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Comparative Aspects of Alcohol Formation
B y  E . A. D aw es

Department of Biochemistry, University of Glasgow*
The ability to produce ethanol from glucose is widely distributed in the microbial 

kingdom, and additionally, higher alcohols are formed by some micro-organisms. 
The yields vary considerably, from almost 2 moles of ethanol per mole of glucose 
fermented, characteristic of yeast, to the very much smaller amounts formed by 
many bacteria. These large variations are attributable to the operation of different 
metabolic pathways and, at present, four different routes of ethanol formation have 
been recognized, three of which involve pyruvic acid as an obligatory intermediate.

Pyruvate may be formed from glucose by different metabolic sequences (e.g. 
Embden-Meyerhof glycolysis or Entner-Doudoroff cleavage) and subsequently may 
be converted to a C2 unit by one of two pathways, namely decarboxylation to 
acetaldehyde or by thioclastic reaction to acetylcoenzyme A. Reduction of either 
C2 moiety yields ethanol. The heterolactic fermenters employ an entirely different 
mechanism: glucose is converted to xylulose-5-phosphate which is split by the 
enzyme phosphoketolase to acetylphosphate and glyceraldehyde-3-phosphate, the 
former undergoing reduction to ethanol.

The four different combinations of pathways are:
Type 1. Glycolysis and pyruvate decarboxylase (‘carboxylase’; yeast, fungi, 

protozoa and a few bacteria).
Type 2 . Glycolysis and thioclastic reaction (Enterobacteriaceae, Clostridia, 

Zvmosarcina).
* Present address: Department of Biochemistry, University of Hull.
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Type 3. E ltner-Doudoroff and pyruvate decarboxylase (Zymomonas mobilis, 

Z. anaerobia)
Type 4. Phosphoketolase (heterolactic bacteria).
To date, the combination of Entner-DoudorofT and thioclastic reactions has not 

been discovered.
The reductive formation of ethanol, common to all four types, must be coupled 

with oxidative reactions that occur in the fermentations. Nicotinamide adenine 
dinucleotides (NAD or NADP) mediate this coupling.

In microbial fermentations the further metabolism of pyruvate can give rise to a 
variety of products and consequently the occurrence of such reactions (in Types 1 , 
2 and 3) will divert pyruvate from ethanol formation with corresponding decreases 
in yield. Controlling factors must be the enzymic constitution and/or the enzymic 
activity of the organism, regulated by repression, pH or other environmental 
conditions.

Type 1 . Glycolysis may be formulated as:
Glucose + 2 NAD + 2  ADP + 2 P, -> 2 Pyruvate + 2 NADH2 + 2 ATP

which reveals an effective reducing power equivalent to 4H, and a net energy yield 
of 2  ATP. The carboxyl carbons of pyruvate are derived from C-3 and C-4 of glucose. 
In yeast two enzymes—pyruvate decarboxylase and ethanol dehydrogenase—con
vert pyruvate to ethanol:

CHgCOCOOH T— - ^ - phA  CH3CHO —-tCII3CH2OH
+

(Carboxylase) C02 (Ethanoldehydrogenase)
Two moles of ethanol can thus be formed per mole of glucose. Ethanol is also formed 
by these reactions in some fungi (Foster, 1949) and protozoa (Bauchop, 1962), but 
in very few bacteria, e.g. Zymosareina ventriculi (Bauchop & Dawes, 1959). The only 
other examples of ethanol-forming bacteria which possess a carboxylase occur in 
Type 3.

Type 2 . The Enterobacteriaceae and Clostridia cleave pyruvate to acetyl CoA 
by the following ‘thioclastic’ reactions:

CHGCOCOOH Thiamine pyrophosphate 
Mg*+, coenzym j A

te /-iTT t , ÍHCOOH Enterobacteriaceae* CH,CObCoA+ (H2 + C02 Clostridia
The mechanisms are still obscure but the evidence of Mortlock, Valentine & Wolfe 
(1959) suggests that the C2 fission product in Clostridium butyricum is at the alde
hyde level of oxidation.

Despite earlier suggestions to the contrary (Tikka, 1935), pyruvate is an obligatory 
intermediate for ethanol formation in Escherichia coli, and acetvlcoenzyme A is 
reduced to acetaldehyde by a coenzyme A-dependent acetaldehyde dehydrogenase, 
followed by reduction to ethanol by ethanol dehydrogenase (Dawes & Foster, 1956).

CH3COSC0 A -“A CH 3 C H O - A  CH 3 CH2O H
+

CoASH
As the reduction of 1  mole of pyruvate to ethanol requires 4 H the maximum possible
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ethanol yield by Type 2  reactions would be 1  mole/mole glucose; other reactions 
which compete for NADH2 decrease the yield and the highest recorded is 0 -8  mole 
(Stokes, 1949). When glycerol is the substrate, however, the fermentation approxi
mates to Glycerol -> ethanol + formate,
since the conversion of glycerol to pyruvate furnishes the 4H necessary for quanti
tative ethanol formation. This observation emphasizes a general feature of alcohol 
production, namely that the yield is higher the more reduced the substrate fermented.

At present, Zymosarcina ventriculi is the only organism known to possess both 
decarboxylase and thioclastic enzymes for pyruvate (Arbuthnott, Bauchop & 
Dawes, 1960).

Some Clostridia produce butanol when the pH of glucose fermentation has fallen 
to about 4. The reactions occurring are probably analogous to those in Escherichia 
coli: butyrylcoenzyme A (formed from acetylcoenzyme A via acetoacetylcoenzyme 
A and reduction) may be reduced to butanol via butyraldehyde (for review, see 
Barker, 1956). In Clostridium butylicum acetone is reduced to isopropanol by the 
appropriate dehydrogenase.

CH3COCH3 + NADH2 ^  CH3CHOHCH3 + NAD.
Type 8. Zymomonas mobilis gives a similar fermentation balance to yeast but 

ethanol derives from C-2 , C-3 and C-5, C- 6  of glucose, characteristic of the Entner- 
Doudoroff (1952) pathway (Gibbs & DeMoss, 1954).

Glucose —̂  glucose-6-phosphate - A-> gluconate 6-phosphate -a°>
(pyruvate2-oxo-3-deoxygluconate-6-phosphate —> ( +I glyceraldehyde-3-phosphateipyruvateThe net reaction is described by the equation

Glucose + 2  NAD + ADP + P¿ -> 2  pyruvate + 2  NADH, + ATP,
which reveals that, effectively, it carries out the same overall reaction as glycolysis 
but with half the energy yield, a conclusion verified experimentally by Bauchop & 
Elsden (1960). The organism possesses a pyruvate decarboxylase.

Zymomonas anaerobia displays a similar fermentation balance (Shimwell, 1950; 
Millis, 1956), it possesses Entner-Doudoroff and pyruvate decarboxylase enzymes, 
and has a molar growth yield similar to that of Z. mobilis (McGill, Ribbons & Dawes, 
unpublished).

Type 4. The heterolactic organisms, e.g. Leuconostoc mesenteroides, ferment 
glucose as follows:

Glucose -> lactate + ethanol + C02,
ethanol being derived from C- 2  and C-3. The mechanism was illuminated by the 
discovery of an enzyme phosphoketolase (Heath, Hurwitz & Horecker, 1956) which 
cleaves xylulose 5-phosphate in accordance with the equation

Xylulose 5-phosphate + Pi —> acetyl phosphate + glyceraldehyde 3-phosphate 
The triosephosphate is converted to pyruvate, by reactions common to glycolysis, 
and then reduced to lactate. The 4H made available in the conversion of glucose to
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xylulose-5-phosphate are utilized for reduction of acetylphosphate to ethanol, a 
reaction associated with the loss of biologically useful energy to the organism. A 
similar loss occurs in the reduction of acetylcoenzyme A (Type 2 ). When pentose is 
fermented acetyl phosphate cannot be reduced to ethanol and an extra mole of ATP 
is conserved.

Other reactions. Some micro-organisms convert pyruvate to the alcohols acetyl- 
methylcarbinol (acetoin) and 2,3-butanediol by one of two pathways:

(a) organisms lacking carboxylase, e.g. Aerobacter aerogenes, Streptococcus faecal is
2  pyruvate — C02 + a-aeetolactate -> C02 + acetoin ;

(b) organisms having carboxylase, e.g. yeast
Pyruvate + acetaldehyde -*r C02 + acetoin.

The Acetobacter are unique in possessing enzymes for both pathways (De Ley,
1959). Those micro-organisms which possess a 2,3-butanediol dehydrogenase can 
reduce acetoin to 2,3-butanediol. Clearly these reactions will divert pyruvate from 
ethanol formation.

The anaerobe Vibrio cholinicus (subsequently shown to be indistinguishable 
from Desulfovibrio desulfuncans, Baker, Papiska & Campbell, 1962) ferments 
choline to trimethylamine, acetate and ethanol:

2 (CH3)3NCH2CH2OH -  H20  -* 2 (CH3)3NH + c h3cooh  + CH3CH2OH.
Hayward (1960) demonstrated that the C2 moiety of choline is transformed to 
acetaldehyde, and that the acetaldehyde then undergoes a dismutation to ethanol 
and acetylcoenzyme A catalysed by NADP-dependent ethanol and acetaldehyde 
dehydrogenases respectively. Acetylcoenzyme A yields acetate and ATP via 
acetylphosphate. Since the organism grows on choline as the sole carbon and 
energy source some molar growth yield experiments would be instructive.

Fusel oils. These are higher alcohols produced by yeast from amino acids, in the 
presence of glucose, and without the release of ammonia. SentheShanmuganathan 
& Elsden (1958) showed that, tyrosol was produced from tyrosine in a sequence of 
three reactions: (a) transamination between L-tyrosine and 2 -oxoglutarate (formed 
from glucose' to yield p-hydroxyphenylpyruvate and L-glutamate; (b) decarbo
xylation of p-hydroxyphenylpyruvate to p-hydroxyphenylacetaldehyde; and (c) its 
reduction to tyrosol in the presence of alcohol dehydrogenase and NADH2. 
».-Propanol is formed from a-oxobutyrate, an intermediate in isoleucine synthesis, 
by decarboxylation and subsequent reduction (Guymon, Ingraham & Crowell, 1961).

Regulation. In all reactions leading to alcohol formation the reduction of an 
aldehyde is the final step, catalysed by an alcohol dehydrogenase. The presence of 
such an enzyme is therefore essential for alcohol formation and its regulation might 
be expected under conditions where the alcohol yield is altered. McPhedran, 
Sommer & L_n (1961) have shown that the ethanol dehydrogenase of Aerobacter 
aerogenes is repressed under anaerobic conditions when a hydrogen acceptor such as 
fumarate is added to the growth medium; ethanol, acetaldehyde and acetate were 
without effect. It would be interesting to know if this repression extends to 
acetaldehyde dehydrogenase.
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The Breakdown and Biosynthesis of Glutamic Acid
By D. S. HOARE

Agricultural Research Council Unit for Microbiology,
University of Sheffield

Glutamic acid is important in the carbon and nitrogen metabolism of micro
organisms; it participates in the structure of the folic acid coenzymes, and is a 
component of the bacterial cell wall. Although a number of micro-organisms, 
including some of the lactic acid bacteria, require glutamate as an essential amino 
acid, most micro-organisms synthesize glutamate from simple carbon sources.

The biosynthesis of glutamic acid has been investigated by isotopic tracer 
techniques, by the use of auxotrophic mutants, and by the study of the enzymes 
involved in the biosynthetic pathway. The isotope technique was applied to a 
number of micro-organisms using differentially labelled acetate 13CH3.14COOH 
by Ehrensvard and co-workers (Cutinelli et al. 1951a; Ehrensvard et al. 1951; 
Anderson-Kotto et al. 1954). The glutamate was not degraded completely and 
unequivocally. Nevertheless, the results with the aerobic micro-organisms they 
examined were consistent with the incorporation of acetate into glutamate via the 
tricarboxylic acid cycle: that is through the successive formation of citrate, aconi- 
tate, isocitrate, oxalosuccinate and a-oxoglutarate. Wang, Christensen & Cheldelin
(1953) examined the incorporation of [l-14C]-acetate and [2 -14C]-pyruvate into 
glutamate by Saccharomyces cerevisiae with results consistent with the tricar
boxylic acid cycle. This technique has also been applied to glutamate biosynthesis 
in higher plants and animals (Bilinski & McConnell, 1957; Koeppe & Hill, 1955; 
Black & Kleiber, 1957; Black et al. 1957).

Ehrensvard and co-workers extended their studies to the anaerobic photo
synthetic bacterium Rhodospirillmn rubrum using 13CH8.14COOH and NaH14C03 

(Cutinelli et al. 19516). Again the isolated glutamate was not completely and un
equivocally degraded although the results were different from those found with the 
aerobic bacteria. Alanine was also isolated and degraded and was found to be 
specifically labelled in a manner different from that found in aerobes (Table 1 ). 
Assuming the alanine to be derived directly from pyruvate, the glutamate degrada
tion data were consistent with its formation via the following series of reactions 
including part of the tricarboxylic acid cycle:

pyruvate + C02 -> oxalacetate 
oxalacetate + acetate -> citrate -> isocitrate -> 
oxalosuccinate -> a-oxoglutarate -> glutamate.

The final step in the above reaction sequence could be carried out by glutamic 
dehydrogenase or transaminases. Hug & Werkman (1957) showed that R. rubrum 
possessed transaminases capable of catalysing the final step in the reaction sequence.

The isotope technique was extensively used in studies of amino acid biosynthesis 
in Escherichia coli by Roberts et al. (1955), and their successful application of the 
‘isotopic competition’ method showed that glutamic acid, formed via the tri-
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carboxylic acid cycle, was a precursor of other amino acids including proline and 
arginine; results which were consistent with earlier studies on the biosynthesis of 
these amino rcids in micro-organisms (notably work with auxotrophic mutants of 
Neurospora c-assa). Similarly, aspartic acid was shown to be a precursor of threo
nine, isoleuci ae, methionine and lysine. It was thus clear that the tricarboxylic 
acid cycle in E. coli was an important source of cell constituents, especially amino 
acids. These findings supported the earlier conclusions of Krebs, Gurin & Eggleston
(1952) as a result of their studies on acetate metabolism in yeast. However, it yet 
remained to be established that the tricarboxylic acid cycle was the only significant 
source of glutamate in micro-organisms. This was demonstrated very clearly by 
Gilvarg & Davis (1956) with auxotrophic mutants of E. coli and Aerobacter aerogenes. 
These mutants were blocked at the citrate condensing enzyme and had an absolute 
requirement for glutamate, and were unable to oxidize acetate.

A number of bacteria and fungi accumulate a-oxoglutarate, particularly when 
grown with nitrogen as the growth-limiting constituent (Walker, Hall & Hopton, 
1951; Hockenhull, Wilkin & Winder, 1951; Daglev, Fewster & Happold, 1952). 
These results suggest that a-oxoglutarate is the precursor of glutamate in these 
micro-organisms. a-Oxoglutarate accumulation has been found with species of 
Pseudomonas (Lockwood & Stodola, 1946; Kogut & Podoski, 1953) for which there 
is independent evidence for the operation of the tricarboxylic acid cycle which coidd 
give rise to a-oxoglutarate (Clarke & Meadow, 1959).

The tricarboxylic acid cycle may not be involved in a-oxoglutarate synthesis, and 
hence glutamtte formation, in all aerobes: a-oxoglutarate can be formed fromL-arabin- 
ose by a route independent of the tricarboxylic acid cycle in Pseudomonas saccharo- 
phila (Weimberg & Doudorolf, 1955). Some species of acetic acid bacteria, including 
Acetobacter suboxydans and A. melanogenus, can synthesize glutamic acid although 
they appear to be deficient in key enzymes of the tricarboxylic acid cycle (Rao, 1957). 
Glutamate biosynthesis in A. suboxydans has recently been investigated by Seki- 
zawa et al. (1)62) and a novel mechanism for its biosynthesis has been proposed. 
Kinetic studies with the green alga Chlorella pyrenoidosz (Bassham & Kirk, 1960; 
Smith, Bassham & Kirk, 1961) suggest that glutamate may not be synthesized via 
citrate. It was found that the rate of formation of citrate in an actively photo- 
synthesizing cell suspension was considerably less than the rate of formation of 
glutamate.

There is now little doubt that novel mechanisms of amino acid synthesis operate 
in some strict anaerobes. This was first clearly demonstrated for the biosynthesis of 
alanine and glutamic acid in Clostridium kluyveri (Tomlinson, 1954», b). Recent 
studies on rumen anaerobes, e.g. Ruminococcus flasefaciens, confirm novel pathways 
for the biosynthesis of valine and leucine (Allison, Bryant & Doetsch, 1962). The 
glutamate formed in C. kluyveri from [l-14C]-acetate and from NaH1JCO:i was 
degraded unequivocally and the isotope distribution was not consistent with any 
known metabolic reaction sequence (Table 1 ). As yet no enzyme studies have been 
carried out tc elucidate the mechanism of glutamate biosynthesis in C. kluyveri. 
A common feature of the amino acids synthesized by the above anaerobes and by 
R. rubrum is the specific incorporation of bicarbonate into a carboxyl group.

Recent studies on the phetoassimilation of acetate by Rho do spirillum rubrum 
stimulated a re-investigation of the isotope incorporation of acetate into glutamate



in this organism ((Hoare, 1962a, b). In short exposure experiments in which 
washed cell suspensions of R. rubrum were exposed in the light to [1-14C]- or 
[2 -14C]-acetate in the presence of bicarbonate, one of the earliest detectable products 
of photoassimilation was found to be glutamic acid. This appeared to be formed 
before one could detect intermediates of the tricarboxylic acid cycle. The failure 
to detect the latter at the shortest exposures might have been due to their small 
pool size, although this seemed unlikely since they were readi.y detected when 
Na214C03 was assimilated in the light in the presence of acetate. The glutamate 
formed under the above conditions was degraded and the isotope distribution 
differed from that found in Clostridium kluyveri and from that found in aerobic 
organisms in which glutamate is formed via the tricarboxylic acid cycle (Table 1 ).

Table 1 . Isotope incorporation into alanine and glutamic acid
b = carbon atoms derived from bicarbonate. e =  carbon atoms derived from carboxyl 

(C-l) of acetate, m = carbon atoms derived from methyl (C-2 ) of acetate.
Alanine Glutamic acid Reference
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c h 3 .CH(NH2).COOH HOOC.CH(NH2) c h 2c h 2,. COOH
Aerobes* m m b b m m m c Ehrensvärd

(1955)
Rhodospirillum in c b b (m c m) c Cutinelli et al.rubrum

b c m m c
(19516) 

Hoare (19626)
Clostridium m c b c in c m b Tomlinson
kluyveri (1954a, b)

* Assuming the biosynthesis proceeds via the tricarboxylic acid cycle.
Studies of Cutinelli et al. (19516) did not establish an unequivocal distribution of carbon atoms 2 , 

3 and 4 of glutamic acid.
In aerobic bacteria it is generally assumed that the breakdown of glutamic acid 

proceeds via a-oxoglutarate and the tricarboxylic acid cycle. The wide distribution 
of transaminases and of glutamic dehydrogenase is in accord with this view. A 
number of anaerobic bacteria degrade glutamic acid to carbon dioxide and volatile 
fatty acids including mainly acetate and butyrate. Conversion of glutamate to 
acetate via the tricarboxylic acid cycle should result in the formation of three moles 
of C02 per mole of glutamate. Several strict anaerobes, including Clostridium tetani 
(Clifton, 1942), C. saccharobutyricum (Cohen, Nisman & Cohen-Bazire, 1948), C. 
tetanomorphum (Woods & Clifton, 1937; Barker, 1937), Micrococcus aerogenes 
(Whiteley, 1957) and Fusobacterium nucleatum (Jackins & Barker, 1951), ferment 
glutamate with the formation of only 1  mole of C02. The fermentation of glutamate 
has been studied very thoroughly with C. tetanomorphum. Isotopic tracer studies 
showed that the C02 was derived exclusively from C-5 of glutamic acid, acetate 
mainly from C-l and C- 2  and butyrate from C-3 and C-4 (Wachsman ¿c Barker, 
1955; Wachsman, 1956). The enzyme steps involved in the degradation of gluta
mate by C. tetanomorphum have now been identified and studied in some detail. The 
initial enzyme step catalysing the isomerization of glutamic acid to ^-methyl- 
aspartic acid was found to involve a coenzyme derivative of v tamin Bj, (Barker, 
Weissbach & Smyth, 1958). It is not yet known whether glutamate fermentation by
C. tetani, C. saccharobutyricum and F. nucleatum proceeds bv a similar mechanism 
to that in C. tetanomorphum.
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Clearly the anaerobic bacteria merit a more extensive investigation with the 

possibilities of finding new pathways in the biosynthesis and degradation of amino 
acids. It is by no means established that the tricarboxylic acid cycle functions in 
strict anaerobes and, since such organisms may not depend upon it for a source of 
reducing power, they may prove to have evolved some alternative mechanism for 
providing intermediates for amino acid biosynthesis. A number of strict anaerobes, 
in addition to Clostridium kluyveri (which is the only one to be examined so far), 
use two carbon compounds as sole carbon sources and an examination of glutamate 
biosynthesis in these organisms would be of particular interest. Some of the methane 
bacteria and several organisms fermenting nitrogenous compounds (Streptococcus 
allantoicus, Peptococcus glycinophilus, Clostridium cylindrosporum and Clostridium 
acidi-urici) fall in this category.
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The Assimilation of 1 -C Compounds
By J. R. QUAYLE

Medical Research Council, Unit for Research in Cell Metabolism, 
Department o f  Biochemistry, University of Oxford

A wide variety of micro-organisms can grow on 1 -C compounds as sole carbon 
source; the growth substrates range in oxidation level from carbon dioxide to 
methane. The organisms may be subdivided into three main classes (Table 1 ).

Group A is comprised of the photosynthetic and chemosynthetic autotrophs. The 
elucidation of the way in which cell constituents could be made de novo from carbon 
dioxide came principally from Calvin’s laboratory in 1954 (Bassham et al. 1954). 
These authors suggested a cycle of reactions which may be termed the ribulose 
diphosphate cycle of carbon dioxide fixation. Variants on the basic theme of the 
cycle may permit synthesis of triose-, tetrose- pentose-, or hexose phosphates from 
carbon dioxide (Elsden, 1962). The operation of the cycle has been well demonstrated 
in various photosynthetic tissues but there are still one or two areas of uncertainty, 
e.g. the considerable discrepancy between the activity of some of the cycle enzymes 
as measured in vitro and the rates of carbon dioxide fixation observed in intact cells 
(Peterkofsky & Racker, 1961). This may, however, only reflect a greater activity of 
the enzymes when organized within the chloroplast than when extracted.

Table 1. Subdivision of micro-organisms capable of growth on 1-C compounds
Group Source of energy Growth conditions Carbon source

A Inorganic oxidation, light Aerobic or anaerobic co2
B Organic oxidation Aerobic Reduced 1 -C compounds
C Organic dismutation Anaerobic c h 3o h , h c o 2h , CO

Following the discovery of the ribulose diphosphate cycle in 1954, its occurrence 
in a variety of non-photosynthetic autotrophs has been established (for review, see 
Quayle, 1961). Such work indicates that, so far, autotrophic growth may be 
equated with the ribulose diphosphate cycle, and that a cycle of this type is probably 
responsible for de novo synthesis of polycarbon compounds from carbon dioxide, 
whatever the energy source.

Less is known about the metabolism of micro-organisms capable of aerobic 
growth on reduced compounds. Some of the better authenticated species of such 
organisms are given in Table 2. There are so many similarities between the coloured 
organisms that they have been tentatively bracketed together as being related to 
Pseudomonas methanica, an organism re-isolated by Dworkin & Foster (1956), 50 
years after its first isolation as Bacillus methanicus by Sohngen (1906). Of the 
remaining four organisms in Table 2 , one of these, P. aminovorans described by den 
Dooren de Jong (1926), does not appear to be available now. Hence it is not possible 
to decide whether it might be related to P. methanica. The other three organisms in 
Table 2 , however, are quite distinct.
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Up to 1958, very little was known of the mode of biosynthesis of cell consti

tuents from reduced 1 -C growth substrates. Bliat & Barker (1948) and van Xiel
(1954) had pointed out the possibility that an organism growing on a highly 
oxidized 1 -C substrate, such as formate, might utilize an autotrophic type of meta
bolism, in which the energy of oxidation of the substrate is coupled to the assimi
lation of carbon dioxide. In fact, several authors, e.g. Thimann (1955), have 
assumed that this takes place without there being any proof that it does. However, 
of all the organisms tested so far, only one has proved to be autotrophic, viz. 
formate-grown Pseudomonas oxalaticus. Isotopic work with whole cells and 
enzymic studies with cell-free extracts point to growth of this organism on formate 
as being a strictly autotrophic process in which the bulk of the carbon is assimilated 
by the ribulose diphosphate cycle of carbon dioxide fixation, the necessary energy 
being derived from oxidation of formate (Quayle & Keech, 1959 a, b).

J . R . Qu a y l e

Table 2 . Some micro-organisms capable of growth on 1 -C compounds
Organism* Characteristic features

Oxidation level of 
1-C growth substrates

Pseudomonas methanica
(over 30 strains)

Pseudomonas 1 _. . . .  v extorquaisFlavobacterium J
Pseudomonas i r i .-w 4

Pseudomonas a m  1
Protaminobacter ruber
P. alboflavus
Hyphomicrobiirm vulgare

."Bs  Mostly pink. Yellow, 
a. brown and colourless 
a strains of some of
g- them are known

Colourless. Slow growing, 
‘stalked’ cells

Ranges from CH4 -> HC02H. 
Some organisms are 1 -C specific

CH3OH, 3ICO .II. 1-C specific

Bacillus sphaericus 
Pseudomonas aminovorans

P. oxalaticus

Colourless A'-methyi urea. Not 1-C specific
Colourless to yellow, prob- CH3OH, IICOJI. Not 1-C 

ably needs re-isolating specific
Colourless HCOJI. Not 1-C specific

* For bibliography, see Quayle (1961) and Peel & Quayle (1901).

I t  would appear to be energetically wasteful to assimilate carbon at the level of 
carbon dioxide and reduce :t to the level of cellular material when the substrate 
itself presents the cell with reduced carbon. When the substrate is as highly re
duced as methane, the wastage is very obvious. It is thus not surprising to find 
evidence now accumulating of the occurrence of a heterotrophic type of growth on 
reduced 1 -C compounds in which a substantial portion of the carbon is taken in at a 
reduction level higher than that of carbon dioxide. The first direct evidence for this 
type of metabolism was the finding by Leadbetter & Foster (1958) that the specific 
radioactivity of cells of various strains of Pseudomonas methanica grown under an 
atmosphere of methane + air + 14C02 was always much less than that of the exogenous 
14C02. This showed that the cells could not have been synthesized exclusively from 
exogenous carbon dioxide or from respiratory carbon dioxide in equilibrium with 
the exogenous carbon dicxide. Kaneda & Roxburgh (1959) incubated methanol- 
grown Pseudomonas strain f r l -w 4 with [14C]-methanol and 14C02 and found that
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the first stable intermediate in methanol metabolism was serine. They concluded 
that the metabolism was non-autotrophic. Large, Peel & Quayle (1961) carried out 
a kinetic analysis of the course of entry of [14C]-substrate and 14C02 into methanol- 
and formate-grown Pseudomonas a m I ,  and methanol-grown Hyphomicrobium 
vulgare. These studies showed that serine is a primary product of [14C]-methanol or 
[14C]-formate incorporation (and glycollate in H. vulgare) and that malate or 
aspartate is a primary product of 14C02 incorporation. With all tracers, glycine too, 
was an early labelled product ; 50 % of the cell carbon was found to be exchangeable 
with exogenous carbon dioxide during growth of Pseudomonas a m I  on [14C]- 
methanol. Leadbetter recently analysed the kinetics of entry of [14C]-methylamine 
and 14C02 into a pink, methylamine-grown organism and found very similar results. 
Labelling patterns of glycine, serine, phosphoglycerate and malate have been 
determined in methanol-grown Pseudomonas a m I  incubated with [14C]-methanol or 
14C02 (Large, Peel & Quayle, 1962). On the basis of these data a scheme was pro
posed for a heterotrophic type of metabolism in which hydroxvmethylation of 
glycine to give serine serves as a major pathway for synthesis of 3-C compounds 
from 2 -C compounds. The crucial problem of the necessary synthesis of glycine, or 
its precursors, from 1 -C units is unsolved.

Virtually nothing is known of the metabolism of the anaerobic organisms in 
Group C. Lack of knowledge is due largely to the difficulty of isolating and handling 
these bacteria.

The assimilation of 1-6' compounds
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The Assimilation of 2-C Compounds other than Acetate
B y  J. G. MORRIS

Department of Biochemistry, University of Leicester, Leicester
The tricarboxylic acid cycle is both the main terminal respiratory pathway in 

micro-organisms and a source of precursors for the net biosynthesis of cell con
stituents. Intermediates drained away from the cycle for these biosynthetic pur
poses must be replenished; a process accomplished by carboxylation reactions when 
suitable C02-acceptor molecules (e.g. pyruvate and phosphopyruvate) are available. 
Any organism that utilizes a 2-C compound as sole source of carbon for growth must 
therefore be endowed with a means of forming from this substrate either the TCA 
cycle intermediates themselves or such 3-C C02-acceptors.

The glyoxylate cycle (Kornberg & Krebs, 1957; Kornberg & Madsen, 1958) in 
which isocitrate lyase (Smith & Gunsalus, 1954; Olson, 1954) and malate synthase 
(Wong & Ajl, 1956) operate in conjunction with enzymes of the TCA cycle to form 
1 mol. unit of succinate from 2 mol. units of acetate, is the best documented of all 
such pathways. However, this biosynthetic route is not available to organisms 
utilizing 2-C compounds more highly oxidized than acetate. A number of pathways 
all involving glyoxylate or glycine or both have now been described whereby net 
synthesis of pyruvate from such compounds may be accomplished.

In micro-organisms such as Escherichia coli or Pseudomonas growing on glycollate, 
the necessary net formation of TCA cycle intermediates is effected via the ‘ glycerate 
pathway’ (Kornberg, 1961). In this pathway glyoxylate (derived from the oxida
tion of the glycollate) undergoes a condensation reaction in which 2 mol. units of 
glyoxylate yield 1 mol. unit each of tartronic semialdehyde and carbon dioxide 
(Krakow & Barkulis, 1956; Krakow, Barkulis & Hayashi, 1961; Kornberg & Gotto, 
1959, 1961): the enzyme catalysing this process has been named glyoxylic carbo- 
ligase (Krakow, Barkulis & Hayashi, 1961). The tartronic semialdehyde thus 
formed is subsequently reduced to glyceric acid by tartronic semialdehyde reductase 
(Kornberg & Gotto, 1959, 1961; Krakow, Udaka & Yennesland, 1962). In the 
presence of ATP and Pseudomonas extracts, glyceric acid has been shown to yield 
pyruvate, presumably via the well-established Embden-Meyerhof sequence. The 
net effect of these reactions is to transform 2 mol. units of glycollate to 1 mol. unit of 
carbon dioxide and one of pyruvate which can either be carboxylated to oxalo- 
acetate, or, after oxidation to acetylcoenzyme A, condensed with a third mol. unit 
of glyoxylate to yield malate (Kornberg & Sadler, 1961); in either case, the de novo 
formation of intermediates of the TCA cycle from glycollate has oeen effected.

2
CHOH

COOH COOH COOH
Glycollic

acid
Glyoxylic Tartronic Glyceric

acid semialdehyde acid
Pyruvic

acid

ii Microb, xxxii
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The glycerate pathway operates not only during growth on glycollate but also on 

a number of 2-C compounds that first give rise to glyoxylate. Thus Callely & Dagley 
(1959) reported that glyoxylic acid carboligase and tartronic semialdehyde reductase 
were present in large amounts in extracts of a pseudomonad grown on glycine. 
Pseudomonas oxalaticus also formed these enzymes during growth on oxalate; this 
provided evidence for the initial reduction of oxalate to glyoxylate by this organism 
(Quayle & Iveech, 1959). In this process oxalate is activated to oxalylcoenzyme A 
(Quayle, Keech & Taylor, 1961) which is reduced to glyoxylate by glyoxylic 
dehydrogenase and NADPH2 (Quayle & Taylor, 1961). Thus pseudomonads growing 
on glycollate, glycine or oxalate are all in effect growing on glyoxylate and a source 
of ‘reducing power’.

It is probable that in some organisms an alternative route for glycine utilization 
is available which does not require its preliminary deamination. Kornberg & Morris 
(unpublished) observed that serine, alanine and glutamate were early-labelled 
products duiing growth of Arthrobacter globiformis on [14C]-glycine. Extracts of the 
organism formed pyruvate, alanine and C02 from glycine in the presence of reduced 
pyridine nucleotides, pyridoxal phosphate and tetrahydrofolic acid. It would seem 
that in such eoryneform organisms 2 mol. units of glycine might undergo a condensa- 
tive decarboxylation in the presence of pyridoxal phosphate and a folic acid deriv
ative to give serine, which would readily yield pyruvate through the action of serine 
dehydratase. This reaction sequence has been convincingly demonstrated in anaerobic 
organisms capable of fermenting glycine with acetate as end product, e.g. Clostridium 
acidi-urici (Radin & Barker. 1953; Sagers & Beck, 1956), Diplococcus glycinopkilus 
(Barker, Voleani & Cardon, 1948; Sagers & Gunsalus, 1961). A similar route may be 
used for the metabolism of glycollate in plants (Rabson, Tolbert & Kearney, 1962).

CH.NH,
2 | +  H20  ■ 

COOH

NH3 2H CH2OH
/  A  l

W a  CH3
J  _  1

\
c o 2

CHNEL
|

C=C
COOH COOH

Glycine Serine Pyruvic acid

Here, as in the glycerate pathway, 2 mol. units of the 2-C substrate undergo a con
densation reaction wherein one 3-C product is formed with the loss of the carbon 
atom derivec from one carboxyl group as carbon dioxide.

A novel metabolic route which avoids this loss of C02 in the initial formation of a 
compound containing more than 2 carbon atoms operates during growth of Micro
coccus denitrificans on substrates catabolized to glyoxylate. Here both glycine and 
glyoxylate are required for the nett formation of TCA cycle intermediates. When
M. denitrificuis was grown on glycollate as sole carbon source, no glyoxylic carbo
ligase activity was present despite initial oxidation of the substrate to form glyoxy
late. Short-term incubation of growing cultures with [l-14C]-glycollate resulted in 
the appearance of isotope first in glycine, malate and aspartate. In contrast to the 
results obtained with Pseudomonas and Escherichia coli, no isotope was detected in 
glycerate or phosphoglycerate. Evidence was obtained that during growth on 
glycollate twD hitherto unreported enzymes were inducibly formed by M. denitri-
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ficans (a) an aldolase-type enzyme which catalysed the condensation of glycine and 
glvoxylate to form en/f/wo-/?-hydroxyaspartate, and (b) a //-hydroxy-aspartate 
dehydratase capable of forming oxaloacetate from the erythro form of /1-hydroxy- 
aspartate (Kornberg & Morris, 1962«, b). Acting in conjunction with a mechanism 
for the production of glycine from glyoxvlate these enzymes could account for the 
formation of 1 mol. unit of a 4-C compound (oxaloacetate) from 2 mol. units of 
glyoxylate without concomitant loss of C02 (though the subsequent utilization of 
oxaloacetate for biosyntheses would, of course, be accompanied by loss of C02 
(Kornberg & Morris, 1963).

The assimilation of 2-C compounds other than acetate

COOH
ICH,i
c=c
COOH

GlVeollic
acid

Glyoxylic
acid

Glycine /?-Hydroxyaspartie
acid

Oxaloacetic
acid

Other sources of glyoxylate, e.g. allantoin and ethyleneglycol, are also utilized 
by Micrococcus denitrificans via this /j-hydroxyaspartate pathway.
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Carbon and Energy Storage in Bacteria
By  J . F . WILKINSON

Bacteriology Department, University of Edinburgh, Edinburgh
Many compounds have been assumed to act as storage materials in bacteria. 

Those most commonly implicated as specialized carbon and energy reserves are 
intracellular polysaccharides particularly polyglucoses such as glycogen and starch, 
and lipids, particularly poly-/?-hydroxybutyrate (reviewed by Wilkinson, 1959). The 
evidence available suggests that polyglucoses and lipids act as alternative reserves 
depending upon the bacterial species and upon the nature of the carbon and energy 
source in the environment. Thus all the enterobacteria can store glycogen while 
most Bacillus species can store poly-/?-hydroxybutvrate. On the other hand, Stanier, 
Doudoroff, Kunisawa & Contopoulou (1959) have shown that the product of photo
synthetic assimilation in Rhodospirillum rubrum depends on the substrate used. 
Acetate and butyrate were converted to poly-/j-hydroxybutyrate while malate or 
succinate formed a polvglucose. It is probable that the ability to form such alter
native reserves is common among bacteria. Dagley & Johnson (1953) studied lipid 
and polysaccharide production in Escherichia coli and showed that while acetate 
stimulated lipid production and depressed polysaccharide production, glucose had 
the opposite effect. Similarly, Bacillus megaterium synthesizes an appreciable 
amount of glycogen as well as poly-/?-hydroxybutyrate (Barry, Gavard, Milhaud & 
Aubert, 1953). It can be expected that a carbon and energy reserve will be syn
thesized or broken down depending upon whether there is an excess or a deficiency 
of the carbon and energy sources available. As examples, glycogen synthesis in E. 
coli and poly-/?-hydroxybutyrate synthesis in B. megaterium will be considered.

Synthesis of glycogen and poly-/3-hydroxybutyrate 
Both glycogen and poly-/?-hydroxybutyrate can accumulate in large amounts 

within the cell, particularly in the stationary phase when growth is limited by a 
deficiency of some factor other than the carbon and energy source. Thus, in a 
nitrogen-deficient medium, Escherichia coli can synthesize as much as 20% of its 
dry weight as glycogen (Holme & Palmstierna, 1956ft) and Bacillus megaterium as 
much as 40 % of its dry weight as poly-/?-hydroxybutyrate (Macrae & Wilkinson, 
1958a). This accumulation is the result of an unbalanced growth in the stationary 
phase and is equivalent to conditions in a washed suspension provided with a 
suitable carbon and energy source. However, these large amounts are produced 
only under abnormal conditions analogous to what Foster (1947) has called a ‘hot
house ’ environment. Do glycogen and poly-/?-hydroxybutyrate occur in appreciable 
quantities in cells grown under conditions analogous to those occurring in nature? 
It is difficult to reproduce in the laboratory natural conditions for organisms like
E. coli and B. megaterium. For example, the supply of the carbon and energy source 
will probably be intermittent. However, glycogen and poly-/?-hydroxybutyrate



can accumulate in the exponential phase of growth as evidenced by continuous 
culture experiments.

In most cf the published work on polysaccharide production in continuous 
culture, it is impossible to distinguish between intracellular polyglucoses and extra
cellular structural polysaccharides. However, Holme (1957) has studied glycogen 
production in E. coli growing at various dilution rates (i.e. growth rates) in a
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Fig. 1. Th: effect of the dilution rate (growth rate) in nitrogen-deficient continuous cultures of E sch erich ia  coh  upon the dry weight of the culture, the percentage of glycogen in the cells and the rate of glycogen synthesis. • ,  Dry weight; x , % glycogen; O, rate of glvcoger synthesis. From Holme, 1957.

Rate of PHB

Fig. 2. Th; effect of the dilution rate (growth rate) in nitrogen-deficient continuous cultures of B a c illu s  m eg a ier iu m  upon the dry weight of the culture, the percentage of poly-/?-hydroxvbutyrate in the cells and the rate of poly-/?-l ydroxy butyrate synthesis. 
•> Dry weight; x , %, poly-/?-hydroxybutyrate; O, rate of poly-/?-hydroxybutyrate synthesis. From Munro & Wilkinson (unpublished results).



nitrogen-deficient simple defined medium with glucose as the carbon and energy 
source. Some of his results are shown in Fig. 1. I t  is evident that the rate of 
glycogen production per unit amount of cell nitrogen was roughly constant at all 
growth rates. Glycogen production under balanced growth must occur at a similar 
rate to that under unbalanced growth, resulting in a higher content of glycogen at 
low dilution rates. We have studied poly-/?-hydroxybutyrate production in nitrogen- 
deficient cultures of B . m egateriu m  (Munro & Wilkinson, unpublished data) 
Typical results are given in Fig. 2 and show that appreciable amounts of poly-/?- 
hydroxybutyrate were produced at all growth rates although the rate of synthesis 
was higher at high dilution rates. In both E . coli and B . m egaterium , the level of the 
storage product at high dilution rates corresponded to that in the exponential phase 
of growth in batch culture in a simple synthetic medium with glucose as the carbon 
and energy source. Presumably in such a medium, some factor other than the rate 
of utilization of the carbon and energy source is limiting the rate of growth. Under 
these circumstances, intermediates of the main pathway for the breakdown of the 
carbon and energy source are either excreted by the cell (e.g. pyruvic and oxo- 
glutaric acids) or are converted to storage polymers. Unfortunately there are no 
figures available for glycogen synthesis in carbon and energy-deficient continuous 
culture of E . coli although preliminary experiments in this laboratory with B .  
m egateriu m  suggest a very low level for both poly-/?-hydroxybutyrate and glycogen 
at low dilution rates.

B reakdow n  o f  glycogen a n d  p o ly -f-h y d ro x y b u ty ra ie
The subject of endogenous metabolism has been reviewed recently by Dawes & 

Ribbons (1962). It is evident that many substances can act as substrates for endo
genous metabolism depending upon the micro-organism and upon the conditions of 
growth, but it is certain that glycogen and poly-/?-hydroxybutyrate can be broken 
down at a rapid rate by ‘resting’ cells and can act as primary endogenous sub
strates. Thus Ribbons & Dawes (1963) have concluded that glycogen is the primary 
endogenous substrate for E sch erich ia  coli and that only when it is exhausted will 
net degradation of other substrates such as ribonucleic acid and protein occur. The 
term ‘net degradation’ must be emphasized since Mandelstam (1960) has pointed 
out that turnover of ribonucleic acid and protein occurs as soon as balanced growth 
ceases. Poly-/?-hydroxybutyrate can also be a major substrate for endogenous 
respiration in B a c illu s  m ega teriu m  (Macrae & Wilkinson, 19586), although its break
down is rarely complete or unique.

Since glycogen and poly-/?-hydroxybutyrate can be accumulated and degraded, 
what determines their amount in a cell? Is it simply a measure of the steady-state 
level of the monomer donor or is there some degree of control over the rate of 
synthesis or breakdown? We do not know the pathway of glycogen metabolism in 
E sch erich ia  coli but in A groba cteriu m  tu m efacien s there is a glycogen cycle similar 
to that in animal tissues (Madsen, 1961 a ) ; it is shown in Fig. 3. Control seems to be 
exerted by the intracellular concentration of uridine diphosphate glucose which, 
if high, acts as a substrate for glycogen synthetase and inhibits glycogen phos- 
phorylase (Madsen, 19616). Poly-/?-hydroxybutyrate metabolism in bacteria has 
been studied by Merrick & Doudoroff (1961), the pathways for synthesis and break
down being summarized in Fig. 4.
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In order to demonstrate a storage function for a compound, it is necessary to show 

that the proc ucts of breakdown can be used for some purpose that gives the cell an 
advantage in the struggle for existence over other organisms not so endowed. There is 
evidence that both glycogen and poly-/?-hydroxybutyrate can provide intermediates 
for the synthesis of proteins (Holme & Palmstierna, 1956a; Doudoroff & Stanier, 
1959). This may allow an increment of growth and division which may well be 
important, particularly if the supply of the carbon and energy source is sporadic. 
It may also allow a more rapid adaptation to a different environment by the pro
duction of inducible enzymes or permeases. Further, poly-/?-hydroxybutyrate 
breakdown has been shown zo  provide energy and intermediates for the process of 
sporulation (Slepecky & Law, 1961). The breakdown of a reserve may help to pre
serve viability by providing the so-called energy of maintenance, the necessity of 
which has been showm by Mallette (1963) and by Marr, Wilson & Clark (1963). It is

Control?

Fig. 3. Th2 glycogen cycle in A g ro b a cter iu m  tu m cfac ie tis . G = glucose; G6P =  glucose- 
6-phosphate; G1P =  glucose-1-phosphate; UTP = uridine triphosphate; UDP = uridine diphosphate; IJDPG =  uridine diphosphate glucose; PP = inorganic pyrophosphate : Pi = inorganic orthophosphate. From Madsen (1961a, b).
Fig. 4. Tin* metabolism of poly-/?-hydroxvbutyrate in B a c illu s  m eg a tcriu m . Pyr = pyruvate; Ac = acetate; Ac Ac =  acetoacetate; /JOHBu = yS-hydroxybutyrate; CoA = coenzyme A; PHB =  poly-yg-hydroxybutyrate. From Merrick & Doudoroff (1962) and Merrick, Doudoroff & Wilkinson (unpublished results).

obvious, however, that the question of the preservation of viability is a complex one. 
Strange, Dark & Ness (1961) have shown that death of A erobacter aerogenes popu
lations was preceded by degradation of protein, ribonucleic acid and polysaccharide 
and Postgate & Hunter (1962) have analysed in great detail one of the factors in
volved in the survival of starved bacteria. It is evident that polymers such as protein 
and nucleic acid can be metabolized to provide carbon and energy without loss of 
viability. Indeed, Campbell, Gronlund & Duncan (1963) have suggested that 
P seu dom on as aeruginosa  synthesizes no specialized reserv es. On the other hand, loss



of viability of M icrococcu s haloden itr ifican s  can follow closely the loss of stored 
poly-/?-hydroxybutyrate (Sierra & Gibbons, 1962).

In conclusion, we can assume that a cell will tend to store any polymers that can 
be accumulated without decreasing the rate of growth. The nature of these poly
mers will depend primarily upon the rate-limiting step in growth and, therefore, 
upon the nature and level of nutrients in the medium. Probably the rate-limiting 
factor will either be in the synthesis of proteins and nucleic a rids when reserves 
containing carbon, hydrogen and oxygen only will accumulate, or it will be in the 
primary degradative pathway of the carbon and energy source when no specialized 
carbon and energy reserves will accumulate.
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The M icrobiological Degradation of Aromatic Compounds
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The breakdown of aromatic compounds by ring cleavage is an essential bio
chemical step in Nature’s ‘carbon’ cycle and is performed by several kinds of micro
organism. Bacteria are the most versatile in this respect, but several yeasts and 
fungi are able to degrade a more limited range of benzenoid structures (see list of 
Reviews on p. 183).

Among the eubacteria, representatives of the families Coccaceae, Mycobacteriaceae, 
Pseudomonadaceae, Spirillaceae, Bacteriaceae and Bacillaceae are active in this 
respect. The yeasts Oospora, Candida, Debaromyces, Pichia and Saccharomyces 
grow in media with catechol as sole carbon source. Certain higher fungi, e.g. 
Aspergillus, Penicillium and Neurospora attack aromatics and a variety of soil and 
wood-rotting fungi dissimilate the aromatic polymer lignin, as well as other plant 
phenolics. In all the above cases of aromatic ring metabolism, molecular oxygen is 
an obligatory oxidant.

The photosynthetic bacteria Rhodopseudomonas and some Rhodospirillum strains 
utilize benzoate under strictly anaerobic conditions in the light. Finally, there 
exists an anaerobic type of aromatic ring metabolism—e.g. the so-called methane 
fermentation of benzoate, although it is doubtful whether these methane bacteria 
are in pure culture.

These microbes produce, mostly as a result of induction, a whole sequence of 
enzymes which convert aromatic substrates into an ortho or p a r a  dihydroxy- 
phenol derivative, followed by cleavage of the ring to aliphatic acids; these ring 
fission products are then funnelled into the Krebs cycle through a variety of path
ways, depending on the organism and cultural conditions.

The distinctive biochemical step is ring cleavage. There are many instances of 
microbes being able to modify aromatic compounds, either by hydroxylation, or 
elimination of substituent groups, without necessarily causing fission. In the case of 
the aromatic amino acids, phenylalanine, tyrosine and tryptophan, pathways of 
metabolism exist that have much in common in all forms of life. It is only possible 
to sketch the salient features of microbial aromatic ring metabolism here, since the 
topic has, of recent years, greatly increased in scope.

(1) A ro m a tic  h ydro x y la tin g  en zym es
Aromatic hydrocarbons undergo a perhydroxylation to the trans-dihydro- 

arenediols, which are then dehydrogenated to the o-dihydroxyphenol prior to ring 
fission, thus:

H H En...Fe2+0H A  H 
— C-'~;‘C—

I II

H OH 
OH H

NAD OH OH
— c = c ---- R ing fission

III IV
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A similar system exists in liver microsomes. The bacterial enzymes are extremely 
labile and difficult to separate; parts of this scheme are therefore still hypothetical. 
The corresponding ‘ diol ’ intermediate has been isolated from cultures of naphtha
lene (Walker & Wiltshire, 1953) and phenanthrene (Colla. Fiecchi & Treccani, 1959); 
evidence for its formation also exists in the case of benzene (Marr & Stone, 1959,1961) 
and anthracene (Colla et al. 1959). Ayengar, Hayaishi, Nakajima & Tomida (1959) 
studied reacti on III, using sonic extracts of Aerobacter acrogenes known to contain a 
specific myoinositol dehydrogenase, but conveniently lacking the enzymes catalysing 
reactions I, II, and IV. With ira?is-3,5-cyclohexadiene-l,2-diol as substrate, catechol 
was formed; A AD and a regenerating system were necessary for maximal activity.

The perhyc roxylation step is Fe2+ dependent, and to account for the invariable 
formation of i-ans-dihydrodiols, the enzyme + oxygen + substrate complex is visual
ized as being of the epoxide type; second-order nucleophilic attack by a hydroxyl 
anion would yield the irans-isomer.

Polynuclear aromatic hydrocarbons attach to the relevant bacterial enzymes at 
C-C bonds of high electron density (the K regions of Pullman & Pullman, 1955). If 
they have a linear configuration, e.g. naphthalene, anthracene, attachment and ring 
splitting takes place on the same ring. Angular aromatic compounds such as 
phenanthrene afford attachments to an enzyme at a bond in a ring other than the 
one containing the ring-splitting site (Rogoff, 1962).

Benzoate, salicylate and anthranilate are common intermediates in degradative 
pathways of more complex aromatic compounds. These acids are converted to 
catechol by bacterial oxidases before ring fission; recently much light has been 
shed on these particular enzymes. Ichihara, Adachi, Hosokawa & Takeda (1962) 
prepared active cell-free systems which oxidatively decarboxylated these acids and 
caused ring cleavage of the resulting catechol. If mefa-substituted benzoates were 
used as substrates, the oxidase preparations converted them to the relevant 
catechols only, since the specificity of the fission enzymes prevented them from being 
metabolized further; in this way they were able to study the initial enzyme reactions. 
Another successful approach has been the purification of the relevant enzyme 
systems. Thus Hosokawa, Nakagawa & Takeda (1961) fractionated crude anthrani
late oxidase preparations into two indispensable protein components. Katagiri, 
Yamamoto & Hayaishi (1962) separated salicylate hydroxylase activity from the 
catechol cleavage enzyme. Results show these enzymes to be Fe2+-dependent 
requiring NADH or NADPH (and regenerating systems, e.g. ethanol and alcohol 
dehydrogenase). In the case of salicylate hydroxylase, an absolute requirement for 
flavin adenine dinucleotide (FAD) was demonstrated in addition.

'R

0 2 +  NAD H  h 20
^ ^ y C O sH ^

II

R  =  H ,O H  or N H 2 C 0 2 +  R H

The mode of action of reduced pyridinenucleotides is not yet clear, but as sug
gested by Mason (1957) for a mixed function oxidase, one atom of oxygen might, be



used to hydroxylate the substrate, and the second be reduced by the NADH (or 
NADPH). A variety of electron donors function in different hydroxyl&ting systems, 
e.g. NADH, NADPH, FADH2 in the case of the bacterial enzymes; ascorbic acid 
with phenolases; tetrahydropteridine in the phenylalanine hydroxylase of liver, 
although NADPH serves as a reductant indirectly to reduce the oxidized pteridine 
derivative.

Brief mention must be made at this point of the fate of the other monohydroxy- 
benzoates. Yano & Arima (1958) succeeded in extracting from some bacteria 
hydroxylase A, which converted m-hydroxybenzoate to protocatechuate, and from 
other organisms a hydroxylase B, which gave gentisate. Both hydroxylases required 
NADPH as co-factor. The subsequent pathways of these two dihydroxybenzoates 
differ (Figs. 1, 2). p-Hydroxybenzoate gives protocatechuate in all organisms 
studied.
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^  Catechol

Protocatechuic acid /?-Cartoxymueonic 
acid

/?-Carboxymucono-lactone

a-Hydroxy* Y-carboxy- 
muconic semialdehyde

Pyruvate and other 
Krebs-cycle compounds

Fig. 1. Oxidative fission of o-dihydroxyphenols by micro-organisms.

(2) Aromatic ring-cleavage enzymes*
The enzyme molecule contains Fe2+ and sulphydryl groups, the integrity of both 

being essential for activity; molecular oxygen is obligatory.
In the case of o-dihvdroxyphenol derivatives, two distinct cleavage enzymes are 

known. Their action may be illustrated with respect to catechol and pro-ocatechuate, 
two central aromatic intermediates (Fig. 1).

(a) Pyrocatechase (catechol 1,2-oxygenase) and protocatechuic acid oxidase 
(protocatechuate 3,4-oxygenase) open the C-C bond between the two hydroxyls.

* Dagley, Evans & Ribbons (1960).
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The ring fission product, a cis-cis muconic acid, is tlien lactonized by a Mn2+ depen
dent enzyme; hydrolytic cleavage of this to /i-oxoadipate is achieved by a delacto- 
nizing enzyme. An enzymic C, 4 -C 2 split of this oxo-acid in the presence of coenzyme 
A and catalytic amounts of succinyl-coenzyme A provides the substrates for the 
tricarboxylic acid cycle, thus:

jS-oxoadipatc suecinyl-CoA. acetyl-CoA.I thiophorase V thioiasesuccinate >A, jS-oxoadipyl-CoA CoA.
(b) Catechol 2,3-oxygenase (metapyrocatechase) and protocatechuate 4,5- 

oxvgenase open the C-C bond adjacent to a hydroxyl. The muconic semialdehyde 
so formed can undergo a noil-enzymic reaction with NH4+ ions to give a pyridine 
nucleus, or be metabolized to Krebs cycle acids, one of which is certainly pyruvate. 
In their announcement of the new catechol pathway, Daglev & Stopher (1959) 
suggested a route of metabolism of a-hydroxymuconic semialdehyde to pyruvate 
without gaseous exchange; subsequently, Nishizuka, Ichiyama, Nakamura & 
Hayaishi (1962) have suggested the following route:

catechol OHC—CH=CH—CH=C(OH)—C02H
H02C—CH=CH—CH2—CO—C02H 
C02+CH3—CH(OH)—CH2—CO—C0.2H 
(CH3—CO—CH2—CO—C02H)

-H,0> CH3—C02H +CII,—CO—C02II
It is interesting to note that Gholson et al. (1962) have recently implicated 
a-hydroxymuconic semialdehyde in the catabolism of tryptophan by mam
malian liver. Ribbons & Evans (1962) adduced evidence in favour of pyruvate 
and malate as the products of protocatechuate metabolism via y-carboxy-a- 
hydroxymucc nic semialdehyde.

In the case of p-dihydroxyphenols, rupture of the bond between the carbon atom 
bearing a hydroxyl and an adjacent carbon atom carrying a side chain or carboxyl, 
occurs. For homogentisate, this method is common to micro-organisms (Chapman 
& Daglev, 1932) and mammals, being the pathway of tyrosine metabolism. Both 
homogentisicase and gentisicase give rise initially to the aliphatic oxo-acids with 
the cis (maleyl) configuration, but a glutathione dependent isomerase converts them 
to the trails (fumaryl) isomers; a hydrolase then catalyses fission of these to fumarate 
and acetoacet.ate, and fumarate and pyruvate respectively (Fig. 2).

There are :wo routes of tryptophan metabolism found among Pseudomonads. 
The ‘anthranilate’ pathway involves oxidative fission of the pyrrol ring to formvl- 
kynurenine, elimination of the formyl group and a non-oxidative cleavage of the 
kynurenine to alanine and anthranilate (subsequently to be metabolized via 
catechol). In the ‘quinoline’ pathway, kynurenic acid is formed, which is then 
hydroxylated in the C7, 8, positions; fission of the aromatic nucleus apparently 
occurs in two ways. Hayaishi & collaborators (Ivuno et al. 1961) initially suggested 
a split between the two hydroxyls, then revised this view (Kojima, Itada & Hav- 
aishi, 1961) in favour of cleavage between C8 and the angular C atom. The sub
stituted pyricine rings so formed give rise to glutamate in both cases.
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M e c h a n is m  o f  a c tio n  o f  b a c te r ia l  o x y g e n a se s . These all belong to the class of 
enzymes called ‘oxygen transferases’ by Mason (1957). A tracer study with 180  
proves that the two oxygen atoms in the ring fission product are derived from mole
cular oxygen (Hayaishi, Katagiri & Rothberg, 1957). It is thought that the first 
step is the formation of an oxyferro-oxygenase. Electrons have been donated to the 
oxygen from the iron, allowing the O—O bond to be weakened (Ingraham, 1962);
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association of the perferryl complex with the o-dihydroxyphenol group leads to a 
redistribution of electrons and fission of the C-C bond. Oxygenases are labile in 
oxygen; Taniuchi e t a l. (1962) were able to restore catechol 2,3-oxygenase (meta- 
pyrocatechase) activity with sodium borohydride (and other reducing agents to a 
certain extent) best under anaerobic conditions. FADH2, FMN arid riboflavin in the 
presence of NADH were also effective, and they suggest a physiological role for 
flavin coenzymes in reductive enzyme reactivations.
OH,

CHjCOOH 
------*~-

COOH COOH COOHCOCHjOOOH S ,  OOCH2COOH %  CO CHX'OOH

U  ~ ~OH
Homogentisate

OH

OH
Maleylacetoacetate

COOH
CO. COOH

OH
Maleylpyruvate

OH'
Fumarylacetoaeetate 

COOH CO. COOH

Fumarylpyruvate

CH3 
COOH

Fumarate Acetoacetate 
COOH CO. COOH

CH3 
COOH

Fun.arate Pyruvate
Fig. 2. Oxidative fission of p-dihydroxyphenols by micro-organisms and mammals.

(3) F a te  o f  s u b s t i tu e n t  g r o u p s  o n  m o n o c y c lic  a r o m a tic  r in g s  before  c le a va g e
There are obviously a great many biochemical reactions which ring-splitting micro

organisms perform on substituted benzenoid structures before nuclear fission. A 
few of these may be illustrated.

(i) Aromatic methyl ethers are demethylated to the corresponding hydroxy- 
derivative. Semicarbazide traps the methoxyl C as formaldehyde; in its absence 
it is oxidized terminally to C02 (Woodings, 1961).



(ii) Methyl substituents may be oxidized step-wise to the carboxylic acid (e.g. 
the cresols), but in some cases it remains intact until after ring fission (e.g. MCPA 
metabolism. Evans, Gaunt & Davies, 1961).

(iii) Chloro-substituents usually remain on the ring unless removal is obligatory 
for the introduction of hydroxyls, which are necessary for fission.

(iv) Nitro and sulphonic acid groups can be eliminated and replaced by hydroxyl.
(v) A carboxyl may be oxidatively decarboxylated; in some cases anaerobic 

decarboxylation occurs, e.g. of 4,5-dihydroxyphthalate to protocatechuate (Ribbons 
& Evans, 1960).

(vi) Aliphatic side-chains are dealt with in a variety of different ways. They may 
be eliminated, by ^-oxidation (Webley, Duff & Farmer, 1955) or other mechanisms 
familiar to biochemistry, or even remain intact—e.g. phenylpropionic acid (Coulson 
& Evans, 1959; Dagley & Ciiapman, 1961, private communication).

(4) M e ta b o l is m  o f  p o ly n u c le a r  a r o m a tic  h y d ro c a rb o n s
Perhydroxylation followed by dehydrogenation produces 1,2-dihydroxynaph- 

thalene, 1,2-dihydroxyanthracene, and 3,4-dihydroxyphenanthrene from their 
parent hydrocarbons. The actual site of cleavage in the naphthalene nucleus is the 
bond between the angular C and C1 which also carries a hydroxyl (Davies & Evans, 
1962). There is strong evidence that it takes place at the analogous bond in 1,2- 
dihydroxyanthracene and 3,4-dihydroxyphenanthrene (Fernley & Evans, 1958; 
Griffiths & Evans, 1963, personal communication).

The case of naphthalene will serve to illustrate this pathway: A Fe2+ oxygenase 
converts 1,2-dihydroxynaphthalene to o-hydroxybenzalpyruvate; a hydrolytic split 
converts this to salicylaldehyde and pyruvate; a NAD dependent dehydrogenase 
produces sahcylate from the aldehyde; a salicylate hydroxylase gives catechol, 
which is ruptured to a-hydroxymuconic semialdehyde by the catechol 2,3-oxygenase 
also present _n the cell-free extract.

(5) A n a e r o b ic  m e ta b o lis m  o f  c e r ta in  a r o m a tic  c o m p o u n d s
Hitherto, we have considered only the aerobic metabolism of aromatic com

pounds by micro-organisms. Although much less is known about them, certain 
derivatives o: benzene are dissimilated under anaerobic conditions by some bacteria.

Photosynthetic bacteria require accessory hydrogen donors for anaerobic photo
synthesis in light; although evolution of oxygen has never been observed, an 
oxidizing entity of sufficient positive potential to perform the peroxidation of 
benzoate is produced by several strains of non-sulphur photosynthetic bacteria, 
e.g. Rhodopseudomonas and Rhodospirillum. According to Proctor & Scher (1960) 
sequential induction evidence supports the following tentative scheme:

Benzoate -> protocatechuate -> catechol —> unidentified oxo-acids.
Clarke & Fina (1952) confirmed the utilization of benzoate by methane-producing 

cultures; catechol and prctocatechuate could not be metabolized by these cultures, 
and exogenous C02 was not reduced mainly to methane. In subsequent tracer 
studies (Fina & Fiskin, 1960; Roberts, 1962) it was determined that the carboxyl-C 
and C4 of benzoate behaved the same as exogenous C02. They were not reduced to 
methane primarily; on the other hand, C1 of the ring was converted almost entirely
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to methane. Benzoate utilizing cultures did not produce methane and C02 from 
fumarate, acrylate or isobutyrate without very long adaptive lag periods. Cyclo
hexane carboxylic acid, butyric and propionic acids, however, produced gas readily 
with no lag period. Propionate, containing C4 of the ring, was isolated from the 
benzoate culture liquor; it did not contain Cl or C7. One can thus speculate that 
there is a preliminary saturation of the ring followed by a rupture between C1 and 
C2 before propionate is released. No other organic acid has yet been isolated.
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The Classification of some Violet-Pigmented Micrococci
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SUMMARY

Seven strains of micrococci which produce violet pigment were studied.We recommend that the names S taph ylococcu s fla vo cya n eu s  Knaysi and 
M icrococcu s po lych rom u s Makarova should be regarded as synonyms of 
M . lu teus (Shroeter) Cohn, and consider that M . v io lagabriellae  Castellani belongs to the species S taph ylococcu s ep id e rm id is . For the practical diagnosis of micrococci we recommend that those strains which form a violet pigment, which do not give acid in glucose peptone water and do not form acetylmethylcarbinol, should be identified as atypical strains of 
M icrococcu s luteus.

INTRODUCTION
Several species of micrococci which produce violet pigment have been described 

but their classification is not satisfactory; M icrococcu s cyan eu s (Schroeter) Cohn 
(1872), and S taphylococcu s fla vo cya n eu s  Knaysi (1942) are examples. Hucker (1928) 
thought that they probably belong to the species M . f la v u s  and therefore they are 
not described in the 7th edition of B ergey 's M a n u a l (1957). Krasilnikov (1949) did 
not mention any species of violet-pigmented cocci in Iris guide. Shaw, Stitt & 
Cowan (1951) considered that S . fla vo cya n eu s  is identical with S . a ferm en tan s. The 
more recently described cocci, M . po lych rom u s  Makarova (1949) and M . v io la 
gabriellae  Castellani (1955) are not classified in the 7th edition of B ergey's M a n u a l. 
We have studied seven strains of micrococci which produce violet pigment obtained 
from various collections.

METHODS
The methods used were those described previously (Kocur & Martinec, 1959). 

The strains studied were strains b s  622, 851, 853, M icrococcu s fla vo cya n eu s; strain 
b s  856, M . cyan eu s; strain b s  852, M icrococcu s sp.: all from C. B. van Niel (Hopkins 
Marine Station of Stanford University, Pacific Grove, California, U.S.A.), strain 
b s  247, S taph ylococcu s fla vo cya n eu s  Knaysi n c t c  7011 from National Collection of 
Type Cultures, London; strain b s  575, M . vio lagabriellae  from A. Castellani, Insti
tute for Tropical Medicine, Lisbon, Portugal.

RESULTS
M orph ology. All the strains showed Gram-positive cocci of diameter 1-2-2y ,  

occurring in clumps; cubical packets were formed only by strains 247, 622 and 851. 
All the strains were non-motile.

C u ltu ra l ch aracteristics. On nutrient agar all the strains formed round slightly
12-2
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Table 1. B ioch em ical ch aracteristics o f  v io le t-p igm en ted  s tra in s  com pared  w ith  
those o f  know n species o f  m icrococci 

The tests were made as described by Kocur & Martinec (1959).
M icro co ccu s M icro -  

p o ly -  coccus
Strain no. M icro - ch rom u s v io la -

, --------------- A ------ ^ COCCUS Makarova, ea b rie lla e ,
Test 247 622 851 852 853 856 la teu s* 1949 strain 575

Acid fromGlucose — — — — — — — — +Lactose — — — — — — — — +Sucrose — — — — — — — — +Maltose — — — — — — — — +Galactose — — — — — — — 0 +Fructose — — — — — — — 0 +Rhamnose — — — — — — — 0 —

Mannose — — — — — — — 0 +Inulin — — — — — — — 0 —

Xylose - — — — — - - — -Arabinose — — — — — — — 0 —

Glvcerol — — — — — — — 0 +Adonitol — — — _ — _ _ 0 —

Sorbitol — — — — — — — 0 —

Mannitol — — — _ — _ _ 0 +Dulcitol — — — _ — — — 0 —

Salicin — — — — — — — 0 —

Aesculin hydrolysis — — — — — — ( - ) 0 —

Starch hydrolysis — - + — + — ( - ) 0 —

Sodium citrate utilized — — — — — _ ( - ) 0 —

Acetoin formed — — — _ _ _ 0 +Methyl red — — — — — — — 0 —

Gelatin hydrolysis + + + + + + ( + ) + —Casein hydrolysis + + + + + — ( + ) 0 —Nitrate reduced to n trite + + + + + + ( - ) — +Hydrogen sulphide - — — — — — ( - ) 0 —Indole — — — _ _ _ 0 —

Milk coagulation — — — — — — ( - ) + —

Phenylalanine deaminated — — — _ _ _ 0 —

Catalase + + + + + + + +Haemolysis - — — — — — — — —Coagulase — — — — — — — 0 —Phosphatase — — — — — _ _ 0 —

Urease - + + + + — ( - ) 0 +Lipase - - — — — + ( - ) 0 +Yellow pigment on nutrient agar + + + + + — ( + ) + —Sensitivity toPenicillin 10 units /ml. + + + + + ( + ) 0 —Streptomycin 20 /( './ml. + + + + + + ( +  ) 0 +Chloramphenicol 2 ) /(g./ml. + + + + + + ( + ) 0 +Chlortetracycline 100 /(g./ml. + + + + + ( + ) 0 +Terramycin 50 /¿g./ml. + + + + + + 0 +Tetracycline 50 //g /ml. + + + + + + ( + ) 0 +Erythromycin 20 /.g./ml. + + + + + + ( + ) 0 +Neomycin 40 y g./ml. + + + + + + ( + ) 0 +Tyrothricin 40 /(g./ml. — — — — — 0 —Nystatin 20 units/ml. + + + + + + ( + ) 0 _Bacitracin 5 units/ml. + + + + + + ( + ) 0 —Lysozyme + + + + + + ( + ) 0 -

Explanations: +  — positive; ( + ) =  most strains positive; — =  negative; ( —) = most strains negative  
0 = data not given; * = data from Kocur & Martinec (1902).



convex, smooth colonies with an entire, or slightly modulate margin. In five 
strains the colour of the colonies was yellow, but they also formed another pigment 
which diffused into the medium and gave it a light brown colour. Strain 856 formed 
violet-black colonies. Strain 575 (M icrococcu s vio lagabriellae) did not produce 
pigment on any of the media used. The strains formed colonies which were similar 
in form and colour to the colonies grown on nutrient agar, except that thev pro
duced a violet pigment which diffused into the medium on glucose yeast agar 
(Rosypal, Kocur & Hodak, 1963). Strain 856 formed rough dark-violet colonies on 
this medium but the pigment diffused only slightly into the medium. All the strains 
except M . vio lagabriellae  produced pigment on potato and on most o: the usual 
diagnostic media (starch agar, fat agar, etc). All the strains formed a slight 
turbidity and sediment in nutrient broth.

B ioch em ica l ch aracteristics. These are shown in Table 1.
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D IS C U S S IO N

With the exception of M icrococcu s v io lagabriellae  b s  5 7 5  all the strains had similar 
biochemical properties (Table 1). A detailed comparison showed that all the 
strains other than b s  5 7 5  could be classified as the species M . lu teus. We came to 
this conclusion by comparing the present results with data from 149 strains of 
yellow-pigmented cocci and with the characteristics of M . lu teus (Kocur & Martinec,
1962). The only constant difference between these strains and M . lu ieus was in 
pigmentation. However, on nutrient agar these strains formed yellow or greenish 
yellow colonies similar in colour to those of M . lu teus. Only when cultivated on 
glucose yeast agar did these strains produce a violet diffusible pigment not observed 
on other diagnostic media (e.g. gelatin, starch agar, Simmons’s citrate medium, 
blood agar, etc.).

The production of this violet diffusible pigment is not only dependent on 
the medium, since Rosypal et a l. (1963) have shown that S taph ylococcu s fla vo -  
cyan eu s and other strains of violet cocci can lose the ability to produce it, but no 
change in the production of the yellow pigment was noticed on nutrient agar. 
For these reasons we do not consider the production of a violet pigment is a suitable 
criterion for the differentiation of micrococci into species. Strain b s  856 differed 
somewhat from the others; we think that it is an atypical strain of M . lu teus.

Another species, which produced a violet pigment, the validity of which is 
questionable, is M icrococcu s po lych rom u s described by Makarova (1949). We have 
not studied a strain of this species, but the description of the biochemical properties 
of the pigment is in agreement with that of strains winch we studied. We think it 
unlikely that it forms a new species and that it is probably a strain of M . lu teus.

On the basis of these results we recommend that those micrococci which produce 
a violet pigment and which do not acidify glucose peptone water nor form acetyl- 
methylcarbinol should be classified as M icrococcu s lu teus.

M icrococcu s v io lagabriellae , strain b s  575, differed substantially from the other 
strains we studied. According to the original description this species is supposed 
to produce a violet pigment on glucose agar and on potato. The strain which we 
received directly from Dr A. Castellani, however, and also a strain from the American 
Type Culture Collection (a tc c  12328) did not produce pigment on either of these
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m e d ia  n o r  o n  a n y  o th e r  d ia g n o s t ic  m e d ia . T h e y  m a y  h a v e  lo s t  t h e i r  p ig m e n t 
fo r m in g  a b i l i t y  d u r in g  m a in te n a n c e . I n  c o n t r a s t  to  C a s t e l la n i ’ s d a t a  th e  s t r a in  w e  
s tu d ie d  fo rm e d  a c e t y lm e t h y lc a r b in o l ,  g a v e  a c id  in  la c to s e  p e p to n e  w a t e r  a n d  in  
m a n n it o l  p e p to n e  w a t e r ,  a n d  d id  n o t  l iq u e f y  g e la t in . T h e s e  a p p a r e n t  d if fe re n c e s  
m a y  h a v e  b e e n  d u e  to  th e  u se  o f  d if fe r e n t  m e th o d s . M . vio lagabriellae  is  a p p a r e n t ly  
n o t  a  sp e c ie s  o f  th e  g e n u s  M icrococcus, b u t  a p p e a rs  to  b e lo n g  to  th e  sp e c ie s  S ta p h y 
lococcus e p id e rm id is  (W in s lo w  &  W in s lo w , 1 9 0 8 ) E v a n s .  S im i la r  c o n c lu s io n s  w e re  
d r a w n  b y  S n e a th  (1 9 6 0 ) .

W e  w is h  to  t h a n k  M rs  J .  B e n e s o v a  fo r  te c h n ic a l  a s s is t a n c e .
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A Study of Violet-pigmented Micrococci. Yellow-pigmented 
Mutants of Staphylococcus flavocyaneus

By S. ROSYPAL, M. KOCUR a n d  K. HO£)AK
D ep a rtm en t o f  M icrob io logy, F a cu lty  o f  Sciences,

U n iv e rs ity  o f  J .  E . P urlcyne, B rn o , C zechoslovakia

(R eceived  13 A p r i l  1962)
S U M M A R Y

Staphylococcu s fla vo cya n eu s  produces at least two pigments on glucose yeast-extract agar; a violet diffusible pigment and a yellow non-diffusing pigment. On some media the production of violet diffusible pigment is inhibited. In broth cultures of this organism a mutation takes place giving rise to yellow-pigmented mutants which have lost the ability of producing the violet pigment. A considerable accumulation of these mutants occurs in cultures on both solid and liquid media. No reversion to the violet- pigmented state or other change in pigmentation in the mutants has been observed.The yellow-pigmented mutants do not differ from strains of M icrococcu s  
lu teus with the exception of some characteristics which are variable within that species. This supports the conclusions of Kocur & Martinec (1963) that S taphylococcu s flavocyan eu s  Knaysi shoidd be regarded as a strain of 
M icrococcu s lu teus (Schroeter) Cohn.

IN T R O D U C T IO N

Kocur & Martinec (1963) concluded that the violet-pigmented cocci named 
S taphylococcu s fla vo cya n eu s  Knaysi, M icrococcu s cyan eu s (Schroeter) Cohn, and 
M . po lych ro m u s  Makarova are identical with M . lu teus (Schroeter) Cohn. Knaysi 
(1942) observed that one of these cocci described under the name S . fla vo cya n eu s  
dissociated spontaneously into a lemon-yellow strain. Under our cultural conditions 
on the glucose yeast-extract agar S . fla vo cya n eu s  produced, according to Knaysi’s 
observation (1942), two pigments, one violet and diffusible, the other yellow and 
non-diffusing. In preliminary experiments we found that the accumulation of 
yellow-pigmented variants occurred in the broth cultures of S . fla vo cya n eu s  even if 
we initiated the cultures with very small inocula that did not contain the yellow 
variants. In addition the proportion of yellow-pigmented variants varied signi- 
cantly between similar broth cultures of this organism. According to these findings, 
which will be described in detail in a subsequent paper, we consider the yellow 
variants of S . fla vo cya n eu s  to be spontaneous mutants. Here we describe the popu
lation changes in broth cultures of S . fla vo cya n eu s  due to the accumulation of the 
yellow-pigmented mutants, and the taxonomic significance of this in the classi
fication of S . fla vo cya n eu s  will be considered.
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¿METHODS
Most of the observations described in this article were made with the strain 

b s  852 designated by us as Staphylococcus flavocyaneus and received from Professor
C. B. van Niel. Other experiments were made with the original strain of Knaysi 
S. flavocyaneus (n c t c  7011), and with strains b s  851 and b s  856 (see Kocur & 
Martinec, 1963). We found the same phenomenon in Knaysi’s type strain. The 
strains given in Table 3 come from our collection.

Gurr’s nutrient broth was used for the studies of the accumulation of mutants. 
Viable counts were made by plating 0T ml. of appropriate dilutions on glucose 
yeast-extract, agar (g./l. distilled water: yeast extract, 5; peptone, 5; glucose, 10; 
agar, 10; adjusted to pH 7-2). The following media were also used: Difco nutrient 
agar; nutrient agar with gelatin (Difco nutrient agar, 900 ml.; 10% (w/v) gelatin, 
10 ml.; adjusted to pH 7-2); Difco nutrient agar with 2 % (w/v) soluble starch 
(adjusted to pH 7-2); yeast-extract agar with phenylalanine (g./l. distilled water: 
yeast extract, 3; m,-phenylalanine, 2; Na2HP04, 1; NaCl, 5; agar, 10); glucose 
yeast-extract agar with beef extract (g./l. distilled water; yeast extract, 3; beef 
extract, 3; glucose, 20; CaC03, 20; agar, 20).

Serial transfer of b s  852 was carried out as follows: Erlenmeyer’s flasks, each 
containing ID ml. broth, were inoculated with 878 ±(ts- = 65, P  = 0-05) cells of 
strain b s  852. Control platings showed that there were no yellow-pigmented mutants 
in the inocula. The flasks were incubated for 96 hr. at 30° and 0T ml. was trans
ferred into flasks containing fresh broth. Similar transfers were repeated ten times, 
but at 48 hr. intervals. After the second, fourth, sixth, eighth and tenth transfers 
platings of suitable dilutions were made on glucose yeast-extract agar and incubated 
at 30° for 72 hr. to determine the percentage of yellow-pigmented mutants. The 
same procedure was used with strains n c t c  7011, b s  851 and b s  856.

To estimate the mutants in cultures on solid media a loopful of an agar slant 
culture grown for 48 hr. at 30° was suspended in a sterile physiological saline and 
plated as above.

Growth races were determined from viable counts on populations allowed to grow 
for 22 hr. at 30°. As the growth constant we used the mean division rate (r), cal
culated according to Monod (1949).

The biochemical tests were the same as in previous works (Kocur & Martinec, 
1959, 1963).

Each experiment described in this paper consists of several parallel observations 
from which the mean was calculated. With these parallels it was several times 
repeated. The results given involve the values of successful experiments which were 
analysed by conventional statistical methods, e.g. by the analysis of variance or by 
estimating the standard error (s-). The value of S was calculated according to the 
equation

 ̂ _  /2 x residual variance
V m ’

where m is the number of members in the analysed group.
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RESULTS

Table 1 shows that after the second transfer the number of yellow-pigmented 
mutants reaches 8-73% of the Staph ylococcu s fia vo cya n eu s  population. After the 
eighth transfer the number of mutants reaches over 90 %.

Strains nctc 7011, bs 851 and bs 856 were similarly examined. After the tenth 
transfer there were on the average 8-35% of yellow-pigmented mutants in strain 
nctc 7011 and 19-1% in strain bs 851. In bs 856 no yellow-pigmented mutants 
were found.

Table 1. A ccu m u la tio n  o f  ye llow -p igm en ted  m u tan ts  o f  Staphylococcus 
flavocyaneus du rin g  ser ia l tran sfers  in  n u trien t broth

Each population was initiated with 878±(isj =  65, P  =  0 05) cells of strain BS 852 and then after 48 hr. incubation at 30° 01 ml. of each population was transferred into fresh nutrient broth. The figures are the averages of six experiments.

No. of
Averagepercentageoftransfers mutants

2 8-734 30-68
6 70-16
8 91-50

10 97-33
Table 2. M ea n  d iv is io n  ra tes o f  s tra in  bs 852 a n d  i ts  yellow - 

p ig m en ted  m u ta n t in  m ix ed  an d  n on -m ixed  p o p u la tio n s
Mean division rates were estimated for the time interval of growth 0-22 hr. at 80°.

Inocula
No. of cells per 1 ml. ± tsx;

P  =  005
Mean division rates per hour (averages of six experiments)

Mixed populations,----------*----------*Parent Mutant
212 x 10“ 356 X102

±32x10“ +84 x 102

0-242 0-545

Non-mixed populations
_____________________ A,_____________________ ^

Parent Mutant
266 x 101 503 x 10“

+ 41x10“ ±34x10“
0-227 0-274

The proportion of mutants in cultures grown on glucose yeast-extract agar slants 
and plates was on the average 0-21 %.

What causes the accumulation of the yellow-pigmented mutants? To answer this 
we determined the mean division rates of one of the mutant strains and of the 
parental strain. We used bs 852/17, isolated from bs 852, as the yellow mutant 
strain. From Table 2 it is seen that the mean division rate of the mutant strain in 
non-mixed populations is only slightly higher than that of the parental strain. 
Nevertheless, the difference is significant (8 = 0-030 calculated from the analysis 
of variance). However, the mean division rate of the mutant strain increased to 
approximately double in mixed populations. At the same time the mean division 
rate of the parental strain in the mixed populations was the same as that in the non- 
mixed populations (the difference was not significant statistically).

As to the phenotypic expression of the pigmentation by the parent and mutant
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strain, on some media the parent culture produces no violet diffusible pigment, or 
produces on_y very small amounts. The production of this pigment is slight or 
absent on nutrient agar, nutrient agar with starch, nutrient agar with gelatin and 
on yeast-extract agar with phenylalanine. On plates of these media the colonies of 
the parent culture appeared to be greenish yellow. On glucose yeast-extract agar 
with or without beef extract it produces both pigments. The mutant strain b s  852/17 
produces yellow pigment on all these media.

Thirty yellow-pigmented mutants from b s  852 were serially transferred in order 
to ascertain whether they lose the ability to produce the yellow pigment. No such 
loss was found even after fourteen transfers. We have been working with these 
mutants for 2 years (transfers into fresh media have been made at least once every 
two months) and we have not found any reversion to the violet-pigmented state 
or any other change in pigmentation.

Table 3. T axo n o m ic  com parison  o f  a  ye llow -p igm en ted  m u tan t o f  
s tra in  b s  852 w ith  other s tra in s  o f  Micrococcus luteus

Tests

S. Kosypal, M. Kocue and K. H odak

Name as received 
and no. of strain

Staphybcoccus flavocyaneus 
bs 8 5 2

Yellow-pigmented m utant 
bs 8 5 2 /1 7

Micrococcus luteus bs 81C 
M . lysodeikticus bs 1 3 3 5  
M . sodonensis b s  1 4 4  
Staphybcoccus afermentans 

bs 8 5 5
Sarcina lutea bs 3 1 0  
S . jlava  bs 3 0 9  
S . citrea bs 2 4 8  
S . aurantiaca  bs 686 
S . subfiava bs 5 5 9  
S . pebyici b s  3 3 1
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None of the thirty yellow-pigmented mutants differs except in pigmentation 

from the parental strain b s  852 in morphological, cultural and biochemical characters 
commonly used in taxonomy. One mutant strain, b s  852/17, is compared with other 
yellow-pigmented cocci i:i Table 3. The names in Table 3 are commonly regarded 
as names of species, but we regard them all as strains of M icrococcu s lu teus (Kocur 
& Martinec, to be published). The mutant strain only differs from the other 
strains in characteristics which (Kocur & Martinec to be published) consider to be 
variable in M. lu teus.
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DISCUSSION

Metabolism of the organism can cause selection against the parent cells and 
favour other types (Braun et al. 1951; Braun, Firshein & Whallon, 1957; Braun, 
1958; Firshein & Braun, 1958, 1960). Similarly in the broth cultures of Staphy
lococcus flavocyaneus the metabolism of parent cells may cause the selection of 
yellow-pigmented mutants so that the parent cells are outgrown by the mutant 
ones. Since the mean division rate of the mutant strain in unmixed populations was 
only slightly higher than that of the parent strain it follows that in broth cultures 
of S. flavocyaneus conditions exist that favour the growth of yellow-pigmented 
mutants. These conditions created by the parent strain favour the survival of the 
mutants which outgrow the parent population.

The mutants did not revert to the violet pigmentation state. The production of 
yellow pigment by the mutants did not undergo phenotypic modification on 
different media, unlike the production of violet pigment by the parent culture, which 
was inhibited on some media. A convenient medium for the nroduction of violet 
pigment seems to be glucose yeast-extract agar; on this and on other media, how
ever, the yellow-pigmented mutants did not produce any violet pigment. This 
indicates that, as to pigmentations, the mutants differ genetically from the parent 
strain; they have lost by mutation the ability to produce the violet diffusible pig
ment. It was not possible, however, to measure the mutation rate by the methods of 
Stocker (1949) or Luria & Delbriick (1943), because of the different growth rates 
and the absence of a selective medium for the yellow-pigmented mutants.

Yellow-pigmented mutants were not formed by b s  856 under our conditions of 
cultivation. This strain is a rough (R) form, whereas the strains b s  852, b s  851, and 
n c t c  7011 are smooth (S), and the environmental conditions for accumulating 
yellow-pigmented mutants may possibly be different.

Since the violet-pigmented cocci spontaneously throw off yellow variants that 
do not differ from other strains of Micrococcus luteus, except in a few characters that 
are variable in this species, we conclude that Staphylococcus flavocyaneus Knaysi is 
so closely related genetically to M. luteus (Schroeter) Cohn that it should be re
garded as a strain of this species.

The authors wish to thank Miss Zdenka Vyslouzilova for her excellent technical 
assistance in this work.
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Environmental Control of the Course of Development 
in D ic ty o s te l iu m  d is c o id e u m

By  M. I. KRICHEVSKY* a n d  BARBARA E . WRIGHT
S e c t io n  o n  E n z y m e s ,  N a t io n a l  H e a r t  I n s t i tu te ,  N a t io n a l  I n s t i tu te s  

o f  H e a lth , B e th e s d a  14, M a r y la n d

(R e c e iv e d  10 D e c e m b e r 1962)
SUMMARY

D ic ty o s te l iu m  d is c o id e u m  uses a wide variety of extracellular materials 
to accelerate the rate of morphogenesis. The stimulants of morphogenesis 
do not appear to exert their effect through the action of such factors as 
buffering, ionic strength, tonicity of the medium, or chelation.

Both glucose and histidine stimulate the rate of incorporation of amino 
acids into protein but at differing stages of development. Glucose stimu
lates throughout differentiation while histidine shows maximal stimulatory 
ability at preculmination (i.e. the stage just prior to complete fructifica
tion). The two compounds exhibit a mutual antagonism when added 
together.

It is concluded that glucose is probably acting as a primary energy 
source, whereas histidine is not acting in this manner or as a limiting 
amino acid for protein synthesis.

INTRODUCTION
During the life cycle of the cellular slime mould D ic ty o s te l iu m  d is c o id e u m , indi

vidual myxamoebae multiply on a rich medium at the expense of a bacterium such 
as E s c h e r ic h ia  c o li . This is the only stage of the life cycle in which growth, or an 
increase in protoplasm, occurs. When the bacterial portion of the food supply is 
gone, thousands of individual amoebae aggregate to form a multicellular pseudo- 
plasmodium. After a period of migration, the pseudoplasmodium culminates to 
form the final fruiting body, or sorocarp, which is composed of a mass of spores 
resting on a stalk of cellulose-encased cells. For a detailed discussion of the morpho
genesis of D . d is c o id e u m  see Bonner (1959).

The investigations described here are an outgrowth of those of Bradley, Sussman 
& Ennis (1956), who found that histidine enhanced both the efficiency (i.e. the 
number of aggregation centres formed, per unit of cell population, as well as the 
minimum population density required for any centre formation) and rate of the 
aggregative process.

METHODS
M ic r o b io lo g ic a l . The myxamoebae of D ic ty o s te l iu m  d is c o id e u m  were grown on a 

complex solid medium (Bonner, 1947) on living E s c h e r ic h ia  c o li. After the growing 
amoebae had essentially cleared the agar surface of bacteria they were washed off

* Present address : Laboratory of Microbiology, National Institute of Dental Research, National 
Institutes of Health, Bethesda 14, Maryland.



with cold dist lied water, separated from residual bacteria (as determined micro
scopically) by repeated light centrifugation and resuspended in cold distilled water 
before transfer to 2-5% agar plates. When it was desired to incubate the cells 
further in an aqueous environment (as opposed to the agar surface), the mvx- 
amoebae were finally suspended in a cold salt solution (Bonner, 1947) instead of 
water. Small amounts of amoebae were harvested from standard Petri dishes while 
larger numbers of cells were obtained from covered aluminium cookie sheets 
measuring 15 x 10 x 1 in.

M o r p h o g e n e tic  e x p e r im e n ts . In testing the effect of a substance on the develop
mental process, the material was incorporated into 10 ml. of either 2-5 % washed 
agar (10 volumes of distilled water) (Bradley et a l. 1956) or 2-5 % Difco Noble agar. 
On the day preceding the actual experiment, the agar was poured into a standard 
9 cm. diam. Petri dish. The vegetative amoebae obtained from one Petri dish 
culture, prepared as outlined above, were suspended in a final volume of 10 ml. of 
cold distilled water. Six droplets of 0-01 ml. each were placed on the agar surface 
of each test plate without being spread. Thus the cell population and density could 
be maintained constant (Bradley e t a l. 1956). The pH was initially 6-2 except where 
noted.

The test plates were incubated at 22° for a time period (usually 20-24 hr.) such 
that only a sir all fraction of the ultimately possible mature sorocarps had formed 
on the surface of the control plates (i.e. those with nothing added to the 2-5 % agar). 
After incubation, the number of sorocarps as well as the total number of bodies at 
all stages of development (from definite aggregation through mature sorocarp 
formation) were counted in each spot and totalled for each plate.

The greatest contrast in the degree of sorocarp formation between control and 
experimental plates is observed when the control plates have just commenced 
fruiting. Since the fruiting process is not complete when the counts are made, any 
change in the rate of development would be reflected in the number of sorocarps 
observed. In nost cases studied, the stimulatory effect of a given material was 
qualitatively toe same regardless of whether the total number of mature sorocarps, 
the total numoer of developing centres, or the ratio of sorocarps to centres was 
considered. (The few exceptions noted are pointed out in the Results section). For 
all three criteria to yield the same qualitative results, changes in the rate of develop
ment as a whole must be a major factor in the observed results. Even though the 
population densities were not adjusted to a fixed value from experiment to experi
ment, the standard procedure used for preparing the amoebae suspensions gave 
populations waich operationally fell well within the limits given by Bonner & 
Dodd (1962).

If one waits ong enough, the number of sorocarps should be the same in all plates 
when fruit formation is complete. This was found to be so with most of the conditions 
used in this study. An example may be found in the data in Fig. 4. On plates con
taining 0-04 M-. listidine plus 4x 10-3m or more phosphate as well as the plate con
taining 1 x 10_2M-phosphate alone, fruit formation was complete. The number of 
sorocarps is essentially the same in all cases. Therefore, differences in numbers of 
sorocarps pricr to complete fructification would reflect changes in rate of 
morphogenesis

The average % standard error for all the data presented in this paper was found
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by: (a) computing the standard error of the mean of the sorocarps found in the six 
drops on each plate; (b) converting this error to a % of each mean; (c) averaging 
these % errors by multiplying together and taking the JVth root. By this method, 
the average % error was found to be a maximum of 23-6 %. This figure was 
derived by assuming that all the plates exhibiting no mature sorocarps had a % 
standard error of 100 %. If these samples are omitted from the calculation, then 
the average % error is 19%. As might be expected, those plates exhibiting the 
greatest number of mature sorocarps (i.e. those stimulated to the greatest extent) 
were most reliable, having an average % standard error (with more than 50 soro
carps) of 8-15 %.

Isotope incorporation experiments. Two types of incubations were performed to 
test the effect of histidine and/or glucose on the ability of Dictyostelium discoideum 
to incorporate isotopically-labelled amino acids into protein. In all experiments, 
approximately 4 % of the washed amoebae obtained per cookie sheet were incubated 
in each Petri dish. The cells were either: (a) suspended in Bonner’s salt solution 
(0-6 g. NaCl; 0-75 g. KC1; 0-3 g. CaCl2 per litre of distilled water) and all materials 
subsequently added were also dissolved in the salt solution, or (b) 0-4 ml. of cells 
suspended in cold distilled water were spread on the surface of washed agar and 
distilled water was used as the diluent for all substances. In the former system 
differentiation could proceed only through the aggregation stage, so that long term 
experiments were carried out in the agar system. Where comparable experiments 
were performed, no qualitative differences were observed between the two incuba
tion systems.

After pre-incubating the organisms for varying lengths of time, the substance 
to be tested was added along with the tracer materials (0-5 pC./sample; 0-65 pg. 
amino acids). Incubation was at either 19° or 22° for the times indicated, and when 
complete an equal volume of 6 % trichloroacetic acid was added. The protein was 
purified by the method outlined by Wright & Anderson (19605). When incorporation 
of tracer into the organism’s soluble pool was to be determined, the cells were washed 
three times with the salt solution before the trichloroacetic acid was added. In this 
case, the acid supernatant was retained for counting.

It  should be pointed out that such incorporation does not represent a net protein 
synthesis. While both protein synthesis and protein degradation take place during 
morphogenesis, the net effect is one of degradation (Wright & Anderson, 1960a). 
Although the term ‘ protein synthesis ’ will be used hereafter, it is obvious that any 
effects on the amounts of isotopically labelled amino acids in protein are a resultant 
of effects on both protein synthesis as well as degradation.

The incorporation of isotopically labelled amino acids into protein in the con
tinued presence of histidine was found to be highly variable and confusing when the 
simple specific activities were considered. This appears to be due to an inhibition 
by exogenous histidine, at high levels, of the incorporation of extracellular amino 
acids into the free pool of the cells. As shown in Table 1, the presence of histidine 
results in a lower 14C level in the pool. Glucose has little or no effect in this regard. 
The combination of glucose and histidine is the same as histidine alone. The data 
of Table 2 indicate that the levels of incorporation of exogenously supplied amino 
acids were found to correspond to the levels in the pool after 1 hr. incubation. The 
contribution of permeability on the observed protein synthesis can be eliminated

Development of Dictyostelium



by consideiing only the rate of labelled amino acids incorporated into protein. 
Therefore, all further data will be presented as the percentage change in protein 
specific radioactivity over a given period of time.
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Table 1. Effect of histidine and/or glucose an free ammo acid pool size
Condit ons were those of Fig. 5 except that (a) the final concentrations of glucose and histidine were 0 06m and 0-04m, respectively, (b) instead of isolating the protein, the cells were washed three times with cold Bonner’s salt solution before addition of trichloroacetic acid. The acid supernatant was retained for counting.

Stage*
Additions

NoneHistidineGlucoseHistidine + glucose

Fruit Preeulmination Preculmination
C.p.m. in TCA supernatant

380 332 501313 212 173375 — 414278 — 155
* The amoebae were allowed to differentiate to the stage noted before any additions were made.

Table 2. Effect of pool size on amino acid incorporation into protein
The data herein presented were derived from the experiments described in the last column of Table 1 as well as Fig. 5. The stage of differentiation was preeulmination.

Pool* Proteinf
Additions Relative specific activity

None 100 100Histidine 35 21Glucose 83 85Histidine +  glucose 31 22
* The specific activity (c.p.m. 'ml.) of the acid supernatant with no additions was taken as 100.f  The speciic activity (d.p.m./mg. protein) of the sample without added glucose or histidine 

was taken as 100.
Protein was determined by the method of Sutherland, Cori, Haynes & Olsen 

(1949). Radioactivity measurements were done in the Packard Tri-Carb Scintilla
tion Spectrometer by an anthracene two-phase method (Steinberg, 1960) or a gel 
method (Gordon & Wolfe, 1960; Kinard, 1957). Whenever necessary, the results of 
counting were corrected for quenching.

Mixed amino acids (hydrolysed Chlorella protein) were obtained from Isotopes 
Specialties Company, Burbank, California.

RESULTS
Non-specificity of stimulation of morphogenesis. When tested by the method out

lined in the previous section, histidine stimulated the rate of development (Fig. 1) 
with the optimum concentration in the range of 0-02-0-05m. I t was found that a 
number of materials besides histidine, such as glucose, inorganic salts, and other 
amino acids, could stimulate fruit formation. Specific details are given in later 
sections. Possible mechanisms of action for these effects include ionic strength, 
buffer capacity, chelation, energy generation, and protein synthesis.



Ionic strength. Since sulphuric acid was used to adjust the pH of the histidine 
solutions, sulphate ion was tested for its ability to stimulate sorocarp formation. 
Figure 2 shows that sodium sulphate stimulated only slightly at a concentration of 
0 01 m and not at all at the other concentrations tested. Potassium sulphate was 
quite stimulatory and sodium chloride enhanced fruit formation to a small extent. 
Magnesium ion and a mixture of sodium, potassium and calcium ions had a striking 
stimulatory effect at quite low molar concentrations. It should be pointed out that

Development of Dictyostelium 199

Histidine (molarity) Molarity

Fig. 1 Fig. 2
Fig. 1. Stimulation of sorocarp formation by histidine. The procedure was that described 
under Methods except that three 0 01 ml. drops were added per Petri dish instead of six 
drops.
Fig. 2. Effect of various inorganic salts on sorocarp formation. The NaCl, KC1, CaCl3 
solution used was that described by Bonner (1947).

0-03M-Mg2+ was extremely stimulatory towards the rate of fruit formation but the 
number of aggregative centres was markedly decreased so that apparent maximum 
stimulation occurred at a concentration of 0-01 u-Mg2+. In separate experiments 
(data not shown) KCl and CaCl2 were quite stimulatory when tested singly. As 
will he discussed under ‘Buffer capacity’ phosphate was also stimulatory. Ionic 
materials which were ineffective (or only slightly stimulatory) include alanine, 
glutamate, cysteine, glycine, aspartic acid, phthalate and the materials cited above.

Buffer capacity. As the pK of histidine is 6-10, it is possible that it might stimulate 
the rate of morphogenesis by virtue of its ability to buffer the medium. Clearly, 
maintenance of pH cannot be an absolute requirement since many substances 
stimulate while possessing little or no buffering capacity in the physiological pH 

▼  Microb. x x x i i
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range. Furthermore, the pH changes in media containing such materials were much 
the same as these in the unbuffered control (Table 3).

Figure 3 shows the effect of varying the pH on the stimulation by histidine: 
essentially, the enhancement by histidine was inversely proportional to the pH.

Table 3. Environmental pH changes during the course of morphogenesis
The amoebae obtained from “lie growth on one-half cookie sheet were washed in the 

manner descr bed under Methods. The final volume of the cell suspension was 4-5 ml. 
Four-tenths ml. samples of the cell suspension were spread on 2-5 % washed agar (10 ml.:
9 cm. diam.) with additions as specified.

At the times indicated, at least three pH measurements were performed in separate 
locations on each plate simply by pressing the electrodes of a Beckman Model H pH 
meter on the surface of the agar. The values given are the averages.

1 hr. 8-5 hr. 20 hr. 24-5 hr.

M. I. Krichevsky ay I) B. E. Wright

Addi dons Stage pH Stage pH Stage pH Stage pH
None A* 6-7 Agg- 6-95 S 7-2 PC 6 9
Histidine 0 0 4 m A 615 Agg. 61 F 6-25 F 5-9
KC1 0 0 3 m A 6-8 Agg. 6-8 PC 7-2 F 7 3
MgCl2 0 01M A 70 Agg. 6-85 PC 70 F 6 9
NaCl 0 01m ; KC1 0 01m ; CaCl2 

00027 m
A 6-35 Agg- 6-9 PC 70 F 6-9

Glucose 0 0 5 m A 6-8 Agg. 7 3 C 71 F 6-9
NaCl 0 0 3 m A 6-6 Agg. 6-6 PC 70 F 6-6
* Key to stages of differentiation: A, amoebae; Agg., aggregation; S, migrating pseudoplas- 

modium.; PC, preculmination; C, culmination; F, fruit (or sorocarp).

Figure 4 ind cates that phosphate ion was stimulatory at all concentrations 
tested. However, the combination of phosphate and 0-04M-histidine was more 
stimulatory than either compound alone. When the pH of the phosphate was varied 
the results are t lose shown in Fig. 5. There was no trend of stimulation of develop
ment with changes in pH, in marked contrast to the results obtained with histidine. 
It should be noeed that phosphate was stimulatory regardless of the cationic com
ponent (i.e. Na+ or K+). Since other sodium salts were not particularly stimulatory 
(Fig. 2), the phosphate ion itself was clearly stimulatory.

That phosphate was not unique with respect to the lack of a pH effect on develop
ment is shown in Fig. 5. Phthalate ion (pK = 5-51) appeared to be a metabolieally 
inert buffer in this system. At every pH tested phthalate was neither stimulatory 
nor inhibitory regardless of the criteria considered (i.e. total centres, or fruits). 
In addition, hisridine was stimulatory in the usual manner even when the medium 
was buffered with phthalate.

Chelation. That the rate of morphogenesis was limited by the presence of con
taminating met ll ions (capable of forming chelates) seems unlikely, since a variety 
of substances ct-n stimulate the rate of development which would not be expected 
either to form chelates or relieve the inhibition due to such contaminants. How
ever, histidine is an exception, as it forms very strong chelates with transition 
metals (Martell & Calvin, 1952, p. 167). The only comparable natural amino acid 
that does so is evsteine. Experiments were therefore made to ascertain its ability 
to substitute for histidine (Table 4). Cysteine alone or glycine alone stimulated 
poorly or not at all at a 0-01 m concentration when compared to O-OtM-histidine.



It should be noted that, at equimolar concentrations (0-01 m), histidine was quite 
stimulatory (Fig. 1).

Although other amino acids are not as efficient chelating agents as histidine and 
cysteine, a variety were tested for their ability to affect the morphogenesis of 
Dictyostelium discoideum. The result is given in Table 6 (see below). The chelating 
dipeptide, glycylglycine, was also tested, with the results shown in Fig. 6. When 
combined with 0-04M-histidine, glycylglycine inhibited sorocarp formation at higher
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Fig. 4
Fig. 3. Variation of histidine stimulation a t different hydrogen ion concentrations. The 
procedure was that described under Methods except that the pH of the histidine solu
tions were adjusted to those sho-wn prior to addition of the agar.
Fig. 4. Stimulation of sorocarp formation by potassium phosphate (pH 6-2) with and 
without added histidine (0 0 4 m ).

Table 4. Effect of cysteine and/or glycine on differentiation 
See Methods for the experimental procedure.

Additions Expt. 1 Expt. 2
No. of fruits

None 0 10
Cysteine (0 0 1 m ) 0 37
Glycine (0 0 1 m ) 25 12
Histidine (0 0 4 m ) 117 90

concentrations. However, the total number of aggregative centres remained essen
tially unchanged. In contrast, glycylglycine alone inhibited centre formation in a 
manner proportional to the concentration.

13-2



Protein synthesis. As development proceeds it is evident that new enzymatic 
activities must be expressed. It is conceivable that the rate-limiting step in mor
phogenesis is the synthesis of new types of proteins. Additionally, it might be 
expected that the rate of general protein synthesis could be limited by the availa
bility of one or more amino acids. Krivanek & Krivanek (1959) have shown by 
paper chromatography that histidine, proline, asparagine and phenylalanine are 
absent from the free amino acid pool but are present in the proteins of the developing 
slime mould. Froline was never found to stimulate morphogenesis either alone or in 
combination w th any of the other three amino acids. Phenylalanine appeared to
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Fig. 5 Fig. 6
Fig. 5. Effect of pH variation on morphogenesis. The pH of sodium phosphate and 
sodium phthalate solutions was adjusted as shown. The final concentration was 0 0 1 m 
in each case. The histidine final concentration was 0 0 4 m .
Fig. 6. Effect, of glycvlglyeine on morphogenesis. Histidine Mas added in 0 0 4 m concen
tration where indicated.

increase aggregative centre formation without affecting the rate of development 
(with or without added histidine) as did asparagine to a lesser extent. In neither 
case were the effects consistent. Aspartate, in one trial, had no effect. Therefore, 
histidine appeared to be unique among the single amino acids tested (i.e. glycine, 
cysteine, proline, phenylalanine, asparagine, aspartic acid, and glutamic acid) in its 
ability to stimulate markedly the rate of morphogenesis.

The effect of histidine on protein synthesis at the various stages of development 
is shown in Fig. 7. It may be seen that, initially, adding histidine inhibited the rate 
of protein synthesis when the control values were subtracted. The rate of protein 
synthesis upon the addition of histidine remained constant until preculminati on
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while the rate in the absence of histidine decreased. A maximum in the rate of 
protein synthesis due to the presence of histidine was found at preculmination.

The presence of this maximum was confirmed in a more detailed experiment which 
was carried out over a briefer period with the median time at preculmination. The 
maximum was quite sharp and occurred at preculmination.
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Fig. 7 Fig. 8
Fig. 7. Effect of histidine on the rate of protein synthesis a t various stages of develop
ment. Samples of amoebae were prepared and spread on 2-5 % washed agar as outlined 
under Methods. The Petri dishes were incubated at 19° until visual inspection showed 
that morphogenesis had proceeded to the desired stage. Next, to one series, 4 0 ml. of
0 04M-histidine (pH 6-2) and 14C-amino acids (0-05 /¿C./sample; 0-05 //g amino acids), 
dissolved in Bonner’s salts, were added to each Petri dish. The histidine was omitted from 
the solutions added to the second series. The samples were incubated at 22° for either
1 or 2 In-, and trichloroacetic acid added. Protein specific activities were determined as 
described under Methods, and the % change between the specific activities at one and 
two hr. calculated. The stages of differentiation at the times indicated were: 1 hr. =  
amoebae; 12 hr. =  early aggregation; 19 hr. =  early migrating pseudoplasmodium; 
24-5 hr. =  preculmination; 35 hr. =  fruit.
Fig. 8. Effect of glucose and/or histidine on the rate of protein synthesis. The conditions 
were those described in Fig. 7, except as follows: Four cookie sheets were harvested and 
the cell suspension volume (in Bonner’s salts) was 130 ml. Four ml. samples were distri
buted in the Petri dishes and incubated for 0, 2-5, 5 or 10 hr. Then, 2 ml. Bonner salts 
containing 14C-mixed amino acids with glucose (final concentration = 0 05 m) and 
histidine (pH 6-2; final concentration =  0 04 m) as indicated were added. Duplicate 
samples were further incubated for 4 or 8 hr. before the trichloroacetic acid was added. 
The % change in specific activity of the isolated protein then was determined.

Figure 8 shows that, in contrast to histidine, glucose alone markedly stimulated 
the rate of protein synthesis at all stages. The interaction between glucose and 
histidine is complex. Glucose stimulated to a very small extent in the presence of 
histidine unless pre-incubation was omitted.

Figure 9 shows that, at the preculmination stage, glucose again stimulated the



rate of protein synthesis while the combination of glucose and histidine was mutually 
exclusive. In fact, the combination of glucose and histidine could inhibit when com
pared to the rate observed with these compounds added separately. This was in 
direct contrast to their combined action on morphogenesis.

Energy generation. Since any anabolic process depends on available chemical 
energy and the morphogenesis of the cellular slime mould involves profound 
anabolic changes, tests were made of the requirements of the system for such energy 
limitations. Glucose was highly stimulatory to development regardless of the
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Glucose (molarity) 
Fig. 9 Fig. 10

Fig. 9. Effect of varying glucose concentrations, + added histidine, on the rate of protein 
synthesis. The conditions were those described in Fig. 7, except as follows: All incubations 
were carried out a t 22°. No additions were made until the preculmination stage was 
apparent visually. Glucose was added to the final concentrations indicated. To one series 
of samples, histidine (pH 6-2) was added to a final concentration of 0-04m . Note that the 
initial point in each curve represents controls without added glucose.
Fig. 10. Stimulation of merphogenesis by varying concentrations of glucose.

criterion used (Fig. 10), but the optimum concentration varied with the criterion 
used. Presumably, at higher concentrations of glucose, the efficiency of response of 
the individual rolls to the aggregative stimulus was enhanced in addition to the rate 
of morphogenesis. Alternatively, the efficiency of production of the stimulus (i.e. 
acrasin) may be enhanced. I t  will be recalled that Mg2+ ion showed similar effects 
(Fig. 2).

The combined action of glucose and histidine is shown in Table 5. Glucose 
(0  0 5 m ) was stimulatory by itself. When combined with histidine the stimulation by 
the two was greatly increased. Thus, histidine can stimulate even in the presence 
of a good energy source surh as glucose.



That glucose is an energy source was demonstrated by Liddel & Wright (1961), 
who found that it stimulated 0 2 utilization. A further comparison of the ability 
of various compounds to stimulate respiration with their ability to stimulate 
morphogenesis is given in Table 6. There was no correlation between respiration and 
morphogenetic effects.
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Table 5. Effect of glucose and/or histidine on differentiation
Expt. 1 Expt. 2 Expt. 3 Expt. 4

Additions No. of fruits ■\
None 1 6 0 15Histidine (0 0 4 m ) 24 90 62 62Glucose (0 05 m ) 22 54 1 30Histidine +  Glucose 61 119 100 86

See Methods for the experimental procedure.

Table 6. Comparison of ability to stimulate respiration at the 
sorocarp stage with ability to stimulate morphogenesis

0//o
Compound

Stimulation of 
respiration* Stimulation of 

morphogenesis
Glucose 100 Good
Glutamate 30 NoneAlanine 30 NoneCysteine 16 SlightHistidine Slight GoodGlycine 0 SlightSuccinate 0 ModerateCitrate 0 Inhibitory

* Data taken from Liddel & Wright (1961). All values are compared to glucose taken at 100 %.

DISCUSSION
The factors responsible for limiting the rate of morphogenesis in Dictyostelium 

discoideum are unknown at the present time. However, some broad generalizations 
may be deduced from the data in this paper.

The rate-limiting step or steps presumably plays a central role in the overall 
metabolism of the organism, since a wide variety of unrelated materials can markedly 
affect the rate of morphogenesis. In addition, the morphogenetic process itself is 
markedly resistant to metabolic imbalance, since the addition of high levels of 
single metabolites affect only the rate and not the course of development.

Ionic strength or tonicity do not appear to play a critical role in the development 
of Dictyostelium discoideum, as shown by the fact that, while many materials 
stimulate, a number of simple compounds are inert. Therefore, the species of mole
cule, and not simply the tonicity, affects the rate of morphogenesis.

The demonstration that the positive effect of phosphate and the lack of effect of 
phthalate on development are not ascribable to change in pH indicates that the 
environmental pH is unimportant (over the pH range of 5-7). Bradley et al.
(1956) first observed that the pH of the medium had no effect on aggregation in



unbuffered mecia. In addition, the histidine stimulation increases with decreasing 
pH, even to pH 5, where this amino acid has little bulfering capacity.

It seems evident that ability to chelate has no bearing on whether a compound 
will stimulate morphogenesis. Some monovalent metal ions stimulate while others 
do not. The same is true of chelating amino acids and glycylglycine. According to 
Gerisch (1961), 2-5 x 10_3m ethylene-diaminetetracetate profoundly changes the 
course of development in Dictyostelium discoideum. At the level of 5 x 10-3m, this 
chelating agent was found to prevent sorocarp formation. No such aberrant morpho
genesis was observed with the amino acids even though the concentrations were 
much higher.

It may be concluded that the rate of general protein synthesis does not control 
the rate of morphogenesis by limitation of the pool levels of one or more amino acids. 
If histidine or airy of the other amino acids which are low or missing in the pool 
were limiting for protein synthesis, one would not expect such a variety of materials 
to stimulate the rate of development as do so.

Whether the synthesis of one or a few specific proteins, az a different rate from the 
general proteins, can control the rate of morphogenesis is not known, but it seems 
unlikely because glucose appears to stimulate protein synthesis before histidine 
does (Fig. 8). If histidine were limiting for the synthesis of even one critical protein, 
then nothing should substitute for this amino acid unless the substitute were a pre
cursor of the histidine. If glucose addition led to the formation of histidine then it 
should stimulate no sooner than histidine itself. Also, the combined action of 
glucose and histidine on protein synthesis is in direct contrast to their action on the 
rate of development. That is, in the former case, the greater stimulation by the 
combination on morphogenesis is not observed.

Preliminary experiments on the size of the free histidine pool indicated that the 
level of intracellular pool is slightly lower with decreasing pH. Previous work 
indicated that the stimulation by histidine of morphogenesis was higher with 
decreasing pH. Since it was shown (Tables 1, 2) that histidine lowered the incorpora
tion of extracellular mixed amino acids into the internal free pool, it is conceivable 
that the action of histidine is at a permeability level.

If the assumption is made that glucose is a good primary energy source in the 
system, then it would follow that histidine is not. This is because: (a) histidine 
stimulates morphogenesis in the presence of high levels of glucose, (b) histidine alone 
is a more efficient stimulant (on a molar basis) than glucose alone, (c) histidine’s 
effect on protein synthesis differs from that of glucose in quality and time of action. 
In fact, these compounds appear to be mutually antagonistic.

Obviously, none of the above preclude that histidine plays an indirect, but 
critical, role in energy metabolism. In all probability glucose serves as a primary 
energy source. Thus, it is possible that both stimulants affect the rate of morpho
genesis by affecting the cells’ energy metabolism, glucose doing so directly and 
histidine indirectly. This situation, in turn, may be responsible for their effect on 
protein synthesis.

The authors wish to thank Mr C. L. White, Epidemiology and Biometry Branch, 
National Institutes of Health, Bethesda 14, Maryland, for the statistical analysis.
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SUMMARY

‘Sulphur granules’ of Actinomyces bovis were isolated from a case of bovine actinomycosis. These were examined in ultrathin sections with the electron microscope, in stained sections with the light microscope or in wet mounts before and after chemical extraction with the light and phase microscope. In addition chemical analyses were done on the granules and on organisms grown in vitro. The combined results showed the granule is a mycelial mass of Actinomyces bovis cemented together by a polysaccharide + protein complex and containing about 50% calcium phosphate. With the exception of the calcium phosphate, the granule had essentially the same composition as organisms grown in vitro. It is concluded that the ‘clubs’ of the granule represent normal hyphae encapsulated with the same polysaccharide + protein complex, that the basic structure of the granule represents the organism itself or products formed by it and that the mycelial mass is mineralized by calcium phosphate derived from the host as a result of phosphatase activity of the host and organism.
INTRODUCTION

Cohn (1875) first described the microscopic appearance of a strain of Actinomyces 
in stained preparations. The source of the material was concrements taken from the 
lacrimal canal of an infected eye. Although these preparations showed the presence 
of a small branching organism or mycelial masses, it was not until Harz described 
the organism (Bollinger, 1877; Harz, 1879) in actinomycosis of cows that attention 
was focused on the very hard grain-like structures formed by the organisms in 
animals. These structures, because of their colour and consistency, became known 
as ‘sulphur granules’. With the discovery of the disease and its description in man 
by Israel (1878) and Ponfick (1880) it was soon recognized that the granules were 
invariably present in the diseased tissue and could be observed and easily isolated 
from the draining sinuses caused by the infection. Consequently, their presence 
was soon regarded as a laboratory aid in the diagnosis of the disease. The granule 
formed by Actinomyces in invasive infections had characteristics which made it 
readily identifiable. It was hard, gritty, and generally contained a rosette of 
‘clubs’ at its surface. When a crushed granule was stained by the Gram reaction,



a Gram-positive filament was often observed within a club which was, itself, 
Gram negative. Because of its relationship to the disease and because of the 
importance of the disease at the time, there was considerable speculation in regard 
to the structure and composition of the granule and the clubs surrounding it. 
Knaysi (1951) described the club as a filament of the fungus having a capsule and 
stated that the club or portion surrounding the mycelial element could not be 
construed as a part of the organism proper. Emmons (1935) proposed that the club 
was a result of the host cells depositing on the surface of the filament. Cromartie, 
Spitznagel & Crawford (1960) showed that an accumulation of a basic protein of 
high arginine content occurred at the periphery of the sulphur granules but that 
the protein appeared to be in and around the radially arranged clubs. In an infection 
of the lacrimal canal in which the organism appeared to be non-invasive the mycelial 
mass observed was granular in form but was relatively soft and contained no clubs 
(Pine, Shearin & Gonzales, 1961). Only once have typical sulphur granules been 
observed to form in vitro (Wright, 1905).

To the student of actinomycosis, the question still remains ‘What is the sulphur 
granule?’. Pine & Watson (1959) and Pine, Howell & Watson (1960) described 
four cases of bevine lumpy jaw and t ie organisms which caused the infections. Of 
these cases, three provided large amounts of pus containing the granules which 
were subsequently frozen for class use. With this material an investigation was 
undertaken to answer the above question by using the techniques of electron 
microscopy, classical histochemical examination, and phase microscopy, together 
with comparative chemical analyses of the in mtro-grovm. isolate and the granules 
which it formed in the cow. The results show that the sulphur granule is a mycelial 
mass cemented together by a polysaccharide-)-protein complex excreted by the 
organism as a capsule. This material and the mycelial mass in the centre are 
mineralized with calcium phosphate.

METHODS
Bacteriological methods

Three cow heads with lumpy jaw (eases p 1, p 2, p 3 ; Pine & Watson, 1959) were 
the source of tie  material used. The large interlocking sinuses were reamed with 
a semiconical spatula and the total material obtained from each case was frozen 
in vials and stored separately. In the period of three years all of the vials were 
subjected several times to thawing so that samples could be withdrawn. It is 
recognized that such a treatment probably changed the intracellular structures, 
but the experiments reported here indicate that no major changes occurred which 
would have altered the basic granule structure. A single direct comparative experi
ment with Actinomyces p 2 s grown in vitro (Pine et al. 1960) frozen once and then 
thawed, showed no alteration cf cellular structures as observed in ultrathin sections 
examined with the electron microscope.

The culture ef Actinomyces bovis p 2s used for cell-wall analyses was grown in 
the Casitone medium of Pine & Watson (1959) under an anaerobic seal and supple
mented with NaHCOg during growth (Buchanan, 1962). The culture was grown in 
a 12 1. Florence flask for 7 days at 37°. The organisms were centrifuged down, 
washed 3 times with distilled water and dried over P20 5 in a vacuum desiccator.
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Other cultures of Actinomyces p 2 s were grown in 5 ml. lots of the same medium 
for 3—1 days at 37°, the pyrogallol + sodium carbonate seal serving as the source 
of carbon dioxide.

E lectron  m icroscope procedures
Comparative experiments with trypsin or 10% KOH showed that treatment of 

the granules with KOH was superior for the removal of the pus and debris surround
ing the granule and did not appear to alter the granule itself. Consequently, the 
granules and pus of case p 2 were suspended in distilled water, the granules collected 
by allowing them to settle, and the supernatant fluid removed. The granules were 
then suspended in 10 % KOH for 10 min. at 37° to remove the adhering pus, washed 
7 times in distilled water and preserved in 5% formaldehyde until used.

The procedure for fixing the granules for ultrathin sectioning was that of Moore & 
Chapman (1959). Although initial results were obtained with methacrylate, the use of 
‘ Araldite ’ (Ciba Ltd) as the embedding medium gave superior preparations. Follow
ing fixation, the organisms or granules were passed through 70 % (v/v) and 90 % (v/v) 
ethanol in water for 10 min., three times for 10 min. in absolute ethanol, and were 
then added to 50 % (w/v) Araldite in absolute ethanol. The specimens were incubated 
in the 50 % Araldite solution for 2 hr. at 60°, resuspended in 100 % Araldite for 1 hr. 
and placed in fresh Araldite and incubated for 5-8 days before the addition of 
catalyst. However, later experiments showed that 24 hr. was sufficient to give 
complete penetration of the Araldite into the granule. Sections about 500 A thick 
were cut with a Porter-Blum microtome with glass knives prepared in the laboratory 
and were mounted on copper grids. Electron microscopy was done by using RCA 
EML and RCA EMU-3F microscopes.

L ig h t an d  p h a se  m icroscopy
The specimens were observed alternately by using the light objective and the 

medium dark phase attachments of an American Optical Company Microstar 
microscope having the Polaroid attachments for photography. After each chemical 
treatment, observations were made with the light and phase objectives. Polaroid 
photographs were taken by using either no. 53 or no. 55 cut Polaroid film and the 
negatives of the film developed. The maximum magnification used was x970; 
greater magnifications were attained by enlargements from the negatives.

Fixed preparations were prepared and stained by Mr J . P. Pickett (Department 
of Pathology, Duke University Medical Centre). The Gram reaction, colloidal iron 
and toluidine blue stains for metachromasia and the alizarin stain for calcium were 
those given by McManus & Mowry (1960), the periodic acid Schiff stain was that 
described by Baker (1957). In addition, wet mounts were made to determine the 
presence of calcium by using the alizarin procedure.

C hem ical m ethods
Phosphate was determined originally by the qualitative benzidine test (Feigl,

1956) while the presence of calcium was observed qualitatively by the alizarin 
procedure given above. Subsequently, phosphate was determined quantitatively 
by the procedure of Gomori (1942). Calcium was determined quantitatively by 
Dr R. E . Thiers (Department of Biochemistry, Duke University Medical Centre);

‘Sulphur granules' of Actinomyces bovis 211



elementary analyses of the ‘sulphur granules’ and Actinomyces p 2 s organisms 
grown in vitro were done by Galbraith Laboratories Inc. (Knoxville, Tennessee). 
About 10-12 mg. dry weight of ‘sulphur granules’ or Actinomyces bovis organisms 
were combusted in a porcelain crucible to constant weight to determine the ash 
content; because of limitation of material, only one sample of each was used. In 
general, the extraction procedures of Park & Hancock (1960) were used to determine 
the cellular contents and to prepare the organisms for cell-wall analyses. After the 
extraction procedure of Park & Hancock (1960) the organisms were digested and 
then ruptured with a 20 kc. sonifier (Branson Ultrasonic Corp.); cell-wall analyses 
were done by the procedure of Cummins & Harris (1956). Metachromasia of 
extracted phosphate was determined by the procedure of Wiame (1949), reducing 
sugar by the method of Park & Johnson (1949) and glucose by the glucostat 
reagents of Worthington Biochemical Corp. (Freehold, New Jersey). Methyl- 
pentoses were determined qualitatively and quantitatively by the procedure of 
Dische & Shettles (1948) and quantitatively also by the same procedure as described 
by Ashwell (1957) with rhamnose as a standard; hexosamine by the procedure of 
Rondle & Morgan (1955) with glucosamine as standard, and amino acids by the 
method of Troll & Cannan (1953) with alanine as the standard. Sugars were 
identified qualitatively by one- and two-dimensional chromatography with phenol + 
water (70 + 30, by vol.) and butanol + pyridine + water (60 + 40+30, by vol.) and 
were estimated quantitatively by the relative size and colour of the spot obtained 
with the silver nitrate dip (Trevelyan & Harrison, 1952) and differentiated from 
amino sugars by the use of the ninhydrin + acetone dip which was allowed to 
develop overnight at room temperature. The identification of 6-deoxy-L-talose 
rested solely upon the results of MacLennan (1961) who found this sugar in Actino
myces bovis cell walls as the unknown P component of Cummins & Harris (1958). 
The relative high concentration of methylpentose as determined quantitatively 
with the presence of relative large concentrations of rhamnose and an unknown 
sugar having an II,. value greater than that of rhamnose and somewhat greater 
than that of 2-deoxyribose in chromatograms with known fucose and rhamnose, 
were taken as evidence for the presence of 6-deoxy-i.-talose.

Amino acids were determined qualitatively with one- and two-dimensional 
chromatograms with the solvents phenol + water (70+30, by vol.) and the top layer 
of a mixture of butanol + acetic acid+water (40 + 10 + 80, by vol.). In some cases 
lutidine + water (65+35, by vol.) was also used to discriminate between monobasic 
and dibasic amino acids. The hydrolysates were chromatographed alone or with 
aspartic acid, /?-alanine and proline as standards. The latter amino acids were 
readily determined by their characteristic ninhydrin colours and the relative straight 
line formed in two-dimensional chromatograms. Identification of the unknown 
amino acids rested solely on the relative position as determined with these three 
amino acids, and with other known amino acids, when necessary. The relative 
quantitative estimation of each amino acid depended on the rate of colour formation, 
size of spot, and the disappearance of the spots with a decrease in the amount of 
material applied to the paper.

The effect of lysozyme was determined by the methods of Repaske (1956). 
Ribonuclease was purchased from Nutritional Biochemical Corp., trypsin and 
pepsin from Sigma Chemical Co. and lysozyme from Armour & Co.
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RESULTS

M orph olog ica l aspects
In general the observations of the granules obtained from the above cases of 

actinomycosis corresponded to those made by other workers (Conant et al. 1954). 
Attempts to section a granule in its entirety generally resulted in its partial de
struction ; either it shattered or was torn from the paraffin. Consequently, the initial 
results did not provide an adequate cross-section of a complete granule to determine 
the relative orientation of the layers observed in the fragments. However, when the 
granules were first extracted with cold 5 % (w/v) trichloroacetic acid sections were 
obtained which retained the original outline and in which only the central portions 
were broken (PI. 1, fig. 1). When observed in section the granule presented a homo
geneous series of inner layers (PI. 1, figs. 1, 2) in which the individual hyphae were 
not readily observed unless the Gram staining or the periodic acid-Schiff stain were 
used, and unless one concentrated on those areas in which fragmentation had 
occurred (PI. 1, figs. 1, 2; PI. 4, fig. 8). The outermost layer consisted exclusively 
of clubs (PI. 1, fig. 2). Other aspects of granules in which the orientation of clubs 
and mycelium are clearly depicted have been reported by Emmons (1935), Conant 
et a l. (1954), Pine et a l. (1960), and Pine et a l. (1961).

As shown by PI. 5, figs. 11 and 12, a club might measure from 3 to 20 times the 
thickness of a mycelial element. Large clubs, when observed in a 10% (w/v) KOH 
wet mount, were glassy in appearance and were readily fragmented or shattered 
with juressure, although when mounted with care in this medium the preparations 
were found to last for a year or longer with no apparent change. When such mounts 
were made in lactophenol (Conant et a l. 1954) they changed their morphological 
aspect within several months: the clubs were not readily apparent and the charac
teristic appearance of the granules and clubs was lost.

Shadowed pseudo-replica preparations of crushed granules observed with the 
electron microscope showed a very dense central portion in many of the clubs, 
surrounded by a membranous outer layer (PI. 2, fig. 3). The dimensions of a club 
might vary from its tip to its point of attachment with the hypha, but in general 
there was simply a gradual decrease in diameter until the diameter of the hypha was 
reached. Although initial attempts to make satisfactory ultrathin sections of clubs 
failed because of the very hard nature of the granule, several excellent sections were 
obtained (PI. 2, figs. 4, 5). In these cases, the club was found to consist of an 
internal electron-dense hypha surrounded by less dense capsular material. Although 
the capsule had no definite border, its edge was relatively discrete from the 
surrounding medium, its internal structure was homogeneous, and structurally it 
was readily differentiated from the contents of the hypha. Although the clubs 
themselves were swollen at the tip, the hyphae within them did not show any great 
enlargement and were normal in their general appearance. The cell walls of the 
hyphae were readily distinguished from the capsule and internal contents of the 
cells; in several sections definite cell membranes were observed separated from the 
cell wall.

In addition, there was observed within many of the cells a very definite crystalline 
electron-dense material (PI. 3, figs. 6, 7). The presence of this material was variable 
and was not found in all cells. Similar material was observed in very large quantities



in the capsules, often completely saturating the cell and the capsule surrounding it 
(PL 2, fig. 4; PI. 6, fig. 14). In some cases it appeared to originate within the cell 
(PI. 3, fig. 6) and could be seen as gradually filling the cell (PL 3, figs. 6, 7). As 
shown in the latter figure, such a cell might exist beside a club which might be 
totally devoid of the crystalline material. In other cases, the crystalline material 
appeared to be deposited only on the surface of the cells (PL 6, fig. 14). No further 
analyses of the structural components of the cells or clubs were attempted because 
of the rigorous treatment given to the material before its fixation.o  o
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H istocliem ica l aspects
Because of questions raised by determinations of the chemical composition of 

the granules, sections were made and stained for metachromasia and calcium. 
Comparative preparations of trichloroacetic acid extracted tissue were also made. 
With the metachromatic stains little difference in coloration was observed as 
between tissue extracted or not extracted with 5 % (w/v) trichloroacetic acid. The 
preparations which were not extracted took the stains badly and were difficult to 
evaluate because of disintegration of the material. However, Pl. 1 shows the dif
ferences in coloration obtained with the colloidal iron stains after extraction with 
trichloroacetic acid. Plate 1, figs. 1 and 2, in general showed the pink coloration of 
the granule in the zone of the clubs and the internal layers and the intense blue 
colour observed in the residual core. Under high magnification however (Pl. 1, 
fig. 2) many of the clubs also showed a strong blue coloration while others remained 
pink. Although this result is suggestive of mucopolysaccharide, mucopolysaccharide 
was not indicated by subsequent chemical analyses. As a consequence of these 
observations and of results obtained with toluidine blue, it can only be stated that 
many of the clubs contain polysaccharide with an affinity for iron, but the general 
composition of the clubs themselves is not clearly revealed by these stains. When 
stained with the periodic acid-Schiff stain, the granule in general took a light pink 
stain. Upon examination of the central portion under high power, it was seen that 
the mycelial elements themselves had stained a deep red and were apparently 
embedded in a cementing substance similar in colour to that of the clubs (PL 4, 
fig. 8). These results suggested a difference in chemical composition between the 
capsular material and the cell walls of the organism.

Because of the results obtained by chemical analyses, fixed and wet mounts were 
prepared and stained for calcium. As shown by Pl. 4, fig. 9, the brilliant red of the 
alizarin was readily apparent at the surface of the mycelial filaments but it brought 
out in very strong contrast the large calcium deposits apparent in the clubs them
selves (PL 4, fig. 10).

C hem ical an a lyses an d  concom itan t changes as observed w ith  ligh t and  ph ase
m icroscope

The basis for much of the preceding and the subsequent analyses rests primarilv 
on several preliminary observations. The very hard gritty nature of the granule 
itself suggested the possibility of a mineral deposit. A qualitative ashing of several 
granules on the end of a spatula revealed a very high volume of ash. A benzidine 
spot test for phosphate showed that the ash contained a very high concentration
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of phosphate, much greater than that observed for a similar amount of organism 
grown in vitro. Moreover, it was observed that the granules and the clubs were 
quite resistant to the effects of 10 % (w/v) KOH but changed and became translucent 
in the lactophenol mourns. These results suggested that lactopher.ol was extracting 
some major components of the granules, while the resistance of the clubs to strong 
base indicated tnat the basal structure of the club was polysaccharide in nature. 
Finally, observation with the phase microscope of granules in semipermanent 
lactophenol mounts showed with amazing clarity that virtuallv all the clubs con
tained an apparently normal internal hypha. In KOH, water or glycerol mounts 
the use of the phase microscope revealed nothing which was not readily observed 
with the light microscope. Further investigation showed that extraction with 
80% (v/v) lactic acid, 88% (w/v) phenol, or 10% trichloroacetic acid also made 
the hyphae visible with phase contrast. In addition the latter so altered the clubs, 
that much of the capsu.ar material could be stripped off with gentle tapping on 
the coverslip of wet mounts; in some cases, the internal hypha was observed to slip 
free of the capsule surrounding it.

Consequently, comparative analyses of the granules from actinomycosis case p 2 
and the in vitro-grown organisms of the corresponding isolate (Actinomyces bovis 
p 2 s ) were undertaken by using the extraction procedures of Park & Hancock (1960). 
Table 1 shows the relative concentration of phosphorus in the four fractions. Of 
the total phosphorus extracted by cold trichloroacetic acid, 92 % was inorganic 
phosphate, consequently large amounts of teichoic acids were not present in this 
fraction. Determination of the index of metachromasia (Wiame, 1949) showed that 
the trichloroacetic acid-extracted phosphate of the granules was not metachromatic. 
Comparative elementary chemical analyses are given in Table 2.

Table 1. Relative amounts of total phosphorus extracted from cells of 
Actinomyces bovis and sulphur granules by different consecutive procedures*

‘Sulphur granules' of Actinomyces bovis

A .  b o v is Sulphur granule
(%  of dry wt.) (%  of dry wt.)

Procedure
Cold 5 %  (w/v) trichloroacetic acid 0-5 lO-Sf
Aqueous ethanol 0 0 0 0
Hot 5 ° 0 (w/v) trichloroacetic acid 01 0 0
Trypsin-solubilized 0-6 0 0

* Based upon the procedure of Park  & Hancock (1960) the cells and granules (12 mg. ml.) 
were first extracted with cold trichloroacetic acid for 10 min., washed 3 times in water with 
centrifugation, extracted with trichloroacetic acid for 6 min. a t 90’, washed 3 times with water, 
and then subjected to trypsin digestion for 0 hr. at 37° as described by these workers, 

f  The to tal inorganic phosphorus found in this ex tract was 10-0 °0.

About 9 % phosphorus and 56-6 % ash were found in the granules as compared 
to 1 and 9-3 % found in the cells, respectively. In the ash of the granule, calcium 
constituted an average of 29% (w/w) and could represent as much as 75% (w/w) 
Ca3(P04)2; on the basis of calculations the Ca3(P04)2 is estimated between 39-1 and 
56-5 % (w/w) of the sulphur granule; sodium and potassium phosphate with other 
salts most probably account for the remaining ash. Assuming the phosphorus of 
present as pure calcium phosphate and correcting the analyses of noth materials for
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the presence of phosphate, the analyses of the granules gave a crude formula of 
C4.1H8.6O2.0N0.8 whereas that of the in  z)/fro-grown organisms of A ctin o m yces  bovis  
was These analyses suggest that there is r o major difference in the
chemical composition between the in  v itro -g ro w n  organisms and that of the sulphur 
granules, with the exception of the high percentage of calcium phosphate in the 
granules.

Table 2. E lem en ta ry  an a lyses  o f  d ried  organ ism s o f  Actinomyces bovis 
an d  its  in vivo fo rm ed  su lp h u r gran ules
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A c t in o m y c e s Sulphur
b o v is granule

Analysis (% ) (% )
Carbon 4510 21-22
Hydrogen 6-94 3-72
Nitrogen 8-22 4-98
Phosphorus 100 907
Sulphur Trace Trace
Ash 9-3 56-6
Ca3(P 0 4)2 calculated on 
the basis of P

nd* 56-5
Calcium of ash nd* 290
Ca3(P 0 4)2 calculated on nd* 391
basis of Ca of ash

* nd =  not determined.

Table 3. Q u an tita tive  a n a lyses o f  cell-w all residu es o f  su lp h u r gran u les and  
o rgan ism s o f  Actinomyces bovis after su lp h u ric  a c id  h y d ro ly s is*

/tmole/100 mg. dry wt. of whole organisms, 
corrected for the % ash

Analyses
Sulphur
granules

A c t in o m y c e s
b o v is

Reducing sugar 26-6 18-4
Glucose 3 1 4-2
Methylpentose 12-4 150
Hexosamine 7-5 3-7
Amino acids 32-0 12-4

* Hydrolysis procedure was th a t of Cummins & Harris (1956). Original samples were 54-4 mg. 
of sulphur granules, and 40-2 mg. of organisms grown i n  v itro , containing 56-6 and 9-3%  ash, 
respectively. Amino acids were determined with alanine as a standard.

The cell-wall residues remaining after the extraction procedures of Park & Han
cock (1960) were hydrolysed according to the procedure of Cummins & Harris (1956) 
after additional treatment with pepsin and ribonuclease as described by the latter 
workers. Experiments were done on cells broken by sonification for 10 min. with 
a 20 kc. sonifier (Heat Systems Corp., Great Neck, New York). After the pre
liminary drying of the organisms by the Park & Hancock procedure (1960), the 
foregoing treatment was adequate to fragment and disrupt completely all the 
organisms. However, the subsequent extraction procedures and treatment with 
enzymes were not completely effective in removing protein adherent to the cell 
walls, as shown by electron microscopic observation.

After hydrolysis of separate samples, the cell wall residues were analysed for
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sugars and amino acids. The results of one group of analyses are given in Table 3. 
The data show that the sulphur granules had a significantly higher amount of hexos- 
amine and amino acids and had approximately 7-5 % more reducing sugar not 
accountable as glucose or hexosamine. The higher concentration of reducing com
pounds and amino acids in the sulphur granules suggests a major difference in the 
two materials not indicated by the results of chromatographic analyses. The results 
of chromatographic separation and gross quantitative estimation of the sugars and 
amino acids in cell walls of sulphur granules and organisms are given in Table 4.

Table 4. C om p ara tive  q u a lita tive  sugar and  am in o  acid  a n a lyses o f  the cell-w all 
residu es o f  su lp h u r gran u les an d  organ ism s o f  Actinomyces bovis

‘Sulphur granules' of Actinomyces bovis

Analyses Sulphur granule A c t i n o m y c e s  b o v i s
Sugars :

Glucose +  3 — 5
Galactose +  3 - i
Fucose — Trace
Rhamnose +  5 - 3
6-Deoxytalose + 4 - 3
Glucosamine Trace +  1
Galactosamine +  1 Trace

Amino acids: ' * t ’
t-------A-------\

* tAlanine +  8 + 5 +  10 + 5
Glutamic +  3 + 3 +  3 + 2
Aspartic acid +  2 + 5 +  3 + 5
Lysine +  2 + 2 +  2 + 2
Valine +  2 + +  2 +
Arginine +  1 - +  1 -
Glycine + +  -

Serine:
Serine + +
Threonine + +
Leucine, isoleucine +  3 - +  2 -

phenylalanine
* Chromatograms done w ith phenol +  w ater and lutidine +  w ater and run in two dimensions, 
f  Chromatograms done w ith phenol +  w ater and butanol +  acetic acid +  water and run in two 

dimensions.

Again there was a close similarity in the qualitative compositions of the products 
released on hydrolysis. The high concentration of methylpentoses as observed in 
two-dimensional chromatograms is in accord with the quantitative determinations 
of Table 3. However, very little hexosamine was observed in the chromatograms, 
and although the quantitative value is low in Table 3, the amount reported may 
still be high because of contamination of the walls with cellular protein during 
hydrolysis (Boas, 1953; Eddy, 1958). Repeated chromatography of amino acids 
revealed no significant differences, qualitatively or quantitatively, as between 
organisms and granules. The fact that essentially all the major amino acids were 
represented by ninhydrin spots is attributed to the contamination of the walls 
with protein. But it can be seen in Table 4 that alanine, glutamic acid, aspartic 
acid, lysine and arginine constituted the major amino acids, while leucine, iso
leucine and phenylalanine were also present. By decreasing the quantity of material 
placed on the paper and by using different solvents it was found that the major
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amino acids were alanine, glutamic acid, aspartic acid and lysine. On the basis of 
these results it was concluded that there was little gross difference between the 
cell wall composition of organisms grown in vitro  and that of cell walls and capsular 
material of granules formed in  vivo.

However, the combined results suggested that there was a difference between 
tlie cell wall of mycelium in the granule and the capsular material forming the club. 
Previous results suggested the possibility of using lysozyme to distinguish between 
the capsular material and the cell wall. Consequently, about a dozen large granules 
(0-5-1-0 mm. diameter) were picked and extracted in about 3 ml. of each solvent 
as given by Park & Hancock (1960). These were then treated with trypsin, ribo- 
nuclease and pepsin by the method of Cummins & Harris (1956) but without dis
ruption by sonitication. At each step a few granules were removed for observation 
with the light and phase microscopes, with lactophenol, glycerol or water as 
mounting medium. The effect of such treatment on the organisms and clubs of the 
granules is shown in PI. 5, fig. 11; the clubs remained intact but the cells and the 
internal filaments changed. In PI. 5, fig. 11, an extremely large club is seen in 
which the internal filament is visible in water suspension. Xo other clubs showing 
the internal filaments were observed in the water mounts. The granules were then 
subjected to lysozyme treatment for several hours, with no visible effect; nor did 
extraction of the granules with 3 ml. 88 % (w/v) phenol in water for 10 min. at 100° 
render them sensitive to lysozyme. However, residts with organisms of A ctin o m yces  
bovis, A . n a eslu n d ii and A . isra e lii showed these were not sensitive to lysozyme 
unless the organisms were extracted with 10% (w/v) IvOH for 10 min. at 100° 
(Pine, unpublished results). The remaining granules were then subjected to such 
a treatment and were re-examined with the light and phase microscopes. After 
the KOH treatment, the capsular material became sufficiently transparent so the 
internal hypha was now visible in water mounts with the light microscope, although 
it was much more obvious with the phase microscope (PI. 5, figs. 12, 13). A nin- 
hydrin spot test on the neutralized KOH extract showed the presence of significant 
amounts of ninhydrin-reacting material. Because of the relative absence of hexos- 
amines in the cell wall analyses and because of the effect of KOH on carbohydrate 
protein complexes (Eddy, 1958) these compounds are assumed to be amino acids 
or degradation products of proteins.

Such KOH-treated cells when subjected to lysozyme became flexible and limp 
and then disintegrated into fragments within an hour. Essentially the same results 
were obtained with granules, and the mycelial elements appeared to agglutinate 
into a limp flexible mass. Although the clubs still remained intact they too became 
quite flexible with the capsules less sensitive to lysozyme than the cells they 
contained. It is concluded that the capsule is polysaccharide containing bound 
protein and having essentially the same basic chemical structure as the cell wall of 
A ctin o m yces bovis, but probably differing in linkage groups and the presence of 
unknown amino acids.

V Itra th in  section s an d  the effect o f  trich loroacetic acid
Although the results presented above suggested some difference between club 

and capsule, the greatest difference observed was between the phosphate content 
of the granule and of organisms grown in  vitro . Therefore the effect of trichloroacetic
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acid was investigated by comparing ultrathin sections from extracted and un
extracted granules; the results are shown in PI. 6. The electron-dense material 
initially observed was absent after extraction (PL 6, figs. 14, 15). Observation of 
PI. 6, fig. 14, shows that phosphate was exceedingly dense toward the central regions 
of the granule, that it might completely penetrate the cell and its capsule, or might 
just coat the surface of some cells. Plate 6, fig. 15, clearly shows the cementing 
polysaccharide left after extraction, but with many cells in various stages of atrophy 
or malformation. This abnormal appearance of the cells was consistently observed 
in the deeper sections of the grannie. On the other hand, PL 6, fig. 16 clearly shows 
polysaccharide as a capsule surrounding normal hyphae with normal cell walls. In 
some cases, however, no internal hypha was evident, and it was assumed that the 
cell had disintegrated. Observation of the morphological appearance of the cementing 
substance (PL 6, fig. 17) and the capsular material (PL 6, fig. 18) suggests they are 
of similar composition. From PL 6, figs. 14-16, it is concluded that the electron- 
dense material initially observed was calcium phosphate. It is also concluded that 
the capsular material is present in the granules in sufficiently high concentration to 
alter grossly the chemical analyses from that of organisms grown in vitro if a major 
difference in chemical composition existed. Consequently, it is concluded that the 
club and cementing material are of bacterial origin.

DISCUSSION
When first observed, the pseudo-replicas such as shown in PL 2, fig. 3, were 

interpreted as showing a swollen hypha in which the cytoplasm had contracted 
leaving a border of collapsed cell wall. But such an interpretation was completely 
inconsistent with the observations made with the phase microscope and made it 
impossible to interpret the observations made of the initial ultrathin sections. 
Under the most adverse conditions in culture or within the granule, the maximum 
diameter of swollen hyphal ends seldom exceeded twice that of the normal hypha. 
A constant regard to comparative size (observe the hypha of the club of PL 2, 
fig. 4, which is of the same outline but approximately half the size of the club in 
PL 2, fig. 3), the fact that most enlarged filaments were found to contain normal 
hyphae in capsules, and the fact that no other interpretation was compatible with 
all the observations indicated that the outer membrane in such pseudo-replicas 
was capsular material and not the cell wall.

From the above results it is apparent that the sulphur granule and the organism 
grown in vitro have essentially the same qualitative chemical composition with the 
exception of the high proportion of calcium and phosphorus in the granule. Because 
of the high concentration of cementing substance and capsule observed with the 
electron microscope after trichloroacetic acid extraction one would expect a major 
chemical difference between the granule and the organism grown in vitro if such a 
difference existed. From the chemical analyses, this appeared not to be the case; 
it is concluded that the club is truly a capsule surrounding the hypha and is not of 
animal origin. This conclusion was suggested first by Knaysi (1951).

It is recognized that there are a few minor differences in cell wall analyses of 
Actinomyces bovis as reported here and as reported by Cummins & Harris (1958). 
Glucose was not reported in the cell walls of organisms grown in vitro but, as seen
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from Table 3, it is a relatively minor reducing sugar. Virtually no fucose was found; 
the major methyl sugars observed were rhamnose and the P component, the latter 
being most probably 6-deoxy-i.-talose (MacLennan, 1961). Otherwise the sugar 
and amino acid analyses are in agreement with the results of Cummins & Harris 
(1956, 1958, 1959) and Cummins (1962) and re-emphasize the probable bacterial 
origin of the club and granule material.

Concerning the chemical analyses, the high concentration of phosphate found in 
the granules is of the greatest interest; its source is unknown but it is of interest to 
relate this observation with the results of several other workers. Howell & Fitz
gerald (1953) showed acid phosphatase activity in A c tin o m y c e s  i s r a e l i i and A .  
n a e s lu n d i i and Citron (1945) reported on the alkaline phosphatase activity of species 
of Actinomyces. Rizzo, Martin, Scott & Mergenhagen (1962) found that the dead 
organisms of Actinomyces and other bacteria] species strongly absorbed calcium 
phosphate of the animal and deposited it in the form of hydroxyapatite. Also, the 
high concentration of phosphatase in wound tissue or in histocytes and macrophages 
(Gomori, 1943; Carranza & Cabrini, 1962) probably plays an important role in 
tissue infected with Actinomyces.

It may be suggested that formation of the granule occurs as follows. Since the 
capsule is not generally formed in  v i tr o  it is postulated that it is formed as a conse
quence of the growth of Actinomyces in the host. As a result of the organism’s 
enzymic activity and the enzymic activity of the host cells, phosphate is released 
into the area of the mycelial mass. Because of the chemical nature of the cell wall 
and the capsule, the phosphate is deposited as calcium phosphate on the surface of 
the cells, sometimes within the cells. As a result of progressive mineralization of the 
capsule many of the cells became atypical in morphology and die; eventually the 
central portion of the granule becomes completely impregnated and solidified.

Such an interpretation is supported by the results and photographs of Rizzo e t a l.
(1962). These workers observed that calcification seemed to follow the individual 
outlines of the organisms and that mineralization might occur adjacent to or within 
the organisms incubated in dialysis tubing implanted in rats. They also observed that 
dead cells were much more rapid in their mineralization than were viable cells. The 
results of these workers might have a direct application to the results and interpre
tations reported here.

The authors acknowledge the many helpful suggestions and constructive criticisms 
of Dr Robert W. Wheat (Department of Biochemistry, Duke University Medical 
Centre, Durham, North Carolina) and Dr Abe Widra (Department of Bacteriology, 
University of North Carolina, Chapel Hill, North Carolina) during the course of 
these investigations. This work was supported by U.S.P.H.S. Grants: E-1866 (C4); 
E-2035 (C3); SF-64-C4 and 2E-31, National Institutes of Health, Bethesda, 
Maryland.
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EXPLANATION OF PLATES

Plate 1. Morphological aspects of the ‘sulphur granule’. Colloidal iron stain
Fig. 1. Granule enlarged to show the various layers differentially stained and showing the 
relatively dark staining layer of clubs, x 100.
Fig. 2. Same granule showing the peripheral arrangement of the clubs, x 430. Sections were 
prepared from a granule after extraction with 5 % (av/ v ) trichloroacetic acid.

Plate 2. Morphological aspects of the granules formed by Actinomyces bovis as observed
with the electron microscope

Fig. 3. Club, chromium shadowed, x 12,200.
Fig. 4. Ultrathin section of clubs, showing capsular material surrounding normal appearing 
hypha. Note capsules below containing electron dense material, x 20,000.
Fig. 5. Ultrathin section of club showing diffuse nature of capsule surrounding a more electron 
dense cell-wall of a normal appearing hypha. x 2 f,000.

P l a t e  3. Morphological aspects cf the cells within the granules farmed by Actinomyces bovisas observed in ultrathin sections
Fig. 6. Section showing the crystalline nature of the electron dense material deposited within 
cells. Upper left, mother cell is completely filled while the bud remains free of the deposit. Second 
cell (right) appears to be relatively free of the deposit in the central area whereas area bordering the cell wall is saturated, x  35,000.
Fig. 7. Section of the granule showing various aspects of cell morphology. Note single cell heavily 
impregnated with crystalline material and situated next to an encapsulated cell without crystalline material, x 35,000.
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P late 4. Histcchcmical aspects of the ‘sulphur granule’
Fig. 8. Periodic acid-Schiff stain of a fragment of the granule showing the pink cementing material 
of the granule containing the red hyphal elements. Granule was extracted with 5 % (av/ v ) trichloroacetic acid.
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Fig. 9. Wet mount alizarin red stain of mycelial elements from crushed granule showing the 
presence of calcium at the surface of the hyphae. x 970.
Fig. 10. Wet mount alizarin red stain of cluster of clubs from a crushed granule showing the heavy calcification of the clubs, x 970.

P la te  5. Effect of chemical treatment on the cells and clubs of Actinomyces bovis
Fig. 11. Crushed preparation of a ‘sulphur granule’ after extraction with cold trichloroacetic acid, 
aqueous ethanol, hot trichloroacetic acid of Park & Hancock (1900) and after treatment with 
trypsin, ribonuclease, and pepsin according to the procedure of Cummins & Harris (1956). Note 
the difference in sizes of the two clubs in the preparation and the suggestion of the hypha within 
the larger club. Water mount, medium dark phase contrast, x  1870.
Fig. 12. Club from a granule treated as in fig. 13, but with additional extractions using 88 % 
phenol (w/v) and hot 10 % (w/v) KOH. Note the internal hypha, now apparent with the light 
microscope. Water mount, x 2900.
Fig. 13. Same club as in fig. 12 but photographed with medium dark phase contrast, water 
mount. X 2900.

P la te  6. Effect of 5 % (w/v) trichloroacetic acid extraction on the ‘sulphur granules’ of 
Actinomyces bovis as observed with the electron microscope

Fig. 14. Ultra! hin section of the granule showing deposit of calcium phosphate on the surface of 
the cells, within the cells, and saturating the cementing substance, x 11,000.
Fig. 15. Section of a granule after extraction with trichloroacetic acid. Note complete absence 
of electron dense material and relative high concentration of cementing material containing 
abnormal cells, x 13,800.
Fig. 16. Cross-section of clubs from a trichloroacetic acid extracted granule showing the relative 
size of the capsule and normal hyphae with it. x 9100.
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( R e c e iv e d  27 D e c e m b e r  1962)
SUMMARY

Antisera were prepared to several strains of influenza virus (grown in the chick embryo), to purified V ib r io  c lio lera e  neuraminidase and to partially purified neuraminidase from chick chorioallantois. The ability of the antisera to inhibit the action of each enzyme on substrates of different molecular weight was tested. The substrates used and their molecular weights were sialyl lactose (640), fetuin (48,000) and ovine sub- maxillary gland mucin, OSM (1 x 108). Antiserum to V . ch o lera e  and avian neuraminidase inhibited strongly the action of the homologous enzyme on each substrate. Antiserum to viral neuraminidase inhibited almost completely homologous action on fetuin and OSM but only partially the action on sialyl lactose. LEE influenza virus was grown in embryonated eggs and in cultures of calf kidney cells and from each preparation a soluble neuraminidase was isolated. Antiserum to the egg- grown virus inhibited the enzyme of both viruses not only in the intact virus particle, but also after separation in the form of a soluble, low molecular weight product. There was little or no serological cross-reaction between any enzyme and heterologous antisera, with one exception. Antiserum to avian neuraminidase partially inhibited (fetuin, but not sialyl lactose, as substrate) the soluble enzyme derived from egg-grown LEE virus, but not from virus grown in cultures of calf kidney cells. It was concluded that the soluble enzyme prepared from LEE virus is a virus specific produce but also carries some antigenic determinants characteristic of host specificity.
INTRODUCTION

The influenza virus particle displays at least four different biological activities 
(apart from infectivity), notably two distinct complement-fixing antigens, a 
haemagglutinin and the enzyme neuraminidase. The particle contains lipid, 
carbohydrate, ribonucleic acid (RN A) and protein. Terminal amino acid analysis 
suggests that there may be at least three different protein molecules in the particle 
(Laver, 1962, 1963a). Despite this complexity, this virus contains only about the 
same amount of RN A per particle as is present in many of the simpler plant and 
animal viruses, where it seems there is only one protein and this is of low molecular
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weight. This discrepancy may mean either that the small viruses use only a small 
proportion of their RNA to code the protein incorporated in the virus particle, or 
alternatively t  iat in the influenza virus particle there is some component(s) whose 
structure is specified by the host cell rather than by the virus genome. We are 
interested in this latter possibility and the chance to investigate it with respect to 
one component arose following the demonstration that neuraminidase activity was 
present in vertebrate cells—the chorioallantois of the chick embryo (Ada & Lind, 
1961). If the avian enzyme is present in those cells which support virus growth, 
there is an obvious possibility that the host enzyme might be incorporated as the 
functional enzyme of the virus. To confirm or refute this hypothesis it was necessary 
to compare avian and viral neuraminidase with neuraminidase from other sources, 
such as bacteria, mammalian tissue, and from influenza virus grown in another host. 
Since all forms of neuraminidase have not been isolated in the purified form, this 
limited the ways in which the different enzymes could be compared. However, 
some properties such as their kinetics, sedimentation characteristics and some 
aspects of their serological behaviour could be studied with the partially purified 
preparations which were available. In this paper we present the results of a serological 
examination of avian, viral and V ib r io  ch o lera e  neuraminidases, based on the 
specific inhibit.on of their action on different substrates by antibody.

G. L. Ada, P. E. Lind and W. G. Laver

METHODS
S u b s tr a te s . Sialyl lactose, fetuin and ovine submaxillary gland mucin (OSM) were 

prepared as described elsewhere (Ada, 1963).
D e te r m in a t io n  o f  e n z y m e  a c t i v i t y .  Enzyme estimations, with either purified or 

crude preparations, were carried out as described in detail elsewhere (Ada, 1963; 
Ada, French & Lind, 1961). Enzyme activity is expressed as //mole A’-acetyl- 
neuraminic acid (2V-ANA) liberated/ml./min. One unit (u.) of enzyme is defined 
as that amount, which catalyses the liberation of 1 //mole AT-ANA/min. from sialyl 
lactose at 37° at the pH value of optimum activity; for V ib r io  ch o lera e  neuramini
dase, this was pH 5-6 (in tris + maleate buffer, 10“3M-Ca2+; Ada e t a l. 1961); for 
virus, pH 5-8 (phosphate buffer; Ada, Cook & Laver, unpublished) and for avian 
neuraminidase, pH 4-5 (tris+maleate buffer, pH 4-5; Ada, 1963). In view of the 
instability of the avian enzyme at pH 4-5, estimations were carried out at pH 5-9 
(phosphate buffer) and the activity is calculated at this value. Smaller amounts of 
enzyme are described in terms of milli-units (m-u.).

Preparation of avian neuraminidase {AS!). Neuraminidase was purified from 
extracts of chorioallantoic membrane as described elsewhere (Ada, 1963). The pro
duct used contained about 1-2 units enzyme/mg. protein, which is about 50,000-fold 
purer than a crude extract of membranes from 11-day embryos.

P r e p a r a t io n  c f  m a m m a l ia n  n e u r a m in id a s e  (M N ). Mammary gland from a lactating 
rat (Carubelli, Trucco & Caputto, 1962) was ground into phosphate buffer (0-1 m; 
pH 5-8) by using a Potter-Elvejehm type homogenizer. The extract was centrifuged 
(80,000 g; 30 min.) and the supernatant fluid (11-6 mg. protein/ml.) used. This 
contained 1-25 m-u. activity/mg. protein at pH 5-8.

P r e p a r a t io n  c f  v i r a l  n e u r a m in id a s e  (FA 7). Several strains of influenza virus were 
used at various stages during this work. Results obtained using the B  strain L E E
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(Francis, 1940) and the A strains, BEL (Burnet, Beveridge, Bull & Clarke, 1942) and 
PR 8 (Francis, 1934) are reported. Virus was grown in the allantoic cavity of chick 
embryos according to Beveridge & Burnet (1946). LEE  virus was purified by the 
method of Laver (1962); viruses PR 8 and BEL, concentrated from a red-cell 
eluate by two cycles of differential centrifugation (sedimentation, 38,000 g ; 30 min. ; 
clarification, 7000 g ;  10 min.) were further purified by banding in a potassium 
tartrate density gradient (McCrea, Epstein & Barry, 1961). LEE  virus was also 
grown in calf kidney cells by the method of Lehmann-Grube (personal com
munication). Cells grown in a monolayer were inoculated with infected allantoic 
fluid at a multiplicity of about one. After incubation (35°, 4 days) the released virus 
was harvested and purified by adsorption to and elution from red cells, followed by 
differential centrifugation.

P r e p a r a t io n  o f  Vibrio cholerae n e u r a m in id a s e  ( V C N ). Neuraminidase from 
cultures of V ib r io  ch o lera e was purified as described previously (Ada e t a l . 1961).

P r e p a r a t io n  o f  a n tis e r a
A n t i s e r u m  to a v ia n  n e u r a m in id a s e  ( A N ) . The preparation of purified enzyme con

tained about 2  mg. protein/ml. For the initial inoculation, enzyme solution was 
emulsified with an equal volume of complete Freund adjuvant (Difco). On day 1 , 
0-5 ml. was given intraperitoneally to two rabbits, A and B. The rabbits were given 
0-5-0-75 ml. of avian neuraminidase intravenously on days 1, 2, 3, 4, 5, 44, 6 6  and 
108. Blood was taken before and after the last three injections. As judged from the 
degree of enzyme inhibition, the sera obtained, following the last two injections of 
antigen, were of equal potency. F or the work reported in this paper serum from blood 
taken on days 114, 116 and 119 from rabbit A was used.

A n t is e r u m  to  v i r a l  n e u r a m in id a s e  (FAT). The virus solution used in each case con
tained between 5000 and 1 0 , 0 0 0  agglutinating doses/0-25 ml. Emulsions were made 
by mixing equal quantities of antigen and adjuvant. On day 1 , rabbits received 
1 ml. virus emulsion intraperitoneally and 0-25 ml. of virus solution intravenously, 
and, on day 15, 0-25 ml. intravenously. Blood was taken on days 2 0 , 2 2  and 24.

A n t i s e r u m  to Vibrio cholerae n e u r a m in id a s e  ( V C N ) . The enzyme solution con
tained 0-2 mg. protein/ml.; water-in-oil emulsions were made as above with Freund 
adjuvant. The rabbits received 1  ml. emulsion intraperitoneally on day 1  and 0-05 ml. 
intravenously on days 2 , 3, 4 and 5. On day 32, rabbits received 0-5 ml. intra
venously and were bled on days 35, 37, 39 and 42.

In all cases, serum was taken from the clotted blood and heated (56°, 30 min.). 
A fraction rich in y-globulin was prepared from the serum (Pollock, 1956). The 
y-globulin fractions (hereafter referred to as globulin) were stored either frozen or 
freeze dried. Sera were tested as described below.

E n z y m e  in h ib i t io n  te s ts . These corresponded to constant antigen titrations. The 
reaction was carried out in total volume of 0-5 ml. The enzyme preparation (0-35 
ml.), at a suitable pH value and containing antibiotics when necessary, was added 
to 0 - 1 0  ml. of the globulin preparation and the mixture stood at room temperature 
for 1 0  min. The substrate (0-05 ml.) was then added, the contents of the tube mixed 
and a 0-1 ml. sample taken. The tubes were incubated at 37° and further 0 - 1  ml. 
samples taken at appropriate times. The liberated A7-acetylneuraminic acid was 
estimated as described previously. Since the globulin preparations themselves
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contained substrate for neuraminidase, control solutions containing globulin prepared 
from preliminary bleed serum were also set up. Where purified preparations of 
enzyme were used, and sialyl lactose or fetuin as substrate, all dilutions of enzyme 
(VN, AN) were made in 0 - 1  M-phosphate buffer (pH 5-8) containing 0 - 1  % (w/v) 
bovine plasma albumin (BPA; Armour laboratories) or, for VCN, 0 - 1  M-tris -hmaleate 
buffer (pH 5-6) containing 1 0 _3M-CaCI2 and 0 - 1  % (w/v) BPA (Ada, 1963). BPA was 
not included when ovine submaxillary gland mucin was used as substrate.

RESULTS
E ffe c t o f  n o r m a l  g lo b u lin  o n  n e u r a m in id a s e  a c t iv i ty

Although in most tests controls containing dilutions of normal globulin were set 
up, it is worth reporting briefly the results obtained with normal globulin prepared 
from many different sera. With two exceptions, normal globulin at a 1 / 1 0  dilution 
did not inhibit either avian or viral neuraminidase acting on sialyl lactose or 
fetuin. One preparation (dilution 1 /1 0 ) inhibited (40%) BEL virus but this effect 
wras not observed at a 1 /40 dilution. Another preparation inhibited avian (25 %) and 
viral neuraminidase (14 %) at a 1 /10 dilution but less than 5 % inhibition was seen 
at a 1/40 dilution. Some preparations of globulin, when present in high concen
tration, showed a potentiating effect on enzyme activity. The reason for this is 
obscure. Globulin from rabbits hyperimmunized against bovine plasma albumin or 
diphtheria toxin did not inhibit either avian or viral neuraminidase.

I n h ib i t io n  o f  n e u r a m in id a s e s  b y  h o m o lo g o u s  a n tis e r a
I n h ib i t io n  o f  a v ia n  n e u r a m in id a s e  ( A N ) .  Fig. 1  shows the action of AN on the 

three substrates in the presence of anti-AN globulin. Action on fetuin and OSM 
wras inhibited by more than 95% and at least to 80% in the case of sialyl lactose. 
It is clear that the antiserum was not very potent however; this may have been due 
to the small amount of enzyme available for immunization, or to the nature of the 
enzyme.

I n h ib i t io n  o f  Vibrio cholerae n e u r a m in id a s e  (FCA'). Antiserum to VCN inhibited 
the action of the enzyme on each substrate (Fig. 2 ); action on fetuin and OSM 
was inhibited almost completely and a maximum of 90 % inhibition of action on 
sialyl lactose was observed.

I n h ib i t io n  o f  v i r a l  n e u r a m in id a s e  ( V N ) .  Antisera to the three strains of influenza 
virus LEE, BEL and PR 8 which were grown in the chick embryo were tested for 
ability to inhibit the enzyme action of the corresponding virus on the three sub
strates. The results obtained with LEE virus are shown in Fig. 3; almost complete 
inhibition (> 95 %) of enzyme action on fetuin and OSM occurred, whereas only 
slight inhibition of action on sialyl lactose was seen. The rate of action of LEE virus 
on OSM is so low that comparatively large amounts of virus had to be used in this 
test. Viruses BEL and PR 8 have little action on OSM but, when antisera to these 
viruses were tested as inhibitors of the action of corresponding virus on sialyl lactose 
and fetuin, similar patterns were observed: almost complete inhibition of action 
on fetuin and partial (20-50%) inhibition of action on sialyl lactose.

Antiserum to LEE  virus grown in eggs also inhibited the enzyme action of LEE  
virus grown in calf kidney cells. When tested in the presence of sialyl lactose or
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fetuin, this antiserum was active to the same dilution with virus grown in calf 
kidney cells as with virus grown in eggs. However, the action of calf kidney cell 
grown virus on sialyl lactose was inhibited by 40-50 % compared with only 20 % in 
the case of the egg-grown virus. An extract of cultured uninfected calf kidney cells 
had a low degree of neuraminidase activity.

Avian, viral and bacterial neuraminidase

Dilution of antiserum
Fig. 1 Fig. 2 Fig. 3

Fig. 1. Inhibition of avian neuraminidase (AN) acting on sialyl lactose, fetuin or ovine 
submaxillary mucin (OSM) in the presence of anti-AN globulin. Each solution contained
2-4 m-u. enzyme. Time of incubation 180 min. Sialyl lactose, O ---- O; fetuin, • —• ;
OSM, A—A.
Fig. 2. Inhibition of Vibrio cholerae neuraminidase (VCN) acting on sialyl lactose, fetuin 
or OSM in the presence of anti-VCN globulin. Each solution contained 2-3 m-u. of 
enzyme. Times of incubation: for sialyl lactose, 120 min.; for fetuin, 40 min.; for OSM, 
30 min. Sialyl lactose, O—O; fetuin, • —• ;  OSM, A—A.
Fig. 3. Inhibition of viral neuraminidase (whole LEE virus) acting on sialyl lactose, 
fetuin or OSM in the presence of autologous anti-viral globulin. Each solution contained 
21 m-u. of enzyme. Times of incubation; for sialyl lactose, 15 min.; for fetuin, 45 min.; 
for OSM, 90 min. Sialyl lactose, O—O ; fetuin, • —•  ; OSM, A—A.

E ffe c t o f  h e te ro lo g o u s  a n t is e r u m  o n  th e  a c t i v i t y  o f  d if fe r e n t n e u r a m in id a s e s
In these cross-reaction tests, sialyl lactose and fetuin were used as substrates. 

Irrespective of the substrate, globulin fractions prepared against viral or V ib r io  
c h o le ra e  neuraminidase did not inhibit enzyme action of the heterologous antigens 
(VCN, VN, AN, MN). Globulin prepared against AN did not inhibit VCN or MN 
but there was slight but variable degree of inhibition of VN of avian origin (LEE , 
BEL) when fetuin, but not sialyl lactose, was used as substrate.

In the case of CN and MN compared with the other two enzymes, the lack of 
cross-reaction was expected since cross-reactions between enzymes have been found 
to depend not upon catalytic but on taxonomic factors (Cinader, 1957). The slight 
reaction of antiserum against LEE and BEL viruses was suggestive of some rela
tionship between the two enzymes. If the viral and avian enzyme were related, one 
reason for the slight cross-reaction might be the inaccessability of some groups in 
the larger and more complex virus particle. Avian neuraminidase is small (S20 

about 3-3) whereas the intact virus has a sedimentation coefficient of 600-800 S. 
The solution to the problem lay in finding methods for obtaining from the virus 
particle an enzymically-aetive fraction of low molecular weight.
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D  is r u p t io n  o f  in f lu e n z a  v ir u s
Treatment with sodium dodeeylsulphate. While this work was in progress, one of us 

(W.G.L.) developed a technique for the disruption of influenza virus by using the 
detergent sodium dodeeylsulphate (SDS). When applied to the LEE strain of virus 
(with other strains tested, enzyme activity was lost), enzymic&lly active fractions 
were obtained. These fractions were separated by electrophoresis on cellulose acetate, 
in a tris + boric acid + EDTA buffer (pH 8-9; Aronsson & Gronwall, 1957) containing 
0-4% SDS; at least three bands of protein migrating towards the anode were 
observed. Most of the protein was in the two faster components (A, B); a third 
component C of low mobility contained about 6  % of the total protein in the case 
of virus grown in eggs, and about 14 % in the case of virus grown in calf kidney cells. 
Most of the enzyme activity was associated with component C although sometimes 
a trace was found in the slower of the main bands, B. The soluble enzyme from egg- 
grown LEE virus was not retarded on a column of Sephadex G-75 and had a sedi
mentation coefficient of about 9 S (Laver, 19636). We have examined other pro
perties of components C and B and their serological behaviour is reported below.

Fig. 4. Inhibition by anti-LEE globulin of the action of the soluble enzyme from LEE 
virus grown in eggs and from LEE virus grown in calf kidney cells, on sialyl lactose and 
fetuin. Each solution contained about 2-3 m-u. of enzyme. Time of incubation 120 min. 
Soluble enzyme from virus (grown in chick embryo) acting on sialyl lactose • —• ;  on 
fetuin ■ —■ . Soluble enzyme from LEE virus (grown in calf kidney cells) acting on 
sialyl lactose O-----O; on fetuin □ -----□ .
Fig. 5. Inhibition by anti-AN globulins of avian neuraminidase (AN) and of the soluble 
enzyme from egg-grown LEE virus acting on fetuin. The globulins were prepared from 
serum taken at different times during the immunization of rabbit A. Each solution con
tained 2-2 m-u. of AN or of the soluble enzyme from LEE virus. Time of incubation 120 
min. Enzyme AN, bleed day 119 O —O; day 270 □ —□ ; day 283 A—A. Soluble 
enzyme from LEE virus bleed day 119 • ---- ®; day 270 ■ ---- ■ ; day 283 A ---A .

T h e  s e ro lo g ic a l p r o p e r t ie s  o f  s o lu b le  e n z y m e  f r o m  L E E  v ir u s  
Sialyl lactose and fetuin were used as substrates in these tests. Components B 

and C from egg-grown LEE virus were inhibited to the same extent by anti-LEE 
globulin; the inhibition curves of component C are shown in Fig. 4. Inhibition of 
action on fetuin was much the same as found with whole virus at this degree of 
activity, but there was a very marked increase of inhibition when sialyl lactose was 
used as the substrate.
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Component C from LEE virus grown in calf kidney cells was investigated; the 

inhibition curves obtained in the presence of anti-LEE globulin are also shown in 
Fig. 4. With fetuin as substrate, the anti-LEE globulin inhibited to about the 
same extent the soluble enzymes from LEE virus grown in eggs and from LEE virus 
grown in calf kidney cells. Inhibition of the action of the soluble enzyme on sialyl 
lactose was again substantially higher than was the case with the whole virus.

None of these soluble enzymes was inhibited by anti V ib r io  ch o lera e  neuramini
dase globulin. The reactions with anti avian neuraminidase globulin are summarized 
in Table 1 . Only component C from egg-grown LEE virus was appreciably inhibited 
(and only with fetuin as substrate); the extent of this inhibition is shown in Fig. 5 
(curve ®-- - ®). Every preparation of the main enzyme fraction was inhibited by 
anti-avian neuraminidase globulin to an extent greater than that found with the 
parent preparation of virus. This inhibition varied from 30 to 50% at a globulin 
dilution of 1/10 and was not shown at a dilution which varied from 1/80 to 1/640. 
The usual end point was 1/320, which was also the end point of antibody titration 
of avian neuraminidase when this enzyme of equal activity (measured on fetuin) 
was used (see Fig. 5).

Avian, viral and bacterial neuraminidase

Table 1. E ffe c t o f  a n t is e r u m  to  a v ia n  n e u r a m in id a s e  o n  th e  a c tio n  o f  so lu b le  
e n z y m e s  d e r iv e d  f r o m  L E E  v i r u s  o n  tw o  s u b s tr a te s ,  s i a l y l  la c to se  a n d  f e tu in

Soluble enzyme derived from

LEE virus grown in eggs Main fraction
Second fraction

LEE virus grown in calf kidney Main fraction 
cells

Substrate
_________________________________ A_________________________

Sialyl lactose Fetuin
No inhibition Inhibition
No inhibition Trace of inhibition
No inhibition No inhibition

Globulins prepared from sera taken at different stages of the immunization pro
cedure was tested as inhibitor to soluble enzyme from egg-grown LEE and to avian 
neuraminidase. Rabbit A was bled on day 270 (previous bleed day 119), then 
re-injected intravenously with purified avian neuraminidase (9 units), and bled 
again on day 283. Globulin fractions from each antiserum were tested for their 
power to inhibit avian neuraminidase and the soluble enzyme from egg-grown LEE 
virus with fetuin as substrate. The results presented in Fig. 5 show that the ability 
of the anti-sera to inhibit avian neuraminidase and the soluble enzyme from LEE 
virus increased in the same order, namely, bleeds on days 270, 282 and 119.

DISCUSSION
Two main points have arisen from this investigation, namely, (1 ) the effect of size 

of substrate on the degree of inhibition of enzyme by homologous antibody, and
(2) the isolation from the LEE strain of influenza virus of a soluble enzyme, which is 
inhibited not only by LEE antiserum but also by antiserum to avian neuraminidase. 
The three substrates used in this work differ in size and linkage. Sialyl lactose has a 
molecular weight of about 640 and the linkage is between C2 of IV-acetyl- 
neuraminic acid (N-ANA) and C3 of galactose. Fetuin has a molecular weight of 
about 48,000 and the IV-ANA is joined probably to galactose but the actual linkage is
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unknown. Ovine submaxillary gland mucin (OSM) has a molecular weight of about 
1  x 1 0 6 (Gottschalk & McKenzie, 1961); the linkage is between the C2 of A-ANA and 
C6 of Ar-acetylgalactosamine. Although in many cases the rate of action of enzyme 
on OSM was very low or negligible, the other results indicate that inhibition studies 
with either fetuin or OSM as substrate gave similar results, i.e. the different linkages 
probably played only a minor role in this investigation. The different results obtained 
when sialyl lactose and fetuin were used as substrates might be due to size dif
ferences between the two molecules, since the linkage is to galactose in each case.

In the presence of homologous antibody, action of each enzyme on fetuin (and, 
when studied, on OSM) was almost completely inhibited. In Figs. 1-3, where the 
results of study of inhibition of avian, Vibrio cholerae and viral (egg-grown LEE 
virus) neuraminidases in the presence of autologous antisera are shown, the slopes 
of the inhibition curves are very similar; in each case a 16- to 32-fold decrease in 
antibody concentration in the mixture caused a change from almost complete to 
almost no inhibition of enzyme activity. In contrast, the slope of the inhibition 
curve of the soluble enzyme from egg-grown LEE virus, acting on fetuin in the 
presence of anti-LEE serum (Fig. 4) is less steep. The reason(s) for this is unknown. 
Autologous antiserum against the smaller enzymes (avian, V. cholerae) largely 
inhibited action against the small substrate, sialyl lactose, whereas similar action of 
the viral neuraminidase (Fig. 3) was only slightly inhibited. There are several possible 
reasons for this but until a more detailed analysis of each action is made, parti
cularly taking into account the extent of enzyme-antibody aggregation, it would be 
fruitless to speculate.

The second finding, which is more relevant to our thesis, was that the soluble 
enzyme prepared from LEE  virus by treatment with detergent reacted with anti
serum to the parent virus particle and with antiserum to avian neuraminidase. The 
evidence for the specificity of the first reaction was the demonstration that virus 
grown in the chick embryo and in calf kidney cells, and the soluble enzymes derived 
from them, have common antigenic groups. The evidence for the specificity of the 
reaction with antiserum to avian neuraminidase may be summarized as follows. 
(1 ) Antiserum to avian neuraminidase does not inhibit Vibrio cholerae or mam
malian tissue neuraminidases. (2 ) The ability of globulins prepared from serum 
taken at different times during the immunization of rabbit A to inhibit the LEE  
virus soluble enzyme varied in the same order as their ability to inhibit avian 
neuraminidase. (3) The dilution of antiserum which just failed to inhibit the enzyme 
action was usually the same for the avian neuraminidase and for the viral soluble 
enzyme (Fig. 5). (4) The antiserum to avian neuraminidase did not inhibit the 
activity of the soluble enzyme derived from LEE  virus grown in calf kidney cells.
(5) No preparation of normal globulin appreciably inhibited the LEE  virus soluble 
enzyme. Preliminary experiments with antiserum prepared against soluble enzyme 
from LEE  virus grown in eggs show that such antiserum inhibits equally well the 
soluble enzyme isolated from LEE  virus grown in either host but does not inhibit 
purified avian neuraminidase (fetuin as substrate). The evidence thus points strongly 
to the conclusion that the soluble enzyme in the virus particle is a virus-specific 
product. An unambiguous interpretation of the reaction of isolated viral neur
aminidase with antiserum to avian neuraminidase is not possible. If we take the 
results at their face value we must conclude that the soluble neuraminidase from egg-
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grown LE E  virus is associated with some antigenic determinants derived from the 
host but that these determinants, either because of their low concentration or quali
tatively defective antigenicity, are unable to provoke the formation of detectable 
antibody on injection into rabbits.

This work was supported in part by a grant from the National Health and Medical 
Research Council, Canberra, Australia.
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An Electron Microscope Study of Vibrio Flagella
B y  E. A. C. FOLLETT
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(R e c e iv e d  31 D e c e m b e r  1962)
SUMMARY

Electron microscopic study of vibrio flagella by using the negative staining technique revealed differences in chemical reactivity as between the sheath and core components. The sheath was easily degraded by autolysis and exposure to acid and urea, whereas the core was relatively resistant.These differences suggest that the sheath and core are of different composition and that, whereas the core consists of the protein ‘flagellin’, the sheath is probably of cell-wall origin.
INTRODUCTION

Bacterial flagella have been shown by electron microscopy to be uniform sinusoidal 
filaments. With two organisms, B a c i l lu s  b r e v is  (De Robertis & Franchi, 1951) and 
V ib r io  m e tc h n ik o v i i  (van Iterson, 1953), these filaments differ morphologically 
from all others examined in that they are composed of a core and surrounding 
sheath whose stability to autolysis (van Iterson) and trypsin treatment (De Robertis 
& Franchi) has been reported to differ from that of the core. Chemical analyses 
(Weibull, 1948, 1949, 1950, 1951; Kobayashi, Rinker & Koffler, 1959), and physical 
analyses (Astbury & Weibull, 1949; Beighton, Porter & Stocker, 1958) of purified 
non-sheathed flagella have established their protein nature, while physical analysis 
of the sheathed flagella of V ib r io  m e tc h n ik o v i i  revealed a similarity in basic structure 
between sheathed and non-sheathed types (Astbury, Beighton & Weibull, 1955). 
The application of negative staining to electron microscopy (Brenner & Horne, 
1959) provided a method complementary to shadow-casting for the study of 
protein macromolecular organization. This technique has been used in studying the 
structure of flagella (Kerridge, Horne & Glauert, 1962) and fimbriae (Thornley & 
Horne, 1962). In the present work (preliminary results were communicated to the 
Fifth International Congress for Electron Microscopy, Gordon & Follett, 1962) the 
superiority of negative-staining over shadow-casting in the demonstration of 
flagellar sheaths is shown, and their response to treatment with various physico
chemical agents assessed. This has established gross differences in stability as 
between the sheath and core components.
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METHODS

O r g a n is m s  a n d  c u l t iv a t io n . The organisms used were V ib r io  m e tc h n ik o v ii n c t c  8843 
and El Tor vibrio n c t c  5850 grown on nutrient agar at 37° for 1 2  hr. or at room 
temperature (about 2 0 °) for 24 hr. The actively motile organisms were harvested 
as a saline suspension which was used fresh or allowed to autolyse for 48 hr. at 4°; 
they were fixed by adding 1 0 % formalin to a final volume of 0-5% (v/v); unfixed 
controls were also examined to exclude the possibility of fixation artifacts. No 
attempt was made to separate flagella from the bacterial bodies.

P r e p a r a t io n  o f  s p e c im e n s . Bacteria are known to adhere to collodion film 
(Houwink & van Iterson, 1950) and when carbon-covered specimen mounts were 
floated on a suspension of organisms, sufficient bacteria and flagella adhered to the 
carbon film to provide a suitable specimen for microscopy. This was washed and 
stained by floating the grid for 1 0  sec. on the following solutions in series 1  % (w/v) 
potassium iodide, distilled water (twice), 1  % (w/v) ammonium molybdate, finally 
excess stain was removed and the remainder allowed to dry down on the film 
surface. By this technique, the effect of acid and urea treatment on the flagella 
was readily studied by interpolating appropriate solutions between the two changes 
of distilled water. Specimens were floated for various times on n / 1 0 0  hydrochloric 
acid adjusted to pH 2  with sodium hydroxide or on a 6  M-urea solution. All electron 
micrographs were taken with a Siemens Elmiskop 1  with either single or double 
condenser illumination, at a plate magnification of x 40,000.

RESULTS
In fresh young cultures negative staining revealed the flagella as white sinusoidal 

ribbons, with little or no evidence of internal structure. In older cultures, the two- 
component system of core and sheath became apparent, with the core outlined by 
two lines of stain running parallel to the flagellar axis. That this stain did delineate 
the core was confirmed on examination of autolysed specimens of V ib r io  m e tc h n i
k o v i i (PI. 1 , fig. 1 ) and El Tor vibrio (PL 1 , fig. 2 ) where the core was observed with 
and without its surrounding sheath. In both cases the protruding core retained its 
normal wave form. Numerous specimens were observed with intact flagella de
marcated into core and sheath, the degree of differentiation varying from one 
flagellum to another but being constant for any single flagellum.

Some autolysed specimens (PI. 1 , fig. 3) showed autolytic effects at sites other 
than the end of the flagellum. As well as completely removing the sheath from some 
flagella, autolysis merely loosened the sheath from the core from others (PI. 1 , 
fig. 4). A similar but more pronounced loosening was observed with flagella treated 
with urea for 5 min., and occasionally this was sufficient to allow a short terminal 
length of flagellum to escape from its enveloping sheath (PI. 2 , fig. 5). Whereas 
free cores—whether produced by autolysis, urea or acid treatment—always retained 
their wave form, empty sheaths showed no inherent rigidity and lay limply in 
irregular waves except where compressed against neighbouring structures by drying 
forces. Further urea treatment produced considerable swelling and partial removal 
of the sheaths (PI. 2 , fig. 6 ), whereas prolonged treatment completely removed the 
sheath, leaving an apparently intact core.



Although acid treatment also had more effect on the sheath than the core, the 
manner of sheath disintegration differed from that observed with autolysis and 
urea treatment. Instead of the loss of long reaches of sheath, characteristic of 
autolysis and prolonged urea treatment, exposure to acid for 1 0  sec. caused wide
spread comminution of the entire sheath (PL 2 , fig. 7). Further exposure removed 
the sheath completely, leaving cores which, as after autolysis and urea treatment, 
retained their wave form and appeared to be intact.

Measurements of total flagellar width and core width alone were made on all 
control specimens and on several autolysed specimens. These measurements, a total 
of 150, fell into two distinct groups. In the major group (78%) the total width 
was 350 ± 40 A, with a core width of 165 ± 15 A, while in the minor group values 
were greatly decreased, 270 + 2 0  A for total width and 125 + 1 0  A for core width. 
These latter measurements were always obtained from specimens which showed 
little or no demarcation of sheath and core (PI. 2 , fig. 5) and which had been prepared 
as fresh as possible. Autolysed specimens and suspensions left for several hours 
gave widths in the major grouping.
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DISCUSSION
Negative staining. Negative stain is known to penetrate the hollow channel in 

rod shaped viruses (Brenner & Horne, 1959) and the clear demarcation of sheath 
and core in autolysed specimens might therefore be caused by penetration of stain 
from an autolysed end into a potential space between sheath and core. The observa
tion here of a similar demarcation in intact vibrio flagella, however, indicates that 
a broken end is unnecessary for demonstration of the core and hence that the sheath 
must be permeable to the stain. This permeability would permit a thin film of stain 
to envelop the core with the resulting formation of areas of increased electron density 
at the edges of the projected image. The core would thus be outlined by two lines 
of stain along its edges, as was observed.

Flagellar width. The distinct division of the width measurements into two widely 
separate groups does net necessarily imply the presence of two types of flagella on 
the same organism. Yeung fresh organisms gave minimum width measurements 
and also showed a resistance to the penetration of stain. Organisms harvested and 
left for several hours, however, permitted ready access of stain through the sheath, 
indicating a considerable change in the bonding of at least the sheath component; 
the same flagella also gave much increased width measurements. These greater 
width values are therefore the result of extraneous factors introduced during 
preparation, and the true flagellar width is therefore 270 ± 2 0  A, with a core width 
of 125 ± 1 0  A.

In addition to the structural changes which occurred in the sheath during 
preparation the increased core width denotes that similar effects must occur in the 
core. If the structural modifications were sufficient to relax any inherent rigidity 
in the cylindrical flagellum and make its shape dependent on the medium surrounding 
it, then the removal of this medium on drying, combined with the considerable 
forces exerted on such a small object on drying, would result in compression of the 
flagellum into an ellipsoid. A much increased width related to the amount of 
structural relaxation would therefore be observed.
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Reactivity. The clear demarcation of core and sheath afforded by negative staining 

has enabled us to show that the core and sheath constituents of the flagella of 
Vibrio metchnikovii react differently; identical results were obtained with E l Tor 
vibrio. Although there is some evidence to suggest that the mode of attack on the 
sheath by each of the three reagents may differ, the conclusion reached from all 
the experiments is the same, namely that the sheath is easily removed, leaving an 
apparently intact core. This difference in stability indicates that the flagellum 
consists either of two constituents which differ chemically or of a single constituent 
in two sufficiently contrasting physical forms.

In the X-ray analyses of Astbury et al. (1955) almost identical X-ray diffraction 
photographs were obtained from the flagella of Vibrio metchnikovii and from those 
of a non-sheathed species, Froteus vulgaris. This close similarity is almost certainly 
produced by the core constit uent of vibrios, because a substructure identical in type 
and periodicity has been observed both in vibrio cores and in the flagella of a 
paracolon bacillus, another non-sheathed species (Gordon & Follett, to be published). 
Since physico-chemical analyses have shown that non-sheathed bacterial flagella 
are composed almost entirely of the protein ‘flagellin’ these findings strongly 
suggest that the core of the vibrio flagella is also composed of the same contractile 
fibrous protein. Furthermore, the vibrio species of bacteria has a single flagellar 
antigen and thus, if their surrounding sheath is composed of flagellar protein, it 
must be identical antigenic ally with the core protein and yet have markedly 
differing physical properties from it. What seems more probable is that the sheath 
differs in chemical composition and may be of cell-wall origin.

The authors are indebted to Dr I. M. Dawson for suggestions and discussion 
during this work.
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EXPLANATION OF PLATES 
P late 1

Fig. 1. Autolyscd flagellum of Vibrio metchnikovii. x 125,000.
Fig. 2. Autolyscd flagellum of El Tor vibrio, x 135,000.
Fig. 3. Flagellum of V. metchnikovii showing autolytic effects in non-terminal section, x 128,000. 
Fig. 4. Loosening of sheath produced in flagellum of V. metchnikovii by autolysis, x 128,000.

P late 2
Fig. 5. Flagella of Vibrio metchnikovii treated with urea for 5 min. x 125,000.
Fig. 6. Flagellum of V. metchnikovii treated with urea for 15 min. x 120,000.
Fig. 7. Flagellum of V. metchnikovii treated with acid for 5 min. x 170,000.
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A Comparative Study of Virus Haemagglutinins. The 
Stability of Haemagglutinins and Red Cell Receptors 

to Certain Physical and Chemical Treatments
B y  F. E. BUCKLAND and  D. A. J. TYRRELL

N a t io n a l  I n s t i tu te  f o r  M e d ic a l  R e se a rc h , C o m m o n  C o ld  R e se a rc h  U n it ,  
H a r v a r d  H o s p i ta l ,  S a l i s b u r y ,  W il ts h ir e

(R e c e iv e d  3 J a n u a r y  1963)
SUMMARY

A study of 2 2  haemagglutinating viruses was made to see whether by treating the viruses and the receptors on the red cells with a variety of physical and chemical agents, a convenient means could be devised for identifying and classifying these viruses, while throwing some light on the chemical basis of the haemagglutination reaction. The viruses were submitted to 13 different treatments; acid, urea, p-chloromercuriben- zoic acid, deoxycholate and possibly bisulphite might be useful for the classification of unknown agents since they gave similar results with all members of a biological group. Other treatments (e.g. formaldehyde) gave results which varied from strain to strain in such a group of viruses and might be useful for genetic studies. The red cells were treated in nine different ways; formalin, papain, chymotrypsin, periodate, receptor- destroying enzyme, (RDE) and swine influenza virus each prevented agglutination by one or two viruses (apparently by inactivating cell receptors). These results were complementary to those with the virus haemagglutinins.The importance of standardized conditions of test are emphasized.
INTRODUCTION

It is known that viruses belonging to many biological groups can agglutinate 
red cells, and that this is usually a property of the virus particle. The haemagglutin
ins of vaccinia and the psittacosis group can be separated from the particle itself, 
but in the work reported here only viruses in which the haemagglutinin and virus 
particle are closely associated were used. We wished to obtain by simple in  v i tr o  
tests some basic information on the constitution of various viruses. The inactivation 
of receptors by neuraminidase provided a useful criterion for identifying members 
of the myxovirus group (Andrewes, Bang & Burnet, 1955). It seemed likely that if a 
variety of agents were used on the haemagglutinins and the red cell receptors of a 
variety of viruses the results would fall into a pattern which might provide a 
rapid method of classifying and identifying haemagglutinating viruses.

METHODS
Table 1  shows the viruses that were used and outlines their preparation in chick 

embryos, mice and tissue culture. In tests on the viral haemagglutinin it was neces
sary to prepare the viruses in a non-inhibitory suspension since, for instance, allan
toic fluid contains a strong trypsin inhibitor. Therefore, myxoviruses in allantoic
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fluid were purified by adsorption on to, and elution from, red cells, or were grown 
in media containing lactalbumin hydrolysate (LAH) and yeast extract (YE) 
but no serum; the latter medium was used for ECHO and REO viruses also.

Table 1. V ir u s e s  u s e d , th e ir  p r e p a r a t io n  a n d  the s p e c ie s  o f  r e d  c e ils  u s e d  in
h a e m a iig lu tin a tio n  te s ts

All culture media were based on Hanks’ saline and contained 01  % sodium bicar
bonate and 100 units penicillin/ml., SO units mycostatin/ml. and 100 ,zg. streptomycin/ 
ml. 0-5 % red cells used with GD YII ; otherwise 1 %. Test at 4° with EMC group and 
GD VII ; otherwise at room temperature.

Virus Culture media and
group Type and strain Host purification, if any Red cells

Myxovirus Influenza A WS Calf kidney 01 % yeast extract, Human
0-5 % LAH* or

Influenza A Mel Calf kidney 5 % horse serum, Human
0-25 % LAH

Influenza A2 Chick embryo — Human and sheep
A/Eng/59 allantois

Influenza A 2 Chick embryo — Human and sheep
Iksha allantois

Influenza B Lee Calf kidney As for WS and Mel Human
Parainfluenza I Calf kidney: As for WS and Mel Human and sheep
Sendai chick embryo 

allantois
Mumps Chick embryo — Human and sheep

amnion and 
allantois

REO virus Type I Monkey kidney 199 (Parker), also Human
01 % yeast extract 
0-5 % LAH

Type 2 Monkey kidney 1 % or 2 % calf Human
serum, 0-25 % LAH

ECHO virus Type 7 Human embryo 2 % calf serum, Humanlung 0-25 % LAH or HumanType 11 prototype Monkey kidney ■ 0-5% LAH, 0-1% HumanType 11 U Monkey kidney yeast extract HumanType 12 Monkey kidney .
Theiler’s GD VII Mouse Arcton treated brain Human

mouse ence
phalitis virus

Encephalo EMC Mouse ascites Supernatant flnidf Sheep
myocar
ditis virus

Columbia SK tumour cells Arcton-treated brain Sheep
Adenovirus Adeno 7 prototype HeLa cells 5 % rabbit serum, Rhesus monkey

0-25 % LAH
Adeno 9 prototype KcLa cells 5 % rabbit serum, Human

0-25 % LAH
SV 17 Mouse kidney 199 (Parker) or 2% Human

calf serum, 0-25 % 
LAH

Arthropod- A. Semliki Forest Suckling mouse Arcton-treated brain Goose
borne B. West Nile S uckling mouse Arcton-treated brain Goose
virus

Pneumonia PVM Mouse Arcton-treated lung Mouse
virus of 
mice * Lactalbumin hydrolysate, f  Martin, Malec, Sved & Work (1961)



Adenovirus suspensions were prepared from the cells only and purified by extrac
tion with trifluorotrichloroethane (‘ Arcton’ 113: Imperial Chemical Industries Ltd.) 
All these virus suspensions had no inhibitory action on proteolysis of gelatin by 
trypsin.

In tests on the red cell receptors untreated culture fluids were used except in the 
case of REO and adenoviruses where the cells were disintegrated in the medium 
by a mechanical blendor.

S a l in e . Except where stated otherwise, phosphate buffered saline (PBS) was 
used, i.e. 0-14M-sodium chloride-)-0-01 M-phosphate buffer at pH 7-2.

Tied ce lls . These were taken with sterile precautions, stored in glucose + gelatin+ 
veronal solution (Clarke & Casals, 1958). Human group O cells from one donor 
were used but rhesus monkey cells were used for adenovirus type 7, sheep cells for 
encephalomyocarditis virus (EMC), goose cells for arthropod-borne viruses, and 
mouse cells for pneumonia virus of mice (PVM).
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T r e a tm e n t  o f  v ir u s e s
Urea. Dilutions from 1 to 8 m were mixed with equal volumes of virus and incubated 

for 1  hr. at 37° and dialysed at 4° against PBS for 3 hr.
pH octlucs. M-buffers were mcidc with £i r3/iî 6  from pH 2 to pH 10 ̂ pH 2, 3 ctrici 4 

were citrate, pH 5 acetate, pH 6 , 7 and 8 phosphate, pH 9 and 1 0  glycine buffers. 
Equal volumes of virus and buffer were mixed for 1  hr. at room temperature, then 
dialysed against PBS for 3 hr. at 4°.

H e a t. Separate samples were kept in 56° water bath for 2 0 , 40, 60 min.; in the 
37° bath for 1, 3 and 16 hr.

E th e r . Four volumes of virus+ 1  volume of ether were held at 4° overnight. The 
ether layer was pipetted off.

F o r m a l in  (formaldehyde solution 40%, w/v). Virus was mixed with an equal 
volume of 2 0  % formalin in PBS, left at 4° overnight and then dialysed for 2  hr. at 4°.

P e r io d a te . Equal volumes of virus suspension and 0-046 M-sodium metaperiodate 
were mixed and held at room temperature for 1  hr. and then dialysed against PBS 
for 3 hr.

B is u lp h i te . As for periodate, but with 0 - 1 0 4 M-Na2S20 5 and subsequently with 
0 - 0 5 2 u ,  0 - 0 2 6 1 1  and 0 - 0 1 3 1 1  solutions.

E n z y m e s . Trypsin and chymotrypsin were prepared by dissolving 0 - 1  g. crystal
line material in 10 ml. O-OIn-HCL This stock solution was kept frozen and diluted 
1/100 with 2-amino-2-hydroxymethylpropane-l,3-diol (tris) buffer (pH 7-6) before 
use. Equal parts of enzyme solution and of virus were held for 2  hr. at 37°. The 
control in tris buffer was similarly treated.

P a p a i n .  This was prepared according to the method of Muschel & Piper (1959); 
2  g. crude papain in 1 0  ml. 0-05n-HC1 was diluted in tris buffer with ethylene 
diamine tetra-acetic acid (EDTA; 0 - 0 0 1  m) and cysteine 0 - 0 0 1  ii (pH 7-1) to 1% 
papain.

T h io l  r e a g e n ts: see Buckland (1960).
S o d iu m  d e o x y c h o la te . Virus was mixed with an equal volume of 0-0048M-sodium 

deoxycholate, incubated at 37° for 1 hr. and then dialysed overnight against 
O-OIm-PBS.
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T r e a tm e n t  a n d  m e th o d  o f  u se  o f  r e d  ce lls
The red cells were usually suspended in the reagent dissolved in saline and shaken 

by hand at intervals. Thereafter the cells were centrifuged (500 g. for 5 min.), 
resuspended in saline and used immediately or after a short time at 4°. Table 2  

shows the concentrations of reagents and red cells used and other details of the 
treatments. The mouse red cells used for PVM did not withstand these treatments; 
consequently only the haemagglutinin was investigated.

Table 2 . T r e a tm e n t  o f  re d  ce lls
Proteolytic enzymes were assayed frequently Two-fold dilutions were made in 

Hanks’ saline containing 5%  sodium bicarbonate. To 1-25 ml. of each dilution 0-5 ml. 
of 7-5 % gelatine were added. They were incubated at 37° for 1 hr. and failure to set 
on cooling was taken as the end-point. Temperature and time

Reagent Quantities used of treatment
Formalin (formaldehyde 
solution 40 %, w/v) 

Sodium metaperiodate

Sodium metabisulphite 
Papain (BDH) titre 13,000

Trypsin (crystalline, Difco) 
titre 8000-64,000

Chymotrypsin (Armour) 
titre 4000

p-Chloromercuribenzoic
acid

Iodoacetamide
Cholera filtrate
(N.V. Philips- Roxane 

(Duphar))

I vol. packed cells and 3-4 vol. of 
1 % formalin

*(«) 1 vol. of 10 % cell suspension 
and 9 vol. 0 0058M-NaI04

(b) 1 vol. of 10% red cells, 1 vol. 
of N aI04 at dilution ranges 
0 001 6 m  to 0 0008 m

1 vol. of 10 % cell suspension and 
9 vol. of 0-026 M-Na2S20 5

Stock prepared according to 
Muschel & Piper (1959), 5 vol. 
of 2 % papain and 1 vol. packed 
cells

Stock 01 % in O OIn-HCI, 1 vol. 
of 0 01 % trypsin and 1 vol. 
packed cells

As for trypsin
10 3m  o r  10~*M d ilu tio n  m ix ed  

w ith  e q u a l v o lu m e  10 %  cells
10 3 M or 10 1M dilution mixed 
with equal volume 10% cells

Reconstituted: diluted in saline. 
Serial dilutions mixed with 5 % 
packed cells

37°, overnight

Room temperature;
1 hr.

4°; 1 hr.

Room temperature ; 
1 hr.

37° ; 30 min.

37°; overnight

As for trypsin
Room temperature; 
1 hr.

Room temperature; 
1 hr;

37°; 2-5 hr.

* In method (a) with ambient temperature 15-20’ the experiment was carried out on the bench. 
In method (b) with ambient temperature 21-26° to avoid haemolysis the treatment of red cells 
was carried out at 4°, the test set up on the bench, but subsequently allowed to settle at 4°.

H a e m a g g lu t in a t io n  te s ts
Haemagglutination tests were usually carried out at room temperature in plastic 

plates. Serial two-fold dilutions of virus were made in saline and an equal volume 
(0-25 ml.) of 1 % red cell suspension was added to each cup. The test was read by 
observing the pattern of sedimentation, and partial agglutination was taken as the 
end-point. Glass test tubes were used in titrations of GD VII virus as, otherwise,



245
clear patterns were not obtained. Other variations in technique are given in Table 1 . 
I t  was found that non-specific inhibitors for SV17 and arthropod-borne viruses, 
derived from tissues, were removed by treatment in a mechanical blendor with 
Arcton 113.

A s s e s s m e n t  o f  r e s u lts
An attempt was made to obtain quantitative results with each reagent. Viruses 

or red cells were treated with various dilutions. The difference in titre from that of the 
controls was called the ‘titre reduction’ and plotted or tabulated. A reduction of 
four-fold was taken as significant in a single test; an average reduction of less 
than four-fold was sometimes significant in repeated tests (see Table 4). When a 
difference was not precisely known because an end-point was not reached it was 
assumed for purposes of calculation that the end-point lay at the next step in the 
dilution series, e.g. a titre reduction from 64 to < 4  was treated as a reduction of 
64 to 2 . The concentrations of reagents tested usually ranged from the maximum 
that could be used without producing obvious signs of damage to the red cells, 
(e.g. haemolysis or spontaneous agglutination), to the lowest concentration which 
produced any effect with the most sensitive virus. In most instances, this was a 
narrow range, but with periodate and cholera filtrate various dilutions were studied. 
All the results reported here are based on tests repeated several times, usually with 
different batches of virus, red cells and reagents.

Stability of virus haemagglutinins and cell receptors

RESULTS
T r e a tm e n t  o f  h a e m a g g lu tin in s

The haemagglutinins o: most viruses were impaired or destroyed by a variety 
of reagents, but there were significant differences in the types of reagents which 
were active and the concentrations at which they were effective on different viruses.

pH r a n g e . Some typical results are shown in Fig. 1 ; it may be seen that the 
haemagglutinins were mostly stable in alkaline conditions and that there was a 
sharply defined transition from no effect to a marked one over a pH range of 1  to 
2  units. These results held good for other viruses in the same biological group.

PVM and ECHO viruses were extremely stable throughout the range, the 
adenoviruses stable from pH 1 0  to 3, the myxoviruses from pH 1 0  to about pH 5; 
the arthropod-borne viruses were stable only in very alkaline conditions.

U r e a . Urea was tested because it is known to split hydrogen bonds and at 
concentrations between 0-5 and 4 m a wide variety of responses was found. Some 
representative results are shown in Fig. 2 . PVM virus and GD VII were unaffected 
by even the highest concentration though PVM was readily inactivated by acid. 
Myxoviruses were inactivated by urea concentrations of 3 m or more; adenoviruses 
and enteroviruses by approximately half this concentration.

B is u lp h i te . The effect of a mild reducing agent was next studied. Sodium meta
bisulphite at 0-104m was convenient for a screening test; the myxoviruses, GD VII 
virus and the arthropod-borne viruses were sensitive, but the others were not. The 
most sensitive of the myxoviruses was influenza strain WS which was inactivated 
by one-eighth of the screening concentration whereas Sendai virus was affected 
by the screening concentration only.

P e r io d a te . Treatment with'periodate had an effect on all the viruses tested, but



closely related viruses reacted differently; for example, ECHO 7 and SV 17 were 
little affected, but ECHO 1 2  and Adeno 7 were inactivated.

Sodium deoxycholate. Theiler (1957) showed that the infectivity of arthropod- 
borne viruses was readily abolished by deoxycholate. We found complete inactiva
tion of haemagglutinin in our tests with Semliki Forest and West Nile viruses, 
representatives of groups A and B, respectively. No other haemagglutinin showed 
any change in litre after treatment.

Ether. Ether treatment also affected only the two arthropod-borne viruses, 
but the effect on Semliki Forest virus was weak and barely significant. Cheng (1961) 
found that treatment for a shorter time with two volumes of ether for two periods 
of 10 min. at 3° destroyed almost all the infectivity, but made no significant dif
ference to the haemagglutinin of Semliki Forest virus.
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Fig. 1. The effect on the haemagglutinin titre of exposure of certain viruses to various
pH values. —A—, influenza A; —• —, adenovirus 9 ;  i— , ECHO 11.
Fig. 2. The effect on haemagglutinin titre of exposure to urea at various molarities 
—® —, ECHO T; —• —, adenovirus 9; —\ —, influenza A2; — 8  — , CD V II.

P r o te o ly t ic  e n z y m e s . Trypsin and chymotrypsin at 0 - 1  mg./ml. inactivated 
adenovirus type 9 only. Recently, however, Grcsser & Enders (1961), who used 
a higher concentration of trypsin (0-5 mg./ml.) and sampled periodically up to 
4.3 hr., found that of the myxoviruses, mumps haemagglutinin was highly suscep
tible, Sendai relatively so and influenza A insusceptible. They considered that these 
findings might be of value in the classification of the group.

Papain attac ked more viruses than did trypsin, but individual viruses were found 
to be susceptible or resistant in a way that bore no relationship to their broad 
biological groupings. REO virus type 2 , Iksha and the Lee viruses were inactivated 
by 0 - 1  % papain, but WS, Mel and mumps were unaffected by 1  %.

F o r m a l in  (formaldehyde solution 40 %, w/v). Formalin is widely used at dilutions 
of less than 1 % for inactivating virus infectivity, but the effect on the haemagglu
tinin of the high concentration used in these experiments varied from strain to 
strain. Some members of all virus groups were susceptible and myxoviruses were 
in general inactivated, but WS and Sendai were relatively resistant. Similarly,
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REO type 1  was susceptible although REO type 2  was not. Underwood & Weed
(1961) reported that glyoxal inactivated the infectivity of several viruses at a 
concentration that left that of poliomyelitis unimpaired. When we tested this 
compound on the haemagglutinin of some representative viruses it behaved like 
formalin, but was less active on a molecular basis.

H e a t. All the viruses were heated at 56° for 2 0 , 40 and 60 min. as well as at 37° 
for 1 , 3 and 16 hr. The pH value was kept at pH 9 for arthropod-borne viruses, 
at pH 7-2 for other viruses; the viruses were suspended in serum-free medium or in 
PBS. All haemagglutinins but those of PVM and some myxoviruses were completely 
destroyed at the higher temperature in 2 0  min., while at lower temperatures only 
arthropod-borne viruses, ECHO 1 1  and EMC, were decreased in titre. The effects of 
the higher temperature, together with that of periodate, bisulphite, papain and 
formalin are shown in Table 3.

T h io l  re a g e n ts . The effect of p-chloromercuribenzoic acid on haemagglutinins 
has already been reported from this laboratory (Buckland, 1960) and by Philipson 
& Choppin (1960). Enteroviruses, REO, EMC and adenovirus type 7 were highly 
susceptible while the remainder were unaffected.

Table 3. L o g t  r e d u c tio n  i n  h a e m a g g lu tin in  ( H A )  t i t r e  p r o d u c e d  b y  in d ic a te d
tr e a tm e n t o f  v i r u s e s

Treatment

Stability of virus haemagglutinins and cell receptors

Virus
WS

Papain 
(1 %)

formalin bisulphite 
(20%) (0104 m) 
log2 reduction in HA titre

periodate 
(0-046 m)

heat 
56° for 
20 min.

0-5 1-75 6 4*5
>

3
Mel 0 5 6 4-0 1
A/Eng/59 3 6 3*5 2-5 2
Iksha 5 3 4 4-5 4
Lee 5 2-3 4 4-0 2
Sendai 2 2 5 6-0 5
Mumps 0 4 2 2-5 2
REO 1 3 3-5 1 4 4
REO 2 3 0 1 3 5
ECHO 7 1-5 3-6 0 1-5 7
ECHO 11 0 3 0 2-5 5
ECHO 12 0 1 0 4-6 9
GD VII 0 6 2 5 3
Adeno 7 0 6-5 0 5-3 7
Adeno 9 2 1 0 2-25 7
SV 17 0-8 1 1 10 5
EMC 2 4 0 5 5
Columbia SK 0-5 4-5 1 4-3 6
Semliki Forest — 4 4 4-5 5
West Nile — 5 6 6-0 5
PVM 2 — 0 2-75 0

E ffe c t o f  v a r io u s  a g e n ts  o n  r e d  ce ll r e c e p to rs
F o r m a l in . Treatment of red cells with less than 1 % formalin produced little 

effect. At this concentration, however, there was no decrease or a slight increase 
of agglutinability with myxoviruses and arthropod-borne viruses, but a marked 

!6 Microb. xxxii



decrease on testing with ECHO, REO and adenoviruses; the decrease was some
what less using EMC and Columbia SK. Some of these results have already been 
reported (Buckland, 1959).

Proteolytic enzymes. As it seemed that formalin might be acting on the amino 
groups of proteins, the effect of proteolytic enzymes was next tested. Philipson
(1959) showed that chymotrypsin destroyed receptors for ECHO 1 1  virus; this was

Influenza A
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Fig. 3(a). Effect of increasing volumes of 0-0058 M-metaperiodate a t ambient tempera
ture 15° to 20°, — + —, influenza A, A2 Sendai, ECHO 11; —= —, mumps; —■ —, influ
enza B ; — , adenovirus 9 ; — » —, GD VII ; —0 —, REO virus I. 3 (b). Effect of in
creasing concentration of reagent at ambient temperature of about 23° (21-26°). 
— x —, ECHO 11, Sendai; —A— influenza A; —H—, influenza B; — , GD VII;
—©—> REO virus 2; —= —, mumps; —• —, adenovirus 9.
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confirmed, but it was found that, to a lesser extent, it also rendered cells inagglutin- 
able by ECHO viruses types 7 and 1 2 , REO viruses types 1  and 2  and adenovirus 
type 7 (Tables 3 and 5). Papain treatment prevented agglutination by more viruses 
than did treatment with chymotrypsin; agglutination by adenovirus type 9 and 
EMC virus was inhibited; agglutination by influenza A viruses was slightly 
decreased, but other myxoviruses and REO viruses were unaffected. The effective
ness of papain may be correlated with its powerful and relatively non-specific 
proteolytic activity. The slight effect of trypsin on agglutination by influenza A 
(Hirst, 1948) was not observed, but different red cells and different virus strains 
were used.

R e c e p to r  d e s tr o y in g  e n z y m e  ( n e u r a m in id a s e ) : R D E .  The receptor destroying enzyme 
(RDE) of cholera filtrate (Burnet & Stone, 1947) has long been known to destroy 
receptors for influenza viruses and other myxoviruses (Andrewes e t a l. 1955). 
Our experiments confirmed this and also showed that the two A 2 strains we used 
behaved as ‘ + ’ viruses, i.e. the receptors were not all destroyed by cholera filtrate 
(Takatsy & Barb, 1959; Choppin & Tamm, 1960). The receptors for adenoviruses 
were destroyed by RDE as was also observed by Kasel, Rowe & Nemes, 1960. 
We confirmed that receotors for ECHO viruses are not inactivated by RDE 
(Goldfield, Srihongse & Fox, 1957). As our experiments were done with a crude 
cholera filtrate preparation parallel tests were performed with an allantoic fluid 
containing swine influenza virus. The similarity in results suggested that the effect 
was due to RDE and not to any possible contaminating enzyme.

O x id iz in g  a n d  r e d u c in g  a g e n ts . Bisulphite at the concentration used had no effect 
on receptors. The destruction of receptors for influenza virus by periodate was 
reported by Hirst (1948) and Fazekas de St Groth (1949). A difficulty in extending 
these tests was the haemolytic effect of the higher concentrations of periodate used 
by these workers, but we found that this could be circumvented if the cells were 
treated with the same amount of periodate in a greater volume—the highest con
centration used (0-0058m) lay at the lower end of the range of concentrations which 
caused destruction of receptors for Mel; raising the concentration further in attempts 
to destroy all receptors resulted in haemolysis. The degree of receptor destruction 
was markedly affected by the exact conditions under which the test was carried 
out as can be seen by inspection of Figs. 3 a and 3 b and Table 4. However, the general 
order of sensitivity was more or less the same whatever technique was used. 
The receptors for myxoviruses varied greatly in their sensitivity; Sendai virus 
receptors were completely resistant, while those of mumps were very sensitive. 
Adenovirus, GD V II and REO virus receptors were also very sensitive, but ECHO 
virus receptors were unaffected.

A g e n ts  w h ic h  c o m b in e  w i th  - S H  g r o u p s . Since p-chloromercuribenzoic acid had 
been found to inactivate certain virus haemagglutinins very effectively (Buckland,
1960) it was thought that this substance or iodoacetamide might act on red cell 
receptors. However, no inactivation was observed under the conditions used.

E x p e r im e n ts  w i th  s h e e p , rh e s u s  m o n k e y  a n d  g o o se  r e d  ce lls . Since certain viruses 
will agglutinate not only human red cells but those of some animals and birds, 
a limited number of experiments was carried out to see whether similar results 
were obtained when those cells were used instead of human ones. The reactions of 
treated human and sheep cells were similar (Table 5). The receptors for EMC and

Stability of virus haemagglutinins and cell receptors
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Columbia SK viruses were more readily destroyed than those for myxoviruses. 
On the other hand, the reaction of adenovirus 7 with treated rhesus red cells was 
slightly different from that of adenovirus 9 with human cells; adenovirus type 7 
was able to agglutinate cells treated with periodate and cholera filtrate. This may 
have been due to differences in the virus or in the cells (see Table 5). It was also 
found that patas virus (SV 17) receptors on ox cells were not inactivated by forma
lin while receptors on human cells were inactivated. Treated goose cells, which 
reacted with influenza viruses like treated human cells, were agglutinated to full 
titre by the arthropod-borne viruses used. It was concluded that generally speaking, 
the results of treatment of red cells were not influenced by the species of red cell 
used.

A d s o r p t io n  e x p e r im e n ts . Red cells were treated with formalin, periodate, chymo- 
trypsin and papain. The cell suspensions were then mixed with virus and the amount 
of haemagglutinin left in the supernatant fluid measured. In this way the capacity 
of treated red cells to absorb influenza WS and LEE, adenovirus type 9, REO virus 
types 1 and 2 , ECHO viruses types 7, 1 1  and 1 2  and GD VII was measured. The 
results can be summarized by saying that treated cells which were agglutinable by 
the virus with which they were mixed could also absorb the virus; cells which 
were inagglutinable did not absorb virus. The only exception was that papain 
treated cells failed to absorb REO virus. It can, therefore, be concluded that in 
general the treatments which rendered red cells inagglutinable by specific viruses 
destroyed the receptors for that virus, just as in the classical work with RDE.

DISCUSSION
When the experimental work described in the paper was completed (1960) 

relatively little had been published on the in  v i tr o  behaviour or the haemagglutinins 
and receptors of viruses such as the adenoviruses and enteroviruses. Much more 
work has been published since then which confirms or goes beyond the facts 
reported here. However, this is the first publication of a systematic comparison of 
stability of a range of haemagglutinins on treatment with urea, different pH values, 
deoxycholate and bisulphite, of comparison of the effects on different virus receptors 
of proteolytic enzymes and periodate and the lack of effect of bisulphite on receptors 
of adeno, REO and ECHO viruses. A systematic comparison seemed desirable 
because differences in the source of viruses, the concentration of reagents or the 
time and temperature of the reaction may affect the results significantly. From 
the tables it can be seen that when the same techniques are used, the haemag
glutinins of influenza WTS and mumps were inactivated by periodate, the receptors 
for influenza WS were unaffected while those for mumps were destroyed. In contrast 
the haemagglutinin of REO virus type 1 was destroyed by formalin whereas that of 
REO virus type 2 was not, although the red cell receptors for both were destroyed.

The findings of these experiments suggest that there are chemical differences 
between the haemagglutinins in the main groups of viruses and in the red cell 
receptors for them and that certain subdivisions within a virus group based on a 
serological difference such as that found between influenza A and B have also a 
chemical difference which can be demonstrated by the use of papain. When an 
unknown virus isolated from Erythrocebus patas monkeys was investigated on
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these lines it was found to have a haemagglutinin resembling that of adenoviruses 
before it was shown to possess the adenovirus complement-fixing antigen (Tyrrell, 
Buckland, Lancaster & Valentine, 1960) and it was finally identified as SV 17.

We are indebted to Dr H. G. Pereira for adenovirus type 7 suspensions, Drs
T. H. Work and E . M. Martin for EMC preparations, Dr J . S. Porterfield for the 
arthropod-borne viruses, Dr A. C. Allison for the p-chloromercuribenzoic acid and 
iodoacetamide, and especially to Mrs P. K . Brown for technical assistance.
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The Nature of Inhibitory Activity by 
S ta p h yloco ccu s au reu s Type 71

B y  G. I. BARROW
P u b l ic  H e a l th  L a b o r a to r y ,  B r a d fo r d

(R e c e iv e d  1 0  J a n u a r y  1963)
SUMMARY

Antibiotic production in liquid media by S ta p h y lo c o c c u s  a u r e u s  strains of bacteriophage ‘type 71’ was poor as measured by cup assays against susceptible corynebacteria. Aerobic incubation in freshly prepared tryptic-digest broth containing a fermentable carbohydrate and adjusted to pH 7-8 gave the greatest yields. The antibiotic material was not obtained in a pure state, but was concentrated by evaporation of crude solutions. These were prepared by adding trichloroacetic acid to broth cultures and centrifuging to remove the organisms. The antibiotic was stable and relatively heat-resistant under acid conditions, but was rapidly destroyed when alkaline; it diffused slowly through cellophan, was adsorbed by charcoal, and was inactivated by trypsin but not by pepsin. These properties suggest that it may be protein or polypeptide in nature. Inhibitory activity by type 71 cocci was shown in mixed broth cultures against other non- inhibitory strains of S ta p h y lo c o c c u s  a u r e u s , and was similar to that previously observed on solid media.

INTRODUCTION
S ta p h y lo c o c c u s  a u r e u s  strains of bacteriophage ‘type 71’ are frequently isolated 

from superficial infections of the skin (Barrow, 1955; Parker, Tomlinson & Williams,
1955). They produce sharply defined inhibition zones in direct antagonism tests 
against corynebacteria on solid media (Parker, 1958). In deferred antagonism 
experiments, Parker & Simmons (1959) also observed weak activity against other 
strains of S ta p h y lo c o c c u s  a u r e u s , but failure to obtain active bacteria-free prepara
tions from cultures grown either in liquid or on solid media restricted their investiga
tion of the antagonistic agent. Later, type 71 organisms were found to be strongly 
and directly active on solid media against most other S ta p h y lo c o c c u s  a u r e u s  strains! 
as well as against many other Gram-positive species (Barrow, 1963). The present 
paper concerns further observations on the nature and properties of the inhibitory 
agent produced by type 71 staphylococci in liquid media.

METHODS
O r g a n is m s . These were described previously (Barrow, 1963). They included: 

two indicator corynebacteria (an unnamed diphtheroid organism ‘Bradford’ and 
an avirulent strain of C o r y n e b a c te r iu m  d ip h th e r ia e  type m i t i s  ‘Manchester’) which 
are susceptible to inhibition by active (DI + ) staphylococci; seven D I+  strains of 
S ta p h y lo c o c c u s  a u r e u s  type 71, which give sharply defined inhibition zones with the
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corynebacteria; two D I+ a u r e u s  strains from the National Collection of Type 
Cultures ( x c t c  6507, n c t c  8004) which produce hazy zones of inhibition with the 
Manchester corynebacterium. The two indicator corynebacteria were used in parallel; 
one of the type 71 strains was used extensively, but confirmatory tests were made 
with the others. Strains of S ta p h y lo c o c c u s  a u r e u s  not active against corynebacteria 
(D I-)  were also employed in some experiments, and as indicator organisms in 
assays of type 71 material.

M e d iu m . Suitable broth was important for detectable antibiotic production by 
type 71 staphylococci. Horse-flesh trypsin-digest broth, with the addition of 
0 - 0 0 2  % (w/v) cystine hydrochloride, was usually satisfactory for this purpose. 
Incubation was aerobic at 37° overnight, unless otherwise stated.

A s s a y  m e th o d s . The methods used to obtain active bacteria-free material are 
described later. These preparations were assayed for inhibitory activity against 
corynebacteria and DI — staphylococci as follows.

(i) A g a r -c u p  m e th o d . Blood agar medium in Petri dishes was seeded with broth 
suspensions of indicator organisms. When dry, cups 8 - 0  mm. in diameter were 
punched out, and without sealing, were filled with twofold dilutions of the assay 
material made in quarter-strength Ringer solution. After incubation, the width of 
any inhibition zone was recorded. This method was sufficiently accurate for 
comparative purposes.

(ii) D ilu t io n  m e th o d . Dilutions, ranging from 1 0 - 1  to 1 0 -6, were made from a 
broth culture of a staphylococcal strain knowm to be inhibited on solid media by 
type 71 organisms. Equal quantities (usually 1 - 0  ml.) of normal broth and of the 
material to be assayed were distributed in two sets of sterile tubes. A standard 
volume (0 - 0 2  ml.) of each culture dilution was then dropped into one tube of each 
set. Readings were made after incubation at 37° for 24 and 48 hr. The end-point 
was taken as the largest inoculum which gave no visible growth in the assay material, 
but visible growth in the corresponding control tube.

RESULTS
P r o d u c t io n  o f  a n t ib io t ic  i n  l iq u id  m e d ia

A n t ib io t ic  m a te r ia l . Preliminary attempts to detect activity against coryne
bacteria in cup assays of type 71 broth culture preparations were equivocal, partly 
because of low sit res and partly because of difficulty in obtaining suitable material. 
Broth cultures passed through Seitz or sintered glass filters were inactive, and 
repeated centrifugation seldom yielded a sterile supernatant fluid. The following 
methods were found useful.

C e llo p h a n -sa c  c u ltu re s . A piece of washed cellophan (Visking) tubing was tied at 
the ends to inlet and outlet tubes in the stopper of a conical filtration flask, the loop 
of tubing so formed was covered with broth, and the flask autoclaved. When cool, 
the cellophan loop was filled with sterile broth through the inlet tube and then 
inoculated with type 71 organisms. On incubation, growth occurred inside the 
tubing; the broth outside remained sterile and was found to have inhibitory 
activity against corynebacteria. Controls, obtained similarly after growth of non- 
inhibitory staphylococci, were inactive.

H e a t  tr e a tm e n t. The inhibitory agent in broth cultures withstood a considerable
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degree of heating without much loss of inhibitory activity. Usually cultures were 
placed in boiling water for a few minutes, sufficient to kill all the organisms, and 
then cooled rapidly by immersion in cold water. After centrifugation the super
natant fluid was removed and was active in cup assays against corynebacteria.

A c id  tr e a tm e n t. The inhibitory agent was retained in solution after precipitation 
of the organisms and proteins in broth cultures by the addition of an equal volume 
of 10 % (w/v) trichloroacetic acid. After centrifugation, the supernatant fluid was 
carefully neutralized with 5 N-NaOH (phenol red as indicator) and showed antibiotic 
activity, whereas cultures of non-inhibitory staphylococci, treated in the same way, 
gave inactive fluids. Although diluted twofold, this material usually gave inhibition 
titres in cup assays against corynebacteria similar to those of the undiluted prepara
tions obtained from cellophan-sac or heated cultures. Material prepared by acid 
treatment was therefore mainly used.

C o n d it io n s  f o r  a n t ib io t ic  p r o d u c t io n . Preliminary work suggested that broths 
varied considerably in their ability to allow detectable antibiotic production by 
type 71 staphylococci. Different broths, including meat infusions and digests, 
Lemco broth, casein and lactalbumin hydrolysate media, and several commercial 
products, were therefore compared. Cup assays of the crude solutions against 
corynebacteria indicated that broth freshly prepared by tryptic digestion of meat 
usually gave the greatest yields; many of the others showed no inhibitory activity 
at all. Variation was, however, observed between different batches of digest broth, 
and deterioration also occurred during prolonged storage. The addition of glucose 
or mannitol, and an initial pH of about 7-8, appreciably increased the antibiotic 
titre. This was highest after aerobic incubation at 37°, and was directly related to 
the amount of growth. Maximum activity was reached within 24 hr., after which 
the titre slowly fell. Under these conditions, the highest titre obtained in cup 
assays against corynebacteria was 1  in 128. Decreased 0 2 or increased C02 tension 
made little difference; anaerobic incubation was unsatisfactory. Shallow and deep 
cultures, with and without intermittent shaking, all gave similar results. Screw- 
capped containers filled with digest broth were therefore used for growth of type 71 
organisms.

C o n c e n tra tio n  o f  the a n t ib io t ic  a g e n t. Extraction, or filtration, of the inhibitory 
substance from crude broth preparations was unsuccessful. The addition of alkali, 
HC1, glacial acetic acid and concentrated trichloroacetic acid in the cold resulted in 
loss of activity. Separation was not obtained with organic solvents, including 
methanol, ethanol, chloroform, ether, pyridine. Adsorption with activated charcoal 
removed the activity from solution, but all attempts at subsequent elution failed. 
Doubtful activity was found in the precipitate given by the addition of an equal 
volume of saturated (NH4)2S04 solution. Considerable activity was, however, 
present in the neutralized supernatant fluid obtained after precipitation of organisms 
and proteins from broth cultures with an equal volume of 1 0  % (w/v) trichloro
acetic acid. No activity was detected in the residue from this culture supernatant 
fluid after evaporation to dryness, nor did re-inoculation of the supernatant fluid 
with type 71 organisms enhance the inhibitory activity. The antibiotic material was 
concentrated by evaporating the neutralized trichloroacetic acid fluid supernatant 
in Visking tubing in a current of warm air to about one-eighth of its volume. This 
gave a copious inactive deposit which was removed by centrifugation. After

Inhibition by type 71 staphylococci
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dialysis, the residual fluid contained about four times the activity of the original 
culture preparation against corynebacteria, and in cup assays it also produced weak 
inhibition of DI — staphylococci.

P r o p e r t ie s  o f  the a n t ib io t ic  m a te r ia l
S ta b i l i t y . Concentrated antibiotic preparations, adjusted to pH 3-0, 7-0 and 8-5, 

were assayed against corynebacteria after heating at (a ) 60° for 1  hr., (b ) 1 0 0 ° for 
15 min., (c) 1 2 0 ° for 15 min. in the autoclave. Under neutral and acid conditions, 
the inhibitory activity remained substantially the same after heating at 60°, slight 
loss occurred at 1 0 0 °, and complete loss occurred after autoclaving. In alkaline 
solution the activity was rapidly destroyed by any form of heating; gradual loss 
occurred at room temperature (about 18°) and at 4°, or after long periods at —40°. 
Care was therefore necessary when neutralizing crude material. Under acid condi
tions, the antibiotic activity was stable at low temperatures.

D ia ly s i s . Crude antibiotv: material from heated cultures was placed in cellophan 
bags made from washed Visking tubing. These were immersed in an equal volume 
of water or saline and kept at 4°. Material from inside and outside some of the bags 
was assayed each day for several days, but no evidence of diffusion was observed. 
However, when unheated concentrated trichloroacetic acid preparations were 
similarly tested, slow passage of the antibiotic through the cellophan was found.

S u s c e p t ib i l i t y  to e n z y m e  d ig e s t io n . Equal amounts of sterile enzyme solutions 
(1%, w/v, in physiological saline) were added to concentrated antibiotic material 
in tubes, and adjusted to pH 3-0 for pepsin (British Drug Houses 1:2500) and 
pH 8 - 0  for trypsin (Difco 1:250). The tubes were incubated at 37° in a water bath 
for 1 hr., the solutions neutralized and assayed in cups fcr activity against coryne
bacteria. Controls similarly tested included the same antibiotic material (a ) with 
the addition of saline instead of enzymes, (b) with the addition of heat-denatured 
enzymes, (c) without pH adjustment. The results showed that inhibitory activity 
was completely destroyed in 1 hr. by trypsin, but was only slightly decreased by 
pepsin.

A n t ib io t i c  a c t i v i t y  in  m ix e d  b ro th  c u ltu re s
Although inhibitory activity against corynebacteria was readily detected in cup 

assays of type 71 digest broth preparations, little was found against DI — staphy
lococci. Dilution assays were therefore used to try to show such activity. With 
crude antibiotic preparations, the growth of the corynebacteria was completely 
suppressed, no matter how large the inoculum, but difficulties were experienced 
with staphylococci because o: inhibition of some type 71 control inocula in the 
antibiotic material, and the frequent failure of small staphylococcal inocula to 
grow in normal broth. Some satisfactory results were, however, obtained (Table 1), 
indicating partial inhibition of D I— staphylococci after overnight culture, but 
growth usually occurred on further incubation.

Because of these difficulties with dilution assays, mixed broth cultures were 
examined for inhibitory activity against D I— staphylococci. For this purpose, 
a D I— strain of S ta p h y lo c o c c u s  a u r e u s , which produced characteristic colonies 
readily distinguishable from type 71 staphylococci, was used. Colony counts of each 
organism, grown alone as well as together in digest broths, were made by the 
method of Miles & Misra (1938) on nutrient agar medium. An average of two samples

G. I. Barrow



Inhibition by type 71 staphylococci 259

Fig. 1. Growth of control cultures of non-inhibitory (DI—) and of active (DI + ) 
type 71 strains of Staphylococcus aureus alone in digest broth. Inoculum 0 02 ml. x 10-1 
of an overnight broth culture. —® —, Type 71 organisms; —• —, D I— organisms. 
Fig. 2. Growth of non-inhibitory (DI— ) and active (DI + ) type 71 Staphylococcus aureus 
strains together in digest broth. Inoculum 0-02 ml. x 10-1 of an overnight broth culture 
of each strain. —®—, Type 71 organisms;—• — D I— organisms.

Table 1. Inhibition of growth of DI — staphylococci in bacteria-free type 71 
antibiotic material by the dilution assay technique

Material
dispensed Staph.

Period
of

incubation
Growth from 0 02 ml. inocula of broth culture dilutions

(amounts inoculated (hr.) io -1 10-2 10-3 10-4 io -5 10-®
Normal broth Type 71 24 + + +  + +  + + + + +  +  + + +  + + +  + + + + + + +

45 + + + + + + + + +  +  +  + +  + + + +  + + + + + + +
D I - 24 + + + + + + + + + +  + + + + + + + + + + + +  +  +

43 + + + + + + + + + +  +  + + + + + + + + + + +  +  +
Type 71 culture Type 71 24 + + +  + + + + + +  +  + + + + +  + +

supernatant 43 + + + + + + + + +  + +  + + + + + + + + + + + +
D I - 24 + + — - — - -

48 + + + + + + + H—b + ± —
DI — culture Type 71 24 + + + + + +  +  + + +  + + + + + + + + + “I—b

supernatant 48 +  + + + + +  +  + + + + + 4- +  +  + + + + + + + + +
D I - 24 +  +  + + + + + + +  + + + + + + + +  +  + + +

48 + + + + + +  + + + + + + + + + + + + +  + + + + +
+ + + + , -p -|— , + + , + , ± =  arbitrary visual assessment of growth; — =  no visible growth.
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was taken for estimation o: the numbers of viable organisms. Samples were with
drawn at 3 hr. intervals, with as little disturbance of the cultures as possible. 
Duplicate counts, determined by inhibition of corynebacteria seeded on blood agar 
medium, were substantially similar.

The results obtained, starting with approximately equal inocula, are shown as 
growth curves in Figs. 1 and 2. In the mixed culture, each organism multiplied 
normally during the log phase of growth. Thereafter the numbers of surviving DI — 
staphylococci decreased rapidly as compared with the control culture, whereas 
growth of the type 71 organisms was unimpaired. In further experiments with 
different proportions of organisms in the inoculum, the growth of the DI — staphy
lococci was largely suppressed when they were outnumbered initially by type 71 
organisms in a ratio of more than 10:1. Conversely, wThen DI — organisms were in 
similar initial excess, their growth was not suppressed by type 71 staphylococci. 
In no instance was growth of type 71 organisms impaired.

DISCUSSION
In the present work, different liquid media were found, after growth of type 71 

staphylococci, to vary considerably in their ability to yield preparations active in 
cup assays against indicator corynebacteria. Broth freshly prepared by tryptic 
digestion of meat was usually satisfactory for this purpose, although deterioration 
occurred on storage. The inhibitory agent was not, however, extracted from this 
broth. It remained in solution after the addition of trichloroacetic acid to broth 
cultures, and some of its properties were investigated after concentrating this 
material by evaporation. It was stable and relatively heat resistant under acid 
conditions, inactivated by trypsin but not by pepsin, was readily destroyed when 
alkaline, and was slowly dialysable. Resistance to heat and rapid passage of the 
inhibitory agent through similar Visking cellophan was also observed with type 71 
cultures on solid media (Barrow, 1963). These properties suggest that it may be a 
small protein or a polypeptide (Waksman, 1947).

Although inhibitory to corynebacteria, the concentrated broth preparations 
showed only doubtful activity in cup assays against other staphylococcal strains. 
Inhibitory activity by type 71 strains, however, was detected in mixed broth 
cultures against non-inhibitory staphylococci, and was similar to that previously 
observed on solid media (Barrow, 1963). The type 71 inhibitory substance differs 
in activity from the agents produced by the two antagonistic NCTC ‘aureus’ 
strains; one of these was investigated by Gardner (1949) and the inhibitory agent 
thought to be a protein. These organisms were used for comparison in the present 
work, but active bacteria-free preparations were not obtained by the methods 
described for type 71 organisms. Similar antibiotic substances, thought to be 
proteins or polypeptides, were obtained in a crude state from staphylococcal cultures 
by Loeb, Moyer & Murray (1950) and by Halbert, Swick & Sonn (1953). Many of 
these agents differed only in their heat stability or in their specificity of action, and 
wrere thus analogous to the colicines produced by enterobacteria (Fredericq, 1957). 
Numerous bacterial species are now known to produce active metabolites of this 
kind, but their role in the initiation or in the severity of infections is still uncertain. I

I am grateful to Dr H. G. Smith for advice and encouragement during this work.
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The Requirement of Fatty Acids by P ity ro sp o ru m  ovale
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(R eceived  29 J a n u a r y  1963)
SUMMARY

Fatty acids are required for the growth of P ity ro sp o ru m  ovale (Bizzozero) Castellani et Chalmers; myristate or palmitate satisfies this requirement. Oleate increases the crop of organism in a medium containing limiting concentrations of myristate or palmitate. When [l-14C]-myristate was added to the medium the cells of P . ovale contained myristate, palmitate, stearate, oleate and linoleate with approximately the same molar specific radioactivity as myristate. Thus P . ovale can synthesize both saturated and unsaturated fatty acids of higher molecular weight from myristate.
INTRODUCTION

P ity ro sp o ru m  ovale does not grow in conventional complex media without added 
fats. Ota & Huang (1933) supplemented their medium with butter or lecithin to 
obtain growth of this organism. Benham (1939) found that ether extracts of 
lanolin or butter supported good growth of P . ovale, and later (1941) showed that 
the organism would not grow in a defined medium without added fat; addition to 
the medium of ‘oleic acid’ of undefined purity permitted growth.

METHODS
O rgan ism . The strain of P ity ro sp o ru m  ovale (Bizzozero) Castellani et Chalmers 

used in our work was obtained from the Centraalbureau voor Schimmelcultures 
(Delft); it had been originally isolated by Benham (New York) from scales of human 
scalp. The description and historical survey of this yeast were given by Lodder & 
Kreger van Rij (1952).

C u ltiva tio n . The stock culture of P ity ro sp o ru m  ovale was maintained on slopes of 
the following composition (all quantities/ 1 0 0  ml.): yeast autolysate (Albimi), 
1  g.; Proteose-Peptone (Difco), 1  g.; agar (Difco), 2  g.; oleic acid (C.P., Fisher Sci. 
Co.), OT g., and D-glucose, 1 g. A defined medium (Table 1) was used to determine 
the requirement for fatty acids. The medium was adjusted to pH 6-5, and 54) ml. 
portions were dispensed in 25 ml. micro-Fernbach flasks. The flasks were inoculated 
with 0-05 ml. of a suspension in saline (optical density, see below, about 0-5) of cells 
from a slant. The cultures were incubated in a humidified chamber at 37° (Hutner, 
Cury & Baker, 1958). After incubation for 6  days the optical density of the culture 
was measured with a spectrophotometer (Bausch & Lomb Spectronic 20) at 640 ray.

F a tty  ac id s . Caproic, caprylic, capric, myristic, palmitic, stearic, oleic, linoleic, 
and linolenic acids were purchased from California Corporation for Biochemical 
Research (Los Angeles); lauric acid was obtained from the Eastman Kodak Co.

i7  Microb. x x x i i
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(Rochester); all were estimated > 9 5 % pure by gas-liquid chromatography. 
Oleic acid, C.P. (referred to in this paper as crude oleic acid) was bought from the 
Fisher Scientific Co. (Chicago). Radioactive myristic and stearic acids were bought 
from New England Nuclear (Boston).

M. Shifrine  and  A. G. Marr

Table 1. B a sa l m ed iu m  f o r  the grow th  o f  Pityrosporum ovale
Compound (g./100 ml.) Compound (jiig./lOOml.)

n h 4h 2p o 4 0-2 h 3b o 3 50
MgS04.7H20 005 CuS04.5H„0 4
k h 2p o 4 0 1 KI 10L-Asparagine 0-25 FeCl3.6H ,0 20D-Glucose 1 0 MnS04.H„0 40

(NH4)2MoÖ4.2H„0 20
ZnS04.2H20 40

R ecovery o f  f a t t y  a c id s  f r o m  cells o f  Pityrosporum ovale. The organism was grown 
in 2-5 1. Fernbach flasks containing 500 ml. basal medium supplemented with 
appropriate fatty acids. After incubation for 2  weeks the organisms were harvested 
by centrifugation, washed by centrifugation three times from 0 - 0 1  M-NaHC03 and 
three times from distilled water, and were then lyophilized. The powder was re
suspended in 2  n-HCI and hydrolysed by heating in a sealed glass ampoule for 
1  hr. at 1 2 0 °. The fatty acids were extracted twice with two volumes of diethyl 
ether, the pooled extract washed with water and dried with anhydrous Na2S04.

E sterifica tion . Fatty acids were esterified at 65° for 1  hr. in 5 ml. anhydrous 
methanol containing 0 - 1  n-HCI. The methanol was evaporated with a stream of 
nitrogen to about 1  ml., and the solution diluted with 2-3 ml. water. The methyl 
esters were extracted twice with 5 ml. portions of light petroleum (b.p. 60-70°), 
the pooled extracts dried with anhydrous Na2S04, the solvent evaporated and the 
residue dissolved in benzene for analysis by gas-liquid chromatography.

G a s-liq u id  chrom atograph y. The methyl esters of fatty acids were separated by 
chromatography at 189° on an 8  ft x 0-25 in. column of 25 % diethyleneglycol- 
succinate polyester on firebrick (Wilkins Instruments, Walnut Creek, California) 
with helium as carrier gas. The effluent was monitored with a 4-filament katharo- 
meter, the electrical output of which was recorded with a 1  mV. recorder. The amount 
of each ester was estimated from the area under the recorded peak. The esters were 
identified by comparison of their retention volumes with the retention volumes of 
known methyl esters. The identity of esters of unsaturated fatty acids was confirmed 
by catalytic hydrogenation; the esters were hydrogenated in anhydrous methanol 
with a catalyst of 5 % Pt on charcoal (Matheson, Coleman and Bell Co., Norwood, 
Ohio) at room temperature and at one atmosphere pressure of H2. Individual 
esters were recovered by passing the appropriate portion of the effluent gas through 
glass wool moistened with toluene.

A s s a y  o f  ra d io a c tiv ity . Radioactivity was estimated by scintillation counting. 
Samples were dissolved in 15 ml. counting fluid (toluene, 380 ml.; absolute ethanol, 
250 ml.; dioxane, 380 ml.; naphthalene, 50 g.; 2,5-diphenyloxazole, 5 g.; l,4-bis-2- 
(5-phenyloxazolyl)-benzene, 0 - 1  g.) and placed in 25 ml. glass vials. The samples 
were counted with a scintillation spectrometer (Packard Instrument Co., La Grange, 
Illinois).
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Peroxidation of oleic acid. Oleic acid was oxidized to dihvdroxvstearic acid with 

performie acid according to the method of Swern, Billen, Findley & Scanlan (1945). 
A sample containing 1 0 0  mg. or less of oleic acid was allowed to react with 1  ml. 
formic acid and 0 - 1  ml. of 30% H20 2 at 40° for 2  hr. with occasional shaking. The 
reaction mixture was diluted with 5 ml. water, extracted three times with 5 ml. 
portions of diethyl ether, the extracts pooled and the ether evaporated off. The 
product (hydroxyformoxystearic acid) was saponified in 2  ml. 3N-NaOH at 1 0 0 ° 
for 30 min. After the alkaline solution had cooled, it was acidified with 4 ml. 
3 n-HCI and extracted three times with 5 ml. portions of diethyl ether. The ether 
extract contained dihvdroxystearic acid which was identified by a comparison of the 
infrared spectrum of the product with the spectrum of authentic 9,10-dihydroxy- 
stearic acid.

Chromatographic separation of dihydroxystearic acid. In the experiments designed 
to determine the conversion of radioactive stearic acid to oleic acid it was necessary 
to separate oleic acid from the radioactive stearic acid. Resolution of methyl 
stearate and methyl oleate by gas-liquid chromatography was inadequate. The 
problem was solved by the prior conversion of oleic acid to dihydroxystearic acid, 
followed by the separation of dihydroxystearic acid from the non-polar fatty acids 
by partition chromatography. A sample of the mixed fatty acids was peroxidized 
and the products were transferred to a 3 g. column of silicic acid (Mallinkrodt). 
The non-polar fatty acids were eluted with 30 ml. 1 0  % (v/v) diethyl ether in light 
petroleum. The column was washed with 30 ml. diethyl ether to remove residual 
non-polar acids. The dihydroxy acid was eluted with 30 ml. methanol.

The efficiency of the method was tested by separating a mixture of 50 mg. each 
of stearic and oleic acid, to which mixture was added a small amount of [l-14C]-stearic 
acid. The mixture was peroxidized and chromatographed. The first fraction (stearic 
acid) contained 526 c.p.m.; the second fraction contained 5 c.p.m., and the third 
fraction (dihydroxystearic acid) 5 c.p.m.

RESULTS
Response to oleate

Pityrusporum ovale did not grow in the basal medium supplemented with pure 
oleic acid but did grow in basal medium supplemented with crude oleic acid or 
with catalytically hydrogenated crude oleic acid.

Fatty acid requirement of P. ovale

Table 2 . Fatty acid composition of crude oleic acid
Fatty acid % (w/w) Fatty acid % (w/w)

Myristic 3-61 Hexadecenoic 13-20
Tetradecenoic 2-73 Oleic 75-48
Palmitic 4-98 Linoleic Trace

The composition of a sample of crude oleic acid was determined by gas-liquid 
chromatography (Table 2); oleic acid was the major constitutent and the sample 
also contained considerable amounts of myristic and palmitic acids and the corre
sponding mono-unsaturated fatty acids, tetradecenoic and hexadecenoic acids.

17-2
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R espon se to sa tu ra ted  f a t t y  acids
Since the response to crude oleate was not affected by hydrogenation, it appeared 

that the saturated fatty acids, myristic and palmitic, were responsible for the 
growth of P ity ro sp o ru m  ovale in basal medium supplemented with crude oleic acid. 
This possibility of a requirement for saturated fatty acids was tested by addition 
to the basal medium of single saturated fatty acids with an even number of carbon 
atoms (Table 3). Saturated fatty acids from C4 to C10 and stearic acid did not 
permit growth; lauric acid (C12) permitted some growth; myristic (C14) and palmitic 
(Ci6) gave good growth.

Table 3. Effect o f  a d d itio n s  o f  sin g le  f a t t y  a c ids to basa l m ed iu m  on 
the grow th  o f  Pityrosporum ovale

Concentration of added fatty acid 
(mg./lOO ml.)

______________________________________ A______________________________________

1 5 10
Optical density reading (640 m/i)

Fatty  acid added '------------- A ------------- '
Butyric 0 0 0
Caproic 0 0 0
Caprylic 0 0 0
Capric 0 0 0
Lauric 004 0 1 2 015
Myristic 0 1 2 0-31 0-40
Palmitic 015 0-30 0-40
Stearic 003 005 008

S p a r in g  effect o f  oleic acid
The efficacy of palmitic and myristic acids in permitting growth of P ity ro sp o ru m  

ovale when added to the basal medium explained in part the response of the 
organism to the crude oleic acid, which contained both myristic and palmitic acids. 
However, the response to the crude oleic acid was greater than expected from its 
content of myristic and palmitic acids. Various mixtures of myristic and palmitic 
acids added to the basal medium did not give greater than an additive increase in 
the yield of P .  ovale. It appeared that oleic acid might be sparing the requirement 
for saturated fatty acids. Figure 1 shows the effect cf adding pure oleic acid 
(5 mg./lOO ml.) to basal medium containing different concentrations of myristic 
acid. Oleic acid significantly increased the crop of P . ovale in basal medium con
taining limiting concentrations of myristic acid. A similar increase in crop was 
observed when oleic acid was added to basal medium containing limiting concentra
tions of palmitic acid.

If stearic acid is an effective precursor of oleic acid, stearic acid, like oleic acid, 
should spare the requirement for myristic acid. Supplementation with stearic acid 
of a medium containing a limiting concentration of myristic acid gave equivocal 
results; in some tests stearic acid did not spare the requirement for myristic acid, 
while in other tests stearic acid increased the yield of organism. Linoleic acid did 
not spare the requirement for myristic acid.
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F a tty  a c id  com position  o f  the l ip id s  o f  Pityrosporum ovale 

P ity ro sp o ru m  ovale harvested from basal medium supplemented with myristic 
or palmitic acids was analysed for fatty acids by gas-liquid chromatography. The 
organisms grown in basal medium supplemented with myristic acid contained

Fig. 1 . The effect of oleic acid (5 mg./100 ml.) on growth of Pityrosporum ovale in basal 
medium containing different concentrations of myristic acid.

Table 4. C om position  o f  f a t t y  a c id s  f r o m  Pityrosporum ovale grow n  in  basa l 
m ediu m  su p p lem en ted  w ith  m y r is tic  a c id  or p a lm it ic  acid

Organism grown on basal medium 
4- supplement

Myristate Palmitate
Fatty  acids from organisms 

(% by "'t- of total fatty acids) Fatty  acid from organism ,-----------------A---------------- ,
Laurie None 7-5
Myristic 0-7 None
Palmitic 15-7 73-5
Hexadecenoic 2-3 Trace
Stearic 7-3 1-7
Oleic 56-9 131
Linoleic 11-1 3-9

myristic, palmitic, hexadecenoic, stearic, octadecenoic (oleic), and octadecadienoic 
(linoleic) acids (Table 4), of which oleic acid was the principal one. The organisms 
grown in basal medium supplemented with palmitic acid differed in that they did
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not contain myristic acid but did contain a considerable amount of lauric acid. 
Palmitic acid rather than oleic acid appeared to be the principal fatty acid in these 
organisms. The variation in proportion of different fatty acids from organisms grown 
with the same supplement was not sufficient to change the order of abundance of 
different fatty acids. Thus the change in composition of fatty acids from organisms 
grown with different supplements is significant.

M. Stiifrixe and A. G. Marr

Table 5. R a d io a c tiv ity  o f  f a t t y  acids o f  Pityrosporum ovale grow n in  basal 
m ediu m  su pp lem en ted  w ith  [1 -14C] m yris tic  acin

Fatty acid c.p.m.//*mole

Percentage 
of the specific 
activity of 

added 
myristic 

acid
Myristic 13,200 72
Palmitic and 11,000 60

tetradecenoic
Stearic 15,600 85
Oleic 8,200 45
Linoleic 12,200 68

S yn th es is  o f  higher f a t t y  a c ids fro m  m y ris tic  acid
The results of the nutritional experiments together with the analyses of the 

organisms for fatty acids suggested that P ity ro sp o ru m  ovale is unable to synthesize 
myristic acid or higher fatty acids. The possibility that higher fatty acids are 
synthesized from myristic acid was tested by using radioactive myristic acid. 
P . ovale was grown in basal medium supplemented with [l-14C]-myristic acid and 
with sufficient acetate to dilute the label of any radioactive acetic acid produced 
from the metabolism of myristic acid. After hydrolysis of the organisms, the fatty 
acids were extracted, esterified, and separated by gas-liquid chromatography. The 
molar radioactivities of the fatty acids (Table .5) are computed on the assumption 
of complete recovery of each ester from the effluent. Since recovery was not complete 
the molar specific activities of all of the fatty acids except oleic acid must be con
sidered as essentially the same as the molar specific activity of the [l-14C]-myristic 
acid added to the basal medium. Perhaps oleic acid is formed by a separate route 
as well as from myristic acid. Thus, most if not all of the higher fatty acids are 
synthesized from myristic acid.

C onversion  o f  stearic  ac id  to oleic acid
Since stearic acid gave a slight but significant sparing of the requirement of 

P ity ro sp o ru m  ovale for lower fatty acids it appeared likely that stearic acid could 
serve as a precursor of oleic acid as it does in Saccharomyces (Bloomfield & Bloch, 
1960). This was tested by supplying a culture of P . ovale with radioactive stearic 
acid and measuring the radioactivity in oleic acid recovered from the lipids. 
P . ovale was grown in basal medium supplemented with myristic acid (5 mg./lOO ml.) 
and 2 yc of [l-14C]-stearic acid (0-7-1 mg./lOO ml.). The organisms were harvested, 
washed, hydrolysed, and the fatty acids extracted from the hydrolysate. One
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portion of the hydrolysate was esterified and the methyl esters analysed by gas- 
liquid chromatography (Table 6). Another portion was peroxidized, the non-polar 
fatty acids in the peroxidized sample separated from dihydroxystearic acid by 
chromatography on silicic acid and the radioactivities of the fractions eluted from 
the column were determined (Table 6). It was assumed that all of the radioactivity 
in the fraction containing non-polar acids was contained in the stearic acid.

The results in Table 6  show a significant difference in the composition of fatty 
acids when stearic acid was added to the medium (compare with the first column 
in Table 5). Stearic acid appeared to be the principal C18 fatty acid; oleic acid was 
no longer a predominant fatty acid. Another difference in the composition was the 
presence of two unidentified components not detected in previous analyses (compare 
with Table 4).

Fatty acid requirement of P. ovale

Table 6 . C o m p osition  a n d  ra d io a c tiv ity  o f  f a t t y  a c ids f r o m  Pityrosporum ovale 
grow n  in  basa l m ed iu m  + [1-14C]-stearic  a cid

Percentage

•tty acid in organism
by weight 

of total 
fatty acids

Radioactivity
(c.p.m.)

Relative
specific
activity

Laurie 14-7 _____ —

Myristic 231 — —

Palmitic 15-7 — —

Stearic 300 10,800 12 1Oleic 3-7 2,800* 254Linoleic Trace — —

Unidentified I~ 6-7 — —

Unidentified II{ 61 — —
* The sample of dihydroxystearic acid obtained by peroxidation was purified twice by 

chromatography before assay for radioactivity.
t  Retention volume relative to methyl palmitate was 0-80.
% Retention volume relative to methyl palmitate was 1-32.

The results are in accord with a conversion of stearic acid to oleic acid. At the 
time of harvest the specific radioactivity of stearic acid was lower than the specific 
radioactivity of oleic acid. This may have resulted from a continuous dilution of the 
radioactive stearic acid resulting from synthesis of stearic acid from myristic acid 
during growth of the cubure.

DISCUSSION
Our results do not confirm that P ity ro sp o ru m  ovale requires added oleic acid for 

growth (Benham, 1941). Addition of oleic acid alone under our conditions did not 
permit growth in a defined medium; however, oleic acid did increase the crop of 
organisms in a medium containing limiting concentrations of either myristic or 
palmitic acid. Perhaps 'he results of Benham can be attributed to impurities of 
saturated fatty acids in the sample of oleic acid used, comparable to the impurities 
we found in a commercial sample of oleic acid. Both nutritional and tracer experi
ments suggest that the requirement for fatty acids in P .  ovale results from an 
inability to synthesize myristic acid. When P . ovale was grown on basal medium 
with [I-14C]-myristic acid, the myristic acid of the organisms had essentially the 
same specific radioactivity as the myristic acid added to the medium. Furthermore,
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the higher fatty acids isolated from the organisms (palmitic, stearic, oleic, linoleic 
acids) also had nearly the same molar radioactivity as had the myristic acid. Thus, 
the higher fatty acids appear to have been synthesized by elongation of the carbon 
chain of myristic acid. Myristic acid itself is not an essential nutrient for P. ovale. 
Organisms grown in basal medium + palmitic acid did not contain detectable amounts 
of myristic acid. Organisms grown with palmitic acid contained rather large amounts 
of lauric acid which was not present in organisms grown with myristic acid.

Stearic acid either did not spare the requirement for lower molecular weight 
saturated fatty acids or was less effective than oleic acid in sparing this requirement. 
From these results it appeared unlikely that the oxidation of stearic acid was a 
major pathway contributing to the synthesis of oleic acid. However, the high 
specific radioactivity of oleic acid from organisms grown in a medium containing 
radioactive stearic acid is in agreement with the formation of oleic acid from the 
oxidation of stearic acid, a major pathway in Saccharomyces (Bloomfield & Bloch, 
1960). The analysis of the fatty acids from Pityrosporum ovale grown in medium 
containing stearic acid + myristic acid showed an abnormally low content of oleic 
acid and the presence of substantial amounts of previously undetected fatty acids. 
This suggests an explanation for the failure of stearic acid to spare as effectively 
as did oleic acid the requirement for myristic acid. The supplementation of the 
medium with stearic acid apparently inhibited the synthesis of oleic acid and 
perhaps perturbed the synthesis of other fatty acids, possibly by interfering with 
the normal mechanism of control.

Pityrosporum ovale is so far unique among micro-organisms in its requirement of C14 
or C16 saturated fatty acids, which requirement results from a block in the synthesis 
of myristic acid. All of the higher saturated fatty acids can be formed by chain- 
elongation, and oleic acid is formed, presumably, by oxidation of stearic acid. The 
inability of P. ovale to synthesize higher fatty acids from acetate permits a study 
of the conversion of the higher fatty acids without the complication of de novo 
synthesis.

This work was supported by grants-in-aid G -9860  and (1-23767 from the National 
Science Foundation (U.S.A.) and E -1 7 2 6  from the National Institutes of Health 
(U.S.A.). We wish to thank Mrs Judith Corbett for her assistance.
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SUMMARY

Wall and intracellular teichoic acids were prepared from several strains of staphylococci. Intracellular glycerol teichoic acids were found in all the cases examined but their detailed chemical composition was not determined. The presence and structure of wall teichoic acids is characteristic of the different species ; thus, strains of Staphylococcu s aureu s all possess a teichoic acid containing glucosamine in their walls; this was shown previously to be indistinguishable from the group-specific antigen. Similarly,
S . sa p ro p h y ticu s  strains contain in their walls a glycerol teichoic acid with glucosyl substituents probably identical to the group-specific precipitinogen, polysaccharide B. The species S . lac tis  is heterogeneous: three groups are distinguishable, one without wall teichoic acid and the others with a teichoic acid containing glucosamine or galactosamine.

INTRODUCTION
The teichoic acids are widely distributed in Gram-positive bacteria (Armstrong 

et a l. 1958, 1959; Baddiley, 1961). An investigation of these glycerol phosphate or 
ribitol phosphate polymers containing alanine ester and sugar residues in Lacto
bacillus species indicated that those in the cell walls are of taxonomic significance 
(Baddiley & Davison, 1961). Moreover, the presence and structure of teichoic acids 
have been correlated with the serological behaviour of lactobacilli, and it has been 
shown that these compounds are indistinguishable from the group antigens in many 
cases (Baddiley & Davison, 1961 ; and unpublished work wdth Dr M. Elizabeth 
Sharpe). Similarly, in group D streptococci the group antigen is serologically 
identical with the intracellular teichoic acid, and differences in the serological 
behaviour of group D antigen preparations from several strains of organism have 
been attributed to small differences in their chemical structure (Wicken, Elliott & 
Baddiley, 1963).

In staphylococci the wall teichoic acids have also been associated with serological 
reactions. That in the walls of S taph ylococcu s au reu s strain H is a ribitol phosphate 
polymer to which are attached D-alanine ester and A'-acetylglucosaminyl residues, 
the latter being in predominantly ft linkage (Baddiley, Buchanan, RajBhandary 
& Sanderson, 1962«; Baddiley, Buchanan, Martin & RajBhandary, 19625). This 
teichoic acid is serologically identical with the group-specific polysaccharide A of 
this organism (Haukenes, Ellwood, Baddiley & Oeding, 1961; Haukenes, 1962). 
S . au reu s strain Copenhagen possesses a chemically similar wall teichoic acid which 
contains a higher proportion of a glycosidic linkages, and serological differences 
between these compounds may be related to the chemical differences (Natherson & 
Strominger, 1962). Although serological specificity is associated with the glycerol
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teiehoic acid from the walls o: S . lac tis (S . a lb u s) n c t c  7 9 1 4  (Haukenes et cil. 1 9 6 1 ) ,  
in which the sugar is iV-acetylgalactosamine (Ellwood, Kelemen & Baddiley, 1 9 6 3 ) ,  
no teiehoic acid has been found in certain other staphylococci, e.g. S . a ferm en tan s  
(M icrococcus ly sod e ik ticu s) and S . roseus (Salton & Pavlik, I 9 6 0 ;  Armstrong, un
published work). The present work was undertaken in an attempt to correlate the 
taxonomy of staphylococci with the presence and composition of teiehoic acids in 
their walls, and as a preliminary study connected with their serological classification.

METHODS
The sources of bacteria, other than those from the National Collection, are given 

in Table 1. Freshly isolated strains were classified according to the method of Shaw, 
Stitt & Cowan (1951), and strains of S taphylococcu s aureu s were classified by the 
bacteriophage-type procedure in the Department of Bacteriology, Royal Victoria 
Infirmary, Newcastle upon Tyne.

Bacteria were grown in batches (15 1.) with forced aeration at 37° for 16 hr. in a 
liquid medium of the following composition: nutrient broth no. 2  (Oxoid), 25 g.; 
glucose, 1 0  g.; yeast extract (Oxoid), 5 g.; dipotassium hydrogen phosphate, 3 g.; 
olive oil, 0-3 ml.; water (demineralized), 1 0 0 0  ml. Cocci were harvested in a Sharpies 
refrigerated centrifuge and washed with cold 0-85 % (w/v) sodium chloride solution. 
Strains 15379, 15499 and 17261, which had been isolated from patients with 
staphylococcal infections, were grown in screw-capped bottles on solid medium of 
the same composition + agar for 16 hr. at 37°, killed with formol-saline and the cocci 
collected in a closed refrigerated centrifuge.

Coccal walls were prepared oy mechanical disruption with glass beads (Dawson, 
1949; Salton & Horne, 1951); cocci were suspended in cold water (18-20 g. wet wt. 
in 1 0 0  ml. water) and shaken with no. 1 1  Ballotini beads in an International centri
fuge with shaker head (Shcckmann, Kolb & Toennies, 1957) at 1250 rev./min. for 
45 min. at —8 °. Beads were removed by filtering with a no. 1  sintered glass funnel, 
and the filtrate was centrifuged at 25,000g for 30 min. The cloudy supernatant fluid 
was separated from sedimented walls and a few unbroken cocci, and then centri
fuged at lOOjOOOg in a Spinro model L ultracentrifuge for 1 hr. The sedimented gel 
contained ribosomal material and intracellular teiehoic acid; it was preserved by 
freeze-drying. The wall fraction was washed by centrifugation six times with 5 vol. 
of cold ii-phosphate buffer (pH 7-0) and six times with cold water; material was 
recovered each time at 25,000g for 30 min., the wall fraction being carefully separated 
from any lower layer of unbroken cocci. Walls recovered by freeze-drying were 
homogeneous and of clean appearance under the electron microscope.

Teiehoic acid was extracted from walls (0-5 g.) with 1 0 % (w/v) trichloroacetic 
acid (30 ml.) for 4 days at 2 °. After centrifugation, the material was precipitated 
from the solution with 5 vol. cold ethanol, collected after 24 hr. at 2°, redissolved in 
1 0 % trichloroacetic acid solution and precipitated as before. The precipitate was 
washed with acetone, ethanol and ether, then dried in  vacuo (yield 10-15% of the 
dry wt. of the walls.) A similar isolation procedure was adopted for the teiehoic acid 
in the ribosomal gel (cf. Baddiley & Davison, 1961).

The chemical composition of teiehoic acids was determined by hydrolysis with 
2x-hydrochloric acid or 2N-sodium hydroxide solution for 3 hr. at 100° and exami



273
nation of hydrolysates by several paper-chromatographic procedures described in 
detail by Armstrong et a l. (1958, 1959), Baddiley et a l. (1962a) and Ellwood et al.
(1963); sugars and amino sugars were separated using a mixture of pyridine + ethyl 
acetate+ aq. acetic acid (Fischer & Nebel, 1956). Glucosylglycerol was charac
terized by hydrolysis with a /?-glucosidase (see Armstrong et a l. 1959), glucosaminyl- 
ribitol by déphosphorylation with intestinal phosphomonoesterase and chromato
graphic comparison of the product with authentic glucosaminylribitol (Baddiley 
et a l. 1962, o, b), and the saccharinic acid by its similarity on paper chromatograms 
with that obtained by heating 3-0-methylglucose (provided by D. A. Applegarth) 
in alkali under comparable conditions. Alanine ester residues were detected by 
reaction with aqueous ammonia and chromatography of the resulting alanine and 
its amide.

Teichoic acids in staphylococci

RESULTS
The composition of teichoic acids from walls and cell contents of different staphy

lococci is given in Table 1 . Intracellular teichoic acids were examined with respect 
to glycerol and its phosphates but not sugars. The hospital strains of Staphylococcu s  
au reu s were not examined for the presence of intracellular compounds and alkali 
hydrolysis of their wall teichoic acids was not attempted because of shortage of 
material.

Table 1 . In tra ce llu la r  an d  w a ll teichoic a c ids in  staph ylococci
Teichoic acid Composition of wall teichoic acid

Staphylococcus
H

Origin,
phage type, group 

aureus
Dr J. T. Park,

Intra
cellular

G
i 5379

52/52A/79/8C, group 1 
Hospital isolate, _

I 5499
3B/55/71, group 2 

Hospital isolate, __

A 1
75/77, group 3 

Animal strain, 42 D, G
group 4

Staphylococcus saprophyticus 
nctc 7292 — G
N C TC  7291 — G
C 1 Professor M. R. J. Salton G
I 2

(received as S. citreus) 
Fresh isolate from G

17261
animal gland 

Fresh isolate from G
N C TC  7617

hospital (pathogenic) G
I  3 Fresh isolate from G
I  4

animal gland 
Fresh isolate from milk G

nctc 7564 __ G
N C TC  7567 — G
* No alanine detected; |  no glycerol on acid or 

R = ribitol teichoic acid.

Hydrolysis
Wall Sugar product

R Glucosamine Glucosaminylribitol
R Glucosamine —
R Glucosamine —
R Glucosamine Glucosaminylribitol

R Glucosamine Glucosaminylribitol
G Glucose Glucosylglycerol
G Glucose Glucosylglycerol
G Glucose Glucosylglycerol
G Glucose —
G* Galactos Galactosaminyl-

amine glycerol
Gf Glucosamine Saccharinic acid
G Galactos Galactosaminyl-

amine glycerol

alkali hydrolysis; G =  glycerol teichoic acid;
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DISCUSSION
T he taxonom ic  an d  serological significance o f th e  in trace llu la r teichoic acids in 

staphylococci is n o t know n. L ike all o thers found  in  u n derly in g  regions o f b ac te ria l 
cells, th e y  a re  glycerol p h osp h a te  po lym eric  deriva tives , b u t  in  only  one case has 
d e ta iled  s tru c tu ra l  w ork  been  carried  o u t ; th a t  from  S taphylococcu s aureu s s tra in  h  
is a  1 ,3-polym er of glycerol p h o sp h a te  w ith  D-alanine este r residues a t  position  2 on 
m o st glycerol u n its  an d  a  sm all n u m b er of gen tiob iosy l 16-0-/?-D-glucopvranosyl-D- 
glucosyl) an d  A7-ace ty lg lucosam iny l residues s itu a te d  a t  position  2  (R a jB h a n d a ry  
& B add iley , 1963). All th e  coagulase-positive an d  coagu lase-negative  s ta p h y 
lococci co n ta in ed  in trac e llu la r  teichoic acid, again  illu s tra tin g  th e  w idespread  
occurrence of these  com pounds in  G ram -positive  b ac te ria  (B addiley  & D avison , 
1961; B add iley , 1961). All accom panied  th e  ribosom al R N A  on cen trifu ga tio n  a t  
1 0 0 ,0 0 0 g , a  p ro p e rty  w hich has been  u tilized  in  th e  iso lation  c f  these  substances 
from  m a n y  d ifferen t b ac te ria  (B addiley  & D avison , 1961; C riteh ley  et a l. 1962; 
W icken  & B add iley , 1963).

The composition of teichoic acids in the wralls of staphylococci may be used in the 
classification of these bacteria, a problem which often presents difficulty (see Hill, 
1959). Shaw et a l. (1951) assigned all coagulase-positive members to the species 
S taphylococcu s aureu s, but separated fermentative coagulase-negative members 
(S . albus) into two species S . sa p ro p h y ticu s  and »S'. lac tis , according to their behaviour 
in the Voges-Proskauer test. The composition of wall teichoic acids in staphylococci 
(see Table 1) supports this general classification into three species, but indicates 
that the species S . lac tis is heterogeneous. Yellow staphylococci (micrococci) of 
Gibson’s groups 3 A and 3 B  (Abd-el-Malek & Gibson, 1948) which contain no 
teichoic acid in their walls could be distinguished from those strains of S . lac tis  
with a wall teichoic acid. Moreover, two distinct types of S . lac tis containing wall 
teichoic acids were observed: strains isolated from milk (i4 , n c t c  7617) had a 
glycerol teichoic acid containing galactosamine, whereas a strain from an infected 
animal gland, which probably corresponded to G affkya  tetragena, had a glycerol 
teichoic acid containing glucosamine. This last teichoic acid probably differs struc
turally from the others, since it yields a compound ressembling a saccharinic acid 
on alkali hydrolysis and no glycerol is produced under these conditions.

Strains of S taph ylococcu s sa p ro p h y ticu s  wrere clearly distinguishable from those of 
S . au reu s and S . la c tis  since they possess a glycerol wall teichoic acid containing 
glucose. The chemical similarity between this teichoic acid and an unidentified 
phosphoric ester containing glucose (polysaccharide B) isolated by Wieghard & 
Julianelle (1935) from a strain of S . a lbu s suggests that the group-specific precipitin
ogen, polysaccharide B, is the wall teichoic acid; serological studies are in progress 
to examine this point. In this connexion, Morse (1962) has differentiated the w'all 
teichoic acids of S . au reu s and S . a lbu s by haemagglutination, and has shown that 
the wall teichoic acid from a strain of S . a lbus is a glycerol phosphate polymer 
containing glucose.

The type strain of S taph ylococcu s sa p ro p h y ticu s  ( n c t c  7292) proposed by Shaw 
et a l. (1951) possesses a ribitol teichoic acid containing glucosamine, apparently 
identical or very similar to that from the walls of species of S . aureu s representing 
the four main bacteriophage groups. We conclude that strain 7292 is atypical.
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whereas the freshly isolated pathogenic strain of S . saprophyticus  (i7*261) contained 
the characteristic glycerol wall teichoic acid with glucosyl substituents as found in 
other members of the species. Thus, knowledge, of the composition of wall teichoic 
acids in staphylococci is valuable for the accurate classification of this important 
group of organisms.

We thank the staff of the Department of Bacteriology, The Royal Victoria 
Infirmary, Newcastle upon Tyne, for cultures and bacteriophage typing, and 
Dr J. T. Park and Professor M. R. J. Salton for cultures. The work was supported 
by grants from the Department of Scientific and Industrial Research, the Medical 
Research Council and the Nuffield Foundation.
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SUMMARY

Calf kidney cell cultures persistently infected with foot-and-mouth disease virus (FMDV) resist challenge with related and unrelated viruses. Attachment of challenge virus to persistently infected cells is not impaired.A challenge with viral ribonucleic acid (RNA) will not overcome the resistance of persistently infected cells. The initiation of persistence is correlated with the amount of interferon produced in the cells. It is concluded that interferon plays a major role in initiation and maintenance of the carrier state of the cells.
INTRODUCTION

Interferon, a soluble product of virus-infected cells capable of interfering with 
replication of a wide range of viruses (Isaacs, 1961), plays a role in the initiation and 
maintenance of chronic virus infections in  v itro  (Ho & Enders, 1959; Henle, 
Henle, Deinhardt & Bergs, 1959; Chany, 1961; Glasgow & Habel, 1962). Baron & 
Isaacs (1961) recently reviewed the evidence, which suggests that interferon may 
be important in natural recovery from viral infections. Foot-and-mouth disease 
virus (FMDV), which induces marked degeneration in calf kidney cells, gives rise 
to a persistent infection when the early cycles of multiplication are suppressed by 
the presence of viral antibodies (Dinter, Philipson & Wesslén, 1959). The anti
bodies can subsequently be removed and most cells will remain intact. The cultures 
produce active virus for at least 20 days. Prolonged treatment with viral antibodies 
cures the cultures from the carrier state (Dinter et a l. 1959). An interferon-like 
inhibitor from calf kidney cells infected with FMDV was recently described (Dinter 
& Philipson, 1962). This formed the basis for investigating the role of interferon in 
the initiation and maintenance of the carrier state in cells persistently infected 
with FMDV. The present study demonstrates the resistance of such cells to related 
and unrelated viruses and the role of interferon in this process.

METHODS
V iru ses. The Lindholm 0 2-strain of FMDV (FMDV 0 2), the Brussels A5 strain of 

FMDV (FMDV A5), a strain of parainfluenza virus type 3 (PI-3), a virulent strain of 
poliovirus type 1 (E 206) and the Z strain of pseudo-rabies virus were used. Polio
virus stocks were prepared in monkey kidney cultures, the others in calf kidney 
cultures. FMDV and poliovirus were stored at +4° and the other viruses at —60°.

Cell cu ltures an d  v iru s  a ssa y . The preparation of cell cultures, the plaque technique,
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and the methods for virus assay have been described previously (Dinter & Philipson,
1962). Virus infectivitv is expressed as the logarithm of the 50% endpoint (log 
TCD50)/ml. when tube titrations were used or as plaque-forming units (p.f.u.)/ml. 
when plaque assay was performed. When two viruses were present in samples to be 
tested, one of them was neutralized by antiserum before assay. Hemagglutinating 
activity of PI-3 virus was expressed as the log2 of the reciprocal of the greatest 
dilution of the sample giving complete agglutination in tube tests.

P ers is ten tly  infected cu ltures. Flask cultures of calf kidney -were exposed to about 
1 0 4 TCD50 of FMDV 0 2. After incubation for 90 min. at 37°, 50 ml. of Hanks’s 
salt solution+ 0-5% (w/v) laetalbumin hydrolysate and antibiotics (H + Lah) + 
0-5% (v/v) immune serum were added. After incubation for about 42 hr. at 37° 
the medium was changed to H + Lah + 2  % (v/v) normal calf serum. After a further 
18 hr. at 37° the cells were trypsinized and subcultured in tubes or Petri dishes. 
H + Lah + 2 % (v/v) normal calf serum was used as medium for these cultures. 
Control cultures from the same calf kidneys were treated the same way in each 
experiment except for virus inoculation and are designated normal cultures.

C ured cu ltures. Antiviral serum at a final concentration of 1  % (v/v) was added to 
the medium of persistently infected cells in Petri dishes. The cultures were then 
incubated for a period of 6  days and the medium containing antiserum was replaced 
by H + Lah + 2 % (v/v) normal calf serum. On each of the following 3 days the 
medium of these cultures was assayed for virus infectivity. If no virus was found 
the cultures were considered ‘cured’.

A n tiseru m . FMDV antiserum was obtained from cattle and guinea pigs hyper- 
immunized against the respective virus.

P rodu ction  an d  a ssa y  o f  interferon. Interferon was produced :n calf kidney cells 
and assayed as previously described (Dinter & Philipson, 1962). Interferon titre 
was expressed as the reciprocal of the final dilution resisting a challenge of 1 0 0  

TCD50 of pseudo-rabies virus.
E x trac tio n  o f  v ira l R N A .  Viruses were concentrated by aqueous polymer phase 

systems (Philipson, Albertsson & Frick, 1960) and treated with phenol saturated 
with 0 -0 2 M-phosphate buffer (pH 7-4) containing 1 0 _4M-ethylenediaminetetra- 
acetate (EDTA) at 4° according to Gierer & Schramm (1956). The water phase was 
collected and shaken six times with ether, which wras subsequently removed by 
nitrogen. This material was assayed for infectivity with and without treatment for 
1 0  min. at 37° wfith ribonuclease (recrystallized three times, Worthington Inc., 
New Jersey, U.S.A.) at a final concentration of 1 0  /ig./ml.

A s s a y  o f  v ira l R N A . The nucleic acid preparations were diluted and adsorbed 
for 1 0  min. at 18° in different buffers and tested for infectivity by she plaque method. 
Dilution and adsorption in 2M-MgS04 according to Holland, Hoyer, McLaren & 
Syverton (1960) gave 20-fold higher titres than other methods tested (Table 1 ). The 
nucleic acid infectivity was completely inactivated by treatment with ribonuclease 
which did not affect the titre of intact virus. The procedure adopted therefore in
cluded both dilution of the virus-RNA preparation and adsorption for 1 0  min. at 
18° in 2  u-MgSO,,. Cultures wTere subsequently washed twice with phosphate buffered 
saline (PBS) before application of the agar overlay.

S ta in in g  w ith  fluorescen t an tibod y. The indirect method was used. Coverslips with 
a uniform cell sheet were washed three times in PBS, fixed in acetone for 5 min. and

L. Philipson and Z. D inter
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dried in air. Viral antiserum was subsequently applied for 30 min. at room tem
perature, the slides washed three times in PBS and overlayed with goat antirabbit 
globulin conjugated with fluorescein isothiocyanate (Microbiological Associates, 
Bethesda, Maryland, U.S.A.). The sera were adsorbed with acetone powder from 
calf kidney.

Interferon and persistent infection

Table 1 . I n je c t iv ity  o f  fo o t-an d -m o u th  d isease v iru s  (F M D V )  B N  A  
un der d ifferen t ex perim en ta l condition s

p.f.u./ml.
Diluent and adsorption medium RNA Intact virus

2M-MgS04 1-9 x 105
0-9M-KC1 0 05M-Tris (pH 8 0) 9 X 103
PBS 3-5 x 103

n.d.
n.d.

1-3 xlO 10

n.d., Not done; PBS, phosphate buffered saline.

RESULTS
R esistan ce o f  p e rs is te n tly  infected  cu ltures to d ifferen t v iru ses. The resistance of cells 

persistently infected with FMDV 0 2 to a challenge with related and unrelated 
viruses was investigated by following virus multiplication in persistently infected 
cultures of calf kidney, in such cultures cured by excess antibody, and in normal

Fig. 1. Growth curves for foot-and-mouth disease virus (FMDV) type A5 in calf kidney 
cultures; x , persistently infected with FMDV type 0 2; A , persistently infected with 
FMDV type 0 2 and subsequently cured with excess anti-02 antibody; O, normal cultures.
Fig. 2 . Growth curves for parainfluenza type 3 virus in calf kidney cultures; x , per
sistently infected with foot-and-mouth disease virus (FMDV) type 0 2; A, persistently 
infected with FMDV type 0 2 and subsequently cured with excess anti-02 antibody; 
O, normal cultures. *—, Virus infectivity; — , haemagglutinating activity.
Fig. 3. Growth curves for pseudo-rabies virus in calf kidney cultures x , persistently 
infected with foot-and-mouth disease virus (FMDV) type Oz; A, persistently infected 
with FMDV type 0 2 and subsequently cured with excess anti-02 antibody; O, normal cultures.

cultures. These cultures were challenged with 100TCD50 of FMDV A5, parain
fluenza-3 virus (PI-3) and pseudo-rabies virus. After different periods of incubation 
at 37° samples were removed from the supernatant fluid and assayed for infectivity.

1 8  Microb. xxx:i
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When PI-3 challenge was used titres of haemagglutinin were also determined. 
Multiplication of FMDV A5 was suppressed in persistently infected cultures. 
The multiplication in cured cultures was only slightly inhibited compared with the 
controls (Fig. 1 ). Inhibition of multiplication of PI-3 and pseudo-rabies viruses 
was also evident only in persistently infected cultures and not in cured cultures 
(Figs. 2  and 3).

C ytopa th ic  effect in  p e rs is te n tly  infected cu ltures challenged w ith  different v iru ses. 
The cytopathic effect of a virus challenge on persistently infected, cured and normal 
calf cultures was followed in cultures infected with 1 0 0  TCD50 of pseudo-rabies 
virus, FMDV As, and RNA from the latter virus. Four plates were infected in each 
group. The cytopathic effect was graded from 0-4. Cured and normal cultures were 
completely degenerated 2 or 3 days after infection, irrespective of the type of 
inoculum used for superinfection; the persistently infected cells scored between only 
0-5-1-5 on day 4 after infection (Table 2 ).

Table 2 . C ytop a th ic  effect o f  different challenge v iru ses on p ers is ten tly  
infected foo t-an d-m ou th  d isease v iru s  (F M D V )  cultures

Cytopathic effect

Challenge virus 
Days after infection...

FMDV type A5 
(intact virus) 

FMDV type A5 
(RNA)

Pseudo-rabies virus

Persistently infected cells Cured cells Normal cells
1 2 3 4 1 o 3 4 1 2 3 4
0 0 1 1*5 1 3 4 4 2 4 4 4
0 1-3 1-3 15 1 3 3 3 i 4 4 4
0 0-5 0-5 0-5 1 2 4 4 i 2 4 4

Cytopathic effect was graded from 0-4. The figures represent the mean for 3 cultures. The viruses 
were inoculated at day 0 in amounts of 100 TCD50 per culture.

Table 3. P ercen tage fluorescen t cells in  n orm al c a lf  k id n ey  cu ltures at 
different m u ltip lic itie s  an d  in  p e rs is ten tly  infected cu ltures

Fluorescent cells* ( % )
Normal cultures Persistently

,--------------- '--------------- infected
Virus multiplicity cultures

(p.f.u./cell)...
Virus

1000 100 10

FMDV type A5 98-9 24-2 2 1 n.d.
FMDV type O2 100 33-7 0-42 0 2

* Mean of 1000 counted cells from 4 slides; n.d., not done.
S ta in in g  o f  p e rs is te n tly  infected, cells w ith  fluorescen t an tibodies. Calf kidney 

cultures persistently infected with FMDV 0 2 synthesize virus in cycles. The titres 
in these cultures are 1 0 0 - to 1000-fold lower than those in normal cultures. The viral 
yield implies either infection of one of 200-600 cells and a normal yield from this 
cell or else suppressed virus multiplication in all cells (Dinter et al. 1959). To 
differentiate between these two alternatives, cultures persistently infected with 
FMDV type 0 2 on coverslips were stained writh fluorescent antibodies. As controls,
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normal calf kidney cultures on coverslips were exposed to FMDV A5 or FMDV 0 2 at 
different multiplicities for 30 min. at 37°. Six hr. after infection the cultures were 
fixed and stained with fluorescent antibody. Cells exhibiting fluorescence in per
sistently infected cultures show the same intensity of fluorescence as normal cells 
infected with FMDV 0 2 ¡PI. 1 ). On the average one in 500 cells contains viral 
antigen in persistently infected cultures. Depending upon the multiplicity of in
fection, normal calf kidney cultures contain viral antigen in one in 50-200 cells at 
multiplicities of 1 0  and in every cell at multiplicities of 1 0 0 0  (Table 3). The results 
suggest that the resistance of persistently infected cells to a challenge virus might be 
ascribed to a non-viral factor protecting the majority of the cells.

A ttach m en t o f  challenge v iru s  to p e rs is ten tly  infected cu ltures. Persistently infected 
cultures and normal cultures were washed twice with PBS arid inoculated with 300- 
500 p.f.u. of FMDV A5 in 0 - 2  ml. At intervals, 0 - 0 2  ml. was removed from each 
culture in the two groups, diluted tenfold in PBS and assayed for remaining in- 
fectivity on normal calf kidney cultures. The rate of attachment of FMDV A5 was 
the same in persistently infected and normal cultures (Fig. 4), indicating that 
blockage of attachment sites was not a major factor in maintenance of the per
sistent infection.

Challenge w ith  v ira l R N A  in  p e rs is te n tly  infected  a n d  in terferon  treated  cells. The 
experiments reported above suggested that a step in virus multiplication beyond 
attachment was blocked in the majority of the persistently infected cells. This block 
interfered alike with the synthesis of related and unrelated viruses. A similar effect 
has been ascribed to interferon which also inhibits virus multiplication when viral 
RNA is used as inoculum (Ho, 1961). To investigate this aspect properly, however, 
a cell system must be used which does not propagate the intact virus particle but 
gives only a single cycle of replication in response to the introduced RNA. There
fore calf kidney cultures, both persistently infected with FMDV 0 2 and normal, 
were infected with 1 0 0  p.f.u. of RNA from poliovirus type 1 or FMDV As. At

Table 4. Y ie ld  o f  p o lio v iru s  ty p e  1  in  p e rs is te n tly  infected  c a lf  k id n ey  
cu ltures o f  different ages w ith  v ira l R N A  as in ocu lu m

Yield in p.f.u./ml.
Days after a t 18 hr. of

induction of incubation
persistence ( % of control)

2 < 0-5
7 < 0-5

11 40
14 100

intervals the cultures were frozen and thawed and the total yield of intact virus 
assayed in normal monkey and calf kidney cultures respectively. To study the role 
of interferon in maintenance of the carrier state, these experiments were also per
formed with persistently infected cultures of different ages. Intact poliovirus type 1 

does not normally multiply in calf kidney cultures (McLaren, Holland & Syverton, 
1959). The yield of poliovirus type 1 in persistently infected cultures when viral 
RNA was used as inoculum was much decreased regardless of whether persistence 
had been established 2  or 14 days earlier (Table 4). The multiplication of FMDV

Interferon and persistent infection
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As in persistently infected cells was also inhibited when viral RNA was used as 
inoculum (Fig. 5). This latter finding alone does not permit the conclusion that in 
persistently infected cells, virus multiplication is blocked beyond penetration, since 
viral synthesis induced by intact FMDV A5 particles formed in the first cycle may be 
inhibited. With regard to the results with poliovirus, which cannot use calf kidney 
cells as a natural host, it is likely, however, that in both cases viral synthesis is 
blocked intracellularlv.

Minutes

J_____I_____ I_____I_____ L
0 5 10 15 20 25

Hours

Fig. 4 Fig. 5
Fig. 4. Attachment of foot-and-mouth disease virus (FMDV) A5 to cal; kidney cultures 
persistently infected with FMDV 0 2 (O) and to normal cultures (A). Virus infectivity 
is expressed as the % p.f.u. remaining in the supernatant fluid after different periods of 
adsorption.
Fig. 5. Reproduction of foot-and-mouth disease virus (FMDV) in calf kidney cultures 
persistently infected with FMDV type Oz ( x ) and in normal cultures (O) after inocula
tion with RNA of FMDV type A5.

The suppressed multi plication of challenge virus in persistently infected cultures 
was compared with the inhibition of viral synthesis by interferon in normal cultures. 
Calf and monkey kidney cultures were treated with interferon for 24 hr. and sub
sequently inoculated with 1 0 0  TCD50 RNA from poliovirus type 1  and FMDV A5. 
The preparation of interferon was described by Dinter & Philipson (1962). After 
incubation for 18 hr. at 37°, control and interferon-treated cultures were frozen at 
— 60°, thawed and subsequently assayed for infectivity of intact virus in normal 
monkey and calf kidney cultures, respectively. The yield of the two viruses was 
suppressed in interferon-treated cells when viral RNA was used as inoculum. This 
effect was observed both in the natural host cells, monkey kidney for poliovirus, 
and in the calf kidney cells insusceptible to this virus (Table 5). Intact FMDV A5 

however, multiplied in both calf and monkey kidney cultures.
C orrela tion  between p rod u c tio n  o f  in terferon  a n d  in itia tio n  o f  p ers is ten t in fec tion . 

Persistently infected cultures were produced in tubes as described under methods.
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Days

£

Fig. 6. Correlation between formation of infectious virus and the production of interferon 
in calf kidney cultures persistently infected with foot-and-mouth disease virus (FMDV). 
x , Virus titre of FMDV type Oz in the medium; O, difference in titre of pseudo-rabies 

virus in normal cultures and in persistently infected cultures; A ,  interferon titre of 
medium according to methods.

Table 5. Y ie ld  o ffo o t-an d-m ou th  d isease v iru s  ( F M D V )  ty p e  A 6 a n d  p o lio v iru s  ty p e  1 

in  in terferon -trea ted  c a lf  an d  m on key k id n ey  cu ltures w ith  v ira l R N A  as inocu lu m
Yield in p.f.u./ml. at 18 hr. of 

incubation ( % of control)
Challenge RNA ,--------------- *---------------

100 p.f.u./culture Monkey cells Calf cells
FMDV type A5 < 0-4 018
Polio type 1 2-7 < 0 03

At daily intervals, the medium of 5 tubes was removed and pooled. The infectivity 
of FMDV 0 2 was assayed and subsequently the interferon titre was determined in 
these pools after inactivating the virus by adjustment to pH 2-5 with citrate buffer 
and back to pH 7 with 0 -lM-NaOH. At daily intervals pseudo-rabies virus was also 
titrated in persistently infected and in control tube cultures. The difference in titres 
between these two titrations was considered an estimate of the resistance of the 
persistently infected cultures to the challenge virus. There was a rise in FMDV 0 2 

titre with a maximum 3 days after the antiserum was removed from the persistently 
infected cultures. Interferon production and resistance to challenge virus reached a 
maximum at the 4th day after induction of persistence. The resistance to challenge 
virus was correlated in time with the interferon production in these cultures (Fig. 6 ). 
In this experiment the persistent infection was cured spontaneously at 10 days after 
induction; in other experiments, however, in which the persistent infection lasted 
for longer periods, the interferon titres were too low to be demonstrated 10-15 days 
after induction.

DISCUSSION
The studies presented demonstrate a correlation between interferon production 

and persistence of FMDV 0 2 in calf kidney cultures during the early stages of the 
persistent infection. In persistently infected cells kept for 20-40 days, the presence
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of interferon could not be correlated with the resistance of these cells to challenge 
with another virus. Several theories can be put forward to explain this phenomenon. 
First, the interferon present might be bound intraeellularlv and more cells might be 
needed to demonstrate the presence of interferon. This is the case with MCN cultures 
persistently infected with myxoviruses (Henle et al. 1959). Secondly the interferon, 
initially present in the majority of the cells, might induce an alteration of the cells 
as reported by Gresser (1961). Evidence in favour of this theory has been obtained 
since the persistently infected cells show differences in morphology and nuclear size 
compared with controls (unpublished). Finally, since a heterogeneous cellular 
population was used, a selection of resistant cells might occur with gradual loss of 
cells susceptible to virus infection. This could also tally with the observed difference 
in cellular morphology of persistently infected cells. In a previous communication 
(Dinter & Philipson, 1962) the possibility was discussed that the resistance to 
challenge virus could be due to a block of receptor sites on the cells by inactive 
virus. Such cells would produce virus normally if infectious RNA was used as 
inoculum as demonstrated oy Crowell & Sy verton (1961). The present investigation 
demonstrates that the virus synthesis is inhibited when infectious RNA is used for 
challenge and that attachment of the challenge virus tc the persistently infected 
cells is unaffected. All this favours the hypothesis that virus synthesis is blocked 
intracellularly.

This investigation was supported in part by a grant (E 4193) from the National 
Institutes of Health, U.S.A.
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EXPLANATION OF PLATE
Immunofluorescence of cells persistently infected with foot-and-mouth disease virus (FMDV) type
0 2; magnification x 800 (a). Immunofluorescence of normal calf kidney cells infected with FMDV
type O, at a multiplicity of 50 at 6 hr. after infection; magnification x 800 (6).
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Effect of Metal Ions and Polyam ines on the 
Development of Bacteriophage f$R

By R. G. TUCKER
M icro b io logy U n it, D ep artm en t o f  B ioch em istry , U n ive rs ity  o f  O xford  

(R eceived  13 F ebru a ry  1963)
SUMMARY

One-step growth experiments with bacteriophage f R  showed that the yield of phage increased with increasing Mg2+ concentration. The function of Mg2+ was not primarily that of a lysis cofactor since the titre of intracellular phage was also dependent upon metal ion concentration. Phage development could be promoted by addition of Mg2+ after the end of the normal latent period. This stimulatory action was not appreciably inhibited by chloramphenicol or respiratory poisons, though it was abolished at low temperature and gradually became less as the time between infection and Mg2+ addition was increased. Qualitatively similar effects on phage growth were obtained with other divalent metal ions and with some polyamines. It is concluded that all these substances act at a late stage in the intracellular development of phage <pR, possibly at some step involving the neutralization of nucleic acid. Whether or not Mg2+ ions are also required for the release of phage particles cannot be determined from the present experiments, though some of the results suggest that they may be.

INTRODUCTION
Previous observations on the role of Mg2+ in the growth of bacteriophage $5R 

(phage anti-R) have shown that the metal is required at the end of the growth cycle 
(Tucker, 1961). In the present investigation an attempt was made to determine 
the nature of this late step, in particular to find out whether it involves an increase 
in the total number of infectious particles or merely an increased liberation of phage.

METHODS
H o st organ ism . E sch erich ia  coli strain c (kindly supplied by Dr K. Burton, 

Department of Biochemistry, University of Oxford) was used throughout the 
present work. This organism was chosen in preference to S alm on ella  ty p h i which 
had previously been used as the phage host (Tucker, 1961) since it gave better yields 
of phage.

P hage. Phage </>R (Kay, 1962), which has also been called phage anti-R (Fildes, 
1954; Kay, 1955; Tucker, 1961), is one of a group of small coliphages containing 
single-stranded DNA. Lysates of phage 0R were prepared in glycerol + casein hydro
lysate medium (Fraser & Jerrel, 1953) from which CaCl2 and gelatin were omitted 
and to which 4 x 10- 3M-MgSO4 was added after autoclaving (121°, 10 min.). The 
crude lysates, containing 1 - 2  x 1 0 11 plaque-forming units (pfu)/ml. were purified by 
a method essentially that of Tromans & Horne (1961). Phage was assayed by the
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double-layer technique (Adams, 1950) with L-broth (Lennox, 1955) + 2-5 x 1 0 ~3 m- 
CaCl2 +5 x 10_3M-glucose, solidified with 2 and 0-7% agar (Difco) in the bottom 
and top layers, respectively.

M e d ia . The chemically defined medium, which will be referred to as ‘minimal 
medium’ was that of Kay & Fildes (1950) used at half strength and supplemented 
with 0 -2 % (w/v) lactose. The low Mg2+ concentration of this minimal medium 
( 2  x 1 0 _5 m) permits only a oout half the total amount of growth of E sch erich ia  coli c 
which is possible when Mg2+ is in excess (greater than 5 x 1 0 _5 u) but it does not 
affect the rate of growth.

The buffer used for diluting organisms and phage consisted of minimal medium 
without Mg2+ and without lactose.

O ne-step grow th  experim en ts. E scherich ia  coli c was grown in minimal medium 
with aeration at 37° until the viable count reached 4 x 1 0 s organisms/ml. Five ml. 
of the culture were centrifuged and the pellet resuspended in 5 ml. solution con
taining 1 % (w/v) peptone (Evans), 4 x 10“3 M-MgSO4 and 1-5 x 10 4M-chloram- 
phenicol (Parke Davis), and phage 96R was added to give a cell:phage ratio of unity. 
After incubation at 37° for 1 C min. the unadsorbed phage was inactivated by addi
tion of 0 T ml. phage antiserum and incubation for a further 5 min. at 37°. The 
culture was then diluted in buffer and a suitable volume was transferred to a 1 - 
shaped tube containing minimal medium (growth tube) which was incubated at 
37° with rocking. When necessary, samples were diluted in buffer before plating.

In the experiments that follow the plaques obtained when samples were plated 
without further treatment, i.e. the plaques from phage particles which were free at 
the time of plating as well as those from infected bacteria, will be called ‘infective 
centres’. ‘Total phage’ refers to the plaque count obtained after the release of 
intracellular phage by artificial lysis. The method of Kohn & Szybalski (1959) was 
adapted to give a highly convenient procedure for liberating phage </>R. Samples 
(2-5 ml.) were removed from the growth tube and transferred to 110 x15 mm. 
lusteroid centrifuge tubes containing 50 /ig . lysozyme (Armour Pharmaceutical 
Co. Ltd., Eastbourne, Sussex) and rapidly frozen by plunging into liquid air. After 
thawing and incubation at 37° for 5 min. the samples were plated as usual. Control 
experiments showed that the method gave complete lysis of the organisms as judged 
by the release of /?-galactosidase, and that it neither destroyed free phage $5R nor 
reactivated phage which had been treated with antiserum.

M a ter ia ls . Where possible, solutions of metal salts were prepared from Analytical 
Reagent Grade chemicals. Polyamines were from the following sources: agmatine 
sulphate, spermidine phosphate, spermine hydrochloride and putrescine hydro
chloride from Roche Products Ltd. (Welwyn Garden City, Herts); 1,3-diamino- 
propane from Light and Co. Ltd. (Colnbrook, Bucks); 1,2-diaminopropane from 
British Drug Houses Ltd. (Poole, Dorset).

RESULTS
One step  grow th  experim en ts w ith  Escherichia coli s tra in  c 

Cultures of E sch erich ia  cc li c, which had been infected with phage in the presence 
of 4 x 1 0 _3M-MgSO4 and then diluted into minimal medium, showed only a small 
increase in the number of infective centres after 60 min. incubation at 3 7 °. Under



these conditions the intracellular phage count showed a somewhat greater increase, 
but good phage development, measured either as the increase in the infective centre 
count or in the intracellular phage count after artificial lysis, required added Mg2+ 
(Fig. 1 ). These results are qualitatively the same as those reported (Tucker, 1961) 
for another bacterial host, Salmonella typhi, the main difference being the greater 
intracellular phage development in E. coli c in minimal medium without extra Mg2+.

Figure 2  shows the phage production at 60 min. in a series of one-step growth 
experiments with different Mg2+ concentrations. The increase in the total phage 
count with increasing amounts of Mg2+ means that this cation is concerned in the
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Fig. 1. Effect of Mg2+ in one-step growth experiments. E s c h e r i c h i a  c o l i  c was infected 
with phage 96R  in the presence of 4 x 10_3 M-MgSO4 and 1-5 x ]0 4 M-chlorainphenicol. 
After inactivation of free phage with antiserum  the culture was diluted 1-5 x lO 6 into 
minimal medium, w ithout (O — O) and with ( • — • )  added M gS04 (4 x  10~3m ). Phage 
present after artificial lysis is denoted by (O - --O ) and ( # - - - # )  respectively.
Fig. 2. Effect of Mg2+ concentration on phage yield in one-step growth experiments. 
E s c h e r i c h i a  c o l i  c was infected with phage 0R  in the presence of 4 x 10 3 M-MgS04 and 
1-5 x 10 4 M-chloramphenicol. Free phage was inactivated with antiserum  and the 
culture was diluted 1 -5 x 106 into growth tubes of minimal medium containing varying 
concentrations of MgS04. The tubes were assayed a t 60 min. for infective centres ( •  — • )  
and to ta l phage ( # - - - # ) .

formation of infectious particles. However, except at the highest concentrations 
of Mg2+ used the number of infective centres was less than that of total phage, i.e. 
there was incomplete liberation of phage at 60 min. In experiments in which the 
phage was assayed at 180 min. after infection a similar dependence of yield of phage 
upon Mg2+ concentration was found, though the discrepancy between the number of 
infective centres and the total phage was less marked.
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Effect o f  de lay in g  the a d d itio n  o f  Mg2+ to infected organ ism s  
The increase in plaque count caused by the late addition of Mg2+ which had 

previously been noted with S a lm on ella  ty p h i as host was also observed with E sche
r ich ia  coli c. Thus when a phage-infected culture which had been diluted into 
minimal medium was supplemented with 4 x 10_3ii-Mg2+ at 40 min. (i.e. 20 min. 
after the expected end of the latent period) there was a sharp increase in plaque 
count (Fig. 3). In this experiment the cation produced a fourfold increase in total 
phage after 5 min., which supports the view that Mg2+ is required for actual phage 
formation and not merely for the release of preformed infectious particles. Adding 
Mg2+ late also increased the plaque count of directly-plated samples as well as of 
those treated with lysozyme, but there was always a lag in phage liberation. The 
ability of Mg2+ to stimulate phage production was gradually lost on prolonged 
incubation of infected organisms in minimal medium (Table 1).

Table 1. Effect o f  tim e  o f  a d d itio n  o f  M g 2+ on ph age <f>R developm ent 
in  Escherichia coli s tra in  C

Escherichia coli c was infected with phage 96R in the presence of 4 x 10- 3M-MgSO4 +
1-5 x 10- 4M-chloramphenicol. After inactivation of free phage with antiserum the 
culture was diluted 1-5 x 106 in minimal medium and assayed periodically for numbers 
of infective centres and total phage. At 0, 30, 90, 150 and 180 min. after dilution, 
portions of the culture were transferred to growth tubes containing 4 x 10_3M-MgSO4 
and assayed for infective centres and total phage after 40 min. incubation at 37°.

Time
(min.)

At “ime of sampling
After 40 

4x10“
min. with 
3M-MgS04

Infective
centres

Total
phage

Infective
centres

Plaque counts

Total
phage

0 65 0 39,500 37,000
30 170 1700 38,400 38,100
60 310 1350 — —

90 460 1350 7,100 12,700
120 720 2330 — —

150 530 2330 2,780 5,500
180 730 1740 980 2,730

The increase in the plaque count brought about by Mg2+ was not due to the 
extracellular activation of ri m-infective phage material. A phage-infected culture of 
E sch erich ia  coli c was washed with buffer then resuspended in minimal medium and 
incubated at 37°. After assaying the culture for infective centres at 50 min. two 
volumes were taken and the bacteria in one of them were removed by centrifugation. 
Magnesium sulphate (to 4 x 10 3u) was then added to the supernatant fluid of one 
sample and to the other uncentrifuged sample. After incubating for 10 min. at 37° 
only the sample containing bacteria showed an increase in the number of infective 
centres.
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Effect o f  m etabolic in h ib ito rs  on the action  o f  M g 2+

In attempts to determine the mechanism of action of Mg2+ in stimulating phage 
production, the action of chloramphenicol and of respiratory poisons was in
vestigated. Chloramphenicol (1-5 x 10~4m), potassium cyanide (10~2m) or sodium 
azide (2 x 10~2m) added to a phage-infected culture of E sch erich ia  coli c immediately 
after transfer to minimal medium containing 4 x 10_3M-Mg2+ completely inhibited

Table 2. E ffect o f  ch loram phenicol on s tim u la to ry  effect o f  il/g2+ on  
phage (pR p rodu ction

Phage-infected organisms were diluted in minimal medium at 37°. Forty min. after 
dilution, portions of the culture were transferred to tubes containing 4 x 10_3M-MgSO4 
or 4 x 10_3M-MgSO4 + 1-5 x 10 M-chloramphenicol (CAP) and incubated at 37°. At the 
times indicated the growth tubes were assayed for infective centres and total phage.

4 x  10-3M-Mg*+ added at 40 min.
No added Mg2+ —CAP +CAP

Time
(min.)

Infective
centres

Total
phage

Infective Total 
centres phage

Plaque counts

Infective
centres

Total
phage

0 112 10 _____ __ __ _
40 440 1900 — — — —

55 — — 38,400 06,500 4,700 59,30070 — — 64,500 74,200 66,100 67,10085 995 4400 83,500 83,000 63,800 60,200

phage growth. However, none of these compounds was able to prevent rapid phage 
development when added with Mg2+ at later times after infection. The results of an 
experiment with chloramphenicol are given in Table 2; both azide and cyanide were 
very similar in their action though it was consistently noticed that phage release was 
slower in their presence (Fig. 4). These results imply that the synthesis of protein 
necessary for phage formation proceeded in the absence of added Mg2+, and that the 
acquisition of infectivity brought about by the divalent metal was not dependent 
upon respiratory energy. In contrast to the failure of the above inhibitors to abolish 
the Mg2+ effect, cooling the culture in an ice bath before adding Mg2+ prevented the 
increase of infective centres and of intracellular phage.

E ffect o f  other m etal ions an d  am in es  on phage developm ent 
Magnesium ions are not unique in stimulating phage formation in the minimal 

medium; several other divalent metal ions and polyamines also caused an increase in 
total phage count when added late to phage-infected organisms. The efficiency of 
different compounds was compared by adding them to infected cultures 40 min. 
after dilution into minimal medium; chloramphenicol (1-5 x 10_4m) was also added 
to eliminate the possible complication of continued protein synthesis. After 20 min. 
incubation in test tubes at 37° the total number of phage was determined after the 
addition of lysozyme and freezing. Because of the day-to-day variation in the 
absolute increase in plaque count with a given substance, a control with CaCl2 
(4x 10_4m) was included routinely, the results being expressed as a percentage of
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Fig. 3. Effect of delaying the addition of Mg2+ on phage development. Escherichia 
coli c was infected with phage 0R in the presence of 4 x 10“3M-MgSO4 and 1-5 x 1 0 - 4 m - 
chloramphenicol. Free phage was inactivated with antiserum and the culture was 
diluted into minimal medium (infective centres, C — O ; total phage, A— A). At 
40 min. a portion of the culture was transferred to another growth tube containing 
4 x 10-3M-MgSO4 (infective centres, • — •  ; total phage, A — A).
Fig. 4. Effect of sodium azide on stimulatory effect of Mg2+. Escherichia coli c was 
infected with phage 0R ir the presence of 4 x 10_3M-MgSO4 and 1-5 x 10 4M-chlcram- 
phenicol, and after inactivation of free phage with antiserum the culture was diluted 
into minimal medium (infective centres, O—O ; total phage, • — • ) .  At 40 min. 
portions of this culture were transferred to two growth tubes containing 4 x 10_3M-MgSO4 
(infective centres, □ —□  ; total phage, ■  — ■  ) and 4 x 10 :,M-.\IgS()4 + 2 x 10_2M-sodium 
azide (infective centres, A— A ; total phage, A — A).
Fig. 5. Effect of 1,3-diaminopropane concentration on phage yield in one-step growth 
experiments. Escherichia coli c was infected with phage 0R in the presence of 4 x 1 0 - 3 m - 
MgS04 and 1-5 x 1 0  4 m - c 1i oramphenicol. Free phage was inactivated with antiserum 
and the culture was diluted into minimal medium containing various amounts of 1,8- 
diaminopropane. The growth tubes were assayed at 60 min. for infective centres (O — O) 
and total phage ( • — • ) .

Table 3. Effect of late addition of metal ions and polyamines on 
phage <f>R development in Escherichia coli strain C

Phage-infected E. coli c was diluted in minimal medium and incubated a t 37°. After 
40 min., samples were transferred to tubes containing the substance under investigation 
+ 1-5 x 10 4M-chloramphenicol. After incubation at 37° for 20 min. the rotal phage in the 
tubes was assayed after artificial lysis. Metal salts a t 4 x 10 4 m  ; polyamines at 4 x 10 3m .

Titre x 100 Titre x 100
Substance Titre with 4 x 10_4M-Ca2+ Substance Titre with 4x  10"4M-Ca2+

None 12 Agmatine 99CaCI2 100 1,3-Diaminopropane 99SrCl2 88 Spermidine 72MgS04 84 1,2-Diaminopropane 57BaCl2 79 Spermine 56MnClj 74 Putrescine 34CdCl2 71 CaCl2+MgS04 106CoS04 70 CaCl2+ agmatine 90NiCl2 54 CaCI2+ 1,3-diaminopropane 110BeCl2 41



the titre obtained after 2 0  min. exposure to Ca2+. Data from a number of experi
ments are given in Table 3. No appreciable increase in phage titre was obtained with 
NaCl or LiCl over the range 7-5 x 1 0 ~2m to 3 x 1 0 _1 m, with zinc acetate ( 4  x 1 0 “ 4m ) 
or with ferrous sulphate (4 x 10~4 m).

The substances tested in Table 3 also increased the plaque count of samples 
plated without artificial lysis though they were not equally active in this respect. 
1 ,3-Diaminopropane in particular caused only a small increase in the number of 
infective centres in spite of its being one of the most active of the amines in stimu
lating phage development. One-step growth experiments with organisms infected 
in the presence of Mg2++ chloramphenicol and subsequently diluted into minimal 
medium containing various concentrations of 1,3-diaminopropane also showed that 
there was relatively poor phage release with this compound (Fig. 5). The addition 
of Mg2+ at 40 min. to similar cultures in 4 x 10_3 M-l,3-diaminopropane resulted in 
an increase in the number of infective centres (Table 4) which may indicate that 
phage release has a specific requirement for the metal ion.

Table 4. E f f e c t  o f  a d d in g  M g 2+ to p h a g e  < pR-in fected Escherichia coli s t r a in  c 
in  m e d iu m  c o n ta in in g  1 ,3 - d ia m in o p ro p a n e

A culture of E s c h e r i c h i a  c o l i  c was infected with phage 0R  in the presence of 4 x 10-3 m - 
M gS04+ 1-5 x 10 _1M-chloramphenicol. The culture was diluted l / 5 x l 0 6 in minimal 
medium containing 4 x  10 3M -l,3-diaminopropane and incubated a t  37°. After 40 min. 
a portion of the culture was supplemented with 4 x 10-3M-MgSO4 and assayed for 
num ber of infective centres and to tal phage after a  further 20 min. incubation.

No addition 4 x 10~3»i-Mg2+ a t  40 min.
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Time Infective Total Infective Total
(min.) centres phage centres phage

Plaque counts
0 44 0 .-----

40 3,200 19,700 — —

60 6,300 24,800 16,900 20,700

DISCUSSION
The dependence of the intracellular phage 0R concentration upon Mg2+ con

centration, and the increase in intracellular phage titre when Mg2+ was added late 
to infected E s c h e r ic h ia  c o li c show clearly that Mg2+ is needed for some step in the 
development of the phage. Since neither chloramphenicol nor respiratory inhibitors 
appreciably affected the stimulatory action of the late addition of Mg2+, it is con
cluded that synthesis of components of phage can proceed in the absence of 
added Mg2'*' and that higher concentrations of Mg2+ are needed for some terminal 
event in the growth of the phage leading to an increase in the number of infectious 
particles. Without knowledge about the immediate precursor of mature phage <j>K 
the nature of this step mus7  remain unknown, though the qualitatively similar effects 
of other divalent metals and of polyamines suggest that neutralization of nucleic 
acid charge may be involved. These substances can neutralize and stabilize nucleic 
acids i n  v it r o  (Felsenfeld <fc Huang, 1960; Tabor, Tabor & Rosenthal, 1961; Eich- 
horn, 1962) and it is believed that they function similarly in some phages (Ames, 
Dubin & Rosenthal, 1958; Kay, 1959; Ames & Dubin, 1960). The idea that the
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cations diffuse into and neutralize the nucleic acid of structurally completed phage 
(¡)\l particles is an attractive explanation of the observed results. However, if this 
be so, some further change in the particles has to be postulated to account for the 
failure to obtain the effect, of the metals once the cells have been lysed and for the 
fact that free phage is stable in the presence of chelating agents.

The present experiments do not permit a decision about whether or not the 
cations are also concerned in phage liberation. In one-step growth experiments with 
4 x  10_3M-Mg2+ present from the beginning of infection lysis appeared to be com
plete by 60 min.; the ability of Mg2+ to stimulate phage production when added as 
late as 150 min. after infection might therefore be explained if phage release was 
slower or incomplete in the whole culture without added cations. Some support for 
this comes from experiments where Mg2+ increased the number of infective centres 
of cultures incubated with 1,3-diaminopropane (Table 4), and from the observation 
(Tucker, 1961) that the number of infective centres did not increase when Mg2+ 
was removed by chelation during the rising period of phage growth.

I am much indebted to Mrs W. Smith for technical assistance. The work was 
aided by grants to the Department from the Rockefeller Foundation and the United 
States Department of Health, Education and Welfare.
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SUMMARY

Immature sporangiospores of R h izo p u s  n ig rican s  and R . sex u a lis  were relatively thin-walled, although thickened longitudinal ridges were already discernible. The position of the nuclei suggested that they had recently divided; the mitochondria were globose and similar to those of vegetative hyphae; the protoplast was surrounded by a thin plasmalemma and contained numerous food globules. The endoplasmic reticulum was sparse. Mature spores had a thick wall of reticulate structure and contained large contorted mitochondria. The first visible stage in germination was the formation of an inner cell wall of tangential elements resembling that of the vegetative hyphae and contrasting with the original spore wall. The mitochondria increased in number, probably by division of the large contorted ones of the dormant spore, and were again regularly globose. The original spore wall became considerably stretched and finally ruptured to allow the germ tube enveloped in the newly formed elastic inner wall to emerge.
INTRODUCTION

Electron-micrographs of sporangiospores of R h izo p u s  sex u a lis  (Smith) Callen and 
R . n ig rican s  Ehrenb. revealed hitherto undetected changes in fine structure during 
maturation and germination.

METHODS
The material was fixed with Luft’s permanganate (Luft, 1956) or with per

manganate followed by osmium tetroxide as previously described (Hawker & Abbott,
1963). The fixed material was embedded in araldite, sectioned with a glass knife on 
a Huxley ultra-microtome (Cambridge Instrutment Co.) and examined with a 
Philips EM 2 0 0  electron microscope, as in earlier work.

RESULTS
M a tu ra tio n  o f  sporan g iospores

Immature spores (PL 1 , fig. I), presumably released by rupture of the sporangial 
wall during fixation, were often slightly flattened at one side, probably where they 
had been in contact with other spores. The spore wall was relatively thin and con
sisted of a single layer, but already showed the thickening which would later have 
become the characteristic longitudinal ridges of the mature spore. These thickenings 
were blackish in osmic-fixed material, indicating the presence of lipid material. The 
plasmalemma was thin and in close contact with the wall. The endoplasmic reti-
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culum was sparse with a few scattered cisternae, thus resembling that of the vege
tative hyphae (Hawker & Abbott, 1963). Typical nuclei, mitochondria, and 
numerous reserve food globules, many of which were of a fatty nature, were present. 
The nuclei in these immature spores were more or less centrally placed in a group 
of two or four, suggesting recent division. The nuclear membrane and the nucleolus 
were similar to those of young vegetative hyphae. The mitochondria were globose 
or ovoid with a regular outline and the inner membrane was infolded to give groups 
of roughly parallel plate-like cristae, as in young vegetative hyphae.

During maturation (PL 1 , fig. 2 ) the spore outline became symmetrical, finally 
becoming more or less lemon-shaped and slightly flattened longitudinally. The 
longitudinally ridged wall became very thick (0-3-0-6 //) and consisted of apparently 
regularly arranged elements enveloped in an amorphous mass of fatty material 
(staining black with osmium tetroxide; PI. 2 , fig. 4). At this seage there were no 
tangentially arranged elongated elements such as those which make up the wall of 
the vegetative hypha. The plasmalemma remained thin, closely lining the wall. 
The nuclei had moved apart. Complete sets of serial sections were not obtained for 
any one spore but a study of a large number of sections suggested that the usual 
number of nuclei was four and that these were arranged equatorially. The number, 
size and distribution of storage granules and the scattered cisternae showed no 
significant change. The most striking change, apart from the thickening of the wall, 
was in the shape and size of the mitochondria (PI. 2 , figs. 5, 6 ). These had enlarged, 
had become convoluted and now contained a complex system of closely packed 
cristae. The contorted shape of the mitochondria was not due to shrinkage during 
fixation since their actual size had increased in comparison with those of immature 
spores. Moreover, the nuclei and plasmalemma were neither shrunken nor con
torted, indicating satisfactory fixation.

G erm in a tion  o f  sporan giospores
Spores were suspended in water; they germinated after 3 hr. or more and were 

fixed after 5-6 hr. The first visible structural change was the laying down of a thin 
inner wall (PL 2 , figs. 3, 4). This consisted of tangentially arranged elements and thus 
resembled the wall of the vegetative hypha (Hawker & Abbott, 1963) but was 
strikingly different from the original spore wall. During these early stages of ger
mination the spore enlarged and the wall became stretched, as indicated by the 
increasing distance between the wall ridges. The mitochondria became more 
numerous, smaller and regular in outline (PL 2 , fig. 7). It must be assumed that the 
large irregularly-shaped mitochondria of the mature spore had undergone fission to 
give an increased number of these organelles in the germinating spore. In many 
spores, the nuclei and mitochondria were more densely congregated at one side, 
presumably at the point where the germ tube was about to emerge.

When germination took place the original spore wall, now much stretched, broke 
and the germ tube emerged, enclosed by the newly-formed elastic inner wall (PL 3 , 
figs. 8 , 9, 1 0 ). The contents of the spore flowed into the germ tube, both nuclei and 
mitochondria becoming elongated and orientated in the direction of flow. Flow 
lines, or perhaps thin membranes, could be traced in the endoplasm. Just behind the 
tip of the germ tube these resembled the membranes already reported in vegetative 
hyphae (Hawker & Abbott, 1963). The extreme tips of the germ tubes contained
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mitochondria; the nuclei, as in vegetative hyphae, were some distance behind the 
tip (PL 3, fig. 1 1 ). Vacuoles developed in the part of the spore distant from the 
germ tube.

DISCUSSION
The most striking new facts about the maturation and germination of Rhizopus 

spores shown by the present work are the rapid formation of an inner wall, of a type 
radically different from the original spore wall, immediately after the spores are 
suspended in water, and the changes in the mitochondria. The tangential arrange
ment of the elements of the new wall is likely to give greater elasticity in a direction 
parallel to the surface than would the reticulate structure of the old wall. Never
theless the latter does stretch considerably before it becomes ruptured to allow the 
emergence of the germ tube. During this stretching the original wall becomes corre
spondingly thinner and the ridges less marked. The shape of the spore becomes 
altered owing to the slight plasticity' of the original wall, so that there is no con
striction of the emerging germ tube. Under the light microscope the spore wall 
appears to be entire and to continue around the germ tube. The electron microscope 
shows conclusively that this is not so and reveals the rapid formation of an elastic 
inner wall as one of the first stages in germination. At the point of emergence of the 
germ tube the original cell wall shows a clean break.

Multiplication of mitochondria by division of old ones rather than by de novo  
formation was shown by Manton (1961) to occur in the liverwort A nthoceros laevis  
and in the Chrysophycean flagellate C h rysoch rom u lin a  brevifilu m . Hashimoto, 
Conti & Naylor (1958), however, claimed that the mitochondria in ascospores of 
Saccharom yces cerevisiae  disappeared during dormancy and that on germination 
they were formed anew. An examination of their photographs, however, suggests 
that the material was incompletely fixed, since few details of internal structure can 
be seen. We had considerable difficulty in securing proper fixation of the thick 
walled Rhizopus spores and concluded that fixation was best with slightly damaged 
spores. Only spores which showed well-fixed contents were considered in the present 
study. Mitochondria could not be distinguished in poorly fixed spores.

Thanks are due to the Department of Physics, University of Bristol, for allowing 
us to use the electron microscope. We are also indebted to the D.S.I.R. for a grant 
in aid of this investigation.
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EXPLAN ATION OF PLATES
P late 1. T t h i z o p u s  n i g r i c a n s

Fig. 1. Approximately transverse section of an im m ature sporangiospore, showing relatively 
thin, ridged spore wall (SIT); plasmalemma ( P ) ; four nuclei ( X )  the relative positions of which 
suggest th a t they originated from a single nucleus and had just completed a second division; 
mitochondria (M) with entire outlines and well-defined cristae; miscellaneous food globules (F)\ 
and sparse endoplasmic reticulum  ( 1 1 ) .

Fig. 2. Oblique section through n ature sporangiospore; showing thick spore wall surrounded 
by black amorphous layer (B ) \  plasmalemma; three nuclei; large complex lobed m itochondria; 
food globules; and endoplasmic reticulum. Other lettering as in fig. 1.

P late 2. R .  n i g r i c a n s .  Lettering as in PI. 1
Fig. 3. Approximately transverse section through sporangiospore soaked in water for 5 h r . ; 
showing development of inner wall (IW)  and apparent fission of lobed mitochondria (e.g. M 1 and 
M 2 )  to  form more numerous, smaller ones of more regular shape.
Fig. 4. Section through part of wall of a spore a t  same stage as th a t shown in fig. 3. Note re ti
culate arrangem ent of elements in original spore wall and presence of newly formed inner wall 
consisting of tangentially arranged elements.
Fig. 5. Mitochondria from young spore (note th in  spore wall on left) showing incipient lobing.
Fig. 6. Two complex lobed m itochondria and p a rt of a  th ird  from a m ature spore. Enlarged from 
area indicated by arrow in fig. 2. Note complex groups of cristae.
Fig. 7. M itochondria from germ inating spore. Note relatively small size, regular outline and 
groups of parallel cristae.

P late 3. T t h i z o p u s  s e c c u a l i s .  Lettering as in Pis. 1 and 2
Fig. 8. Oblique section throug l germinating sporangiospore (soaked in water for 5 hr. before 
fixation); showing germ tube (G T ), enclosed by wall continuous with inner wall of spore, emerging 
through clean break ( X )  in outer space wall. Note enlongated mitochondria and nuclei flowing 
towards and into germ tube, anc lines of flow, or possibly ‘cortical' membranes, (C) in endoplasm 
near base of germ tube.
Fig. 9. P a rt of fig. 8 enlarged to  show broken spore wall a t  points of emergence of germ tube.
Fig. 10. Approximately median section through emerging germ tube of another spore a t  same 
stage as th a t shown in figs. 8 an I  9: showing clean break of original spore wall. P a r t of spore con
cealed by grid.
Fig. 11. Longitudinal section o:' germ tube a t  a slightly older stage than  those of figs. 8-10. Spore 
concealed by grid. Note presence of mitochondria and absence of nuclei a t extreme tip, presence 
of nuclei further back, and flow lines or ‘cortical’ membranes in endoplasm.
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Ribonucleic Acid of Chloramphenicol-Treated 
Shigella  flexn eri

By R. B. YEE a n d  H. M. GEZON
G raduate School o f  P u b lic  H ealth , U n ive rs ity  o f  P ittsbu rgh ,

P ittsbu rgh  13, P e n n sy lva n ia , U .S .A .
SUMMARY

Resting organisms of S h ige lla  flex n er i serotype 3 are able to synthesize soluble and ribosom il ribonucleic acid (RNA) in the presence of chloramphenicol. The antibiotic stimulates the synthesis of soluble RNA but has no apparent effect on ribosomal RNA production. In contrast, chlortetra- cycline, which also suppresses formation of protein, stimulates soluble RNA synthesis and inhibits ribosomal RNA synthesis. The soluble RNA of the chloramphenicol-treated organisms possesses amino acid accepting activity comparable to that of the soluble RNA of untreated organisms. The findings indicate that chloramphenicol does not promote the synthesis of biologically inactive soluble RNA. The stimulation of soluble RNA synthesis appears to be the result, rather than the cause, of the inhibition of protein production by the antibiotic.
INTRODUCTION

Protein synthesis in bacteria is inhibited markedly by chloramphenicol; in 
contrast, ribonucleic acid (RNA) synthesis is not affected and may even be stimulated 
(Gale & Folkes, 1953; Wisseman, Smadel, Hahn & Hopps, 1954). Since RNA plays 
a major role in the production of protein (Chantrenne, 1961), it has been postulated 
that the inhibitory action of chloramphenicol is the result of the formation of non
functional RNA (Gale, 1958; Ramsey, 1958). The results of some of the studies of 
the RNA of chloramphenicol-treated E sch erich ia  coli suggest that this nucleic acid 
is ‘abnormal’ and perhaps physiologically inactive. Neidhardt & Gros (1957) 
showed that the RNA produced in the presence of chloramphenicol, ‘chloram- 
phenicol-RNA’, wras unstable, being degraded when the treated organisms were 
placed in chloramphenicol-free medium. Other workers have shown that chlor- 
amphenicol-RNA was present in ribonucleoprotein particles of sizes smaller than 
those present in untreated organisms (Dagley & Sykes, 1959; Nomura & Watson, 
1959). Horiuchi, Horiuchi & Mizuno (1959) observed that, after being washed and 
resuspended in drug-fres medium, chloramphenicol-treated E sch erich ia  coli showed 
a lag period before beginning to synthesize protein. The authors conclude that 
chloramphenicol-RNA does not participate in protein synthesis.

Evidence that chloramphenicol-RNA is similar to the RNA of untreated organisms 
has been reported; Pardee & Prestidge (1956) found that the base composition of 
both types of RNA was the same. Aronson & Spiegelman (1961) showed that 
chloramphenicol-RNA was converted to a stable form when chloramphenicol- 
treated E sch erich ia  coli was resuspended in a medium which permitted rapid protein 
formation. They also presented data which demonstrated that organisms con-



taming chloramphenicol-RNA produced protein without any detectable nucleic 
acid synthesis. The authors have proposed that chloramphenicol-RNA is not 
abnormal but is a normal unstable intermediate of ribonucleoprotein and that 
chloramphenicol blocks the conversion of the intermediate to a stable form.

We have made experiments designed to characterize further the synthesis of RNA 
in the presence of chloramphenicol and the biological activity of some of the RNA. 
A previous study showed that chloramphenicol stimulated RNA production in 
resting Sh igella  flexneri serotype 3 (Yee, Pan & Gezon, 1962). The present paper 
presents evidence which indicates that the soluble RNA synthesis and not the 
ribosomal RNA synthesis in this organism is stimulated by chloramphenicol and 
that the soluble RNA can bind amino acids. A preliminary report of some of the 
findings was published elsewhere (Yee, Gezon & McElligott, 1962).

METHODS
C u ltiva tio n  and sta rva tio n  o f  o rgan ism s. S h ige lla  J lexn eri serotype 3 strain b -1003 

(Pan, Yee & Gezon, 1957) was used. The previously described methods for growing, 
starving and harvesting the organisms in phosphate buffered saline (pH 6-9) to 
prepare resting suspensions (Yee, Pan & Gezon, 1962) were modified as follows, mainly 
to accommodate the large volume of organisms required: (1 ) a sufficient quantity of 
organism was obtained by growing them in flasks containing 3-5 1. defined medium; 
(2) each flask was seeded with 5 ml. of an 18 hr. starter culture which had been 
inoculated with a loopful of growth from a defined-medium slope culture; (3) cul
tures were aerated on a rotary shaker; (4) the defined medium with glucose as 
carbon and energy source and ammonium monobasic phosphate as nitrogen source 
did not contain nicotinamide since this was not needed for optimum growth of the 
organism (Pan, Yee & Gezon, 1962).

T rea tm en t w ith  ch loram phenicol. Defined medium containing -aspartic acid as 
sole nitrogen source was used to obtain maximum RNA synthesis. The starved 
organisms were resuspended in the medium described before (Yee, Pan & Gezon, 1962). 
Equal volumes of suspension were added to each of three flasks. One flask serving 
as a 0  hr., or unincubated, control was centrifuged immediately in a refrigerated 
Sharpies supercentrifuge. Chloramphenicol was added to the second flask to final 
concentration 2 /tg./ml.; the third flask was used as a chloramphenicol-free control. 
The latter two flasks were incubated at 37° on a rotary shaker for 4 hr. and the 
organisms then collected on a Sharpies supercentrifuge and stored at —2 0 °.

S ep a ra tio n  o f  soluble an d  ribosom al RNA. A procedure based on the method of 
Tissieres, Watson, Schlessinger & Hollingworth (1959) was used. The organisms were 
disrupted by grinding in a mortar with alumina A301 and extracted with 0  0 1  m- 
Tris(hydroxymethvl)aminomethane buffer (pH 7-4) containing 0-0lM-magnesium 
acetate to minimize degradation of ribosomal particles. Alumina, whole organisms 
and cell debris were removed by centrifugation at 6000g- at 0 °. The resulting crude 
extract was centrifuged at 1 0 0 ,0 0 0 g for 1 2 0  min. to sediment ribosomal RNA. The 
upper third of the supernatant fluid was removed for analysis of soluble RNA; 
RNA and protein were precipitated with cold 5% (w/v) trichloroacetic acid. The 
RNA was extracted from the precipitates with hot trichloroacetic acid by the 
method of Gale & Folkes (1953) and measured by the orcinol reaction (Schneider,
1957) with adenosine-5'-monophosphate as standard.
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Iso la tio n  o f  soluble R N A .  Soluble RNA was isolated by phenol treatment of 
supernatant fluids of crude extracts obtained after centrifugation at 1 OO.OOOg 
(Tissieres, 1959). Polysaccharide was removed from the RNA preparations by treat
ment with 2-methoxyethanol (Kirby, 1956). The RNA was stored at —2 0 °.

A m in o  a c id  accep tin g  a c tiv ity . The total amino acid accepting activity of the 
soluble RNA of untreated and of chloramphenicol-treated organisms was measured 
by the assay system of Berg & Ofengand (1958) using a 14C algal protein hydro
lysate as a source of labelled amino acids. After incubation the soluble RNA was 
re-isolated (Ofengand, Dieckmann & Berg, 1961) and its radioactivity measured in 
a Nuclear-Chicago counter equipped with a Micromil window. The ability of the 
soluble RNA preparations to accept individual amino acids was determined by the 
method of Brown (1960). The amino acid + RNA complexes were removed from the 
reaction system by charcoal (Norite A) adsorption and re-isolated by phenol treat
ment of the charcoal. The amino acids were released from the soluble RNA at pH 1 0  

and separated by two-dimensional paper chromatography. Butanol + water + 
glacial acetic acid (60 + 25 + 15, by vol.), and water-saturated phenol containing 
0 -0 0 2 % 8 -hydroxyquinol:ne in an atmosphere of ammonia, were used as solvents. 
Development in each solvent was for 24 hr. The amino acid spots were located with 
ninhydrin, cut out, eluted with 1 0  % (v/v) isopropanol in water and the radioactivity 
of the solutions measured.
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RESULTS
E ffect o f  ch loram phenicol on the syn th esis  o f  soluble a n d  ribosom al R N A . Experi

ments were made to determine whether soluble and/or ribosomal RNA synthesis 
was stimulated by chloramphenicol. Initially attempts were made to extract 
soluble RNA from dried organisms of untreated and chloramphenicol-treated 
S h ige lla  flexneri with hot sodium dodecylsulphate by the method of Ofengand et a l.
(1961). However most of the RNA of the organisms was removed, indicating that 
ribosomal RNA also was present in the preparations. Fractionation of lysates of 
spheroplasts also was unsuccessful. The bulk of the cellular RNA was found in the 
supernatant fluids of the lysates after centrifugation at 1 0 0 ,0 0 0 g.

A procedure which used alumina grinding to disrupt the organisms was found to 
be suitable. The organisms were able to synthesize both soluble and ribosomal RNA 
in the presence of chloramphenicol (Table 1 ). This finding is consistent with those 
reported for E sch erich ia  coli (Nomura & Watson, 1959; Aronson & Spiegelman,
1961). In addition, soluble RNA production in resting S h ige lla  flex n er i was stimu
lated by chloramphenicol whereas ribosomal RNA production appeared to be 
unaffected. As a result, the chloramphenicol-treated organisms possessed low 
ribosomal RNA : soluble RNA ratios. It should be pointed out that the degree of 
RNA synthesis varied with different preparations; however, the ratios were 
relatively constant and reproducible.

The cell-wall and membrane fractions of the disrupted organisms were also 
examined. The RNA cornent of the fractions was less than 0-5 % of the total cel
lular RNA and no detectable increase occurred during the incubation of untreated 
or chloramphenicol-treated organisms.

E ffect o f  Chlortetracycline on R N A  syn th esis . Chlortetracycline also inhibits pro
tein synthesis (Gale & Folkes, 1953). The action of this antibiotic on RNA synthesis
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was compared to that of chloramphenicol. The results indicated that the observed 
effect of chloramphenicol on RNA synthesis was not a non-specific one, i.e. anti
biotics which inhibited protein synthesis might not be similar in their action on

Table 1 . Effect of chloramphenicol on RNA synthesis by resting 
Shigella flexneri serotype 3

Resting organisms were prepared by washing and starving freshly harvested 
organisms in phosphate buffered saline (pH 6-9). The organisms were harvested by 
centrifugation and resuspended in a solution of KH2P 0 4, Na2H P 0 4 andNaCl; the organism 
concentration was adjusted so that the suspension gave 1 0 % light transmittance at 
425 m/i with a light path of 18 mm. in a Coleman model 6B spectrophotometer. Two 
volumes of the suspension were mixed with one volume of a solution containing l- 
aspartic acid as sole nitrogen source, D-glueose and MgS04.7H20. The final concentra
tion of all compounds was the same as that in the defined medium used for growth of 
the organisms. This suspension containing c. 2-5 x 10s resting organisms/ml. was incu
bated on rotary shaker at 37°.

Expt. 1 Expt. 2

R . B. Y e e  a n d  H. M. Gezon

Organism Cell RNA Net Ribo- RNA Net Ribo-
preparation fraction content* increase somal : soluble content increase somal: soluble

0 hr. (before in Ribosomalf 104 —I 75 — '1Icubation) Soluble 36 __1t 2-9:1 31 ) 2-4:1
Total 140 - J 106 — J!

Incubated 4 hr. Ribosomal 127 23)i 106 31]Iwithout chlor Soluble 39 8 [ 3-2:1 33 2 i 3-2:1
amphenicol Total 166 26 J 139 33 J 1

Incubated 4 hr. Ribosomal 119 151I 12 1 461Iwith 2  / t g .  chlor- Soluble 65 29 [ 1 -8 :1 60 31 ) 2 -0 :1
amphenicol/ml. Total 184 44 J1 181 77 J1

* Expressed as m/t mole RNA nucleotide/ml. organism suspension.
f  Calculated value (total minus soluble). Total and soluble RNA were determined by chemical 

analysis.
Table 2 . Effect of antibiotics on protein and, RNA synthesis by 

Shigella flexneri serotype 3
Antibiotic Change in amount of synthesis ( %)

concentration A “A(/tg./ml.) Protein RNA
Chloramphenicol

0-5 -24* + 18*
1 -4 1 + 36
2 -7 6 + 68

Chlortetracycline
0-1 —15 + 92
0-25 -7 1 + 54
0-5 -9 4 + 12

* _ , Decrease; +  , increase.

RNA synthesis. The effect of Chlortetracycline on protein and RNA synthesis is 
shown in Table 2; the action of chloramphenicol is shown for comparison. Con
centrations of Chlortetracycline less than the minimum required for complete 
inhibition of protein synthesis and cell multiplication stimulated RNA synthesis. 
As the Chlortetracycline concentration was increased the degree of stimulation
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decreased, contrary to the finding with chloramphenicol. Also, Chlortetracycline 
not only stimulated soluble RNA synthesis but also decreased the production of 
ribosomal RNA (Table 3).

RNA of chloramphenicol-treated Shigella

Table 3. E ffe c t o f  C h lo r te tra cyc lin e  o n  R N A  s y n th e s is  b y  r e s t in g  
Shigella flexneri s e r o ty p e  3

Cell
Net increase, 

mfi mole RNA 
nucleotide/ml.

Organism preparation fraction suspension
Incubated 4 hr. without antibiotic Ribosomal 105

Soluble 17
Total 122

Incubated 4 hr. with antibiotic Ribosomal
(3-8:1)*

55
Soluble 50
Total 105

(1 -8 :1 )
* Numbers in parentheses represent ratio of ribosomal RNA to soluble RNA.
Organism suspension and incubation same as in Table 1. Chlortetracycline concentration, 

0-5 /tg./ml.
Table 4. A m in o  acid  acceptin g  a b ili ty  o f  soluble R N A  o f  un trea ted  and  

ch loram phenicol-treated  Shigella flexneri sero type  3
RNA preparations

Source of soluble RNA I II III
Untreated organisms 1877* 2400 1833
Chloramphenicol-treated organisms 2163 2300 1900

* Counts/min./zimole RNA nucleotide.

Table 5. A m in o  a c id  acceptin g  a b ility
Source of soluble RNA

r Chloramphenicol-
Untreated treated

Amino acid organisms organisms
Leucine 1
Isoleucine  ̂
Phenylalanine]

41-2* 39-0
Tyrosine 19-3 20-6
Arginine 8-0 8-6
Valine 3-9 5-0
Glutamic 5-0 5-8
Aspartic 4-7 4-6
Histidine 3-9 3-5
Alanine 4-0 4-4
Glycme 2-5 2-0
Serine 2-0 1-8
Proline 2-0 1-9
Threonine 1-8 1-5
Lysine 1-7 1-5

Percentage of total count.
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A m in o  acid  acceptin g  a b ility . Soluble RNA mediates protein synthesis by binding 

amino acids and transporting them to the ribosomes where peptide bonding occurs 
(Chantrenne, 1961). The production of non-functional RNA may cause diminution 
of protein synthesis. Eaton & Caffrey (1961) reported that the soluble RNA formed 
by E sch erich ia  coli in the presence of dihydrostreptomycin was unable to accept 
amino acids. It seemed feasible to test the soluble RNA produced by chloram
phenicol-treated S h ige lla  flex n er i (soluble chloramphenicol-RNA). As a working 
hypothesis it was assumed that the stimulation of soluble RNA synthesis by 
chloramphenicol might be an indication that the nucleic acid was ‘ abnormal ’ and 
physiologically inactive. As shown in Table 4, the soluble chloramphenicol-RNA 
had a total amino acid accepting ability which was comparable to that of the 
soluble RNA of untreated organisms. Similar results were obtained when the 
accepting ability for individual amino acids was determined (Table 5). These 
findings indicate that chloramphenicol does not induce the formation of nonfunc
tional soluble RNA in S . flex n er i serotype 3.

DISCUSSION
The conclusion that chloramphenicol stimulates soluble RNA synthesis is based on 

the observation that resting chloramphenicol-treated Sh ige lla  flex n eri had a higher 
soluble RNA content than untreated resting organisms. Alternative explanations 
which might be given for this finding can be excluded. The resting suspensions were 
prepared by washing and starving the organisms in phosphate buffer saline. This 
solution was used in an earlier study in which the stimulation of total RNA synthesis 
in S . flex n eri by chloramphenicol was shown (Yee et al. 1962a). The starvation of 
the organisms in a magnesium-free medium may have resulted in a lower ribosomal 
RNA ¡soluble RNA ratio, indicating that degradation of ribosomes may occur. This 
did not affect the results. Chloramphenicol-treated organisms which had been 
washed and starved in a magnesium-containing solution to maintain the integrity 
of the ribosomes also had a higher soluble RNA content than untreated organisms 
(Yee et a l. 1962b).

The use of alumina grinding to disrupt the organisms may have introduced an 
error. Aronson & Spiegelman (1961) reported that the use of this method to disrupt 
E sch erich ia  coli resulted in the release of some of the ribosomal chloramphenicol- 
RNA into the soluble fraction. In addition, the observed increase in the soluble RNA 
of chloramphenicol-treated S h ige lla  flex n er i may be attributed to degradation of the 
ribosomal RNA in the organisms as a result of exposure to the antibiotic, or to the 
inability of the treated organisms to assemble newly formed ribosomal RNA sub
units. However, the amino acid accepting activities of soluble chloramphenicol- 
RNA and soluble RNA of untreated organisms are similar. The above alternative 
explanations would require the unlikely assumption that functional soluble RNA 
is a degradation product or a precursor of ribosomal RNA. Lacks & Gros (1959) 
were unable to show any conversion of soluble RNA to ribosomal RNA. On the 
basis of this finding and the difference in the base composition of the two types of 
RNA, they concluded that soluble RNA is not a precursor of ribosomal RNA. The 
difference in base composition also casts doubt on functional soluble RNA as being 
a degradation product of ribosomal nucleic acid. It thus seems likely that chloram
phenicol stimulates soluble RNA synthesis in resting S . flex n eri serotype 3.



The demonstrated activity of soluble chloramphenicol-RNA suggests that the 
stimulatory action is the result, rather than the cause, of the blockage of protein 
synthesis by the drug. A suppression of protein production may result in the 
channelling of available nitrogen into RNA (Fraenkel & Neidhardt, 1961). The 
results thus indicate it is doubtful that chloramphenicol inhibits protein syn
thesis by inducing the production of physiologically inactive ‘ abnormal ’ RNA or by 
altering the activity of RNA.

This investigation was carried out under the sponsorship of the Commission on 
Enteric Infections, U.S. Armed Forces Epidemiological Board and financially sup
ported by the Surgeons General, Department of the Army and Department of the 
Navy. We are grateful to Parke, Davis and Co. for the supply of chloramphenicol 
and to the Aluminum Co. of America for the supply of alumina A 301. We also wish 
to thank Dr Ivy McManus, Department of Biochemistry and Nutrition, for her 
helpful suggestions and Mrs Maryke Smulders for technical assistance.
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