis, as 
would be the case if ribosome degradation had occurred, it would be difficult to 
understand recovery of the totally inhibited cells.

On the other hand, if after 1 hr of exposure to streptomycin, 80 % of the protein- 
synthesizing ability of each cell is destroyed while 20 % remains intact, rapid 
recovery of protein synthesis and subsequent growth of each cell would be possible. 
Conforming to the data in Figs. 5 and 6, the progressive increase in delay of onset 
of growth might result from the progressive decrease in residual protein-synthesizing 
ability per cell and the consequent increasing time required for recovery of optimal 
rate of protein synthesis. Death of a cell or loss of viability would presumably 
result when insufficient residual protein-synthesizing ability remained to initiate 
synthesis of a new protein-synthesizing apparatus.

Since the observed effects of streptomycin on protein synthesis seem to adequately
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explain both the delay in onset of growth and the loss of viability, it is concluded 
that some reaction in a late stage of protein synthesis is the site of bactericidal 
action of the drug. The occurrence of a block in a stage preceding peptide bond 
formation (Erdos & Ullmann. 1959) raises the possibility that exposure to strepto
mycin may result in an irreversible degradation or alteration of ribosomes in such 
a way as to prevent their participation in polypeptide formation.

Flaks & Witting (1963) have recently proposed that streptomycin kills by blocking 
formation of ribosomes. Our data would indicate that it is more likely that strepto
mycin promotes degradation or inactivation or ribosomes since the killing occurs 
too rapidly to result from dilution of the ribosomal content by cell division. When 
E sc h e r ic h ia  co li, growing exponentially in nutrient broth, is exposed to 1 fig . 
streptomycin/ml., more than 90 % of the cells are rendered non-viable within 30 min. 
(Hurwitz, Rosano & Landau, 1962). With M y c o b a c te r iu m  f o r tu i tu m , under presently 
described conditions, exposure to 300 fig . streptomycin/ml. causes an 80 % loss of 
viability within 3 hr, the time required for one cell division.

This investigation was supported in part by a grant, G 9891, from the National 
Science Foundation.

This work was presented in part at the 63rd Annual Meeting of the American 
Society for Microbiology, 5-9 May 1963 (Hurwitz & Doppel, 1963), Cleveland, 
Ohio.
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