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

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

The Ed itors wish to emphasize ways in which contributors can help to avoid delays in publication.
(1) Papers must be w ritten in English w ith the utmost conciseness consistent w ith clarity. The best 

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

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

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

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

'5 ) Authors should remember that in preparing their typescript they are giving instructions to the 
nter (about layout, etc.), as well as attem pting to convey their meaning to their readers. The latter 

1 ect w ill be the better attained the more carefully authors consider how their typescripts wall be 
iverted to the printed page. In k  corrections on a typescript greatly prolong the type-setter’s work; 

t> final version of a paper must if necessary be retyped to provide a clean copy for the printer. Type- 
v ipts which do not conform to the conventions of the Journal w ill be returned to authors for revision. 

6) Special attention should be given to the details below in ‘Directions to Contributors’. S trict 
■ ¡ervance of these requirements w ill help to shorten the interval between the receipt of a paper and its 

; ,blieation. W here relevant the ‘ Suggestions to Authors, Symbols and Abbreviations and Notes on Usage 
■if Conventions" published in the Biochemical Journal (1957), 66,1-16 should be followed. The pamphlet, 
. ■ neral Notes on the Preparation of Scientific Papers, published by the R oya l Society, Burlington House, 

■eadilly, London, W . 1 (2s. (id .; post free, 2s. lOd.) w ill be found useful.
Bditors do not alter authors’ typescripts except to increase c larity and conciseness, or to bring them 

i' o line w ith the Journal's conventions. I f  an editorial alteration changes an author’s meaning one 
plication is that it was expressed ambiguously. W hen an editor can grasp the meaning of a sentence 
equivocally it m ay be assumed that anyone can.

DIRECTIONS TO
mmunications. P a p e r s  s u b m itte d  fo r  p u b lic a t io n  
ra id  b e  s e n t  to  A . F .  B . S ta n d fa s t  (The Jo u rn a l o f  
neral M icrobiology), L is te r  I n s t i t u t e  o f  P re v e n tiv e  
d ic in e , E ls tre e ,  H e rtfo rd sh ire , E n g la n d . C o m m u ni- 

c i t io n s  a b o u t  o ffp rin ts  sh o u ld  b e  a d d re s se d  to  T h e  
l iv e rs itv  P re ss , C am b rid g e .
in e r a l .  S u b m iss io n  o f a  p a p e r  to  th e  E d ito rs  w ill b e  
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Form of papers Submitted for Publication. T h e
o n u s  o f  p re p a r in g  a  p a p e r  in  a  fo rm  s u ita b le  fo r sen d in g

CONTRIRUTORS
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In troduction; (e) M ethods; (il) Results (illustrative 
protocols only should be included); (e) Discussion (if 
any), and general conclusions; ( /)  Acknowledgements; 
(g) References.

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

Typescripts should carry the  nam e and address of the 
person to  whom proofs are to  be sent, and a  shortened 
version of the paper’s title, no t exceeding forty-five 
letters and spaces in length, suitable for a  running title  
in  the published pages of the work.
References. References in the  tex t are cited thus: 
Brewer & Stewer (1942), (Brewer & Stewer, 1942). 
W here a paper to  be cited has more than  two authors, 
the names of all the authors should be given when 
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& Gurney, 1944), and subsequently as (Brewer et til. 
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cited, e.g. (Cobley et al. 1940) in the first instance. Where 
more than  one paper by the  same author(s) has appeared 
in  one year the references should be distinguished in the 
te x t and the  bibliography by the letters a, b, etc. 
following the citation of the year (e.g. 1914a, 19146, or 
1914a, 6).

References a t  the  end of the  paper should be given in 
alphabetical order according to  the  name of the  first 
au thor of each publication, and should include the title  
of the paper. Titles of journals should be abbreviated in 
accordance w ith the World List o f Scientific Periodicals, 
4 th  edn. (1965). References to  books and monographs 
should include year of publication, title , edition, town of 
publication and publisher, in th a t order. I t  is the duty 
o f the author to check his references and see th a t the 
correct abbreviations are used.
Illustrations. Illustrations and diagrams should be 
approxim ately twice the size o f the finished block, each on 
a  separate sheet, bearing the au thor’s names, short title  
of the  paper and P late or Figure num bers on the back. 
Diagrams should be drawn in indian ink on plain white 
paper, Bristol board, faintly 6hie-lined paper, or tracing 
linen (but not plastic tracing linen) w ith letters, 
num bers, etc. w ritten lightly in pencil. Lettering should 
be clear of the  diagram and indicate by blue pencilled 
lines th e  desired position. Caption and legend should 
be typed on a  sheet separate from the  illustration and 
num bered to  correspond. Drawings and photographs 
should include a  statem ent of magnification. Photo
graphs should be well-contrasted prints on glossy paper, 
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m ind layout on the finished P la te ; layout should be 
indicated. Coloured plates m ust be paid for by  the 
author.
Tables. Tables should carry headings describing their 
content and be comprehensible w ithout reference to  the 
tex t. Each table should be typed on a separate sheet 
and its approxim ate position in the tex t indicated on 
the  typescript.
S y m b o ls  a n d  A b b rev ia tio n s. Authors should refer to  
current issues of The Journal of General Microbiology for 
inform ation in this connection. A ttention is particularly 
drawn to  the following points: degrees Centigrade are 
w ritten, e.g. 100°, not 100° C.; hr, min., sec. (singular 
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Inhibition by o-Aminoazotoluene of the Incorporation 
of Certain Radioactive Amino Acids into Lipids of 

Mycobacterium smegmatis
B y  M. TSUKAMURA, S. MIZUNO a n d  S. TSUKAMURA

The- Obuso National Sanatorium, Obu (near Nagoya), 
Aichi-Prefecture, and the Department of Bacteriology,

Medical Faculty of Nagoya University, Nagoya, Japan
SUMMARY

A carcinogenic substance, o-aminoazotoluene (AAT), inhibited the incorporation of [l-1JC]glyeine and [l-14C']leucine into the lipid fraction of Mycobacterium smegmatis. It inhibited transiently the incorporation of [l-14C]glutamic acid into lipids, but it did not inhibit the incorporation of [l-14C]acetate into lipids. AAT did not inhibit the incorporation into the protein and nucleic acid fractions of [1 -14C]glycine, [l-14C]leucine, [l-14C]glutamic acid, and [l-14C]acetate.
INTRODUCTION

Yoshida (1932, 1934a, b) demonstrated that a-aminoazotoluene (AAT) produced 
proliferation of hepatic tissue and hepatomas in mice. Biochemical observations on 
carcinogenesis, including reaction of the azo dyes with proteins, have been carried 
out by many investigators (reviews by Miller & Miller, 1953; Rondoni, 1955; 
Busch, 1962; Reid, 1962). Recently we observed that the growth of mycobacteria 
was inhibited by low concentrations of AAT in chemically defined media, but that 
this inhibition was abolished in egg media. As the action of AAT on mycobacterial 
cells is of interest in relation to its action on the cells of higher organisms, we have 
studied biochemical changes produced in mycobacteria by AAT.

METHODS
Mycobacterium smegmatis strain Jucho was used throughout. The following 

radioactive compounds were employed for the study: [l-14C]glycine (specific radio
activity, 57-3 /ic./mg.), Di.-[l-14C]leucine (specific radioactivity, 44-0 /¿c./nig.), 
Di,-[l-14C]glutamic acid (specific radioactivity, 21-0 pc./mg.), and sodium [1-14C]- 
acetate (specific radioactivity, 148 /¿c./mg.); all supplied by the Radiochemical 
Centre, Amersham, Buckinghamshire.

The test organism was cultivated at 37° for 5 days in a modified Sauton medium, in 
which sodium glutamate was substituted for asparagine. The bacteria were harvested, 
washed three times in saline, and the washed bacteria incubated in reaction mixtures 
containing a radioactive compound. At different times, the reaction mixtures were 
cooled in ice and centrifuged. The bacteria were washed once with a solution of 1 % 
(w/v) glycine, 1 % leucine, 1 % sodium glutamate, or 1 % sodium acetate. They 
were then washed three times in distilled water and fractionated according to the 
procedure of Schneider (1945). The method was described previously (Tsukamura, 
Tsukamura & Mizuno, 1964).
Vol. 41, So . 3 was issued 21 January  1966
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2
Samples (0-2 ml.) of each fraction were placed in stainless steel planchets and 

heated to dryness. The radioactivity was measured by a 2tt gas How counter and 
expressed as ‘counts/minute/mg. dry weight organism’ (the radioactivity in the 
sample was multiplied according to the amount of the fraction and divided by the 
dry weight). The radioactivity was recorded after subtracting the radioactivity at 
time 0.

Portions of the trichloroacetic acid (TCA)-soluble fractions were extracted five 
times with ethyl ether to remove the TCA and concentrated by heating under 
reduced pressure. Portions of the protein fractions were hydrolysed by heating in 
6 x-HCl at 100° for 24 hr and concentrated by heating. These concentrates were 
subjected to ascending paper chromatography, using Toyo filter paper no. 50 and 
solvents consisting of tertiary butanol + formic acid + water (70 +15 +15 by vol.) and 
isobutanol + formic acid + water (70 + 15 + 15 by vol.). The RF values given in this 
paper were obtained with the former solvent system unless it is specifically stated 
otherwise. The radioactivity in paper chromatograms was recorded on an automatic 
paper chromatogram scanner (Nihon Musen, Tokyo; running: 300 mm./hr; recording: 
150 mm./hr; slit, 3 mm.; range: 300 or 1000 counts/5 sec.).

AAT (Takeda Chemical Co., Osaka) was dissolved in propyleneglycol at a con
centration of 2 mg./ml. and 0-1 ml. samples of this solution were added to 4 0 ml. 
of the reaction mixtures. Thus, the final concentration in the reaction mixtures 
was 50 fig. A AT,'ml., which was two to four times higher than the minimal inhibitory 
concentration. Control reaction mixtures contained 0-1 ml. propyleneglycol without 
AAT.

M. Tsukamura, S. Mizuno and S. Tsukamura

RESULTS
Effect of AAT on the incorporation of \l-uC]glutamic acid 

AAT did not inhibit the incorporation of [l-14C]glutamic acid into the protein 
fraction, buffi t inhibited incorporation into the lipid and nucleic acid fractions during 
the first 6 hr. The effects of the inhibition had disappeared after 24 hr of incubation 
(Table 1).
Table 1. Effect of o-aminoazotoluene on the incorporation of [l-uC]glutamic acid into 

the cellular fractions of Mycobacterium smegmatis strain Jucho
Radioactivity as counts/min./mg. dry wt. bacteria

Fraction
Reaction Time TCA- Nucleic
m ixture (hr) soluble Lipid acid Protein
Control 3 1070 73 77 131
AAT 3 502 49 40 65
Control 6 740 159 102 152
AAT 6 532 49 56 170
Control 24 000 275 193 686
AAT 24 302 226 207 805

Reaction mixtures consisted of 4*0 ml. of 0 067 M-phosphate buffer (pH 7 1 ) containing 35 mg. 
wet wt. bacteria/m l., 2-5 fic. DL-[l-l4C]glutamic aeid/ml., 5 fig., sodium glutam ate/m l., 125 fig. 
glucose/ml, and 0 or 50/xg. o-aminoazo toluene/ml.



I n h ib i t io n  b y  o -a m in o a z o to lu e n e 3
Effect of AAT on the incorporation of DL-[l-uC]leucine 

Incorporation of [l-14C]leucine into the lipid fraction was depressed in the pre
sence of AAT. On the other hand, its incorporation into the protein fraction was 
not inhibited, but rather accelerated, by AAT (Table 2).

The only radioactive peak found in paper chromatograms o: the TCA-soluble and 
protein fractions had an RF (0-80) identical to that of leucine, whether AAT was 
present or not.

Table 2. Effect of o-aminoazotoluene on the incorporation of sl [l-uC]-leucine into 
the cellular fractions of Mycobacterium smegmatis strain Jucho

R adioactivity as counts/min./mg., 
d ry  w t. bacteria

Fraction
Reaction
m ixture

Time
(hr)

TCA-
soluble Lipid

Nucleic
acid Protein

Control 6 614 110 171 6,280
AAT 6 450 76 109 5,710
Control 24 545 520 348 10,800
AAT 24 588 325 337 17,900

Reactions mixture consisted of 4 0 ml. of 0 067 M-phosphate buffer (pH 71) containing 30 mg. wet wt. bacteria/ml., 2 0 /ic. Di.-[l-I4C]Ieucine/rnl., 5 fig. L-leucine/ml., 125 fig. glucose/ml., and 0 or 50 fig. o-aminoazotoluene/ml.
Table 3. Effect of o-aminoazotoluene on the incorporation of [l-uC]glycine 

into the cellular fractions of Mycobacterium smegmatis strain Jucho
R adioactivity as counts/min./mg. 

dry wt. bacteria
Fraction

Reaction
m ixture

Time
(hr)

TCA-
soluble Lipid Nucleic acid Protein

Control 3 6,110 653 2,140 3,040
AAT 3 6,380 736 3,090 7,070
Control 6 3,700 920 4,680 6,970
AAT 6 4,360 870 5,270 10,000
Control 24 6,840 4,600 17,300 37,000
AAT 24 4,900 1,680 15,900 44,000

Reaction m ixtures consisted of 4 0 ml. of 0 067 M -phosphate buffer (pH 7 1 ) containing 14 mg. 
wet wt. bacteria/m l., 2-5 fie. [ l -14C]glycine/ml., 5 fig. glycine/ml., 125/t g. glucose/ml., and 0 or 
50 fig. o-aminoazotoluene/ml.

Effect of AAT on the incorporation of \l-uC]glycine 
[l-14C]Glyeine was incorporated into the lipid, nucleic acid and protein fractions. 

The incorporations into the nucleic acid and protein fractions were not inhibited 
by AAT. On the other hand, the incorporation into the lipid fraction was inhibited 
by AAT, and showed most clearly after 24 hr of incubation (Table 3).



A radioactive peak, identified as serine (Rr 0-36-0-37) by comparison with 
authentic serine, was found in paper chromatograms of the TCA-soluble and 
protein fractions. Since other radioactive peaks were not found in the paper chro
matograms, presumably glycine was converted into serine and incorporated into 
protein (Fig. 1). However, in what form glycine is incorporated into lipids remains 
unknown.
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Fig. 1. R adioactivity in paper chrom atograms of the acid hydrolysates of the protein 
fraction obtained after incubation with [I-1JC]glycine for 24 hr in the presence and absence 
of AAT.

Table 4. Effect of o-aminoazotoluene on the incorporation of sodium [i-14C]- 
acetate into the cellular fractions of Mycobacterium smegmatis strain Jucho

R adioactivity as counts/min./mg., 
dry wt. bacteria

'  "  ”  _ A  V

Fraction
Reaction
m ixture

Time
(hr)

TCA-
soluble Lipid

Nucleic
acid Protein

Control 6 300 697 146 830
AAT 6 505 705 100 725
Control 24 492 958 188 1130
AAT 24 474 888 171 1070

Reaction mixtures consisted of 4-0 ml. of 0-067 M-phcsphate buffer (pH 7-1) containing 70 mg. 
wet wt. bacteria/m l., 1-0 fic. sodium [ l- I4C]acetate/ml., 100 /tg. ammonium chloride/ml., and 0 or 
50 /ig. o-aminoazotoluene/ml.
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Effect of AAT on the incorporation of sodium [l-uC\acetate
[l-14C]Acetate was incorporated into the lipid, nucleic acid and protein fractions. 

Almost no inhibitory effect of AAT on incorporation into these fractions was found 
(Table 4).

DISCUSSION
Incorporation of [l-14C]glutamic acid, [l-14C]leucine, [l-14C]glycine, and [l-14CJ- 

acetate into the cellular fractions was observed both in the presence and absence of 
AAT. The concentration of AAT used was 2 to 4 times higher than the minimal 
growth-inhibitory concentration. Since the generation time of this organism was 
more than ten times longer than that of Escherichia coli, cultures were observed for a 
period of 24 hr.

The results showed that AAT inhibited the incorporation of [l-14C]glutamic acid, 
[l-14C]leucine and [l-14C]glycine into the lipid fraction, the incorporation of the 
latter two amino acids being inhibited more markedly. On the other hand, in
corporation of [l-14C]acetate into the same fraction was not inhibited significantly 
by this agent.

It has heen reported recently that serine is incorporated into lipids of 
Escherichia coli in the form of phosphatidylserine (Kanfer & Kennedy, 1964). 
Although it has been demonstrated in the present study that glycine is converted 
to serine, it remains to be tested in future whether or not glycine is incorporated into 
lipids via serine.

It was noted that AAT did not inhibit the incorporation of glutamic acid, leucine, 
glycine, or acetate into the protein and nucleic acid fractions.

The authors wish to express their appreciation to Professor K. Ogasawara for 
his kind advice. They thank also Dr R. Katsunuma for his kind help for this study.
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Mycobacterium parafortuitum  : a New Species
B y  M. TSUKAMURA

The Obuso National Sanatorium, Obu near Nagoya, Aichi-Prefecture, Japan
(Received 13 May 1965)

SUMMARY
A new species Mycobacterium parafortuitum is described. A number of strains of the genus Mycobacterium isolated from soil resembled M. for- tuitum in their rapid growth, in their pattern of utilization of organic acids and in their pattern of amidase tests. However, these strains differed from M. fortuitum in the following points: they showed negative 3-day aryl- sulphatase test, they showed negative salicylate degradation and PAS degradation, they did not utilize nitrite as sole nitrogen source, and they formed acid from pentoses, arabinose, xylose, inositol and mannitol. This group of strains has been named as M. parafortuitum sp.nov.

INTRODUCTION
In the course of a study on ‘atypical’ mycobacteria isolated in Japan, the author 

isolated many acid-fast bacilli from the soil for comparison with the ‘atypical’ 
mycobacteria isolated from humans. Organisms isolated from soil, after treatment 
of soil samples with 4% (w/v) NaOH and 4% (v/v) H2S04, were studied. Strains 
which were considered to be mycobacteria, on morphological grounds, were then 
classified according to their amidase pattern (Boenicke, 1962). Strains which showed 
the pattern characteristic for Mycobacterium fortuitum were then tested for 3-day 
arylsulphatase activity (Wayne, 1961), nitrite utilization (Tsukamura & Tsukamura, 
1965), and salicylate and p-aminosalycilate (PAS) degradation (Tsukamura, 1965). A 
group of strains showing positive reactions in three or four of these tests was classi
fied as M. fortuitum. However, several strains which showed negative reactions in 
all of these tests were also found. These strains are considered to be a new species 
and their characters are considered in this paper.

METHODS
Growth rate and temperature response were observed or. Lowenstein-Jensen 

medium.
Amidase tests were carried out according to the method of Boenicke (1962).
Three-day arylsulphatase test was carried out according to the method of Wayne 

(1961), and 3-week arylsulphatase test according to the method of Kubica & Vestal 
(1961).

Utilization of organic acid as sole carbon source was observed in the following 
medium: (NH4)2S04, 2-64 g.; KH2P 0 4, 0-5 g.; MgS04.7H20, 0-5 g.; purified agar 
(Wako Chemical Co., Osaka), 30-0 g.; distilled water, 1000 ml. This was adjusted to 
pH 7-0 by addition of 10 % (w/v) KOH and the medium sterilized by autoclaving at 
115° for 30 min. Organic acids (sodium salts) were sterilized at 100° for 15 min. and
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added to medium at a concentration of 0-01 m. Tlie medium was readjusted to pH
7-0 and sterilized at 100° for 10 min. Growth was observed after 2 weeks incubation 
at .37°.

Acid formation from sugars was tested in the following medium: NH4C1, 2-0 g.; 
KH2P 0 4,0-5g.; MgS04.7H20 ,0-5 g.; 0-2% (w/v)bromothymolbluein 0 02 M-NaOH. 
20-0 ml.; purified agar, 30-0g.; distilled water, 1000ml. (pH7-2). Sugar solutions were 
sterilized separately by heating at 100° for 5 min. and added to medium aseptically 
to a final concentration of 0-5% (w/v). Acid formation was observed after 2 weeks 
incubation at 37°.

Utilization of nitrogen compounds as sole nitrogen source (including sodium 
nitrite) was tested on the following medium: glycerol, 50 0 ml.; KH2P 0 4, 0 5 g .; 
MgS04.7H20, 0-5 g.; sodium citrate, 2-0 g.; purified agar, 30-0 g.; distilled water, 
950 ml. (pH 7-0). Nitrogen compounds were sterilized by heating at 100° for 5 min. 
or Seitz filtration (sodium nitrite) and added to medium aseptically to a final con
centration of 002 M. Growth was observed after 2 weeks incubation at 37°.

Salicylate degradation was tested on Sauton agar medium containing 0-5 mg. and 
10  mg. sodium salicylate/ml. Blackening of the medium after 7 days incubation 
at 37° was recognized as positive degradation.

PAS degradation was observed on Lowenstein-Jensen medium or Ogawa egg 
medium containing 1 mg. sodium p-aminosalicylate (PAS)/ml. Blackening of the 
medium after 7 days incubation at 37° was recorded as a positive reaction.

Pathogenicity to mice (CFl strain) was tested by intravenous injection of the test 
strains in a dose of about 2 mg. (wet weight) per mouse. The viable numbers i:i the 
lungs and spleen were recorded as an index of pathogenicity. For the determination 
of the viable numbers in organs, three mice were killed every week and the lungs 
and spleens were homogenized (in a motor homogenizer) and mixed with 10 vol. 
saline containing 100 units/ml. penicillin G. The organ homogenates wrere diluted 
with saline to make 1/1-1 /104 dilutions: 0-02 ml. of each dilution was inoculated 
to Lowenstein-Jensen medium (five tubes for a dilution) and incubated at 37°. 
After 4 days incubation, the number of colonies was counted and viable numbers 
per organ calculated.

R E S U L T S
Characters of seven representative strains are shown in Table 1.
Morphology. Rods, 2-3 //. in length after cultivation for 3-4 days on Lowenstein- 

Jensen medium at 37°; acid-fast short bacillary to coccoid forms in old cultures. 
Non-motile. No cord formation in Dubos liquid medium without Tween. No 
mycelium was observed in slide culture even at early stage of incubation when 
acid-fast rods were present.

Lowenstein-Jensen medium. At 3-4 days growth was smooth, wet, thin, soft, 
creamy or pale yellow; at 10-14 days it became yellowish. A strain of group B 
(see below) was scotochromogenic. Strains 310 and 311 were mucoid.

Sauton agar medium. At 6-7 days growth was smooth, wet, soft, creamy or pale 
yellow. A strain of the group B was yellowish orange. In tables, non-photochromo- 
genic strains were designated by ‘n ’ and scotochromogenic (only one strain) by ‘s'.

Temperature relations. Some strains showed good growTth at 28-45°, but no 
growth at 52°. These strains were named group A. Other strains showed little or



no growth at 45° (Table 1 ). This group was named group B. Neither group A nor group 
B strains survived 60° for 4 hr.

Salt tolerance. Growth variable in glycerol broth containing 5% (w/v) NaCl. 
Nitrate reduction: variable.
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Table 1. Physiological characteristics of Mycobacterium parafortuituni
Strain

Group A Group B
P ro p e r ty x.310 x 3 1 1 X 304 n 314 x  305 x  307

G ro w th  a t
52° - , — — — — —
45° + + + + ± —
37° + + + + +
28° + + + + _L _l_

A cid  fro m
G lucose + + + + + +
M anno se + + + + + +
G a lac to se — — — - - -
A ra b in o se + + + + + -
X y lo se + + + + + +
R h a m n o se — — — — - +
T reh a lo se + + + — + +
L a c to se — — — — - —
R affinose — — — — - -
In o s ito l + + + — + +
M a n n ito l + + + + + +
S o rb ito l — — — — — _

U til iz a t io n  o f
A c e ta te + + + + + +
C itra te + + + _L + +
S u c c in a te ~ r + - + + +
M a la te + + + + -L +
P y r u v a te - - - - - -
B e n z o a te + — — — ± —

U til iz a t io n  o f
G lycero l + + + + -f +
G lucose + + + + + +
F ru c to s e + + + + + +
S u cro se 4- + - - +
P ro p y len eg ly c o l + + + - +

A m id ase  fo r
A c e ta m id e _L + + - -L +
B en z am id e - - - - - -
U re a + + + + ~r +
Iso n ic o tin a n iid e — - - - — -
N ic o tin a m id e + + + + 4 _ +
P y ra z in a m id e + + + + + +
S a licy la m id c - - - - - -
A lla n to in + + + ~ + +
S u c c in a m id e — — - - - -
M a lo n am id e - - - - - -

X a N 0 3 re d u c tio n - + - + _L +
3 -d a y  a ry ls u lp h a ta s e  te s t - - - - - -
3-w eek  a ry ls u lp h a ta s e  t e s t _L + + + +
S a lic y la te  d e g ra d a tio n - — - - - -
P A S  d e g ra d a tio n — — — — — —
N a N O a u t i l iz a t io n - - - ± - -

+ +I+ + + +I I++I 
+ + + +I I 

+ + +!-)- 
I I + I+ +
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Three-day arylsulphatase test: negative.
Three-week arylsulphatase test: positive.
Salicylate degradation: negative.
PAS degradation: negative.
Amidase tests. Amidase positive for acetamide, urea, nicotinamide, pyrazinamide, 

and allantoin. Amidase negative for benzamide, isonicotinamide, salicylamide, 
succinamide, and malonamide. Incubation: 15 hr. Temperature: 37°.

Utilization of organic acids. Acetate, citrate, succinate and malate were utilized 
as sole carbon sources. Pyruvate was not utilized. No growth or scanty growth on 
medium containing benzoate as sole carbon source.

Acid formation from sugars. Acid was formed from glucose, mannose, arabinose, 
xylose, trehalose, inositol, and mannitol. No acid from galactose, lactose, raffinose, 
and sorbitol; rhamnose variable. Good growth or moderate growth on media 
containing most sugars, but scanty growth on media containing lactose or raffinose.

Table 2. Virulence to mice of strains of Mycobacterium parafortuitum
V iab le  n u m b e rs  p e r  o rg an *

Strain Inoculum Organ 1 week 2 weeks 3 weeks 4 w eeks
N 310 1-3 x 108 bungs <  18 <  16 <  16

Spleen 760 715 <  12
n-311 2-Ox 108 bungs < 18 229 < 16 < 18

Spleen 6300 3630 1350 24
n-304 9-7 x 10® bungs < 23 < 20 <  18

Spleen 4 4 0 <  30 <  22
n 3 1 4 10 x 109 bungs <  10 <  15 <  17

Spleen <  17 124 <  25
n 305 3-5 x 108 bungs <  15 <  26 <  27 <  20

Spleen 6320 5330 545 <  24
* Average in three mice. Inoculation was made intravenously. A t different intervals, the mice

inoculated were sacrificed and viable numbers of bacteria were counted by dilution plating
technique.

Utilization of nitrogen compounds as sole nitrogen source. L-Glutamate, i.-leucine,
1 .-glycine, i.-serine, L-methionine, ammonium sulphate, ammonium chloride, sodium 
nitrate, nicotinamide, and urea were utilized. Isonicotinamide and pyrazinamide 
variable. Sodium nitrite not utilized.

Pathogenicity to mice. Intravenous injection o: the strains at a dose of 2 mg. wet 
weight did not kill mice within 1 month. No macroscopic lesions were observed in 
the mice and intravenously injected bacilli were eliminated rapidly from mouse 
organs. Among the strains tested, n 311 and n 305 were eliminated more slowly 
than the other strains (Table 2).

D IS C U S S IO N
In view of the results, the most useful characteristics for recognizing the strains 

described in this paper arc: (1) rapid growth on egg media; (2) good growth a~ 45° 
for group A—this characteristic most easily differentiates this group from M. for- 
tuitum; (3) negative 3-day arylsulphatase reaction; (4) inability to decompose 
salicylate or PAS; (5) failure to utilize sodium nitrite as sole nitrogen source within 
1 week; (6) amidase positive for acetamide, urea, nicotinamide, pyrazinamide, and
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allantoin; amidase negative for benzamide, isonicotinaniide, salicylamide, suc- 
cinamide, and malonamide after incubation at 37° for 15 hr; (7) ability to form 
acid from glucose, mannose, arabinose, xylose, trehalose, inositol, and mannitol; 
inability to form acid from galactose, raffinose, and sorbitol; (8) failure to utilize
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Table 8. Comparison of physiological characteristics of Mycobacterium fortuitum, 
M. par a fortuitum, M. smegmatis, and M. rhodochrous

Property .1/ .  fortuitum*
.1/ .  para- 
fortuitum

M. smeg
matis*

-1/. rhotlo- 
clirous*

Growth a t
a t  52° — — — —

a t 45° — Variable + Variable
a t  37° + + +

Acid from
Glucose + + +
Mannose + + _L +
Galactose Rare — + Rare
Arabinose Rare + + -

Xylose Rare + + Rare
Rhamnose — Variable + Rare
Trehalose + + + +
Lactose — — — _
Raffinose — — — —

Inositol Rare + + Rare
Mannitol Variable + + +
Sorbitol Rare — + +

Utilization of benzoate — — + +
3-day arylsulphatase test + — — -

Salicylate degradation + — -
PAS degradation + - -

NaNOj utilization -f - ( +  )
* Includes da ta  taken from Gordon & Mihm (1959).

Table 4. ( 'omparison of physiological characteristics among Mycobacterium fortuitum,

Property
M. p a r a fo r tu itu m , a n d  M. sm eg m a tis  

M . fortuitum* M . parafortuitum .1/. smegmatis*
Amidase for 

Acetamide + + — OT +
Benzamide — — +
Urea _1_ + +
Isonicotinamide — — +
Nicotinamide +  or — + +
Pyrazinamide +  or — + +
Salicylamide — — — or +
Allantoin +  or — + —

Succinamide — — +
Malonamide - - -

* D ata  taken from those of Boenicke (19(>2).

benzoate; (9) colonies slightly pigmented or non-pigmented; (10) rapid elimination 
from mouse body

By comparison of these data with the descriptions of Gordon & Mihm (1959), 
Gordon & Smith (1955), and Boenicke (1902), the strains described in this paper 
are differentiated from Mycobacterium fortuitum, M. smegmatis, M. rhodochrous 
and M. phlei Tables 3, 4).
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The most important reactions separating these strains from those of Myco

bacterium fortuitum are: negative 3-day arylsulphatase test; negative salicylate and 
PAS degradation tests; failure to utilize nitrite as sole nitrogen source; acid pro
duction from arabinose, xylose, and inositol; growth at 45° (group A).

The most important reactions separating the strains from Mycobacterium .smeg
ma tie are: failure to form acid from galactose or sorbitol; failure to utilize benzoate 
as sole carbon source; negative reactions for benzamidase, isonicotinamidase, and 
succinamidase ; positive reaction for allantoinase.

The most important reactions separating the strains from those of Mycobacterium 
rhodochrous are: acid production from arabinose, xylose and inositol; inability to 
form acid from sorbitol ; inability to utilize benzoate as sole carbon source.

The most important reactions separating the strains from Mycobacterium phlei 
are: no growth at 52°; failure to survive 4 hr at 60°; acid production from inositol; 
inability to form acid from sorbitol; positive reaction for allantoinase.

By these comparisons, the strains described in this study were differentiated 
from the known species and considered to belong to a new species. The author pro
poses to name this group of strains Mycobacterium parafortuitum sp.nov.

Strains 310 and 311 have been deposited in the National Collection of Type 
Cultures, Colindale Avenue, London. N.W. 9.

Strain 310 is n c t c  10410.
Strain 311 is N C T C  10411.
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Continuous Culture of Yeast on Phenol
By D. A. J. VVASE a n d  J. S. HOUGH

Department of Biochemistry, University of Birmingham
(Received 8 June 1965)

SUMMARY
Debaryomyces subglobosus (x c y c  459) was grown in continuous culture at 30° in media containing 3, 6-65, 9 and 12 /¿moles phenol/ml. as sole source of carbon. With each medium, wash-out of organisms occurred at dilution rates in the range 0-33- 0-36 hr-1. The yeasts became quickly adapted to the medium with lowest phenol content and grew readily at dilution rates between 0-1 and 0-3 hr b At lower dilution rates, however, the endogenous metabolism of the yeasts tended to outstrip the rate at which phenol was supplied. With 9 /¿moles phenol/ml. the best rate of output of yeast was achieved but at 6-65 /¿moles phenol/ml., was most fully utilized, utilization being complete up to a dilution rate of 0-3 hr-1. At the highest contents of phenol in the medium, the yeast adapted less readily and produced considerable amounts of riboflavin. The population became heterogeneous, with some yeasts clumping and others large and fragile. There was some evidence that the latter were unable to metabolize phenol but could utilize catechol, a product of metabolism of the normal organisms.The appendix provides a comparison between the reported results and those calculated from the growth constants using classical mathematical treatment of continuous culture. Substantial deviations are attributed to high maintenance energy requirements, flocculation of the yeast and toxicity of the medium.

INTRODUCTION
The breakdown of phenols by micro-organisms has received considerable atten

tion because of its biochemical interest and its industrial importance in effluent 
treatment. In metabolic studies, attention has been principally focused on pseudo
monads and vibrioform bacteria (Evans, 1963), while studies on industrial effluents 
have usually involved undefined mixtures of micro-organisms (Evans & Kite, 
1961). Recently, the ability of yeasts to degrade phenol has been investigated 
(Harris & Ricketts, 1962) and, at least on pilot plant scale has been exploited com
mercially (Reiche, Hilgetag, Lorenz & Martini, 1962). The metabolic pathways 
involved have been shown to be similar to methods of breakdown of phenols by 
bacteria (Wase & Hough, to be published).

Special problems attend the use of toxic materials as substrates for micro
organisms and this is particularly apparent when phenols are used as the sole 
source of carbon. It has been shown in batch culture by Wase & Hough (1965) that 
selected yeasts will grow on low concentrations of phenol after a period of adapta
tion. With such limited supplies of carbon, however, the period of growth is very 
short in comparison with the lag period. After the phenol has been exhausted, the
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yeast de-adapts quickly and a further lengthy period of adaptation is necessary 
before a fresh supply of phenol can be attacked. Continuous culture was therefore 
used to supply organisms fully adapted to phenol.

METHODS
Organism. Debaryomyces subglobosus (Zach) Lodder & Kreger-van Rij, strain 

n c y c  459, was obtained from the National Collection of Yeast Cultures, Brewing 
Industry Research Foundation, Nutfield, Redhill, Surrey. Stock cultures were 
maintained by monthly subculture on medium ia).

Media, (a) 10 % (w/v) malt-wort was steamed with 2 % (w/v) agar for 1 hr. The 
medium was dispensed in screw-cap bottles which were sloped after final sterilization.

(,b) The medium used for continuous culture is given in Table 1. It was only 
effective for periods under 10 days because the pyridoxine was unstable. Phenol 
was always the limiting nutrient.

Table 1. Composition of the growth medium
(i) Basal solution

The following were dissolved in order in distilled water and made up to  7990 m l.: 
(NH4)2H P 0 4, 19 0 g .; K H 2P 0 4, 16 0 g.; M gS04.7H 20 , 8-0g.; HC1 (cone.), 4 m l.; CaCl2.6H 2C,
2-0 g. '

(ii) Trace element solutions
Solution A: K I (01 %, w/v, aqueous solution), 0-8 ml. added to  basal solution.

Solution B : the  following were dissolved in order in distilled water and made up to  100 m l.: 
FeS 04.7H 20 , 0-25 g.; boric acid, 0 T 0 g .; ammonium molybdate, 0 02 g.; M nS04.4H 20 , 
0 04 g .; Z nS04.4H sO, 0 04 g .; CuS04.5H 20 , 0 045 g .; HC1 (cone.), 2 drops. 1 ml. of solution B 
was added to  the  basal solution. The combined solutions were adjusted to  pH  5-5 with 
A. R. KOH solution (40 %, w/v) and sterilized in a 10 1. pyrex aspirator a t 15 lb. for 15 min.

(iii) Growth factor solution
The following were dissolved in distilled water and made up to 100 ml.: inositol, 1-0 g.; pyridoxine hydrochloride, 250 mg.; calcium D-pantothenate, 240 mg.; thiamine hydrochloride, 200 mg.; nicotinic acid, 200 mg.; folic acid, 10 mg.; D-tiotin, 0-22 mg. This solution was separately sterilized in 8 ml. portions at 10 lb. instantaneously and then added aseptically to the bulk of the medium.

(iv) Phenol (A.R.)

Apparatus. Medium was fed by a metering pump to the 250 ml. culture vessel 
which was stirred magnetically and fitted with an overflow tube which maintained 
the culture volume at 150 ml. The vessel was surrounded by a glass jacket through 
which water at 30° was pumped. Aeration was provided by a small aquarium 
pump sparging air at about 15 l./hr through a sintered glass diffuser. A sampling 
device (Heatley, 1950) was initially used to transfer an active culture of the yeast 
into the vessel, and the pump rate was then adjusted to correspond with a dilution 
rate of 0-2 hr-1. Equilibrium was judged to be achieved when the yeast content and 
the phenol concentrations were similar on consecutive daily tests.

Yeast concentration. Yeast concentration was measured as extinction in a Unicam 
SP 500 spectrophotometer operating at 650 my. Results were expressed as dry 
weights by means of a standard curve relating extinctions to weight of organisms 
dried at 120° for 16 hr.
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Phenol concentration. Phenol content within the culture vessel was estimated by 

a method based on that of Snell & Snell (1937) using a 0-4 % (w/v) solution of 
2,6-dibromoquinonechloroimide in absolute ethanol. The reagent was stable for a 
week at about —2°. For the assay, 4-5 ml. solution was diluted with 95-5 ml. 
distilled water and a 2 ml. portion added to 1 ml. M-bicarbonate buffer (pH 9-4) and 
1 ml. of test solution in a test-tube. The tube was shaken and held at 37° in a water 
bath for precisely 1 hr and the extinction of the solution at 625 rn.fi was recorded 
with a Unicam SP 500 spectrophotometer against a diluted reagent blank. Phenol 
concentration was directly proportional to the extinction, whereas similar concen
trations of catechol (which was often present in the culture vessel) gave very low 
readings.

Manometric measurements. Oxygen uptake of yeast suspensions was determined 
by the direct method described by Umbreit, Burris & Stauffer (1957).

Continuous culture of yeast on phenol

RESULTS
Four continuous cultures a, b, c and d were done with media containing 3, 6-65, 9 

and 12 /¿moles phenol/ml. as the sole source of carbon and equilibrium conditions 
were established for a range of dilution rates (relative flow rates.) With the 
cultures at equilibrium, phenol content, yeast content and yeast output were 
estimated. Phenol contents of a were low for dilution rates up to 0-2 hr-1, but at 
higher dilution rates phenol content rose abruptly (Fig. 1). Culture b gave similar 
results except that the abrupt rise occurred after 03 hr-1. In contrast, c gave a long 
steady rise after 0-2 hr-1, while d provided low values until 0T hr-1, followed by a 
steady rise.

For yeast content, a and b gave a long steady rise with increasing dilution rate 
and then an abrupt fall (Fig. 2). This contrasts with the short rise and long steady 
fall of c and d. The values for yeast output are shown in Fig. 3; a and b achieved 
maximum output at comparatively high dilution rates but c and d at much lower 
dilution rates. Except for d, maximum yeast output and maximum yeast content 
occurred at about the same dilution rate.

The lowest dilution rate needed for complete washing out of yeasts in the four 
experiments was within the narrow range 0-33-0-36 hr-1. Phenol was supplied 
under these conditions for a:b:c:d in the ratio 1-00:2-33:3-24:4-32. In contrast, 
at maximum yeast output, the corresponding ratio for phenol supply was
1-00:2-66:2-40:2-00.

In a and b the organisms were mainly discrete, single and small, only a small pro
portion being large and fragile. The organisms of c were also of the two sizes but many 
were aggregated and this clumping was even more marked in d. The same aggregation 
occurred when organisms from a were transferred to a batch of medium containing 
10-6 /¿moles phenol/ml. and had grown after a 50 hr lag period. Transfer of yeast 
from a to a batch of medium with 1-06 /¿mole/ml. phenol, however, resulted in 
immediate growth and the organisms remained separate.

At dilution rates below 0-2 hr“1, the a and b cultures had developed a slight 
fluorescent yellow coloration but in the c and d cultures this pigmentation of the 
medium was much more intense and persistent, being produced over a much wider 
range of dilution rates. The material imparting the colour had well marked
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absorption peaks at 375 and 445 mfi and corresponded with authentic riboflavin in 
these and other spectrophotometric characteristics.

An inoculum of yeasts grown on 1 //mole phenol/ml. was used to initiate culture 
c with a dilution rate of 0-029 hr-1 being maintained. Slowly the yeast became 
adapted to the higher concentration of phenol and its ability to take up oxygen in 
the presence of phenol was measured manometrically (Table 2). As the culture

Fig. 1. Phenol contents m aintained in culture vessel a t  various dilution rates. Experi
m ents: a, • —# ;  6, ■ —■ ; c, ▲ — ▲ ; d, ▼ — ▼ ; using media containing 3, 6-65, 9 and 
12 //moles phenol/ml. respectively.
Fig. 2. Yeast contents m aintained in culture vessel a t  various dilution rates. Symbols 
(as in Fig. 1): a, O—O ; >>, □ — c, A—A ; d, v —V-

became heterogeneous, however, the manometric results showed that the ability to 
metabolize phenol was decreased. Furthermore, while the original adapted homo
geneous population took up less oxygen in the presence of catechol than in the 
presence of phenol, the position was reversed for the heterogeneous population.

DISCUSSION
The results indicate that Debaryomyces subglobosus was able to metabolize sub

stantial amounts of phenol as sole source of carbon. With 6-65 /¿moles phenol/ml. 
organisms became adapted relatively easily in either batch or continuous culture 
but less readily at higher concentrations, and other differences observed were the 
disproportionately greater quantity of riboflavin produced and clumping, parti
cularly at high dilution rates. Moreover, yeast grown in a low concentration of 
phenol and transferred to batch cultures with comparatively high concentrations 
grew only after a long period. The extended lag period and the clumping which
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Fig. 3. Y east ou tpu t from the culture vessel a t  various dilution rates.
Symbols as in Fig. 2.
Fig. 4. Relationship between dilution ra te  ju s t giving washout (critical dilution rate) and 
the  concentration of phenol in  the medium supplied.

Table 2. Oxygen uptake of yeasts growing continuously on 
9 ¡nmoles phenol I ml.

Yeasts grown batchwise on 1 /¿mole phenol/ml. were used in the  continuous culture, 
w ith dilution ra te  of 0 029 h r-1, sampled early and a t the end of the  adaptation  period 
(10 and 80 h r after inoculation). Samples were offered either phenol (3 /¿moles), catechol 
(5 /¿moles) or medium w ithout phenol in the W arburg respirometer.

Oxygen uptake after 
80 min (/¿l.)

Early Late
Substrate sample sample

Medium w ithout phenol (endogenous respiration) 63 185
Catechol 242 550
Phenol 507 243

occurred in batch and continuous cultures could be interpreted as an adaptation to 
the presence of relatively high concentrations of a metabolic inhibitor. But asso
ciated with this adaptive change the yeast population became less able to utilize 
the phenol. Some of the organisms may have retained their original ability in spite 
of the higher phenol content, while the rest became either less efficient at metabo
lizing phenol or were unable to utilize it at all. Because there is strong evidence 
that phenol is oxidized by yeasts to catechol and because the heterogeneous popu
lation metabolized catechol more strongly than phenol, it is possible that many of

2 G. Microb. 42



the organisms were attacking extracellularly the catechol produced from phenol by 
the rest of the population.

Maximum yeast output (mg./ml./hr) for cultures a, b, c and d occurred at dilution 
rates (D„) of 0-26, 0-30, 0-21 and 0-13 hr-1, a reflexion of the somewhat toxic pro
perties of the media in e and d and the relatively poor supply of substrate in a. 
The medium used for b gave both the highest dilution rate and rate of input of 
phenol for maximum yeast output (Table 3). It was the more toxic medium c. how
ever, which gave the highest values for yeast concentration in the vessel and the
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E xpt.
a
b
c
d

Table 3. Comparison of continuous cultures using four levels 
of phenol concentration

Phenol
cone. Dilution

in rate
medium giving
(/¿mole/ max.

ml.) output
(•s*) {Dm)
3 0 0-26
6-65 0-30
9-0 0-21

120 0 13

Phenol
Max.
yeast
cone.

input achieved
at  D$i (mg.

(Ss .D m) dry wt./ml.
0-78 0-23
200 0-65
1-89 1-05
1-56 0-78

Dilution Phenol
rate input

giving a t  max.
max. yeast yeast

cone. cone.
) (Dxm) (SB. D xm)

0-26 0-78
0-29 1-93
0-20 1-80
009 108

Apparent
yield

a t max. Dilution
yeast ra te
cone. at

(mg. dry wash
w t./ out

/uncle) (Dc)
0 09 0 33
0-10 0-35
0 1 2 0-36
0 0 7 0-36

highest output: input ratio (that is the apparent yield values). This may have been 
because of the greater clumping of organisms in c. With discrete yeasts there was 
both regular division and regular loss of a proportion of the organisms in the con
tinuous culture, but with clumps such regularity was impaired. The clumps varied 
both in size and in the age of their organisms; they fragmented either because of 
mechanical damage or growing larger than a critical size. This led to a spread of mean 
generation times of the organisms, discrete and aggregated, and to a low average 
growth rate.

With low dilution rates small yeast concentrations were maintained, particularly for 
media containing little phenol. This may have resulted from the very high endogenous 
metabolism of the population which accounted for the utilization of much of the 
phenol supplied. The amount of substrate left for growth therefore became pro
gressively smaller at lower dilution rates, giving a progressively smaller population.

In contrast with bacteria, yeasts grow poorly at very low dilution rates because 
of the high endogenous metabolism, and are also washed out of the culture vessel 
at lower dilution rates. The yeasts at the point of washout are under considerable 
selection pressure with only the fastest growing surviving but surprisingly a, b, c 
and d washed cut at dilution rates ranging only from 0-33 to 0-36 h r-1 (Table 3). 
Certain organisms adapted in d must therefore have grown as quickly as those in a, 
despite the large difference in phenol content of the media.

In this connexion, Ware & Evans (1959) were able to cultivate continuously 
bacteria in phenolic media at dilution rates as high as 0-55 hr-1 and with a con
centration of 3750 mg. phenol/1. (40 /¿moles/rnl.) in the medium and 15 mg./l. in the 
effluent. Moreover Evans & Kite (1961), with Pseudomonas aeruginosa, were able 
to increase the dilution rates for phenol media to c. 0-66 hr-1 and to c. 0'77 hr-1
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with mixed bacterial cultures. With a non-toxic source of carbon present, rates of 
about 3 hr-1 were mentioned. On these grounds it would seem that yeasts are 
unlikely to be important commercially in the removal of phenol from effluents 
because of their slowness in adaptation, growth and uptake of phenol. It may be, 
however, that yeasts are more acceptable as a source of protein for animal feeding 
than pseudomonads. From the point of view of effluent utilization, the more 
slowly growing yeasts might therefore be worth investigation.

Continuous culture of yeast on phenol

A P PE N D IX : THEORETICAL CONSIDERATIONS
Simple mathematical descriptions of continuous cultures have been produced 

where organisms are dispersed and fed with a medium in which one essential food
stuff is in limiting concentration (Monod, 1950; Novick & Szilard, 1950). Experi
mental results agree with calculated values in some cases (Herbert, Elsworth & 
Telling, 1956) but in others the yield of organisms per unit substrate varies with 
dilution rate (Herbert, 1958). For instance at low dilution rates, certain micro
organisms produce poor yields because the supply of nutrients is barely sufficient 
to meet the requirements for maintenance. At higher dilution rates, these demands 
are fully met and any additional nutrient available is used for growth. This means 
that the highest concentration of organisms is achieved, not at the lowest dilution 
rate but at a rate between zero flow and the point of washout.

Results of the present work are of interest because of the toxicity of the medium, 
and therefore values based on mathematical relationships derived by Herbert et al.
(1956) were calculated. For this purpose, values for maximum rate of growth 
(/iml.), saturation constant (K ,) and yield constant (F) are needed.

In batch culture of adapted yeasts grown on a medium containing 0-01 % phenol 
as sole source of carbon, /zmal was 0-1133 hr-1. It might be expected that a similar 
value would apply to continuous culture, but the following considerations refute 
this. On the basis of theory (Herbert et al. 1956)

m ai.
n  (Ks + Sn)

o (1 )

where Dc is the dilution rate at which washout occurs and sR is the concentration of 
limiting substrate in the medium supplied. In practice, K s is normally small 
compared with sB and therefore the expression (Ks + sB)lsB is almost unity, especially 
when sE is large.

If this be so, then /<mal should almost equal Dc which ranges from 0-328 hr-1 in a 
to 0-360 in d. When Dc is plotted against sB, the relationship can be shown to be 
roughly asymptotic to the value 0-360. This value for Dc, and hence is very 
different from /¿,n„; calculated from batch culture work. Because and K s are 
intimately related, it might be expected that similar discrepancies would occur in 
values calculated for K s from batch and continuous cultures. Again on the basis of 
theory, the cell concentration,

(2)

and therefore d ,  = d y [ « , - k . ( ^ _ d ) ] . (3)
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As D, the dilution rate, increases from zero to Dc, x falls to zero. There will be a 
value of D where x is greatest and it is convenient to term this DM. By differen
tiating the above equation and equating to zero, we can arrive at an expression 
for I),,. Thus

— fln ■ H K s + sH (4)
The values for DM in a and b were recorded as 0-262 and 0-290 hr"1 respectively, but 

in c and d were considerably lower (0-21 and 0-13 respectively), presumably because 
of clumping and other toxicity effects. Values for Ks calculated on the basis of the 
above DM results for a and b, are 0-2401 and 0-2613 /imole/ml. respectively. An 
alternative approach is to calculate values for K s by substituting in equation (1). 
This gives K s as 0-292 for a and 0-269 /¿molc/ml. for b. These four estimates of K s 
were averaged to give 0-266 /imole/ml. or 24-96 mg./l.

To arrive at a satisfactory value for F, each recorded yield value in a, b, c and d 
was plotted against the appropriate dilution rate. The results (Fig. 5) give high 
correlation coefficients of +0-644 and +0-983 for a and b respectively, but a low 
degree of correlation for c and d (—0-110 and +0-194 respectively). The lines of 
best fit for a and b were calculated and extrapolated to give Y  values at Dc. At De 
it might be expected that a large proportion of the phenol taken up by the organism 
would be directed to cell division. The Y  values arrived at on this basis were 0-118 
for a and 0-115 for b, giving a mean value of 0-1165 mg. dry wt.//imole.

Having arrived at values for , K s and F, it is possible to derive values for x 
and s for a range of values of D based on the following equations:

II % to 1 .Co. (5)
/ D \ (6)“ “  SU a , -  D) •

A comparison between the calculated values for x and s and the corresponding
experimental results is shown in Fig. 6. For x values there are clearly considerable 
discrepancies at low dilution rates, with the experimental results being considerably 
ower. At higher dilution rates there is reasonable conformity in a and b, but wide 
deviations from the expected results in c and d. This is probably due to the toxic 
effects of phenol in c and d which lead to clumping and heterogeneity of the yeasts.

For s values, it is clear that in a and b rather more phenol is taken up than would 
be expected at high dilution rates. This may arise because the metabolic step of 
phenol to catechol is not rate limiting, while some of the later metabolic products 
might perhaps be lost, for instance 3 oxoadipate. With c and d, less phenol is laken 
up than expected and this again is presumably due to the toxic effects of the 
medium on the yeast population.

Returning to the low x values experienced at reduced dilution rates in a, b and c, 
it is probable that the expected results were not realized because of the high main
tenance energy requirements of the yeast strain. Some allowance has been sug
gested by Herbert (1958) for these requirements by modifying the basic growth 
equation

to
dx/dt = ¡xx 

dx/dt = (/x — k)x,
(7)
(8)
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Fig. 5. Relationship between apparent yield (mg. dry wt. of yeast per /¿mole phenol 
supplied) and dilution rate. Experim ents: a, O—O; b, □ —□ ; using media containing 3, 
and 6-65, /¿moles/phenol ml. respectively.
Fig. 6. Experim ent a: comparison between observed (solid lines) and expected (broken 
lines) results for yeast and phenol concentrations a t  different dilution rates. —®—# , 
phenol content; —O—O, yeast content. Experim ent b : —H—■ , phenol content; 
—□ —O—, yeast content. Experim ent c:  ▲ — A ,  phenol content; —A—A, yeast 
content. Experim ent d: Y — V, phenol content; —V—V—> yeast content.
Fig. 7. P lo t of inverse of yeast concentration against inverse of dilution ra te  in order to 
derive a  value for k. Experim ent a, O—O ; experim ent 6, □ —□ ; k  =  (tan  A ) (max. 
yeast concentration).
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where k  is a constant cell maintenance requirement and hence

p. = D + k.
D(s„ — s) =Therefore V l T j - (10)

(9)

If there are no maintenance requirements, then the cell concentration in the 
vessel would be xnaJ which is equal to the expression Y(sK — s).
Therefore 

and thus 

and hence 

or

D ( s r - s ) =  x ( D  +  k ) ( S- ^ ) ,
\  “ •'max. /

( i f )

X =

1 k
m̂ax. (12)

If 1/a; is plotted against 1/D (Fig. 7) a linear relationship would be expected. 
Where the ordinate is intercepted, the value l/®max. is given. (The slope of the line 
represents the value k/xmix). An estimate of k can therefore be derived from these 
two values. In the case of a it is 0-0818 hr-1 and for b, 0-0842. These values are 
considerably greater than that calculated by Marr, Nilson & Clark (1963) for a strain 
of Escherichia coli, namely c. 0-02 and may reflect generally greater maintenance 
energy requirements for yeasts compared with bacteria.

The authors are grateful to Professor S. V. Perry for his help and encouragement 
and to the Institute of Brewing for a generous grant towards equipment. One of the 
authors (D. A. J. Wase) held a Ministry of Agriculture, Fisheries and Food Research 
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SUMMARY
A probabilistic similarity index has been calculated from published data for the genera Chromobacterium and Mycobacterium, and for the Entero- bacteriaceae. The resulting similarity matrices have been used as a basis for classification with significance tests.The results show very good general agreement with the original analyses using simple Jaccard similarity indices, but the new index has proved rather more sensitive, and has enabled certain additional subdivisions to be made.

INTRODUCTION
E ig h t  y e a r s  ag o  S n e a th  (1 9 5 7 « ) p u b lis h e d  a  f i r s t  a c c o u n t  o f  th e  u se  o f  c o m p u te r  

m e th o d s  fo r  th e  c la ss if ic a tio n  o f  b a c te r ia ,  a n d  s in ce  t h a t  t im e  a  la rg e  n u m b e r  o f  
p a p e r s  h a v e  a p p e a r e d  in  w h ic h  th e  s a m e  o r  s im ila r  m e th o d s  h a v e  b e e n  a p p lie d  to  
o th e r  g ro u p s  (see, fo r  in s ta n c e ,  S n e a th 's  1964 re v ie w  o f  th e  s u b je c t) .

Sneath used a very simple similarity index first introduced by Jaccard (1901) for 
the study of plant distribution and ecology, namely 100afa  + b + c), where a was the 
number of positive two-value attributes shared by two strains, and b and c were the 
numbers of positive values shown by each strain separately, and not shared with 
the other. Most other workers since have used a modification of the same index 
(sometimes called the Simple Matching Coefficient) in which positive and negative 
records are treated alike, so that the expression becomes [100(a + d)]l(a + b + c + d), 
where d is the number of attributes absent from both strains; this inclusion of nega
tive matches was agreed by Sneath (Sokal & Sneath, 1963) to be a desirable im
provement.

Once a matrix of similarity indices has been calculated, the question of how to 
use them in establishing a classification arises. The usual solution has been to group 
in a single taxon a set of OTUs (operational taxonomic units—a useful expression 
proposed by Sokal & Sneath, 1963, to designate the entities whose classification is 
in question—individuals, strains, or low-rank taxa already recognized), each of 
which is linked to one or all others of the set by a similarity index exceeding a 
specified arbitrary limit. A lower limit is then set, and any new groups, accretions 
to the existing groups, or combinations of groups, recorded at this new level. Or 
the association of a new OTU with a group already recognized may be made 
to depend on tbe mean value of its similarity indices with all members of the 
group.
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Many workers using these methods of ‘cluster analysis’ have done so only with 

misgivings, because the clustering results could vary widely according to the par
ticular arbitrary limits selected. Moreover, these methods did not lend themselves 
to significance tests, because the distribution of the indices under appropriate null 
hypotheses was not known.

‘Natural’ classification depends on correlation between the different classes of 
the values observed for a number of different attributes. If the question is raised 
whether a particular set of OTUs should be subdivided, an appropriate null hypo
thesis is consequently that the attribute values are assorted at random among 
them. If, on this null hypothesis, the probability of the observed degree of non
independence in distribution of attribute values within the set is less than the chosen 
significance level, the null hypothesis is rejected and the set is subdivided. Such a 
significance test has not been developed in connexion with the usual similarity 
indices. Recently, however (Goodall, 1964, 1966), a new type of similarity index has 
been proposed which is the complement of the probability that two OTUs would 
have the observed (or a greater) degree of similarity if attribute values were assorted 
at random. In principle, this new index should lend itself to a classification con
trolled by a specified significance level.

A probabilistic similarity index of 0’95, considered in isolation, is clearly just 
significant at the 5 % level—there is a probability of exactly 0-05, on the null hypo
thesis, of obtaining a value as large or larger. But when a whole similarity matrix 
is under consideration its collective probability rather than that of a single index 
may be required. For instance, a similarity matrix for 20 individuals containing 
190 indices would, on the null hypothesis of random assortment of attributes (im
plying a rectangular distribution of the indices) be expected to contain 19 indices 
> 0-90 and nearly two > 0-99; consequently a single pair of individuals with a 
similarity index of 0-99 is not to be regarded as constituting a cluster at the 1 % 
significance level. For this, an index of 0-99995 would be required, which is expected 
just once in 100 such matrices.

If, on the other hand, a set of 20 individuals included a subset of six, every pair of 
which had a similarity index of 70 or more, this subset must be regarded as con
stituting a cluster at a significance level of 1 %,* for so large a subset linked by 
similarity indices all as high as this would be expected by chance less than once in 
100 sets of twenty. This would be true even if none of the pairs individually had the 
index value required for significance.

The fact that significance of a larger cluster does not imply that smaller subsets 
within it are also significant clusters complicates the procedure for establishing a 
hierarchy of taxa. For this purpose several courses are open. One could, for 
example, apply a fixed significance level to the original similarity matrix, identify 
clusters of different sizes at this level, and regard the smaller clusters as subclasses at 
a lower hierarchic level within those larger clusters which include them. Or one 
could use a hierarchy of significance levels, smaller clusters identifiable at a higher 
significance level being included as subgroups within larger clusters at a lower

* This, together w ith similar statem ents elsewhere in this paper, is based on an assumption of 
independence of the various sim ilarity indices in the  m atrix—an assumption never fully valid in a 
practical situation. I t  will be shown, however, in a paper shortly to be published, th a t this is often 
a D acceptable approxim ation.
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significance level. Neither of these procedures seems fully satisfactory, since within 
a significant cluster relations among similarity indices based on the whole popula
tion cannot be expected to follow expectations from a model of random assortment 
of attributes. On the other hand, if a new similarity matrix is calculated from the 
frequencies of attribute values within the cluster only (the indices in which will not 
necessarily be closely related to those between the same pairs in the original matrix), 
a new null hypothesis of random assortment of attributes within this more limited 
population may be set up and tested. Accordingly, this is the procedure which has 
been provisionally adopted. If significant clustering is detected, the largest sig
nificant clusters are separated, new similarity matrices calculated, and tests for 
clusters of subordinate rank performed. A detailed description of this procedure 
will be published shortly.

Some of the papers proposing bacterial classifications based on computer analysis 
have included full data on the attributes studied. It has seemed of interest to 
re-analyse these by the new methods proposed, and compare the results with those 
obtained by using simple similarity indices and arbitrary levels for distinguishing 
clusters. Three such sets of data have been re-analysed, with the results described 
below.

Numerical taxonomy of bacteria

RESULTS 
Enter obacteriaceae

In the study by Lysenko & Sneath (1959) of fourteen species or species groups in 
the Enterobacteriaceae, thirty-one characters were included, in the main bio
chemical. Of these, twenty-five were described as either positive or negative (or 
as varying between strains in the group, in which case they were ignored), while 
the other six—sucrose, trehalose, H2S, citrate, glucose utilization, and glutamic 
acid—were recorded in more than one grade of positivity, and coded by the authors 
as two or more binary features. Since the probabilistic similarity index can take 
direct account of multi-value attributes, this binary coding was unnecessary, and 
the values were treated as ordered in the following sequence: prompt positive 
> delayed positive > late, irregular or mutated positive > negative.

As Lysenko and Sneath said, the characters reported had been selected, so that 
these data could not show whether the groups are valid taxa. It may nevertheless 
be of interest to see whether these selected data support the .accepted taxonomic 
relationships when probabilistic similarity indices are calculated.

The indices are reported in Table 1. The large concentration of high values in the 
bottom right-hand corner of the table will be noted. The groups from 9 to 14 are all 
linked by similarity indices greater than 0-83, and only one of the fifteen is below 
0-95. The chance that any such subset of groups could occur if the characters 
recorded had been randomly assorted among the groups is vanishingly small. The 
first eight bacteria also show a good deal of affinity, with nine (out of 28) similarity 
indices greater than 0-9, and 17 greater than 0-7, whereas between these two subsets 
(1-8 and 9-14) only 2 of the 48 similarity indices exceed 0-5.

These results, then, suggest a first division into two subsets, one including the 
groups from Escherichia to Serratia inclusive, the other the remainder including the 
two Proteus species. If now the process is repeated on these two subsets, the result
ing similarity indices are those shown in Table 2.
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Within the eight groups forming the first subset, there is a strong suggestion that 

two smaller subsets (1-4 and 5-8) are more closely related. The twelve similarity 
indices within these subsets are all more than 0-66, while only two of the sixteen 
indices between the two subsets exceed this value. The chance that a particular 
partition of eight species groups into two subsets of four should give twelve values 
all more than 0-66 is (1 — 0-66)12 = 2-4 x 10-6, on the assumption of independence

Numerical taxonomy of bacteria

Table 2. Similarity indices within subsets of Enterobacteriaceae
Group n o . . . . 1 2 3 4 5 6 7

Group name
1. Escherichia
2. Salmonella 0-905
3. Arizona 0-809 0-994 — — — — —

4. Citrobacter 0-759 0-821 0-883 — — — . —

5. Cloaca 0-305 0-179 0-829 0-906 — — . —

6 .  Klebsiella 0-176 0-147 0-115 0-436 0-721 — —

7. Hafnia 0-054 0-550 0-504 0-345 0-663 0-821 —

8. Serratia 0008 0-165 0-346 0-102 0-897 0-748 0-986
Group n o . . . .

9. Proteus vulgaris
9 10 11 12 13

10. P. mirabilis 1-000 — — — — — —

11. Morganella 0-494 0-864 — — — — —

12. Providencia 0-244 0-048 0-787 — — — —

13. Rettgerella 0-425 0-214 0-743 0-895 — — —

14. Shigella type A1 0-001 0188 0-761 0-821 0-078 — —

Group no ______ 1 2 3
1 .  Escherichia
2. Salmonella 0-631
3. Arizona 0-070 0-842 —

4. Citrobacter 0-334 0-744 0-642
Group n o . . .  . 5 6 7

5. Cloaca
6. Klebsiella 0-584
7. Hafnia 0-307 0-932 —

8. Serratia 0-306 0-082 0-906
Group n o . . . . 11 12 13

11. Morganella
12. Providencia 0-835
13. Rettgerella 0-921 0-976 —

14. Shigella type A1 0-450 0-344 0052

of the similarity indices. Since there are seventy possible partitions of a set of eight 
into two subsets of four, the overall probability of the observed partition of simi
larity indices is less than 0-0002, and the distinction between the two subsets must 
be adjudged highly significant.

Within the second subset (groups 9-14), the very high similarity index between 
the two Proteus species (more accurately, 0-999809) sets them apart from the rest, 
for the chance that at least one out of fifteen similarity indices derived from ran
domly assorted characters would be so high is only 0-003.

The next stage in the analysis is accordingly to test whether the subsets 1-4, 5-8, 
and 11-14 show further internal relationships when they are treated separately. 
The results, also in Table 2, give no firm grounds for a positive answer. The high 
similarities included are no higher, and no more numerous, than one could reason



ably expect in sampling from a rectangular distribution, nor do they give evidence 
of clustering.

In comparing the results of this analysis with that of Lysenko & Sneath (1959), 
one first notes agreement in the close affinity of the two Proteus species, and in 
inclusion of Morganella, Providencia and Rettgerella in a broader group (Proteus 
sensu lato). Providencia and Rettgerella were placed very close together in both 
analyses. Shigella was placed in an isolated position by Lysenko & Sneath, whereas 
here it is placed within the broader Proteus group; the difference arises because the 
Jaccard index used by Lysenko & Sneath only takes presence of characters into 
account, whereas the index used here gives equal weight to their absence. The 
affinity of Shigella with Escherichia is however reflected in a fairly high similarity 
index (0-822), so that Shigella may to some extent form a bridge between the two 
main groups. Lysenko & Sneath comment on the close relationship between 
Salmonella and Arizona, reflected here in similarity indices of 0-996, 0-994 and 0-842 
in successive stages of the analysis. But the distinction between the first two sub
sets of four groups did not emerge from their treatment of the data.

Mycobacterium
Bojalil & Cerbón (1961) studied 43 strains of Mycobacterium, recording 27 two- 

value biochemical characters for each of them. There were five groups (including 
respectively 10, 9, 7, 4 and 3 strains) within each of which these characters were 
identical, while the other ten strains had sets of characters not shared with any 
other.

Probabilistic similarity indices for the whole set of data are recorded in Table 3. 
It will be noted that there is a concentration of high values in the bottom right- 
hand corner of the table. The isolated strains 27, 34, 40 and 42 form a subset (C) 
within which all similarity indices exceed 0-97; and groups (d) and (e), with strain 
39, form another subset (B) with all indices greater than 0-92. The occurrence of 
sets of similarity indices like this by random assortment of attributes is a highly 
unlikely event, so these may be regarded as groups of strains distinct from the 
remainder. Incidentally, all the other 31 strains (subset A) are linked by 465 simi
larity indices of which only 23 fall below 0-5, whereas between the three subsets thus 
recognized 281 out of 404 indices are less than 0-5.

If these three subsets are separated and similarity indices recalculated within 
each subset, the results of Table 4 are obtained. Within subset A, six of the eight 
differing characters are recorded in single strains only—different in each case. The 
distribution of the other two characters so as to leave a group of seven strains (c) 
forming acid on neither mannitol nor salicin, a group of nine (b) forming it on salicin 
but not mannitol, and a third group of ten (a) forming it on both substrates is no 
reason for rejecting the null hypothesis of homogeneity.

Subset B also need not be divided further, for the strains in this are distinguished 
by two attributes only (utilization of citrate, and formation of acid from fructose). 
Group (d) alone have the first attribute, and the chance that these three strains 
should also agree (as they do) in respect of the fructose response is 0-143—well 
above the usually accepted significance level. In subset C, consisting of four strains, 
the highest similarity index recorded is likewise not such as to lead one to regard the 
subset as heterogeneous.

30 D. W. Goodall
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Table 4. Similarity indices within subsets of Mycobacterium strains
Subset A

(a) (b) 35 24 10 (c) 41
<a) 0-885 ,OK — — — mé —

(b) 0-544 0-697 — — — — —

35 0-771 0-271 — — — — —

24 0-765 0-259 0-570 — — — —

10 0-769 0-464 0-577 0-567 — — —

(c) 0-271 0-468 0-907 0-035 0-186 0-946 —

41 0-750 0-233 0-547 0-750 0-545 0-024 —

33 0-638 0-261 0-523 0-375 0-625 0-131 0-349
Subset B Subset C

(d) 39 (e) 27 34 42
Cd) 0-983 — — 27 — — —

39 0-631 — — 34 0-762 — —

(e) 0-158 0-411 0-822 42 0-467 0-980 —

40 0-153 0-494 0*685

I n  th is  s e t  o f d a ta ,  th e n , w e  a re  le f t  w i th  th r e e h o m o g e n e o u s  g ro u p s o f  s tra in s .
the variations within which may (as far as these data go) reasonably be ascribed to
chance. These results are in accordance with the conclusions of Bojalil & Cerbon 
(1961) themselves, using the Jaccard similarity index. They distinguished the same 
three groups of strains, the first and largest under the name of Mycobacterium 
fortuitum, while the other two were unnamed.

Table 5. Chromobacterium
Sneath’s Num ber of

feature nos. Character ordered values
1-5 Length 4
6-9 B readth 3

22-23 Presence of fa t 3
25-26 Gelatinous consistency 3
28, 29, 63 Violacein production 4
32-35 Liquefaction in gelatin stab cultures 4
36-37 Digestion of Löffler serum slope 3
39-40 Colouration on potato  slope 3
41-43 H eat resistance 3
44-46 Phenol resistance 3
50-53 Upper tem perature lim it for growth 4
54-57 Lower tem perature lim it for growth 3
58-59 Citrate utilization 3
60-61 Tolerance of NaCl 3
91-92 N itrite destruction 3
94-95 Phosphatase test 3
97-98 Casein hydrolysis 3
99-100 Haemolysis of horse-blood agar 3

101-102 Egg-yolk reaction 3
104-105 Gluconate test 3

Chromobacterium
Finally we have as our largest set of data that published by Sneath (19576), 

which he used in his original exposition of the application of similarity indices in 
bacterial classification. For 45 strains of Chromobacterium he recorded 70 characters,
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coded as 105 two-value features. For the present analysis, some of these characters 
have been recoded. The presence and arrangement of polar flagella (Sneath’s 
features 16 and 18) were rescored as a three-value qualitative attribute, while 
twenty other characters, scored by Sneath as groups of binary features, were 
rescored each as a single attribute taking a number of ordered values, as shown in 
Table 5.

Table 7. Similarity indices fur Chromobacterium after first subdivision
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Group A
Strain 1 2 3 4 5 6 8 9 10 11 12 13 14 15 16 23 24
2 3
3 64 30
4 21 74 100 — — — — — — — -- - — — — — --- —

5 98 7 15 1 — — — — — -- - — --- — — — — —
6 86 59 9 23 98 ---
8 63 74 55 60 70 36 •--- — — — --- --- — — — — —
9 99 23 21 6 94 55 46 — — ----

10 76 16 4 6 83 85 1 100 — — — >--- — — — — —
11 71 14 27 9 98 80 0 98 100 .--- —
12 6 95 97 94 4 5 72 21 4 3 — --- - — — — — —
13 85 67 46 6 26 65 23 74 37 93 66 — — — — — —
14 2 59 80 30 18 50 37 34 21 5 59 53 ■--- — — — _
15 16 91 43 58 8 53 78 21 60 57 74 69 28 — — — —
16 69 13 82 39 76 59 3 62 61 84 37 73 48 15 — — ---
23 31 85 2 23 59 69 100 13 32 16 60 33 62 67 8 — ---
24 52 76 14 26 71 44 98 22 16 3 70 41 52 91 14 98 ---
28 75 36 23 63 43 77 61 97 90 39 32 23 86 34 40 23 30

Group B
7 17 18 19 20 21 22 25 26 27 29 30 31 32 33 34 35 36 37

17 9 ____ ____

18 15 100
19 51 82 98 — —

20 38 4 50 64 ---- — — — — — — — — — — — — --- —

21 76 12 33 44 74 ■--- — — — — — — — — — ---- — — ,---

22 79 14 38 55 86 98 — — — •--- — — — — — --- - — — —

25 56 48 49 30 91 64 94
26 96 44 71 32 7 19 4 7 — — — --- — — — — --- ---- —

27 37 22 17 42 92 45 87 92 27 — — — ---- — — — — — ----

29 73 70 46 39 27 27 36 77 55 72 — — — — — — — — —

30 17 40 56 54 65 64 66 70 16 56 90 ■--- --- — — — — •--- —

31 86 74 84 19 10 31 31 37 89 2 70 92 — — — — — — —

32 18 76 65 29 29 91 74 49 41 26 13 49 88
33 52 92 84 16 5 3 5 76 88 36 90 86 100 92 — — — — —

34 19 87 26 49 52 6 10 20 74 89 70 70 34 36 76 — — — —

35 34 40 11 18 96 72 40 81 40 27 72 91 49 53 21 72 — — —

36 1 72 24 40 21 37 45 60 13 17 60 29 30 55 68 57 42 ---- ----

37 42 28 36 48 90 90 77 58 22 59 6 18 4 90 26 47 30 70 —

38 21 36 29 46 26 44 51 65 57 71 93 34 6 19 45 20 47 86 36

39 40 41 42 43 44
Group C

40 100
41 38 26 — — — —

42 39 28 100 — — —

43 0 0 25 12 — —

44 0 0 23 5 100 —

45 13 7 79 81 73 89
3 Microb. 42
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The similarity indices calculated from these recoded data are presented in 

Table 6. To facilitate comparison with Sneath’s table 7, they are arranged in the 
same way and expressed in the same terms (as percentages rounded to the nearest 
unit).

Table 8. Similarity indices for Chromobacterium after second subdivision
Group A l

Strain 1 5 6 9 10 11 16
5
6

61
54 57 I _ z z z

9 82 40 19 — — — —

10 20 15 42 87 — — —

11 20 68 30 33 100 — —

16 54 66 44 25 21 62 —

28 56 19 78 88 53 19 67
Group A2

Strain 2 8 12 15 23
8

12
9

88 15 _ _ _
15 81 38 48 — —
23 48 93 9 14 —
24 24 82 42 88 85

Group A3 Group B1
Strain 3 4 13 Strain 20 22 25

4 95 — 22 47 —

13 16 6 — 25 60 87 —
14 28 54 93 27 36 53 33

Group B2
Strain 7 17 18 19 21 26 29 30 31 32 33 34 35 36 37

17
18

2
5 100

19 35 61 97
21 92 14 55 62
26 92 26 60 29 18
29 64 64 40 23 27 49 — — --- _— --- — -- - — —
30 24 38 56 41 78 11 89
31 90 62 76 11 40 79 57 93 --- -— --- — — — —

32 30 63 74 55 97 30 16 70 87 -— --- — — — —
33 50 90 80 9 4 78 89 87 100 87 —
34 9 75 21 37 5 61 64 64 24 30 69 — — — —

35 39 35 9 12 77 22 70 92 54 65 24 45 — — —

36 1 72 30 42 39 18 57 24 28 55 60 52 46 — —

37 64 29 51 58 93 20 8 24 4 94 19 38 27 68 —

38 22 43 36 48 52 65 94 39 5 31 42 20 50 90 46

A first inspection of these figures suggests the following groupings:
A. Strains 1-6, 8-16, 23, 24 and 28 with 87 indices above 99%, and only 5 less 

than 80 %.
B. Strains 7, 17-22, 25-27 and 29-38 with 22 indices above 99%, and only 33 

(out of 190) less than 80%.
C. Strains 39-45 with 10 indices above 99 %, and only 4 less than 80 %.
Groups A and B here are identical with those separated by Sneath as mesophilic

(a) and psychrophilic (b), while C. includes all his five other small groups (c)—(g).



The groups listed above were analysed separately, with the results shown in 
Table 7.

Within group A, two distinct subgroups may be recognized:
A1. Strains 1, 5, 6, 9,10,11, 16 with all indices above 55 %. To these may perhaps 

be added no. 28—close to strains 1, 6, 9 and 10 but less so to the others. Further 
similarity analysis shows no significant clustering within Al (see Table 8)—even 
the highest value (99-68) is such as might occur about once in ten such sets of data.

A2. Strains 2, 8, 12, 15, 23 and 24, with similarity indices all exceeding 59%. 
Again, no significant groupings within A2 emerge (Table 8).

The remaining strains, 3, 4, 13 and 14, may be placed together as a residue 
(group A3) after removing these more closely related groups. The index between 
the first two approaches significance at the 5% level, but apart from this these 
four may not be very closely related. Further analysis of this residue (Table 7) 
does not show any one pair as significantly similar. However, the indices for 3 and 4 
and for 13 and 14 both exceed 0-93, and the chance that four strains with random 
sets of attributes will be divisible into two pairs with similarities at this level is only 
0-015. We may accordingly regard these as two small subgroups within A, and 
designate them as A3 and A4.

We may note that the order in which the strains of group A are placed by Sneath 
accords exactly with the classification derived here, although he includes them all 
in his group (a). He places the strains of my A2 first, then A4, A3 and finally Al 
as showing some affinity with group B. In a subsequent publication (Sneath, 1960) 
he described three ‘indistinct subgroups’ of the mesophilic strains, two of which 
were identical with my A2 and A3, while the third consisted of three strains 
(9, 10, 11) included in my Al.

Within group B, only strains 20, 22, 25 and 27 are significantly related, with a 
minimum index of 86% (Table 7); these are separated as B l, while the remainder 
forms group B2. Further analysis of these subgroups (Table 8) does not reveal any 
further internal relationships. Sneath (1960) tentatively recognized three sub
groups among the psychrophilic strains. Their existence as distinct taxonomic 
entities is not supported by the figures of Table 7, though three of the four strains 
in my B l were included in the first of his subgroups.

Group C (Table 7) is clearly heterogeneous. The similarity indices between 39 and 
40, and between 43 and 44, both exceed 99-99999%. Strains 41 and 42 are also 
closely related. Sneath likewise concluded that 39 and 40, 41 and 42 formed two 
distinct groups (c and d), but regarded 43 and 44 (for which his similarity index was 
only 63%) as each representing a distinct group. The present analysis, however, 
leaves no doubt that, within the context of the strains he studied, the relationship 
of this pair was very close.

An example of overlapping is provided by strains 39 and 40; though included 
here in group C they also show some affinity with all of group A except strains 10 and 
11. If, for instance, strains 39 and 40 had been combined with the six strains of 
group A 2, the minimum similarity index within the group may be seen from 
Table 6 to be 74%. Thus we may again regard strains 39 and 40 as bridging the gap 
between group A and the rest of group C, and the strains may perhaps be placed 
in a sequence as follows: (10, 11), (1, 5, 6, 9, 16, 28), (3, 4, 13, 14), (2, 8, 12, 15, 23, 
24), (39, 40), (41, 42), 45, (43, 44).
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Particularly when one is studying the structure of closely knit groups, it seems 

likely that overlapping and interlocking relations of this sort may be commoner 
than the discrete clusters assumed in the conventional taxonomic approach.

DISCUSSION
It is a tenet of most schools of numerical taxonomy that the various attributes 

considered should be given equal weight. At first glance, the use of a probabilistic 
similarity index might seem to offend this principle, since it gives differential 
weighting to attributes according to the commonness or rarity of the values 
observed. The objections to differential weighting, however, apply rather to 
a priori weights based on preconceptions as to the relative taxonomic importance 
of different attributes, and can have little force when the different weights are 
inherent in the data themselves. Similar procedures are countenanced by some of 
those advocating equal weighting. For instance, Sokal & Sneath (1963), in relation 
to distance techniques, write of ‘ the automatic and quite appropriate weighting of 
mismatches by their magnitude’.

It must be understood that the similarity indices calculated here explicitly refer 
to a specified universe of discourse, and have no meaning in isolation. They are 
indeterminate for a particular pair of strains, until these strains are considered as 
two of a larger collection. This is also true according to one common convention, 
for the better-known indices. Many users (e.g. Hill, Tuiri, Gilardi & Silvestri, 1961; 
Silvestri, 1962) feel that an attribute present in all the organisms considered con
tributes nothing to the similarity of any pair, and should be excluded in calculating 
the index. If this rule is followed consistently, the index will again be indeterminate 
when a pair is considered in isolation, and can only express the similarity of a pair 
in the context of a larger set.

When matrices of the simpler similarity indices are used for taxonomic purposes, 
a dendrogram (Sokal & Sneath, 1963) is often prepared showing the minimum 
values of the indices at which successively larger groups are linked. The same could 
be done with a matrix of probabilistic similarity indices. This could at least ensure 
that within different phena recognized at any given level every pair of individuals 
was similar at a specified level of significance. But in doing this one would be 
throwing away a large part of the advantage of probabilistic treatment; the signi
ficance of a cluster depends on its size, as well as on the values of the indices and 
the size of the whole set under consideration. It is consequently not possible to use 
constant values of the index for the separation of phena without sacrificing a con
stant significance level. In the same way, a hierarchic treatment based only on the 
complete similarity matrix would not make the best use of the technique. Once the 
data have been found to include clusters the null hypothesis on which the probabili
ties are calculated is negatived, and new null hypotheses need to be set up if signi
ficance tests are to be valid.

The time required for the technique proposed here is obviously much longer than 
that needed for preparing dendrograms, for instance, based on matching coefficients. 
But the requirements are well within the powers of a modern electronic computer.

Apart from the obvious advantages that it facilitates special treatment of multi
value attributes and that it permits significance tests of hypotheses concerning the



37
classifications proposed, the similarity index used here is shown to be more sensitive 
in enabling smaller groupings to be distinguished. Both in the data for Chromo- 
bacterium, and for the Enterobacteriaceae subdivisions have been recognized addi
tional to those of the original authors. By and large, though, the results in the two 
analyses are remarkably similar, and the results obtained with the Jaccard simi
larity index have in general been confirmed. It has often been suggested that, 
provided large numbers of unrelated attributes are taken into account, the results 
of different classificatory procedures may be expected to approach one another. 
The results reported here provide further support for this view.

I am indebted to Dr C. A. Parker and Dr P. H. A. Sneath for helpful comments, 
and to Mr D. W. G. Moore of the University of Western Australia and Dr G. N, 
Lance of the C.S.I.R.O. Computing Research Section in Canberra for computer 
facilities.
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Autolytic Enzymes in Fungal Cell Walls
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SUMMARY
Autolytic glucanase and protease activity was detected in cell walls of some pythium species prepared by ultrasonic treatment. The glucanase activity was correlated with mycelial development. Maximal glucose release was detected in growing cultures during the linear growth period of the fungus. Assays of glucanase activity in cell walls prepared from mycelium harvested at different times showed that the enzymic activity increased with the age of mycelium from which the cell walls were prepared. The relationship between autolytic enzymes and mycelial development is discussed.

INTRODUCTION
Enzymic lysis of fungal cell walls by other micro-organisms has been reported for 

a number of fungi. Horikoshi & Iida (1958) associated lysis of aspergillus by some 
bacillus species with the action of a chitinase. Mitchell & Alexander (1963) showed 
the activity of a chitinase and protease in bacterial degradation of Fusarium cell 
walls. With these fungi the source of the lytic enzymes was another micro-organism. 
Bacterial lysis of pythium has been investigated in our laboratory (Mitchell & 
Hurwitz, 1965). During these investigations preparations were made of fungal 
cell walls and evidence was obtained which suggested that autolytic enzymes were 
active in the cell-wall preparations (Mitchell & Sabar, 1966). This report will 
describe the action of autolytic enzymes on Pythium cell walls.

METHODS
Cultures of Pythium butleri and Pythium myriotylum for cell-wall preparation were 

incubated at 30° for 3 days. The medium used was a potato glucose liquid medium 
(Mitchell & Hurwitz, 1965). For measurements of glucose release from actively 
developing cultures of pythium corn meal was substituted for glucose. Cell walls 
were prepared by ultrasonic treatment of 20 ml. batches with a Branson ‘Sonifier’ 
ultrasonic oscillator in an ice bath for 3 min. The walls were washed six times until 
free from cytoplasmic material by centrifugation in a refrigerated centrifuge at 
5000g for 10 min.; the cytoplasmic material remained in suspension. Walls were 
washed with 0-05 M-potassium phosphate buffer (pH 7), until shown to be free from 
cytoplasmic material by phase-contrast microscopy, and by examining the extinc
tion at 260 m/t in a Zeiss spectrophotometer.

* Present address: L aboratory of Applied Biology, Division of Engineering and Applied 
Physics, H arvard  University, Cambridge, Mass., U.S.A.
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Glucanase activity was measured by determination of glucose release by the 

glucose oxidase method (Keston, 1956; the reagent was obtained from Worthington 
Biochemical Corp. Freehold, N.J.). Proteolysis was determined by the method of 
Moore & Stein (1954).

Double-layer plates were used to assay for the presence of bacteriophage from 
culture filtrates during cell-wall autolysis. The bottom layer consisted of potato 
glucose agar (Difco). A mixture of autolytic filtrate and an inoculum of pythium 
mycelium was added to 0-6% agar at 45°; this medium was then spread on the 
surface of the solidified bottom layer. Petri dishes were incubated at 30°. Ultra
centrifuge analyses were done with a Spinco ultracentrifuge. Samples were suspended 
in 0-5 M potassium phosphate buffer (pH 7). All samples analysed in the ultra
centrifuge had extinction readings greater than 1-0 when measured in a Zeiss ultra
violet spectrophotometer at 260 m/t.

RESULTS
During studies of the chemical structure of pythium cell walls (Mitchell & Sabar,

1966) it was observed that large quantities of glucose were released in control tubes 
containing cell walls alone during incubation at 37°. These observations suggested 
a tendency of the mycelium of this fungus to undergo autolysis. To study this 
phenomenon in greater detail cell walls of Pythium butleri and P. myriotylum were 
prepared, precautions being taken to prevent destruction of enzymes which might 
be present in the cell-wall material. These two pythium species have been shown to 
contain a glucan as the only polysaccharide. P. butleri glucan was found to be /? 12 
linked, whereas the linkage of P. myriotylum was fi 14 (Mitchell & Sabar, 1966).

Autolytic activity was determined by measuring release of glucose and amino 
groups. Both species tested showed strong glucanase activity against their own 
glucans, as shown by the rapid release of glucose. Proteolysis was also detected in 
cell-wall preparations of both species of the fungus. There was little difference in the 
rate of release of amino groups between the two species. Both autolytic glucans and 
protease activity were inhibited by heating the cell-wall preparations at 90° for 
30 min.

Tests were made to determine whether autolytic activity was related to phage 
infection of the fungus. Double-layer plates were prepared and inoculated with 
growing mycelium together with culture filtrate from actively growing mycelium. 
No plaques were observed. Culture filtrates were tested for the presence of nucleo
tide material by measurement of extinction in the u.v. spectrophotometer. No 
significant peak was found at 260 m/t, indicating the absence of nucleotide material. 
Neither ultracentrifugal nor electron microscope analyses yielded evidence of 
phage particles.

The relationship between autolytic activity and mycelial growth was examined. 
To determine the rate of growth of pythium mycelium, Erlenmeyer flasks were 
inoculated with the Pythium butleri and incubated at 25°. The growth rate was 
determined by measurement of the weight of dried mycelium harvested at various 
times. The mean of weights obtained from three flasks was used at each sampling 
time. These data showed a linear rate of growth for 10 days; between 10 and 14 
days the dry weight did not increase.
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Measurements of quantities of glucose released into the medium during growth 

of Pythium butleri in liquid culture showed a linear rate of release during the period 
of most active growth of the fungus. A potato corn meal medium was used. Typical 
data for P. butleri are shown in Fig. 1. The glucose concentration in the medium 
reached a maximum after 6 days of incubation and then began to decline.

Fungal cell wall autolysis

Fig. 1. Relationship between the  age of the P yth ium  culture from which cell walls were 
prepared and autolytic glucanase activity.
Fig. 2. Relationship between mycelial growth of Pyth ium  and release of glucose into the 
medium by whole mycelium. A , 3-day culture; O , 7-day culture.

Cell walls were prepared from Pythium butleri mycelium harvested at different 
incubation times, to test the relationship between mycelial age and autolytic 
glucanase activity of the cell walls. Some of the data obtained are shown in Fig. 2. 
The cell walls prepared from 7-day mycelium yielded glucose 120 fig. /ml. cell-wall 
preparation/hr. as compared to 60 fig.¡ml. by cell walls from 3-day cultures. Walls 
prepared from 24 hr cultures displayed autolytic activity but values were not higher 
than glucose 15 /tg./ml. culture released/hr.

DISCUSSION
Weidel, Frank & Leutgeb (1963) reported autolysis of salmonella cell-walls and 

pointed out that precautions should be taken against autolysis in the study of 
bacterial cell walls. Results obtained in the current investigation show that similar 
care must be taken in the study of fungal cell-walls. Both cell-wall glucan and 
protein of Pythium were susceptible to degradation by autolytic enzymes. Young, 
Spizizen & Crauford (1963) showed autolytic activity in Bacillus subtilis cell walls, and 
associated autolysis with competence for transformation. Genetic transfer in fungi 
occurs either by parasexuality or by karyogamy. These sexual processes are rare 
in the Phycomycetes (Raper, 1955); sexual forms were not observed in the cultures 
used in the present work. Cell-wall lysis has also been observed during release of
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bacterial spores (Greenberg & Halvorson, 1955). The small numbers of spores 
observed in our pythium cultures excluded this possibility. Park (1956) observed 
that klebsiella cell walls were lysed by enzymes carried by the phage during 
bacteriophage infection. No evidence of phage infection of pythium was detected 
here.

Cell-wall autolysis of Staphylococcus aureus has heen shown to occur during cell 
division (Mitchell & Moyle, 1954). It has been suggested (Strange, 1959) that these 
autolytic enzymes may either have a synthetic function or be related to the change 
in state of the dividing bacteria. Our results show a direct relationship between 
fungal growth and autolytic activity. The strong activity observed in cell walls 
prepared from old pythium mycelium may be a result of the combined activity of 
autolytic enzymes associated with growth and senescence. The rapid rate of branch
ing which occurs during development of young hyphae of pythium suggests that 
branching points may be sites of maximum lytic activity. However, both mycelial 
growing tips and cell-wall synthesis may equally account for the relationship 
between autolvsis and growth.
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SUMMARY

The relatedness between several nomen species of the Pseudomonas- Xanthomonas group and some other organisms was numerically fixed through DNA homology and DNA base composition. For Pseudomonas the numerically analysed strains proposed by Lysenko as neotypes were used. The mean % (G + C) was in the range 60-67-5. 14C-DNA from either Pseudomonas fluorescens or P. putida was hybridized with DNA from 17 different species centres and the DNA homology was in the range 50-100 %. Genetic species differentiation in the genus Pseudomonas seems justified. In three border cases (P. iodinum, P. diminuta and P. atlantica) DNA homology was only 28-50%, so the inclusion of these organisms in the genus Pseudomonas is uncertain. The species centres P. pavonacea and P. rubescens are omitted from the genus Pseudomonas because of their very low DNA homology and aberrant DNA base composition. Twenty- eight nomen species of Xanthomonas all form a narrow group in the range 63-5-69% (G + C). With two exceptions DNA homology with a median strain Xanthomonas pelargonii was always over 75% and frequently nearly complete. 14C-DNA from P. fluorescens hybridized with Xanthomonas-~DN A to the same extent as with the pseudomonads proper. The Xanthomonas cluster overlapped perfectly with part of the Pseudomonas group. It is proposed therefore to gather all xanthomonads in a single genetic species P. campestris. This is such a dense cluster that the preservation of separate species names for the border cases seems undesirable. About one half to two-thirds of Pseudomonas- and Xanthomonas-DNA is identical. The genera Rhizobium, Azotobacter and Azomonas appeared to be rather closely related to Pseudomonas since they shared some 40-50 % of their DNA. The genus Serratia appeared to be more closely related to Pseudomonas than to Escherichia. The genera Gluconobacter, Acetobacter, Serratia and Escherichia shared some 20-30 % DNA with Pseudomonas, but Bacillus-IPSA was almost entirely different. From a comparison between DNA homology and taximetric similarity, it appeared that most pseudomonads would not contain unused genes. The advantages of a classification based on % (G + C) and DNA homology are obvious.

INTRODUCTION
Assuming a molecular weight of 6 x 109 for bacterial chromosomal DNA and 

about 10s base pairs per cistron, it can be estimated that a bacterial genome con
tains some 104 cistrons. The present orthodox classification, as exemplified in
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Bergey’s Manual (1957), is built on phenotypic data, quite often on very few, thus 
encompassing only a minute fraction of the total genome. Numerical analysis is a 
much better approach to determine relatedness: because up to 200 characters may 
be used, and assuming that an average of 5-10 cistrons is involved in each character, 
it can be estimated that some 10-20% of the genome is detected. Many properties 
still remain hidden and classification could be improved considerably by deter
mining the degree of identity of chromosomal DNA. This is possible through the 
DNA-hybridization method of McCarthy & Bolton (1963). The present paper is a 
molecular biological approach to a more rational classification based on two DNA 
parameters: (i) base composition, expressed as a mean molar (guanine + cytosine) 
content (% (G + C)), and (ii) homology. It is likewise an attempt for a better un
derstanding of the ill-defined concept of species and genus in bacteriology. As a 
model system we sought to clarify the relatedness between several nomen species 
within Pseudomonas and Xanthomonas, as well as the relatedness between the two 
groups. We selected the collection of Pseudomonas strains from Lysenko (1961) 
because their taximetric similarity is well known. By comparing DNA homology 
and taximetric similarity of the same strains, one might also detect whether a 
fraction of the genome remains unused. For Xanthomonas some 60-odd nomen 
species are listed in Bergey’s Manual (1957). With nine of them 80-100% of their 
DNA is identical and they can be gathered in one genetic species, X. campestris 
(Friedman & De Ley, 1965; De Ley & Friedman, 1965). These investigations were 
extended in the present paper with a total of 28 different nomen species and their 
DNA homology with a representative Pseudomonas was determined. The degree 
of DNA homology was determined between the pseudomonads and representatives 
of a few other genera in the same % (G + C) range (Gluconobacter, Acetobacter, 
Serratia, Rhizobium, Azotobccter and Azomonas) and in a different % (G + C) range 
(Escherichia and Bacillus).

J. De Ley and others

METHODS
Organisms used. All organisms used are shown in Table 1. The strains of Pseu

domonas (except strain pr 107) were received from Dr O. Lysenko, Laboratory of 
Insect Pathology, Prague; the strain numbers are from the Culture Collection of 
Entomogenous Bacteria (CCEB), Prague. Strain 293 was originally thought to be 
P. synxantha (Lysenko, 1961) but was later identified as Serratia marcescens 
(Catalogue of Cultures, 1964). Strain 607 was only tentatively labelled as P. syn
xantha (O. Lysenko, personal communication). All xanthomonads were received 
from Professor M. P. Starr from the International Collection of Phytopathogenic 
Bacteria, Department of Bacteriology, University of California, Davis, California. 
The strain pr 107 was received as Pseudomonas (Xanthomonas ?) rimaefaciens. The 
results given in the present paper show it to belong in Pseudomonas. The Rhizo
bium strains were received from Professor C. Bonnier, Institut Agronomique 
de l’État, Gembloux, Belgium, and the Azotobacter strain was obtained from the 
National Collection of Industrial Bacteria (NCIB), Aberdeen, Scotland. In a 
future paper we shall bring evidence to show why the generic name Azomonas 
(Baillie, Hodgkiss & Norris, 1962), which is used in Table 1, is a better choice for 
strain 9218. The strains of Gluconobacter, Acetobacter, Escherichia and Bacillus 
were from our departmental collection.
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Cultivation techniques. All organisms were grown on solid media in Roux flasks. 

The Pseudomonas and Serratia strains were grown for about 2 days at 30° on a 
medium containing (%, w/v): Proteose peptone 1, yeast extract (Nederl. Gist-en 
Spiritusfabriek, Brugge, Belgium) 0-1, NaCl 0-5, glucose 1 and agar 2.5. The 
xanthomonads were grown at 25° for 3-4 days on a medium, selected for good growth 
and low polysaccharide production, and containing (%, w/v): beef extract (Oxoid) 1, 
Difco-peptone 1, NaCl 0-5, agar 2-5. The acetic acid bacteria were grown for 3 days 
at 30° on (%, w/v): glucose 5, CaC03 3, yeast extract 1, agar 2-5. Rhizobium was 
grown for 3 days at 25° on (%, w/v): mannitol 1, NaCl 0-02, K2HP04 0-05, MgS04. 
7H20  0-02, CaS04.2H20  0-01, CaC03 0-01, yeast extract 0T, agar 2-5. Azotobacter 
and Azomonas were grown for 2 days at 30° on (%, w/v): glucose 1, K2HP04 0-1, 
MgS04.7H20  0 02, CaC03 01, NaCl 0-02, Na molybdate 0-0005, agar 2-5. Escheri
chia coli and Bacillus subtilis were grown for 1-2 days at 30° on (%, w/v): peptone 
0-5, yeast extract 0-25 and agar 2-5.

Cultivation of uC-labelled strains. Xanthomonas pelargonii P 121 was selected 
because its % (G + C) is in the middle of the group. For the same reason it had 
been used in previous hybridization experiments (Friedman & De Ley, 1965; De 
Ley & Friedman, 1965). Pseudomonas putida 520 and P. jluorescens 488 were 
selected because their % (G + C) (Table 1) and taximetric similarity (Lysenko, 1961) 
put them centrally in the Pseudomonas group. The organisms were grown at 30° on a 
reciprocal shaker in liquid medium in 11. Erlenmeyer flasks containing 200 ml. 
each of the medium. The medium contained (%, w/v) proteose peptone (Oxoid) 1, 
yeast extract 0-1, NaCl 0-5, glucose 1, at pH 7-2. At the beginning of the log phase 
a sterile solution with 100 /ic. uracil-2-14C/200 ml. of medium was added and the 
organisms were allowed to grow until the end of the log phase. They were harvested 
and washed several times in 0-01 M-phosphate buffer (pH 6).

SSC buffer contained 0-15M-NaCl and 0-15 M-trisodium citrate at pH 7-0. It was 
also made up at quarter strength (0-25 x SSC) and double strength (2 x SSC) etc.

Preparation of DNA was done according to Marmur (1961). Its molecular weight 
was in the range 5-10 x 106. High molecular weight denatured DNA agar was prepared 
according to Bolton & McCarthy (1962), with the exception that it was heated at 
107-110° in 0-25 x SSC buffer instead of at 100°, because the ‘melting point’ of 
Pseudomonas- and Xanthomonas-DNA is rather high. Depending on the strain 1 g. 
of wet agar contained about 500 gg. DNA. 14C-DNA was sheared by passing it 
through the French pressure cell at 12,000 p.s.i. Its molecular weight was about 
3 x 105. It was denatured at 107-110° in 01-0-2 x SSC buffer for 5 min. followed 
by quick cooling in ice. Its final concentration was 50 /tg./ml. 2 x SSC buffer. The 
specific activity was 680 cpm./min/'/ig. 14C-DNAfrom X.pelargonii, 336 cpm./min.¡fig. 
14C-DNA from P. Jluorescens 488 and 70 cpm./min./gg. 14C-DNA from P. putida 520.

Hybridization experiments; phosphodiesterase treatment. The method of McCarthy 
& Bolton (1963) was used. An amount of agar containing 350 gg. of high-molecular 
denatured DNA from different strains and 35 gg. of sheared denatured 14C-DNA from 
each of the three labelled strains was used. Disintegrations were counted as previously 
described (De Ley & Friedman, 1965). The correction factor for self-absorption in 
2 x SSC buffer in the conditions used was 14-4 %; for 0-01 x SSC it was negligible.

To determine the percentage of unhybridized 14C-DNA which adhered as loose 
single-stranded ends to the DNA-agar after washing with 2 x SSC buffer, a treat-
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ment with dogfish phosphodiesterase was carried out as follows. Hybridization of 
DNA and washing of the agar column with ten 10 ml. fractions of 2 x SSC buffer at 
60° was carried out as usual. All buffer was then eliminated with slight air pressure 
until the agar was still just moist. The temperature of the column was brought 
down to 37°. The agar was washed with 5 ml. of PD buffer (containing 1-5 x 10-3 
M-MnCl2 0-01 M-tris, 0T4 M-NaCl; pH 8-0) and the eluate was collected. 1/50 
diluted enzyme in 1 ml. buffer was added to the DNA agar and incubated at 37° 
for 1 hr, upon which the column was again washed at 60° with ten 10 ml. fractions 
2 x SSC buffer and samples taken for counting. The last step consisted in increasing 
the column temperature to 75° and washing with 10-15 10-ml. fractions of 
0 01 x SSC buffer.

Determination of the average base composition and, the compositional distribution of 
the DNA molecules. Both values were calculated from the thermal denaturation 
curve of pure DNA. The latter was determined with the automatic recording thermal 
spectrophotometer as previously described (De Ley & Van Muylem, 1963). The 
mean base composition, expressed as % (G-f C), was calculated from the ‘melting- 
point’ Tm with Marmur & Doty’s (1962) formula % (G + C) = (T m — 69-3)/0-41. 
A previous paper chromatographic check on this formula (De Ley & Schell, 1963) 
showed it to be valid in the range used. The standard deviation er of the com
positional distribution around the average % (G + C) was calculated according 
to Doty, Marmur & Sueoka (1959).

R E S U L T S
The main results are summarized in Table 1.
DNA base composition. The pseudomonads are divided into two groups. The 

largest has a T,n in the range of 93-8° to 97 0° or a % (G + C) from 59-8 to 67-5. The 
other group comprises only P rubescens 519 and P. pavonacea 533 with a quite 
different % (G + C) of about 46%. The latter strains are thus genetically different 
from the main group. The % (G + C) range of the main group agrees very well with 
values of a few strains reported by Colwell & Mandel (1964), De Ley & Friedman
(1965), Marmur, Falkow & Mandel (1963).

The 28 strains of Xanthomonas are all in the narrow range of T m 96-6°+ 1-2° or 
a % (G + C) from 63-5 to 69-2. These values confirm the previous conclusion from 
this laboratory, that these organisms form a narrow group. It may be noted that 
the % (G + C) values of Xanthomonas overlap with the higher range of Pseudomonas 
and that no distinction can be made between these groups on the basis of base 
composition alone. The T m of Serratia marcescens 293 falls completely within the 
range of other serratias (Colwell & Mandel, 1965), although it might belong to a 
slightly aberrant subgroup. It is noticeable that the % (G + C) from Serratia over
laps with the lower range of Pseudomonas.

Compositional distribution of DNA molecules. Most of the pseudomonads and all 
xanthomonads have a <x value between 0 and 1 with an average of 0-3, a value which 
confirms our previous findings (De Ley & Van Muylem, 1963). The unusually high 
value of 2-5 for Pseudomonas iodinum is another argument that this strain possibly 
does not belong in Pseudomonas. The high cr value of 3-0 for Serratia marcescens 293 
conforms to the values of 1-3-3 for other Enterobacteriaceae (De Ley & Van 
Muylem, 1963; De Ley, 1965). A word of caution is required on the calculation of
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the er value according to Doty et al. (1959). When the compositional distribution is 
calculated from this cr value with, for example, the strains HllO, p 121 and Gl, it 
appears that these strains would have very few DNA molecules in common, but the 
hybridization experiments show that most of the DNA molecules are identical. This 
means that the overlapping of the compositional distribution curves must be con
siderable, and thus that the cr values are too small because the correction factor of 
3° 0, introduced by Doty et al. (1959), is too great. The best fit with our experimental 
data is obtained when no correction at all is applied; this means also that all cr 
values, calculated from thermal denaturation curves, including those mentioned 
above, would be some 7-5 % (G + C) too small.

Table 3. Comparison between DNA homology and taximetric similarity of 
several strains of Pseudomonas.

The former values are from Table 1 and the  la tte r, for the same strains, are from 
Lysenko (1961). Values indicated by * are p u t as 100% .

Relative to  Relative to
P. putida  520 P. fluorescens 488

%  DNA % taxim etric % DNA % taxim etric
Species homology similarity homology sim ilarity

P. geniculaia 51 44 64 62
P. diminuta 38 61 38 62
P. aeruginosa 61 73 63 72
P. atlantica 29 50 28 56
P. ovalis 67-5 81 116 77
P. stutzeri 60 52 77-5 68
P. putida 100* 100* 70-5 78
P. chlororaphis 62 80 65 86
P. aureofaciens 50 75 55 79
P. fluorescens 83 78 100* 100*
P. denitriflcans 77 65 63 59
P. fragi 64 66 73 69
P. iodinum 49 65 45 59
P. taetrolens 58-5 58 78 68
P. rubescens 6 46 3 64
P. pavonacea 10 50 7 48

DNA-hybridization experiments. Hybridization with either Pseudomonas fluo
rescens 488 or P. putida 520 shows that all pseudomonads fall into two distinct 
groups. The low % (G + C) strains P. rubescens and P. pavonacea hybridize for only
3-10 %. The main group, made up of all the other strains, contains a few doubtful 
eases: P. d.iminuta, P. atlantica and P. iodinum, which hybridize to the extent of 
28-50 %; all other strains show a high degree of relatedness. DNA of P. fluorescens 
488, P. ovalis 380 and P. ‘ synxantha ' 607 appears to be almost, if not completely, 
identical. The degree of DNA homology of many strains is about the same with both 
P. fluorescens and P. putida. All strains of Xanthomonas, except X. celebensis 
cl44, have a DNA homology of 45-73% with P. fluorescens, with an average of 
54 %. This agrees closely with our previous conclusion based on a smaller collection 
of strains that about two-thirds of Xanthomonas-DNA is equal to Pseudomonas- 
DNA (De Ley & Friedman, 1965).

From the hybridization of DNA from all xanthomonads with X. pelargonii P121,
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it follows that all strains, except X. celebensis cl44 and X. malvacearum m2, 
hybridize for 75 % or more, with an average for the group of 87 %. Nine strains out 
of 27 hybridize for 90-100% with X. pelargonii; eleven strains hybridize for 
80-90% and the remaining 5 for 76-79%.

Reproducibility of the method. The values for DNA homology were in most cases 
reproducible to within 1-6 %, although in four cases errors of 9-13 % were observed. 
The number of erroneous results depends on the age of the DNA preparations. 
High-molecular, double-stranded DNA can be preserved in good condition in con
centrated solution (about 1 or more mg. DNA/ml. SSC buffer) for several months 
at 4° with a drop of chloroform added. For reproducible results it is advisable to 
use freshly prepared DNA agar and sheared denatured 14C-DNA solution that is not 
over 2 weeks old.

The effect of phosphodiesterase. One set of experiments, representative for several 
others, is summarized in Table 2. It was invariably found that with every strain 
used, about 5 % of the total recovery is not hybridized; this corresponds to about 
one-tenth of the length of a 14C-DNA fragment. Since this value is about the same 
for both the reference strain and the others under investigation, it does not affect 
the final conclusion on DNA homology.

D ISCUSSIO N

An approach to a rational classification, based on two independent parameters 
from the genome (mean base composition and DNA homology) is represented in 
Figs. 1-3. Xanthomonas

With respect to the central reference strain X. pelargonii p 121, all strains (except 
m2 and cl44, see below) form one tight cluster (Fig. 1). These results throw a new 
light on the biological relatedness between organisms and on the species concept. 
They show that artificial pigeon-holing in the usual orthodox classifications of this 
genus do not reflect reality but they corroborate the concept of a genetic species. 
The genus Xanthomonas appears not to contain about 60 sharply separated species, 
but to be a tight cluster of strains, each one having 75-100 % of its DNA identical 
with that of the central reference strain, and probably also amongst themselves. It 
seems to us that at least the ten strains which have over 90 % DNA similarity 
(campestris, tamarindi, begoniae, carotae, lespedezae, pelargonii, juglandis, 
cassavae, vignicola and lactucae) can no longer be regarded as separate species and 
should be gathered into one. In view of the tightness of the group, it seems better 
to regard the entire group as one biological unit, one geno-species, for which the 
specific epithet ‘campestris’ is proposed (the generic name will be discussed below). 
This supports a previous suggestion (Friedman & De Ley, 1965; De Ley & Fried
man, 1965), which was made after a similar study of a smaller group. The most 
widely divergent strains, e.g. pelargonii and phaseoli, differ by 25 % of their genome 
or about 2500 cistrons. Whether these organisms deserve separate species recogni
tion is more a matter of opinion than of fact. For nomenclatural purposes it should 
be recalled that other organisms which differ by some 25% of their genome, such as 
rhesus monkey and man (Hoyer, McCarthy & Bolton, 1964), may differ by as many 
as 8 x 105 cistrons (‘total’ mol. weight of mammalian DNA 2 x 1012 and assuming

4-2
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CN

% (G +  C)
Fig. 1. Relatedness within the  Xanthom onas group and between the xanthom onads and 
the  pseudomonads, on the basis of DNA base composition and DNA homology (hybri
dization relative to  X . pelargonii p 121). The organisms, whose position on the  m ap is
indicated by x followed by a strain  num ber, are nam ed xanthom onads. The l i n e -----
shows the  approxim ate border of the proposed genetic group Pseudomonas campestris. 
I t  is seen th a t strain  m  2 and c 144 are aberran t from the m ain group. The position of the 
nam ed pseudomonads is indicated by •  and the abbreviation of the species name. The
nam ed Pseudomonas group is delineated b y ----------- . Relatedness w ith a  strain  of
Acetobacter (Ac) and Gluconobacter (Gl) is given for comparison. All d a ta  from Table 1.

103 base pairs per eistron) and that a few thousand genes are now thought to account 
for the differences within the species man.

The strains malvacearum m 2 and celebensis c 144 seem to fall outside the Xantho
monas group. The former strain, however, still groups with the other xanthomonads, 
with respect to P . fluorescens 488. Strain cl44 is the most remote one. We believe 
it to be still a xanthomonad because of its alleged phytopathogenicity and because 
we detected the typical xanthomonas-carotenoid (absorption maxima at 464 and
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437 m/i and a shoulder at 418 m/z) after extraction according to Starr & Stephens 
(1964). Both strains might belong to separate species-centres, although it seems 
more likely that they are aberrant variations on the main theme. Other strains 
aberrant in % (G-f C) are known, in Chromobacterium and in Agrobacterium (De 
Ley & Van Muylem, 1963; De Ley, 1964).

Pseudomonas
The strains ‘rubescens’ 519 and ‘pavonacea’ 533 fall completely outside the 

main group, since their DNA is almost completely different. They differ more from 
Pseudomonas than does, for example, Escherichia. We propose to remove them from 
the genus Pseudomonas. Their % (G + C) and physiological properties suggest a
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Fig. 3. Relatedness within the pseudomonas group and between the  pseudomonads 
and a  few other genera on the basis of DNA base composition and DNA homology 
(hybridization relative to P. putida  520). Symbols and abbreviations as in Figs. 1 and 2.

possible relationship with Vibrio which might be worth investigating. All the other 
strains form one broad group in which the strains are clearly separated. Since each 
strain is proposed as a species centre on the basis of numerical analysis (Lysenko, 
1961), the present results indicate that—in contrast to Xanthomonas species 
differentiation in Pseudomonas may be justified. Since DNA-homology of the three 
doubtful cases (P. iodinum, P. atlantica and P. diminuta) is small, their inclusion 
in Pseudomonas is open to doubt. In fact they are about as far removed from P. 
fluorescens as, for example, Serratia, Acetobacter, Rhizobium and Azotobacter. The 
strain ‘ rimaefaciens ’ pr107, previously of uncertain generic status, appears to belong 
to Pseudomonas.

Previously we found that about 60-80% of Xanthomonas-DNA is identical to 
Pseudomonas-DNA (De Ley & Friedman, 1965). The reverse is also true since 
45-73 % of Pseudomonas fluorescens-DN A is identical with Xanthomonas-DNA.
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Figure 2 confirms Fig. 1 : in relation to P. fluorescens all xanthomonads form one 
tight cluster. They share about as much DNA with P.fluorescens as do, for example, 
P. geniculata or P. aeruginosa. Therefore, there seems to be no reason to keep the 
xanthomonads in a separate genus and we propose to gather them in a single 
genetic species Pseudomonas campestris. I t may be recalled that the creation of the 
genus-name Xanthomonas (Dowson, 1939) was not inspired by genetic data, but by 
the desire to group together the yellow-pigmented, necrotic phvtopathogenic 
pseudomonads.

Phenotypically non-expressed DNA in Pseudomonas. It is not known whether all or 
only part of bacterial DNA is phenotypically expressed. It is conceivable that a 
certain fraction would have no genetic function as for example, nonsense DNA, and 
unused genes. Comparison of taximetric similarity of characters and DNA homology 
of the same strains might provide an answer. If homologous, phenotypically non- 
expressed DNA is present, DNA homology will be higher than the similarity value. 
Such a comparison is made in Table 3. In 21 out of 30 cases DNA homology is not 
higher than the taximetric similarity. In many of the remaining 9 cases the differ
ence lies within the limit of sensitivity of the methods. Therefore it seems that in 
most cases all DNA is used for phenotypic expression and that unused genes either 
do not exist or are rather scarce.

Imperfection of numerical analysis. In spite of its considerable advance over 
usual classification, taximetric analysis still deals with only a small part of the 
genome. Therefore occasional imperfections in its conclusions can be expected. It 
was previously (De Ley & Van Muylem, 1963) pointed out that the yellow-pig
mented marine Cytophaga-like bacteria fall into widely divergent % (G + C) groups. 
The present paper provides another example with the strains rubescens and 
pavonacea. A classification based on % (G + C) and DNA homology appears to us 
to be more logical.

Relatedness of some other genera to Pseudomonas (Figs. 2 and 3). Genera such as 
Gluconobacter, Acetobacter, Serratia and Escherichia have some 20-30 % DNA 
similarity with Pseudomonas. They would have some 2000 cistrons in common with 
it. Rhizobium, Azotobacter and Azomonas appear to be more closely related to 
Pseudomonas than expected, since 40-56 % of their DNA seems to be Pseudomonas- 
like. Similarly, Serratia might be more closely related to Pseudomonas than 
expected. The chromosome of Bacillus is almost entirely different.

One of us (J.D.L.) is indebted to the Centre National de Biochimie et de Biologie 
Moléculaire for research and personnel grants. Another (I.W.P.) is indebted to the 
Patrimonium of the University of Gent for a study grant. We are indebted to the 
institutes and individuals who kindly sent us the strains, and to Dr M. Mandel, 
Texas, Medical Centre Houston, Texas, for a gift of phosphodiesterase.
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Chemistry of Hyphal Walls of Phytophthora
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SUMMARY

Hyphal walls of two phytopathogenic moulds, Phytophthora cinnamomi and P. parasitica, were isolated essentially free from cytoplasmic contamination. They have a complex chemical structure consisting of polysaccharide, protein and lipid. D-Glucose was the main monosaccharide detected in acid hydrolysates. Chromatographic evidence suggested the presence of small amounts of mannose (0-6%), glucosamine (0-3%) and traces of galactosamine and ribose. Glucans constituted nearly 90 % of the wall but only about a maximum 25 % of the wall could be regarded as cellulose I on the basis of solubility, resistance to hydrolysis and X-ray diffraction. Most of the wall glucan exhibited chemical and physical properties unlike typical cellulose.The spectrum of amino acids commonly found in fungal walls was detected; hydrolysates also contained hydroxyproline and two minor unidentified ninhydrin-positive components. Protein comprised 3-5% of the wall. A small amount of lipid (1-3%), mostly of the bound type, was found, and also traces of phosphorus, and compounds with absorption maxima at 263 my. Hyphal walls of Phytophthora cinnamomi and P. parasitica differed only slightly in quantitative composition.
INTRODUCTION

Customarily the cell walls of filamentous fungi are described as chitinous or 
cellulosic. The grouping of fungi based on the presence of either one or, in some 
cases, both of these polysaccharides, parallels taxonomic demarcations (Wettstein, 
1921; Frey, 1950; Fuller & Barshad, 1960; Aronson & Preston, 1960). With the 
availability of physical methods for isolating cell walls, the chemical complexity 
of the walls of fungi has now been clearly realized. In addition to chitin or cellulose, 
various carbohydrates, proteins, lipids, and other components have been found 
in the cell walls of moulds (Kreger, 1954; Aronson & Maclilis, 1959; Bartnicki- 
Garcia & Nickerson, 1962; Crook & Johnston, 1962; Hamilton & Knight, 1962; 
Bartnicki-Garcia & Reyes, 1964; Horikoshi & Iida, 1964; Russell, Sturgeon & 
Ward, 1964; Potgieter & Alexander, 1965; Wessels, 1965; etc.). The majority of 
filamentous fungi have chitinous walls. Quantitative studies of wall chemistry in 
several such fungi have already been reported, but hitherto no comparable studies 
on cellulosic fungi had been made.

Phytophthora, a notorious genus of plant pathogens, is a prominent example of 
the relatively few fungi with cellulosic walls. The presence of cellulose in the 
phytophthora mycelium, long claimed (Dastur, 1913), was definitely established 
through X-ray analysis by Frey (1950). More recently Crook & Johnston (1962)
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made a qualitative survey of sugars and amino acids in the cell walls of fungi, 
including Phytophthora cactorum. The present communication, describing the 
quantitative composition of hyphal walls of two phytophthora species, is an initial 
study designed to gain insight into the morphogenetic role of cell-wall chemistry 
in the life-cycle of these plant pathogens. A strain of Phytophthora, cinnamomi 
parasitic on avocado, and a strain of P. parasitica pathogenic to citrus trees, were 
selected from among various other phytophthora strains and species tested; the 
choice was made on the basis of the relative facility with which hyphal walls could 
be isolated with a minimum of cytoplasmic contamination.

METHODS
Microbiological techniques. Phytophthora cinnamomi Rands strain sb 216-1 and 

Phytophthora parasitica Dastur strain t  89 were isolated and kindly given by 
Drs G. Zentmyer and P. Tsao from this Department. Stock cultures were main
tained on V-8 juice agar slants. Liquid V-8 medium was prepared with the clear 
supernatant fluid of centrifuged V-8 juice (Campbell Soup Co., Camden, New 
Jersey), diluted 1/4 with glass-distilled water and its pH adjusted to 6-3 with 
KOH. V-8 juice agar plates were inoculated and grown for about a week at 27°. 
Disc plugs were removed from the periphery of growth with a sterile stainless-steel 
cork borer and inoculated into 350 ml. prescription bottles containing 40 ml. of 
the following asparagine glucose medium: KH2P 0 4, 3 g.; CaCl2, 3-4 mg.; 
FeS04.7H20 , 1-0 mg., with citric acid, 1-4 mg.; ZnS04.7H20 , 1-8 mg.; MnS04.H20, 
0-3 mg.; CuS0 4.5H20, 0-4 mg.; (NH4)6Mo70  24.4H20, 0-3 mg.; MgS04.7H20, 
0-5 g.; thiamine HC1, 1-0 mg.; L-asparagine, 2g.; glucose, 20 g.; glass-distilled 
water to 1000 ml. Glucose in concentrated solution was autoclaved separately and 
added to the rest of the ingredients which had been previously adjusted to pH
6-0 with KOH and autoclaved for 20 min. at 121°. Inoculum bottles were incubated 
at 27° for about 5-7 days. Mycelial mats from 5 bottles were placed in a sterile 
cup of a Servall Omni-mixer and homogenized at medium speed for a few minutes. 
The homogenized mycelium was centrifuged, washed once with culture medium 
solution and inoculated into 8 2-1. flasks containing 600 ml. asparagine glucose 
medium. These flasks were placed on a rotary shaker and agitated 5 days at 27°. 
The mycelium was filtered through a sintered glass filter, washed with distilled 
water and lyophilized.

Isolation of cell walls. The mycelium of Phytophthora cinnamomi prepared as 
above was suspended in water (0-5-1-0 g./35 ml.) and blended in a Virtis ‘45’ 
homogenizer at full speed and centrifuged at 1400 g; the supernatant fluid con
taining cytoplasmic debris was removed. The residues were combined and 
suspended in 20 ml. water/g. initial mycelium. Samples (10 ml.) were withdrawn 
and placed in the cup of a 10 kcyc. Raytheon Sonic Oscillator with 15-5 g. glass 
beads (150 /i average diameter). The resulting paste was treated at full power for 
5 min. Sample temperature was maintained at 0-20° by circulating coolant at 
-5 °. Two to four treatments sufficed to obtain satisfactory breakage. Glass beads 
were separated by decantation. Cell walls were then spun down at 1400 g for 
5 min. and the supernatant fluid, consisting chiefly of cytoplasmic debris, was 
discarded. The residue containing wall fragments of different size and cytoplasmic
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debris was divided into 8 portions, suspended in 30 ml. water each, and homo
genized in an Omni-mixer for 30 sec. at half speed. These wall suspensions were 
fractionated by a series of consecutive 1 min. centrifugations at 50, 210, 500, 900 
and 2000 g. Each residue was resuspended and centrifuged at the same speed as 
when first sedimented and the resulting supernatant fluid combined with the 
residue sedimenting at the next higher speed. The entire procedure was repeated 
twice. In this way, wall fractionation according to size was achieved; the heavier 
fractions, sedimenting at 50 and 210 g, contained large wall fragments with some 
hyphal segments partially filled with cytoplasm and glass particles. The lightest 
pellet (2000 g) contained minute wall pieces mixed with fine uncharacterized 
particles; the fractions sedimenting at 500 and 900g contained the purest walls 
as revealed by staining with Lugol’s iodine solution. Walls were lyophilized and 
stored in a freezer. The hyphal walls of P. parasitica were more difficult to prepare 
because of a tendency of wall fragments to agglutinate in big clumps after the first 
washings, making subsequent differential centrifugation impossible. Instead, 
walls were subjected to repeated treatments in the sonic oscillator (without glass 
beads) rapidly followed by centrifugation at 210 g for 1 min. In this manner, 
cytoplasmic contaminants were gradually discarded with the supernatant fluids. 
Treatments were continued until light microscopy revealed practical disappearance 
of cytoplasmic debris.

Chemical analyses. Three types of hydrolysates were prepared, (a) n-H2S04 
hydrolysate. Wall suspensions (2 mg./ml.) in n-H2S04 were sealed in glass ampules 
under N2 and heated at 105° for various specified times, (b) 22-5 n-0-85 n-H2S04 
hydrolysate. Dry wall samples were soaked with 22-5 n-H2S04 and incubated at 
30° for 3 hr; the acid was diluted to 0-85n and the suspension heated at 97° for 
4 hr. (c) 6n-HC1 hydrolysate. Walls were suspended in 6n-HC1, sealed in glass 
ampoules under N2, and hydrolysed at 105° for 8 hr; excess HC1 was removed 
in a desiccator over NaOH pellets under vacuum.

Neutral sugars were separated in descending paper chromatograms (Whatman 
no. 1) irrigated with w-butanol + pyridine + water (6 + 4 + 3, by vol.) for 30 hr or 
longer. Sugars were revealed (aniline phthalate), eluted and measured (Wilson, 
1959). Before chromatography, H2S04 hydrolysates were neutralized with BaCOs 
and de-ionized through a double-bed column of Dowex-1 (acetate form) and 
Dowex-50 (hydrogen form).

Amino sugars were determined in 6n-HC1 hydrolysates by the Elson-Morgan 
method as described by Tracey (1955). Hexoses were estimated by the anthrone 
procedure of Dreywood as described earlier (Bartnieki-Garcia & Nickerson, 1962). 
Reducing sugars were estimated by the method of Somogyi & Nelson (Hodge & 
Hofreiter, 1962). Glucose was assayed with a purified glucose oxidase reagent 
(Glucostat ‘special’, Worthington Biochemical Corp., Freehold, New Jersey, 
U.S.A.).

Search for uronic acids was made in H2S04 hydrolysates by adsorption on a 
10 ml. column of Dowex-1 (acetate form). A stepwise elution with increasing 
concentrations of acetic acid up to 4 n  was used. A modified carbazole reagent was 
used to detect uronic acid in each of the 2 ml. fractions collected (Bitter & Muir,
1962). Protein-N was estimated in 6n-HC1 hydrolysates by a ninhydrin method 
described earlier (Bartnieki-Garcia & Nickerson, 1962). Individual amino acids

Hyphal walls of phytophthora
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were resolved on two-dimensional paper chromatograms irrigated first with 
«-butanol + pyridine + water (1+1 + 1, by vol.); second, with phenol saturated 
with a 0-2 m solution of K2H P04 in water to which 0-01% (w/v) 8-hydroxy- 
quinoline was added. The solvent pair prescribed by Crook & Johnston (1962) was 
also tested: «-butanol + acetic acid + water (100 + 22 + 50, by vol.) followed by 
phenol + water (80 + 20, by vol.) in the presence of NH3 but without NaCN. 
Quantitative amino acid analyses (Spackman, Stein & Moore, 1958) were made 
in a Spinco 120B Automatic Amino Acid Analyser. Total phosphate was measured 
colorimetrically (Dryer, Tammes & Routh, 1957). Lipids were extracted in two 
categories, free and bound, as described earlier (Bartnicki-Garcia & Nickerson, 
1962). Hyphal walls were chemically fractionated with acid and alkaline solutions 
as detailed previously (Bartnicki-Garcia & Nickerson, 1962).

Physical techniques. Infrared spectra were determined in KBr pellets wkh a 
Perkin-Elmer Infracord spectrophotometer.

X-ray diagrams of samples spread on a glass microslide were obtained with a 
Norelco Phillipps recording diffractometer using CuKa radiation.

S. Bartnicki-Garcia

RESULTS 
Chemical analyses

Carbohydrates. The anthrone procedure, with glucose as standard, served to 
assess the total amount of hexosan present in intact walls. To improve sample 
uniformity, dilute wall suspensions were homogenized by sonic oscillation 
immediately before pipetting. Nearly 90 % of the hyphal wall dry weight of both 
species of Phytophthora was found to be anthrone-positive carbohydrate (Table 1).

Table 1. Hyphal wall composition of phytophthora
% wall dry weight

Component Method P. cinnamomi
1

P. parasitica
Gluean* Anthrone 88+ 2 86+ 2
Mannose Paper chrom atography 0-6 0-7
Glucosamine Elson-M organ 0-3 0-3
Protein Micro-Kjeldahl N  x 6-25 3-6 4-3
Protein Ninhydrin 3-4 41
Free lipids Direct extraction 0-3 0-2
Bound lipids Hydrolysis and extraction 21 0-9
Phosphorus 

(as H jPO j )
Semidine 0-3 0-4

* Range of values obtained in  3 determinations.

Measurement of monosaccharide constituents of hyphal-wall polysaccharides 
was made in two types of H2S04 hydrolysates; in neither case was sugar recovery 
complete. Direct hydrolysis in n-H2S04 was insufficient to dissolve walls com
pletely, even after prolonged digestion for 48 hr; by which time about a quarter 
of the wall carbohydrate remained insoluble, a quarter had been destroyed, and 
a half was in solution (Table 2). The soluble carbohydrate was composed almost 
exclusively of glucose as shown by determination of total and reducing sugar and 
by paper chromatography.
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The 22-5-0-85N-acid hydrolysis was much more efficient (Table 3); respectively, 

93 and 87 % of the initial polysaccharide of Phytophthora cinnamomi and P. para
sitica was recovered in solution and only 0-1 % remained insoluble. Paper chro
matograms of this hydrolysate revealed glucose as the chief component. There was 
also a much smaller amount of two disaccharides subsequently identified as 
cellobiose and gentiobiose and traces of another one identified as laminaribose 
(Bartnicki-Garcia & Lippman, to be published), plus a faint streak of unresolved 
oligosaccharides.

Table 2. Hydrolysis of hyphal walls of phytophthora in N-H2S()i
% of initial to ta l carbohydrate

Hypliai walls of phytophthora

Carbohydrate in 
hydrolysate

(
P. cinnamomi P. parasitica

18 hr
b

48 hr 18 hr 48 h r
Total* 97-8 76-1 91-8 74-4
Soluble* 590 511 61-7 4 9 0
Insolublef 38-8 250 301 25-4
D estroyed! 2-2 23-9 8-2 25-6

* Determ ined w ith anthrone using glucose as standard . Values are % anhydroglucose of 
initial glucan content in the wall (Table 1). 

f  Calculated: to ta l — soluble; J  Calculated: 100 —total.

Table 3. Hydrolysis of hyphal walls of phytophthora with 22-5-0-85N-H2SOi

Carbohydrate*
Total soluble (anthrone) 
Glucose (glucostat)

P. cinnamomi %
% initial

% wall carbohydratef
80-7 92-6
70-9 81-4

P. parasitica_______ A________
% initial

% wall carbohydratef
75-6 87-5
64-5 75-6

* As anhydroglucose. f  Initial glucan content values are shown in Table 1.

Respectively, 81-4 and 75-6% of the total wall polysaccharide of Phytophthora 
cinnamomi and P. parasitica were conclusively identified as D-glucose by the 
glucose oxidase assay. There are minimum values which do not include glucose di- 
and oligo-saccharides present in the hydrolysates and do not take into account 
some glucose inevitably destroyed during hydrolysis. A trace of mannose, 0-6-0-7 % 
of the wall, was also found in both P. cinnamomi and P. parasitica. Inasmuch as 
the hydrolysates of wall polysaccharides of P. cinnamomi and P. parasitica re
vealed almost exclusively glucose and disaccharides thereof, the determination in 
intact walls of total carbohydrate by the anthrone method may be regarded as the 
best approximation to the actual glucan content of the wall (Table 1). In heavily 
loaded chromatograms (31 mg. walls) a vestigial spot appeared which had the 
colour of a pentose (aniline phthalate spray), the RF value of ribose, and was 
visually estimated to be less than 0-1 % wall dry wt.

Uronic acids in H2S04 hydrolysates were not detected.
Proteins. The protein content of mycelial walls of phytophthora was estimated 

by determining amino acid-N in 6 N-hydrolysates and by micro-Kjeldahl deter
mination of total nitrogen in intact walls (Table 1). Similar values were obtained



in both determinations; the sum of individual amino acids determined in the 
automatic amino acid analyser (Table 4) also agreed with the above values. Amino 
acid quantities (Table 4) are given with the reservation that some destruction 
took place during hydrolysis as shown by hurr.in formation.

Both two-dimensional paper chromatography and automatic column chroma
tography of hyphal wall hydrolysates revealed the common spectrum of protein 
amino acids, threonine being the most abundant. Hydroxyproline, an amino acid 
not usually found in fungal wall proteins, was shown in both paper and column 
chromatograms. Two weak unidentified ninhydrin-violet spots appeared in amino 
acid paper chromatograms of Phytophthora einnamomi and P. parasitica. -Ralanlne 
values were respectively 109 and 0-74 in «.-butanol + acetic acid +water; 1-64 and
1-23 in phenol + water+ NHS. They probably correspond to the unknown amino 
acid spots of P. cactorum reported by Crook & Johnston (1962). (iialanlne values in 
this publication were misprinted; they should be 1-03 and 0-76 in «-butanol + acetic 
acid-f water and 1-40 and 1-30 in phenol + water+ NH3; I. R. Johnston, private 
communication).

Table 4. Overall amino acid composition, of protein from hyphal walls 
of Phytophthora einnamomi
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% of total % of to tal
amino acids * amino acids*

Threonine 14-8 Glycine 4-5
Glutamic acid 111 Arginine 4-2
Serine 9-8 Ammonia 3-7
Aspartic acid 9 0 Tyrosine 2-6
Alanine 9 0 Phenylalanine 21
Proline 5-5 Isoleucine 1-8
Hydroxyproline 5 0 Histidine 11
Valine 5 0 Cysteine 11
Lysine 4-7 Methionine 11
Leucine 4-5

* The sum of amino acids recovered was 3-79 % Of the initial wall dry weight.

Amino sugars. A glucosamine peak, representing 0-20% of the wall of Phyto
phthora einnamomi, and a much smaller peak, presumably galactosamine, were 
detected during the automatic analysis of amino acids. Elson-Morgan deter
minations on 6 N-hydrolysates confirmed the existence of a small amount of 
amino sugar in both phytophthora species (Table 1).

Lipids. A small amount of lipid, mainly of the bound type, was detected :n the 
walls of both phytophthora species (Table 1).

Various. Determination of total phosphorus indicated phosphate content of 
about 0-3% (Table 1). Hot n-KOH extracts of walls showed sharp absorption 
peaks at 263 my, suggesting the possible presence of 0-8 % nucleic acid components 
(calculated at an average e of 8800).

Chemical fractionation. Hyphal walls were fractionated by two different methods. 
The distribution of carbohydrates (Table 5) and protein (Table 6) was investigated 
by anthrone and ninhydrin assays. Fractionation method I indicated that even 
at high temperatures the hyphal-wall glucans were alkali-insoluble; likewise, hot 
acetic acid did not dissolve any appreciable quantity of glucan. In the same



fractionation, over half of the wall protein was dissolved by cold alkali and most 
of the remainder dissolved in hot alkali. A small proteinaceous residue was left 
associated with the insoluble glucan. Fractionation method II revealed that a 
large portion of the wall glucan (61-66%) was soluble in hot dilute acid. Con
secutive extraction of hyphal walls with hot acid and hot alkali left only about 
20% of insoluble glucan. Recovery of carbohydrate in this method was in
complete, probably due to destruction of glucan by hot alkali after walls had first 
been treated with hot acid, a situation also observed for the glucan of Mucor 
rouxii spore walls (Bartnicki-Garcia & Reyes, 1964).
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Table 5. Distribution of carbohydrates in hyphal wall fractions 
of phytophthora

%  of initial carbohydrate*
Method Fraction P. cinnamomi P. parasitica

I Cold n-KOH 2-7 21
H ot n -KOH 3-2 3-3
H ot N-acetic acid 0-2 0-3
Residue 93-2 95-6
Sum 99-3 101-8

II Cold n-HCI 0-2 0-3
Hot n-HCI 61-3 65-9
H ot n-KOH 3-2 3 0
Residue 21-2 19-7
Sum 85-9 88-9

* Determ ined with anthrone reagent and calculated as % anhydroglucose of the initial glucan 
values shown in Table 1.

Table 6. Distribution of protein in hyphal walls of phytophthora 
fractionated according to Method I  (Table 5)

% of to ta l protein*
Fraction P. cinnamomi P. parasitica

Cold n -KOH 59-5 63 1
H ot n -KOH 27-2 21-4
H ot N -  acetic acid 5 1  5-9
Residue 8-2 9-6

* Determ ined by the ninhydrin method and calculated on the basis of the to ta l protein values 
(ninhydrin) from Table 1.

Extraction with 17-5% NaOH, under N2, is commonly used in cellulose tech
nology to determine and separate a-cellulose from low molecular weight celluloses 
and other carbohydrates (Corbett, 1963). Accordingly, only 3-4% of Phytophthora 
cinnamomi walls dissolved as anthrone-positive carbohydrate. It may not be 
concluded, however, that the portion of wall glucan insoluble in 17-5% NaOH 
is a-cellulose since it is known that other glucans, notably yeast cell-wall glucan 
(Chung & Nickerson, 1954), are highly insoluble in concentrated alkali.

Infrared spectra. Intact walls of Phytophthora cinnamomi and P. parasitica 
showed nearly identical spectra, corroborating their chemical similarity. They 
showed absorption peaks at about 890 cm.“1, indicative of /j-linked polysaccharide.
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There was no evidence of absorption in the a-glycoside region at 844 cm.-1 (Barker, 
Bourne & Whiffen, 1956). The spectra of isolated walls was compared with that of 
crystalline cellulose I (Whatman a-cellulose powder for chromatography!; there 
was a general resemblance, but the wall spectra differed noticeably in the blurring of 
peak sharpness in the 1000-1500 cm.-1 region (Fig. 3). Extraction of walls with 
cold n-KOH for 1 hr, followed by 0-5 x-KOH at 100° for 30 min., improved the 
resemblance slightly; minor peaks at 1510-1540 cm.-1 (amines and/or aromatics) 
disappeared, and other small peaks were enhanced. The treatment removed most 
of the protein and lipid, leaving a wall composed of glucan almost entirely. 
Infrared spectra of Phytophthora walls showed a much greater similarity to the 
spectra of amorphous cellulose (cf. O’Connor, DuPre & McCall, 1957) than to that 
of cellulose I.

Fig. 1 Fig. 2
Fig. 1. X -ray  diagrams. A, Cellulose I ; B, insoluble residue after extraction of 
Phytophthora cinnamomi hyphal walls w ith hot n -HCI; C, in tact hyphal walls of P. 
cinnamomi; D, isolated hyphal walls of P. parasitica. Tracings vertically displaced 
for clarity.
Fig. 2. X -ray diagrams. A, Cellulose I I  regenerated from W hatm an cellulose I ;
B, m aterial regenerated from Phytophthora cinnamomi hyphal walls. Tracings vertically 
displaced for clarity.

X-ray diagrams. Intact walls showed very weak reflexions suggestive of cellulose I 
(Fig. 1). Reflexion sharpness did not improve after extraction with KOH as 
specified above for infrared spectra. Since walls thus treated consist almost 
entirely of glucan polymers, cellulose crystallinity in the phytophthora walls is 
either poor or is masked by amorphous glucans. Definite evidence for the presence 
of cellulose was obtained by twice extracting walls of Phytophthora cinnamomi



with Sehweizer’s cellulose solvent (Jayme & Lang, 1963) for 24 hr under N2. Upon 
acidification of the solvent, a precipitate was obtained which showed X-ray 
spacings similar to that of cellulose II prepared from Whatman cellulose powder by 
identical handling (Fig. 2). There was, however, a divergency in the relative in
tensity of the reflexions. This discrepancy may be an artifact due to lack of random
ness in the spatial orientation of cellulose crystallites in the specimen slides.

Anthrone determinations showed that only 11 % of the wall regenerated as 
cellulose II and that 63% did not dissolve at all in Schweizer’s reagent; the un
accounted glucan (14% of the wall) probably remained in solution.
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Fig. 3. Infrared spectra: A, isolated hyphal walls of Phytophthora einnamomi; B, as A 
b u t ex tracted w ith KO H; C, isolated hyphal walls of P. parasitica; D, as C b u t extracted 
w ith K O H ; E , cellulose I. Tracings vertically displaced for clarity.
Fig. 4. Comparative ra te  of hydrolysis of isolated hyphal walls of Phytophthora 
einnamomi (curve A) and W hatm an cellulose powder (curve B) in n -HCI a t  97°.

The single, broad, X-ray peak of negative walls (4-04A) approximated to the 
main reflexion of authentic cellulose I (3-90A) and disappeared upon extraction 
with Schweizer’s solvent, leaving an isotropic glucan residue. When, on the other 
hand, the amorphous glucan was first removed from walls, by N-acid digestion 
(see below), a residue was left which exhibited a slightly more pronounced X-ray 
spectrum than did native walls, with its main reflexion (3-93 A) closer to that of 
cellulose I. It may, therefore, be concluded that cellulose I of relative low crystal
linity exists in the phytophthora walls.

Acid-extraction of wall glucans. Since hot dilute mineral acid dissolved a major 
portion of the glucan from hyphal walls of phytophthora (Table 5), the kinetics of 
hyphal wall solution of Phytophthora einnamomi by n-HCI at 97° was studied. As 
depicted in Fig. 4, 61-2% of the wall (i.e. 70% of the total polysaccharide) dis-
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solved within 30 min. Thereafter the extraction rate decreased sharply to a slow 
constant rate. The experiment was ended at 7 hr, by which time 69-5 % of the wall 
had dissolved (i.e. 80 % of the total polysaccharide). On the other hand, only 6-5 % 
Whatman cellulose dissolved under the same conditions. To calculate the amount 
of glucan readily extracted by HC1, the upper portion of the curve corresponding 
to the hydrolysis of a resistant polysaccharide was extrapolated to zero time. 
Thus, 63% of the wall consists of a glucan readily soluble in hot dilute mineral 
acid. Hence, about 25% of the wall corresponded to a relatively acid-insoluble 
glucan whose X-ray spectrum (Fig. 1) indicated that it was partly, if not entirely, 
cellulose I.

The acid-soluble glucan was also rapidly hydrolysed; thus 84% of the total 
carbohydrate extracted by n-HC1 in 30 min., was dialysable. Under less drastic 
conditions, using several brief extractions with hot 0 T  n-HCI, depolymerization was 
considerably decreased and a soluble non-dialysable glucan(s) was isolated. Pre
liminary measurement of optical rotation in water [a]o3 — 33° suggests it was 
predominantly a /?-gluean.

DISCUSSION
As in the case for the chitinous cell walls of moulds, the cellulosic hyphal walls 

of Phytophthora cinnamomi and P. parasitica also consist of polysaccharide, protein, 
and lipid; they are, however, somewhat simpler than the hyphal walls of a chitinous 
Phycomycete such as Mucor rouxii, which contains a wider variety of building 
blocks (Bartnicki-Garcia & Nickerson, 1962); in phytophthora, glucose polymers 
account for nearly 90 % of the hyphal walls. As expected, cellulose was identified 
in the hyphal walls of Phytophthora but its exact content is not known. Qualitative 
evidence for cellulose includes the following observations. Release of large amounts 
(about 20%) of cellobiose during enzymic digestion of P. cinnamomi walls with a 
crude cellulase from Streptomyces (Bartnicki-Garcia & Lippman, to he published); 
very limited solubility of walls in 17-5 % NaOH; partial solubility of hyphal walls in 
Schweizer’s reagent and subsequent regeneration of a polymer with an X-ray pattern 
similar to cellulose II; X-ray diagrams of intact walls suggestive of cellulose I.

A quantitative measurement of cellulose would be arbitrary and largely de
pendent on which physical or chemical properties were used to define cellulose 
(Ott & Tennent, 1954). Furthermore, the notion of having true cellulose as a 
chemical entity separate from the other wall glucans may be artificial, for it is 
possible that the hyphal walls of phytophthora consist of one single glucan species 
with amorphous regions and a cellulose-like core. More work obviously is needed 
to clarify this point.

Separation of two glucan fractions from hyphal walls of Phytophthora cinnamomi 
was accomplished by treatment with hot dilute mineral acid. Thus were obtained 
a readily soluble, rapidly hydrolysable amorphous glucan comprising 63%, of the 
wall, and a much more acid-resistant polymer representing 25% of the wall. It 
is not yet known whether the acid treatment cleaved a single native glucan into 
these two types. In any event, the acid-resistant glucan showed X-ray reflexions 
approximating that of cellulose I and may thus be considered to represent that 
portion of the phytophthora wall most closely resembling native crvstalline 
cellulose of higher plants.

Release of gentiobiose and laminaribose during chemical or enzymic hydrolysis
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(Bartnicki-Garcia & Lippman, to to be published) indicated the presence of 
/? (1 -> 6) and/? (1 -*3} linkages and opens the possibility that two types of glucan 
exist in the wall—a homogenous ft (1-^-4) cellulose-like polymer, and an amor
phous glucan containing an as vet undetermined number of ¡i (1 -> 3) and /? (1 -> 6) 
linkages.

Although Phytophthora cinnamomi was examined in greater detail, the data on 
P. parasitica is sufficient to conclude that both species have a similar hyphal-wall 
composition. Yet, differences in certain properties such as the propensity of 
P. parasitica walls to agglutinate and the more intense staining of P. cinnamomi 
walls with Lugol’s solution may correspond to significant chemical ditferences. 
Hyphal wall analyses of P. cinnamomi and P. parasitica agree with the qualitative 
findings of Crook & Johnston (1962) on the sugars and amino acids present in 
hydrolysates of P. cactorum, except for ribose which was only vaguely detectable 
in the former species.

Glucosamine, major component of most mould walls, was found in the cellulosic 
walls of phytophthora in such a small quantity as to question its relevance as a 
structural wall element. This finding agrees with Frey's (1950) failure to obtain 
X-ray evidence for chitin in various phytophthora cultures. Thomas (1943) 
claimed the presence of chitin in Phytophthora cinnamomi on the basis of a positive 
chitosan staining reaction; this conclusion was challenged by Frey (1950) and 
seems untenable in view of the present work. Interestingly, much earlier Dastur 
(1913), who also used cytochemical tests, found staining-reaction evidence for 
cellulose, but not for chitin, in P. parasitica.

Hydroxyproline is not known to occur in the walls of chitinous fungi. Its 
presence in fungi with cellulosic walls such as phytophthora and saprolegnia 
(Crook & Johnston, 1962) may have special significance since a similar concurrence 
is conspicuously apparent in the cell wall of higher plants, where hydroxyproline 
is a characteristic component (Lamport & Northcote, 1960). Although assumed 
to be minimal, the exact extent to which the preparative procedure altered the 
composition of the hyphal walls of phytophthora by addition or deletion of com
ponents is not known. Undoubtedly, the physical technique used in this study for 
cell-wall preparation is superior to the old method of exhaustive chemical extraction 
of whole organisms which only the most inert substances endured. Nevertheless, 
upon hyphal breakage, even though the mycelium was coenocytic, cytoplasmic 
contents did not flow out entirely; solid plugs remained whose dislodgement 
necessitated the strong action of a sonic oscillator. By this procedure, all visible 
cytoplasmic debris was essentially, but not entirely, eliminated. Minute residues, 
whose contribution to the composition of the walls has been assumed to be 
negligible, were occasionally seen. On the other hand, the extensive action of 
sonic oscillation may have selectively removed or modified some wall components 
to an undetermined degree.

I wish to acknowledge the excellent technical assistance of Miss Dorothy Campos 
and Mrs Eleanor Lippman, and the kind co-operation of Dr J. B. Mudd in the 
automatic analysis of amino acids. This investigation was supported in part by a 
research grant (AI-06205) from the National Institutes of Health, Bethesda, 
Maryland, LT.S.A.
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SUMMARY
In growing cultures of Salmonella typhimurium, flagellar e-AT-methyl- lysine (NML) can be isotopically labelled with either L-[Me-14C]methionine or L-[U-14C]lysine. This isotopic labelling of flagellar NML was unaffected by the addition of di,-NML to the incubation medium. The methionine analogues, D-methionine and DL-ethionine, competitively inhibited the incorporation of the methyl group from methionine into flagellar NML, but had no effect on the incorporation of L-[U-14C]lysine. Although it is probable that methylation of lysine occurs after it has been incorporated into the flagellin molecule, it has not been possible by using antibiotics and purine and pyrimidine analogues to differentiate between flagellar synthesis and the formation of flagellar NML. Attempts to obtain a cell- free preparation capable of synthesizing NML have so far been unsuccessful.

INTRODUCTION
The presence of e-A’-methyllysine (NML) in flagellar protein (flagellin) of Sal

monella typhimurium strain sw 1061 was first reported by Ambler & Rees (1959), 
and since then this amino acid has been found in flagellins from other serotypes of 
S. typhimurium (Stocker, McDonough & Ambler, 1961) and in calf thymus nuclear 
histones (Murray, 1964). The methyl donor for the synthesis of NML in both bacterial 
flagella (Kerridge, 1968) and nuclear histone (Murray, 1964; Allfrey, Faulkner, & 
Mirsky, 1964) is methionine, and it was first suggested by Stocker et al. (1961) that 
this methylation might occur after the incorporation of lysine into the protein 
molecule. More recently, Allfrey et al. (1964) have found that, although puro- 
myein inhibits the synthesis of protein by isolated calf thymus nuclei, this antibiotic 
has little or no effect on the methylation of the histone lysine.

The incorporation of labelled precursors into NML of the flagellar protein by 
Salmonella typhimurium was used by Kerridge (1963) as a measure of flagellar 
synthesis, and further studies on the factors affecting the synthesis of flagellar 
NML are reported in this paper. A preliminary account of some of the results has 
already been given (Kerridge, 1962).

METHODS
Organisms and growth media. Salmonella typhimurium strain sw 1061, obtained 

from Dr lino (National Institute of Genetics, Misimo, Shizuoko-ken, Japan), was 
used for the majority of the experiments reported in this paper. Other strains of
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S. typhimurium used were sw 1153 (paralysed), sw 1151 (non-flagellate) and 
si, 871 (his~, NML~): these were obtained from Professor B. A. D. Stocker, The 
Lister Institute, London. The cultures were maintained on Dorset egg slopes at 
room temperature. For the preparation of washed suspensions the bacteria were 
grown in an ammonium salts medium (DO) supplemented with 0-2 % (w/v) glucose 
(Kerridge, 1959). After 16 hr growth at 37° the culture was diluted with 20 vol. 
of DO medium+ 0-2% (w/v) glucose and the incubation continued for a further 
4 hr. The bacteria were harvested by centrifugation and resuspended in DO at a 
density of 5 mg. dry wt./ml.

The dry weights of bacteria in suspension were determined from extinction 
measurements made with a Hilger ‘Spekker’ absorptiometer and by a calibration 
curve prepared by drying bacterial suspensions of known extinction to constant 
weight at 105°.

Incorporation of UC-labelled amino acids into Salmonella typhimurium. Sus
pensions of Salmonella typhimurium (0-5 mg. dry wt./ml.) were incubated statically 
at 37° in DO+ 0-2% (w/v) glucose. L-[Me-14C]methionine (specific activity 6-6 
mC./mmole) or L-[U-14C]lysine (specific activity 8-3 mC./mmole) was added to give 
a final concentration of 0T //C./ml. and the medium was supplemented with other 
amino acids or inhibitors as required. 5 ml. samples were taken at intervals and 
pipetted into centrifuge tubes containing 5 ml. of an aqueous solution of the un
labelled amino acid (100 fig. I ml.). After cooling rapidly to 0°, the bacteria were 
harvested by centrifugation at 1300g for 20 min. in the cold, and resuspended 
in 2-5 ml. cold distilled water. The flagella were detached mechanically by treatment 
in a M.S.E. microhomogenizer and separated from the bacteria by centrifugation 
at 1300g for 20 min. The fractionation of the bacteria and the determination 
of the isotope incorporation into the various cellular fractions were done by the 
methods described by Kerridge (1963). The radioactivity of the flagellar NML was 
determined using a thin end-window gas flow counter (Nuclear Chicago Corp., 333 
East Howard Avenue, Des Plaines, Illinois, U.S.A.), the efficiency of which is 
approximately three times that of the Panax type d  657 Scaler (Panax Equipment 
Ltd., Mitcham, Surrey) and associated mica end-window Gieger-Muller tube used 
for the assay of radioactivity in the other cellular fractions.

RESULTS
The effects of methionine, lysine and NML on the incorporation of uC-labelled 

amino acids by Salmonella typhimurium. The rate of incorporation of an isotopicallv 
labelled amino acid into flagella by Salmonella typhimurium under normal condi
tions of growth parallels the rate of incorporation into other cellular fractions and 
provides a satisfactory measure of flagellar formation. A more specific method of 
studying flagellar synthesis in S. typhimurium is to follow the incorporation of 
14C-labelled precursors into flagellar NML, and studies have been made on the 
factors affecting the labelling of flagellar NML in an attempt to differentiate 
between protein synthesis and NML formation.

The incorporation of L-[Me-14C]methionine into general cell protein was slightly 
stimulated by adding lysine to the incubation medium, but there was a more marked 
increase in the incorporation of 14C into the flagellar NML (Table 1). This was



detectable at fairly low concentrations of lysine and tended towards a plateau value 
as the concentration of lysine was increased.

The incorporation of 14C from L-[Me-14C]methionine into lipid, nucleic acid, and 
protein by Salmonella typhimurium was unaffected by the addition of NML to the 
incubation medium, and there was no reduction in the methyl labelling of the
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Table 1. The effect of lysine on the incorporation of L-[Me-uC]methionine 
into Salmonella typhimurium strain sw 1061

Suspensions of S. typhimurium (0-5 mg. dry wt./ml.) were incubated statically a t  37° 
in DO medium containing glucose (0-2% , w/v) and L-[Me-14C]methionine (0-1 /¿C./ml.; 
specific activ ity  6-6 mC./mmole). L-Lysine was added as required. After 15 min. incu
bation the bacteria were harvested by centrifugation, fractionated, and the radioactivity 
of the various fractions determined, a and b represent separate experiments.

L-Lysine added (/tg./ml.)'----------------------------- ------------------------------■*
0 10 50 100 200

R adioactivity (counts/min./mg. bacteria) 
E xpt. a ,----------------------------------------- *------------------------------

Protein 3500 — 4200 4000 4540
Flagellar NML 52 124 164 148 150

E xpt. 6 
Protein 4100 4060 4900 4330 4540
Flagellar NML 230 260 310 370 320

Table 2. The effect of NML on the incorporation of L-[Me-uC]methionine 
into Salmonella typhimurium strain sw 1061

Suspensions of S. typhimurium  (0-5 mg. dry wt./ml.) were incubated statically a t  37° 
in DO m edium containing glucose (0-2%, w/v) and L-[Me-14C]methionine (0-1 /tC./ml.; 
specific activity , 0-6 mC./mmole). dl-NML was added as required. After 10 min. incu
bation the  bacteria were harvested by centrifugation, fractionated, and the  radioactivity 
in the various fractions determined.

dl-NML added (/tg./ml.)
0 10 30 100

Cell fraction
R adioactivity (counts/min./mg. bacteria)

Lipid 1870 1870 2050 2090
Nucleic acid 300 264 330 350
Protein (acid insoluble residue) 

‘NM L’
7280 7120 6750 7800

Flagella 276 260 314 342
Protein (acid-insoluble residue) 330 340 332 —

flagellar NML even when the molar ratio of NML/methionine was approximately 
40/1 (Table 2). In the presence of exogenous NML there appeared to be no reduc
tion in the incorporation of 14C from L-[Me-14C]methionine into cellular ‘NML’.

L-[U-14C]lysine is also incorporated into flagellin by Salmonella typhimurium- and 
the label is found in both the NML and lysine residues, but it is not such a satis
factory precursor as L-[Me-14C]methionine for studying formation of bacterial 
flagella (Kerridge, 1963). Addition of carrier-free L-[U-14C]lysine to a suspension of
S. typhimurium in the glucose ammonium salts medium resulted in an immediate
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linear incorporation of the amino acid into the bacteria. After 15 min. incubation, 
the rate of lysine incorporation into the flagellar NML fell rapidly and after 30 min. 
was practically zero, but the radioactivity of the lysine in the flagellar fraction 
continued to rise for at least an hour (Fig. 1). This increase may have been due to
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Table 3. The effect of methionine on the incorporation of i,-\ U-uC)lysine into 
Salmonella typhimurium strain sw 1061

Suspensions of S . typhimurium  (0-5 mg. dry wt./ml.) were incubated statically a t  37° in 
DO medium containing glucose (0-2% , w/v) and r.-[U-1,C|lysine (0 1  /iC./ml.; specific 
activ ity  8-3 mC./mmole). L-Metliionine was added as required. After 15 min. the 
bacteria were harvested by centrifugation, fractionated and the radioactivity of the 
various fractions determined.

Methionine (/¿g./ml.)
0 10 50 100 200

R adioactivity (counts/min./mg. bacteria)
Protein fraction 17,900 13,700 19,000 19,100 17,600
Flagella(a) NML

(b) Lysine
780

1,535
870

1,430
880

1,540
880

1,740
880

1,430

Table 4. The effect of IS ML on the incorporation of l-\U-uC]lysine into 
Salmonella typhimurium strain sw 1061

Suspensions of S. typhimurium  (0-5 mg. dry wt./ml.) were incubated statically a t 
37° in DO medium containing glucose (0-2%, w/v) and L-[U-14C]lysine (0-1/tC./ml.; 
specific activity, 8-3 mC./mmole). dl-XML was added as required. A fter 10 min. incu
bation the bacteria were harvested by centrifugation, fractionated, and the radioactivity 
in the various fractions determined.

d l -N M L  ( / /g . /m l . )
__________________________________________ A ____________________________ ____________

0 10 30 100
R adioactivity (counts/min./mg. bacteria)

Cell fraction
Lipid 27 20 24 10
Nucleic acid 515 625 520 350
Protein (acid-insoluble residue) 

‘NM L’
12,300 13,950 13,700 12,200

Flagella 140 144 148 132
Protein (acid-insoluble residue) 212 264 140 140

the presence of proteins other than flagellin in this fraction, probably ‘released’ 
from the bacterial cells. The presence of methionine in the medium had little or no 
effect on the incorporation of L-[U-14C]lysine into flagellar NML and lysine (Table 3). 
The incorporation of L-[U-14C]lysine into flagellar NML and lysine was unaffected 
by the addition of NML to the incubation medium, but there was some reduction 
in the isotopic labelling of the cellular ‘NML’ (Table 4).

The incorporation of precursors into NM L by Salmonella strains other than sw 1061 
NML is not a constituent of all Salmonella flagellins, and methionine incorporation 
has been studied in a number of strains of Salmonella typhimurium which either do 
not have this amino acid in their flagella or are non-motile as a result of ‘paralysis ’
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or absence of flagella. The paralysed strain sw 1153 behaved almost identically to 
the wild-type organism (strain sw 1061) and the 14C-labelled methyl group from 
methionine was incorporated into the flagellar NML after a short lag (Fig. 2). 
The isotope was also incorporated into a constituent of the residual protein 
fraction which behaved electrophoretically like NML. S. typhimurium strain 
s l  871, a strain having no NML in its flagellin, and the flagella-less strain sw 1154 
behaved exactly as expected, and no radioactivity was detected in the NML region 
after electrophoresis of an acid hydrolysate of the ‘flagellar fractions’. These results 
demonstrated satisfactorily that other cellular constituents did not contribute 
significantly to the radioactivity of the NML in the flagellar fraction. In both 
s l  871 and sw 1154 some radioactivity was detected in the NML region after 
electrophoresis of an acid hydrolysate of the residual protein.

Synthesis of bacterial flagella

Fig. 1. Fig. 2.
Fig. 1. The incorporation of L-[U-14C]lysine into flagellar protein by Salmonella typhi
murium, s train  sw 1061. A suspension of S. typhimurium  (0-5 mg. dry wt./ml.) was 
incubated in DO medium containing glucose (0-2%, w/v) and L-[U-14C]lysine (01  fiC./ 
m l.; specific activ ity  8-3 ^mC./mmole). Samples were taken a t intervals and the radio
activ ity  of the flagellar NML and lysine determined. 9 —• ,  NML; O—O, lysine.
F'ig. 2. The incorporation of L-[Me-14C]methionine into non-motile strains of Salmonella 
typhimurium. Suspensions of strains sw 1153 (mot~) and sw  1154 (0-5 mg. dry
wt./ml.) were incubated in DO medium containing glucose (0-2%, w/v) and l-[Mc-14C]- 
methionine (01  /iC ./m l.; specific activity  6-6 mC./mmole). Samples were taken a t  in ter
vals, the bacteria harvested by centrifugation, fractionated, and the radioactivity of the 
various cellular fractions determined. • —• ,  Flagellar NML, s w ll5 3 ;  x — x , ‘flagellar 
NM L’, sw 1154. The figures in parentheses give the radioactivity of the ‘NM L’ in the 
residual protein fraction a t the tim e indicated.

The effects of methionine analogues on the incorporation of L-[Me-uC]methionine 
and L-\U-uC]lysine into Salmonella typhimurium. The methionine analogues, 
D-methionine, methionine sulphone, methionine sulphoxide and ethionine, did not 
prevent bacterial growth in defined media or the regeneration of flagella by pre
viously deflagellated bacteria. However, these analogues decreased the incorporation 
of isotope from L-[Me-14C]methionine into S. typhimurium (Figs. 3, 4) and there was
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no obvious differential effect on the méthylation of the flagellar lysine and the 
incorporation of methionine into the residual protein fraction. D-Methionine and 
DL-ethionine were shown to inhibit competitively both the incorporation of methio
nine into the residual protein fraction and the méthylation of the flagellar lysine.

D-Methionine and DL-ethionine had no effect on the incorporation of l-[U-14C]- 
lysine into either the residual protein fraction or into flagellar NML (Table 5) so, 
although these analogues prevent the incorporation of the methyl group from 
exogenous methionine into the flagellar NML, they do not prevent the synthesis of 
this compound by Salmonella typhimurium.

The effects of antibiotics on the synthesis of flagellar NML. If méthylation of lysine 
occurs after the amino acid has been incorporated into the flagellin molecule, then 
antibiotics known to inhibit protein synthesis might have a differential effect on the 
méthylation of lysine and on the incorporation of methionine into cell protein.

F ig .  Sa. F ig .  3&.

M o la r  concentration o f  
DL-etliionine ( l o g .s c a le )  

F i g .  4 .
F ig .  3 . T h e  e f f e c t  o f  m e t h i o n i n e  a n a lo g u e s  o n  t h e  i n c o r p o r a t io n  o f  L -[M e -14C ] m e th io n in e  
i n t o  Salm onella  typh im u riu m . S u s p e n s io n s  o f  S . typ h im u riu m  (0 -5  m g .  d r y  w t . / m l . )  w e re  
i n c u b a t e d  a t  3 7 °  i n  D O  m e d iu m  c o n t a i n i n g  g lu c o s e  (0 -2  % ,  w /v )  a n d  L -[M e -1JC ] m e th io n in e .  
T h e  m e t h i o n i n e  a n a lo g u e s  w e re  a d d e d  a s  r e q u i r e d .  A f t e r  15  m in .  t h e  b a c t e r i a  w e re  
h a r v e s t e d  b y  c e n t r i f u g a t i o n ,  f r a c t i o n a t e d ,  a n d  t h e  r a d i o a c t i v i t y  i n  t h e  v a r io u s  f r a c t io n s  
d e t e r m in e d ,  (a) I n c o r p o r a t i o n  i n t o  t h e  a c id - in s o lu b le  m a t e r i a l  ( p r o te in ) ,  (b) I n c o r 
p o r a t i o n  i n t o  f l a g e l la r  N M L . x  —  x ,  D - m e th io n in e ;  ® — • ,  D L -m e th io n in e  s u l p h o n e ;  
O—O, D L -m e th io n in e  s u lp h o x id e .
F ig .  4 .  T h e  e f f e c t  o f  D L -e th io n in e  o n  t h e  i n c o r p o r a t i o n  o f  L -[M e -14C ] m e th io n in e  i n t o  
Salm onella  typ h im u riu m . S u s p e n s io n s  o f  S . typ h im u riu m  s t r a i n  s w  10 6 1  w e re  i n c u b a t e d  
in  D O  m e d iu m  c o n t a i n i n g  g lu c o s e  (0 -2  % ,  w /v )  a n d  L -[M e -14C ] m e th io n in e  (0-1  /¿ C ./m l. ; 
s p e c i f ic  a c t i v i t y  6 -6  m C /m m o le ) .  E t h i o n i n e  w a s  a d d e d  a s  r e q u i r e d .  A f t e r  1 5  m in .  t h e  
b a c t e r i a  w e r e  h a r v e s t e d  b y  c e n t r i f u g a t i o n ,  f r a c t i o n a t e d ,  a n d  t h e  r a d i o a c t i v i t y  o f  t h e  
v a r io u s  f r a c t io n s  d e t e r m in e d .  O—O, f la g e l la r  N M L ;  • — * . r e s id u a l  p r o t e i n  f r a c t io n .

Allfrey et al. (1964) were able to demonstrate such an effect with puromycin on 
the methylation of lysine residues in histones and the synthesis of protein by 
isolated calf thymus nuclei. Similar experiments were therefore carried out with 
Salmonella typhimurium. At the minimum growth inhibitory concentrations the 
antibiotics chloramphenicol, terramycin, and puromycin inhibited the regeneration 
of flagella by deflagellated bacteria (Table 6), and so smaller concentrations were used 
in attempts to show a differential effect on the methylation of lysine and the synthesis 
of protein. The effects of the antibiotics on the incorporation of 14C from L-[Me-14C]- 
methionine into nucleic acid and protein were in good agreement with the results 
of other workers (see Gale, 1963). At all concentrations of the antibiotics tested,



the inhibition of methyl labelling of flagellar NML paralleled the inhibition of 
14C-incorporation into the residual protein fractions, and no differential effects 
were detected (Table 7). The incorporation of methyl C into the material present 
in the residual protein fraction which behaved electrophoretically as NML was

Table 5. The effects of m-ethionine and D-methionine on the incorporation 
of L-[U-uC]lysine into Salmonella typhimurium strain sir 1061

Suspensions of S . typhimurium  (0-5 mg./ral.) were incubated statically a t  37° in 
DO medium containing glucose (0-2%, w/v) and L-[U-14C]lysine (0-1 /tC./ml.; specific 
activity  8-3 mC./mmole). DL-Ethionine or D-inethionine was added as required. After 
10 min. incubation a t  37° the bacteria were harvested by centrifugation, fractionated, 
and the radioactivity of the various fractions determined.
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Experim ent 1 Experim ent 2
---------------------A----------------------------- ^ ____________________A.______________

Control

+  100 fig. 
DL-

ethionine/
ml. Control

+  1 mg.
D-

methionine/
ml.

Cell fraction
Lipid 15 30 130 40
Nucleic acid 300 310 680 490
Protein (acid-insoluble residue) 12,900 13,300 22,500 22,600

‘NM L’
Flagella 450 435 570 660
Acid-insoluble residue 530 280 370 405

Tabic 6. The effects of inhibitors on the regeneration of flagella 
by Salmonella typhimurium strain sw 1061

Suspensions of mechanically deflagellated bacteria (0-2 mg. dry wt./ml.) were incu
bated statically a t  37° in DO medium containing glucose (0-2 %, w/v) and Difco vitamin- 
free casamino acids (0-2 %, w/v). The inhibitors were added as required. The regeneration 
was followed microscopically by m otility determ inations and flagella staining (Kerridge, 
1959).

Regeneration after 1 hr. incubation( 5
M otility (% ) Flagellated bacteria ( % )

Control 90 90
Purom ycin, 10 /tg./ml. 70 70
Purom ycin, 30 fig./m l. 10 10
Purom ycin, 100 /tg./ml. 1 Very few short stum ps of flagella
Terramycin, 0-3 /ig./inl. 1 A few very short stumps
Terramycin, 1 0  /tg./ml. 1 A few very short stumps
Terramycin, 3 /tg./ml. 1 A few very short stumps
6-Thioguanine, 10 /tg./ml. 90 90
6-Thioguanine, 100 /tg./ml. 90 90

apparently not as sensitive to inhibition by chloramphenicol as the methyl labelling 
of the flagellar NML; for example, at 10 ug. chloramphenicol/ml. the methyl labelling 
of the flagellar NML was 5 % of the control value, whereas that of the residual 
protein ‘NML’ was 30% and the incorporation of 14C into the residual protein 
fraction was 8%.

Dr R. J. Martinez, in an unpublished symposium, said that flagella synthesis in 
Spirillum serpens can occur in the presence of growth-inhibiting concentrations 
of chloramphenicol, suggesting that there may be an intermediary pool of
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flagellin molecules in this organism. Previous results suggest that if such a pool of 
flagellin molecules occurs in Salmonella lyphimurium it must be small (Kerridge,
1963). The addition of chloramphenicol to a culture of S. typhimurium incubated 
in the presence of L-[Me-14C]methionine immediately inhibited 14C incorporation 
into flagellar NML (Fig. 5). This and the earlier results support the idea that 
S. typhimurium unlike S. serpens does not have a large pool of flagellin molecules 
that can be used for flagellar synthesis.

Table 7. The effects of antibiotics on the incorporation of L-[Me-uC]methionine 
into Salmonella typhimurium strain sir 1061

Suspensions o f S . ty p h im u r iu m  (0-5 m g ./m l.) w ere in cu b a te d  in  D O  m ed iu m  co n ta in ing  
glucose (0 -2 % , w /v ) a n d  r-[M e-14C ]m eth ion ine (0 1  /¿C ./m l.; specific a c tiv i ty  6-6 m C ./ 
m m ole). T h e  a n tib io tic s  w ere ad d ed  as requ ired . A fte r 10 m in . a t  37° th e  b a c te r ia  w ere 
h a rv es te d  b y  ce n trifu g a tio n , f ra c tio n a te d , a n d  th e  ra d io a c tiv ity  in  th e  variou s frac tio ns 
dete rm in ed .

R a d io a c tiv ity  (cou n ts/m in ./m g . b ac te ria )
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C hloram phenico l (/¿g./m l.)
0 1 3 10

F ra c tio n
L ip id 1230 1180 1380 1320
N ucleic acid 380 350 310 280
P ro te in  (acid-inso luble m ate ria l) 7400 2670 1210 610

‘N M L ’
F lage lla 310 60 19 4
R esid ua l p ro te in 150

P u ro m y cin  (/¿g./m l.)
46

0 10 30 100
L ip id 720 760 720 6S0
N ucle ic ac id 320 380 310 300
P ro te in  (acid-inso luble residue) 5180 6700 4900 2420

N M L ’
F lage lla 190 170 67 

T erram y cin  (/¿g./m l.)
22

0 0 0 3 0 1 0-3
L ip id 1390 1240 1920 2350
N ucleic ac id 330 325 293 240
P ro te in  (acid-inso luble residue) 6200 3170 2030 1350

‘N M L ’
F lagella 93 30 21 24
A cid-insoluble residue 76 56 28 40

If the methylation of lysine in Salmonella typhimurium occurs before the amino 
acid is incorporated into the flagellin molecule it should be possible to detect NML 
in the low molecular weight fraction of the bacteria. So far this has not proved 
possible, and even under conditions where protein synthesis was inhibited by the 
addition of antibiotics, 14C-methyl labelled NML could not be detected in either the 
culture supernatant fluid or in the low molecular weight fraction of the bacteria.

Actinomycin D inhibits RNA synthesis in vivo in certain Gram-positive bacteria, 
but not in Escherichia coli (Kirk, 1960; Hurwitz, Furth, Malamy & Alexander, 
1962), but it has recently been reported that pre-treatment of E. coli with 10_s m



ethylenediaminetetraaeetic acid (EDTA) at pH 8 0 renders the bacteria completely 
sensitive to the inhibitory action of actinomycin D (Leive, 1965). Salmonella 
typhimurium strain sw 1061 was unaffected by incubation in tris + HC1 buffer (pH
8-0) containing EDTA (10-2 m ) for 2 min., and the subsequent addition of 50 fig. 
actinomycin D had no effect on the rates of incorporation of either L-[U-14C]leucine 
or [8-14C]adenine into the acid-insoluble material. Actinomycin could therefore not 
be used to study the stability of the messenger-RNA involved in the synthesis of 
flagella by S. typhimurium strain sw 1061.
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Fig. 5.
m g. p heno l/m l. (log. scale) 

F ig . 6.
F ig . 5. T h e  effect o f ch lo ram ph en ico l o n  m e th y l labe lling  o f flagellar NM L. A  sus
p en sion  of S a lm o n e lla  ty p h im u r iu m  s tra in  sw  1061 (0-5 m g. d ry  w t./m l.) w as in cu b a te d  
in D O  m ed iu m  co n ta in in g  glucose (0 -2 % , w /v) a n d  L-[Me-14C ]m eth ion ine (0T  /tC ./m l.; 
specific a c tiv ity , 6-6 m C ./m m ole). A fte r  10 m in . in cu b a tio n  a t  37° sam ples w ere p ip e tte d  
in to  con ical flasks co n ta in in g  ch lo ram ph en ico l a n d  in cu b a tio n  co n tin u ed . T h e  cu ltu res  
w ere sam p led  a t  in te rv a ls  a n d  th e  ra d io a c tiv ity  o f th e  flagellar N M L dete rm in ed . 
O— O, C on tro l; • — 0 ,  w ith  1 /¿g./m l. ch lo ram ph en ico l; x —  x , w ith  10 /¿g./m l. 
ch lo ram phen icol.
F ig . 6. T h e  effect o f p heno l on  th e  in co rp o ra tio n  o f i,-[M e-14C ]m eth ion ine in to  S a l
m on ella  ty p h im u r iu m  s tra in  sw  1061. Suspensions co n ta in in g  0-5 m g. d ry  w t./m l. were 
in c u b a te d  a t  37° in  D O  m ed ium  su p p lem en ted  w ith  glucose (0-2 % , w /v ) a n d  L-[Me-I4C]- 
m eth ion in e . P h en o l w as ad d ed  as req u ired . A fte r  15 m in . in cu b a tio n  th e  b a c te r ia  w ere 
h a rv es te d  b y  ce n trifu g a tio n , f ra c tio n a te d , a n d  th e  ra d io a c tiv ity  o f th e  variou s frac tio ns 
d e te rm in e d . • — 0 ,  R esid ua l p ro te in ; x — x , re s id u a l p ro te in  ‘NML’ ; O— O, flagellar 
NM L.

The effects of inhibitors other than antibiotics on the synthesis of flagellar NML. For 
many years the addition of phenol (0-1 %, w/v) to solid media has been used to 
obtain non-flagellated bacteria (see, for example, Kramer & Koch, 1931), and 
recently lino & Mitani (1962) suggested that phenol inhibits the multiplication of the 
‘flagella-forming apparatus’ but not the formation of flagellar protein. Experi
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ments have been carried out to see if there is a differential effect on the synthesis of 
flagellar NML and growth in Salmonella typhimurium (Fig. 6). There was no obvious 
differential inhibition by phenol of the incorporation of 14C into flagellar NML and 
into general cell protein during incubation for 15 min. This result is quite con
sistent with those of lino & Mitani, and would suggest that phenol does not immedi
ately inhibit the functioning of the existing ‘flagella-forming apparatus’. There is 
no evidence as to the nature of this apparatus, which could be an integral part of 
the ‘cell wall, membrane’ complex.
Table 8. The effects cf analogues of purines and pyrimidines on the incorporation of 

L-[Me-uC]methionine into Salmonella typhimurium strain sir 1061
Suspensions co n ta in in g  0-5 m g. d ry  w t./m l. w ere in cu b a te d  s ta tic a lly  a t  37° in  DO 

m ed ium  co n ta in in g  glucose (0 -2 % , w /v ) a n d  L-[Me-u C ]m eth ion ine (0 1  /tC ./m l.; specific 
a c tiv i ty  6-6 m C ./m m ole). T h e  analogues w ere ad d ed  as requ ired . A fte r  10 m in . th e  b ac
te r ia  w ere h a rv e s te d  b y  cen trifu g a tio n , a n d  th e  ra d io a c tiv ity  o f th e  variou s frac tions 
dete rm ined .

R a d io a c tiv ity  (coun ts/m in ./m g . 
d ry  w t. b ac te ria )

Cell F lage lla r
p ro te in N M L

C ontrol 3960 145
T h io u rac il (3 x  10-3 m ) 2450 135
5 -F lu ro u rac il (3-8 x 1 0 ' m ) 3260 138
6-A zaurac il (2-7 x  1 0  4 m ) 3600 121
6-A zauracil (8 - 8  x 1 0 “ '  m ) 2370 96
F D U R  (1 0 -5 m ) 3660 130
8-A zaguan ine (10~3 m ) 3240 132
6 -T hioguan ine ( 6  x  10-4 m ) 3800 155

FD TJR =  fluorodeoxyurid ine.

A number of purine and pyrimidine analogues are known not to affect the 
synthesis of existing flagella by Salmonella typhimurium, but certain of them, 
for example 8-azaguanine, apparently prevent the formation of new flagella 
(Kerridge, 1963). However, Mandel, Latimer & Riis (1965) reported that growth of 
Bacillus cereus in the presence of 6-thioguanine resulted in the production of non- 
flagellated bacteria, and they suggested that the analogue preferentially inhibited 
the formation of flagella. In S. typhimurium strain sw 1061 6-thioguanine at 
0-6 x 10-3 m  did not prevent the regeneration of functional flagella after mechanical 
removal (Table 6), and growth in the presence of the analogue did not produce a 
predominantly non-flagellated culture. Thioguanine and other analogues were 
tested for their effects on the incorporation of L-[Me-14C]methionine into S. typhi
murium (Table 8). Even at the highest concentrations used there was incomplete 
inhibition of incorporation of 14C into the residual protein fraction, and none of 
the analogues showed any marked differential effect on the methyl labelling of 
flagellar NML and the incorporation of 14C into the residual protein fraction during 
the incubation for 10 min.

Synthesis of NML by cell-free extracts of Salmonella typhimurium. Suspensions 
were disrupted using either the ultrasonic disintegrator or the French pressure cell, 
and the broken bacteria fractionated by centrifugation (Kerridge, 1963). S-Adenosyl



methionine or L-[Me-14C]methionine with ATP and an energy generating system 
were used as the methyl donors and lysine or flagellin from S. typhimurium strain 
s l  871 (NML- ) were used as methyl acceptors, but in no case was it possible to show 
any synthesis of NML.
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D IS C U SS IO N
These results confirm the earlier finding that in Salmonella typhimurium the incorpo

ration of the methyl group from L-[Me-14C]methionine into flagellar NML is a satis
factory method of following the synthesis of flagella in this organism. The increased 
incorporation of 14C into flagellar NML following the addition of lysine to the incuba
tion medium was a little surprising. Exogenously added lysine is unlikely to alter the 
NML content of the flagellin and one possible explanation is that the cells can 
synthesize more flagellin in the presence of lysine. The number of flagella per 
bacterium does depend to a large extent on the complexity of the growth medium 
(Stocker & Campbell, 1959; Kerridge, 1959) and in a minimal medium the rate of 
lysine synthesis, although sufficient to support formation of essential proteins, 
may possibly be limiting for the formation of the non-essential flagella. Exogenous 
lysine would overcome this limitation on flagella synthesis.

The méthylation of ‘flagellar’ lysine by exogenously added methionine was not 
separated from the synthesis of flagellin molecules except by the addition of 
methionine analogues to the incubation medium. These did not themselves inhibit 
the synthesis of flagellar NML, since L-[U-14C]lysine was still incorporated into flagellar 
NML in their presence. If the méthylation of lysine in flagellin is specific and the 
ratio lysine : NML is constant for this protein, it is not surprising that inhibitors of 
protein synthesis have a similar effect on the incorporation of Me-14C into flagellar 
NML. The effect on the ‘NML’ present in the residual protein fraction was not so 
clear-cut, and in the presence of inhibitors of protein synthesis this méthylation 
was perhaps not inhibited to the same extent as the méthylation of flagellar NML, 
a result in agreement with the findings of Allfrey et al. (1964) for the méthyla
tion of calf thymus histones. However, the reduction in labelling of the residual 
protein ‘NML’ by exogenous NML conflicts with this interpretation, and further 
studies are needed on the localization and formation of this material.

The purine and pyrimidine analogues tested had no obvious effects on the 
méthylation of lysine by Salmonella typhimurium, but, as the incorporation of 14C 
into flagellar NML was followed for only 15 min., any long-term effects which might 
result from the incorporation of these compounds into nucleic acid would not be 
detected. The absence of a differential effect of thioguanine on flagella formation 
by S. typhimurium, similar to that found in Bacillus cereus by Mandel et al. (1965), 
might well be due to the different bacteria studied.

The stage in the synthesis of flagella at which méthylation of lysine occurs has 
still to be determined. The failure to detect NML in the low molecular weight 
fraction of Salmonella typhimurium and the absence of any effect of exogenously 
added NML on the incorporation of either L-[Me-14C]methionine or L-[U-14C]lysine 
into flagellar NML are further evidence in favour of méthylation occurring after 
the lysine has been incorporated into flagellin. Formation of flagellar NML does 
not occur in the presence of agents known to inhibit protein synthesis in S. typhi
murium, but this cannot be considered as evidence for NML being incorporated as 
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such into the ilagellin molecule. Until a satisfactory system for the cell-free methyla- 
tion of lysine is developed, our information on the stage in the formation of 
llagella at which lysine is methylated must of necessity be circumstantial. Cell- 
free methylating systems have been developed for the methylation of individual 
amino acids (Blumenstein & Williams, 1963), polynucleotides (Fleissner & Borek,
1963) and nuclear histone (Allfrey et al. 1964), and unless the structural in
tegrity of the cell is necessary for the synthesis of flagellar NML by S. typhimurium 
it should be possible to obtain an enzyme system from this organism capable of 
methylating lysine.

The author wishes to thank Dr L. M. Babineau for a gift of e-iV-methyllysine, 
Miss P. Furber for skilled technical assistance, and Professor E. F. Gale, F.R.S., for 
his continued interest in this work.
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SUMMARY
Two strains (e -26 and b) of Escherichia coli were examined for then- growth response in a medium containing 0-75% (w/v) NaCl, 1% (w/v) L-lysine hydrochloride, 2% (w/v) glucose, 2-4% (w/v) nutrient broth, and 5 % (w/v) casein hydrolysate. Strain e -26 grew as a rod which was slightly larger than when it was grown in a defined medium. Strain b grew as a filamentous and branched form; while in defined medium it grew as a rod of normal dimensions. Cell walls were isolated from both strains. Chemical analysis showed that the filamentous and branched forms had one-third the amount of hexosamine and one-fifth the amount of reducing sugar as compared with the morphologically normal form. The abnormal cell walls were more susceptible to trypsin action, more resistant to lysozyme action and more completely disaggregated by sodium dodecyl sulphate than the walls from the morphologically normal organisms.

INTRODUCTION
Many organisms exhibit morphological variation under a variety of conditions. 

It has been suggested (Hughes, 1956) that there are three main classes of agents 
which can cause aberrant long forms to appear in culture: (1) certain poisons, 
including antibiotics, (2) starvation, and (3) physical traumata. Mycobacterium 
acapulcensis grows as filamentous and globular forms in the presence of D-cyclo- 
serine (Mora & Bojalil, 1965). Hughes (1956) has shown that low concentrations of 
penicillin can cause long forms of Proteus vulgaris to predominate in the culture. 
Other bacteriostatic agents such as 6-diazo-5-oxo-L-norleucine (Coggin & Martin, 
1965) or penicillin (Bartmann & Hopken, 1956) can induce aberrant forms in 
Escherichia coli.

Holden & Holman (1957) have shown by omitting pyridoxamine from cultures 
of Lactobacillus arabinosus that removal of an essential nutrient from the medium 
can cause aberrant forms. It was also reported that L. delbrueckii elongated abnor
mally when vitamin B12 was eliminated from the medium (Kitahara& Kusaka, 1959).

Anaerobiosis can cause ‘thread’ formation in Escherichia coli (Hughes, 1953), 
and ZoBell & Cobet (1964) demonstrated that increased hydrostatic pressure (200- 
500 atm.) caused filament formation in three strains of the same organism. Adler 
& Hardigree (1964) showed that another physical trauma, exposure to ultraviolet 
radiation, caused non-septate filaments in E. coli k-12. A culture of E. coli resistant 
to gamma-irradiation was isolated, and a most striking change was observed in its 
gross morphology (Pontefract & Thatcher, 1965). There developed, as a permanent
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feature of the culture, long filamentous organisms with formation of vesicles or 
‘buds’ from the sides or ends. It was suggested that these swellings were due to 
physical weaknesses in the cell wall, or that these ‘buds’ were abortive attempts at 
forming daughter organisms tangential to the parent.

Most investigators make use of some bacteriostatic agent to induce morphological 
variation. Recently, we reported a series of experiments which indicated that 
Escherichia coli b  could be induced to form fdamentous and branched forms in a 
medium devoid of any known bacteriostatic agent (Weinbaum, 1965). The results 
of these experiments can be briefly summarized as follows: (1) Three strains of 
E. coli (e -26, k - 1 2 ,  and b )  were morphologically similar when grown in a minimal 
salts + glucose medium. However, when the three strains were grown in a medium 
containing 0-75 % (w/v) NaCl, 1 % (w/v) L-lysine hydrochloride, 2 % (w/v) glucose,
2-4%  (w/v) nutrient broth, and 5 %  (w/v) Hycase (Sheffield Chemical Co., Norwich,
N.Y.) they each showed a different morphological response. Strain e -26 re
tained its appearance as a normal short rod; strain k - 1 2  appeared much larger 
with many organisms appearing branched or triangular shaped. Strain b showed 
greater morphological variation; most organisms were filamentous and much wider 
than strain b  grown in defined medium. Many of the organisms were also branched, 
and some were amorphous or spheroplast like. (2) The morphological variants 
of strain b  could be continually propagated as filaments and branched forms by re
peated serial subculturing in the Hycase-containing medium. However, within 
5 hr after the abnormal form of strain b  was diluted 1/100 into 1 % (w/v) nutrient 
broth, the majority of the organisms developed a normal short rod appearance. 
Therefore, the change in structure of strain b  was environment-dependent, and 
was readily reversible as soon as the environment was changed. (3) It is known 
that magnesium deficiency causes filamentous growth in E. coli (Brock, 1962), 
consequently the Hycase-containing medium was supplemented with Mg2+, Ca2+ 
and/or P 043~. However, these additions had no effect on strain b  filament formation. 
Other modifications of the medium showed that filament formation was induced 
by the casein hydrolysate (either Hycase or enzymically hydrolysed casein) and 
both L-lysine and nutrient broth were required to induce branching.

It was of interest, therefore, to examine the chemical composition of isolated 
cell walls of normal and aberrant forms of Escherichia coli for compositional dif
ferences to note whether the aberrant forms were due to aberrant wall synthesis, as 
opposed to inhibition of cell division by unknown mechanisms. Part of these results 
have been reported in preliminary form (Weinbaum & Fischman, 1965).
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METHODS
Organisms. Two strains of wild-type Escherichia coli were used in this study. 

Strains b  and e -26 were generously supplied by Dr M. F. Mallette, Department of 
Biochemistry, Pennsylvania State University, and Dr H. C. Reeves, Department 
of Biochemistry, Albert Einstein Medical Centre, respectively. The cultures were 
maintained on slants of trypticase soy agar and subcultured weekly. Stock cultures 
were stored at 4°.

Conditions for growth and harvest. Cultures were loop inoculated from slants 
into 20 ml. of a minimal salts-glucose defined medium containing 0-4 % (w/v)



glucose, 0-05% (w/v) NaCl, 0-041 % (w/v) MgS04.7H20, 0-l%(w/v) NH4C1, 
0-6 % (w/v) Na2HP04 and 0-3 % (w/v) KH2P04 (Weinbaum & Mallette, 1959) in a 
125 ml. flask and shaken vigorously at 36° overnight. A 1/400 dilution of this 
culture was made into inducing (Hycase) medium containing 0-75% (w/v) NaCl, 
1 % (w/v) L-lysine hydrochloride, 2 % (w/v) glucose, 2-4 % (w/v) nutrient broth 
(Difco), and 5% (w/v) casein hydrolysate (Weinbaum, 1965) and the organisms 
were again allowed to grow aerobically at 36°. Within 6 hr the morphological variants 
of strain b  appeared, and the culture continued to grow for at least 16 hr. The 
organisms were harvested by centrifugation.

Isolation of cell walls. Cell walls from strains e -26 and b were isolated by vigorous 
shaking with glass beads according to the method of Shockman, Kolb & Toennies
(1957). Packed bacterial paste was suspended to a concentration of 10% (w/v) in 
either water or 0-4 % (w/v) sodium dodecyl sulphate (SDS) and 10 times the 
bacterial wet weight of glass beads (HD-E, 0-2 mm., Prismo Potters, Huntingdon, 
Pa.) was added. The shaker head on the International centrifuge was operated at 
—10° and 1900 rev./min. and complete breakage was obtained after four 5-min. runs. 
The cell walls were isolated by differential centrifugation and were washed 8-10 
times with glass-distilled water. The SDS was initially used to inhibit any lytic 
enzymes (Weidel, Frank & Leutgeb, 1963) but, since similar results were obtained 
by breakage in water, the SDS was usually omitted.

Enzyme treatment of cell walls. Lysozyme treatment of purified cell walls was 
performed according to the method of Repaske (1958) using 50 /¿g./ml. lyzozyme 
and 1 x 10~3m-EDTA. Changes in turbidity were measured using a Cary Model 14 
recording spectrophotometer at 570 my (Hirs, 1955). Trypsin treatment of purified 
cell walls was performed with 0-005 % (w/v) trypsin previously stabilized with 
lx lO _3M-Ca2+ (Bailey, 1962). Changes in turbidity were determined at 570 my.

Analytical methods. The purified cell walls were disaggregated with various con
centrations of sodium dodecyl sulphate (pH 7-0) (Shafa & Salton, 1960) and 
the percentage decrease in turbidity at 570 my recorded after a 10 min. treatment 
with the detergent. Quantitative determination of cell-wall yields was accom
plished by drying samples of cell-wall suspensions to constant weight using an 
infra-red heat lamp, and weighing on tared planchets. Each determination was pre
pared in triplicate. Total reducing sugar content was measured by the anthrone 
procedure of Scott & Melvin (1953) with glucose as the standard. Hexosamines 
were determined by two procedures, the indole-HCl procedure of Dische & Boren- 
freund (1950) and the Elson-Morgan procedure (Winzler, 1955) using glucosamine 
as the standard. Two procedures were used since certain hydrolysis products react 
with one but not the other technique (Dische, 1955). Protein was determined by 
the method of Lowry, Rosebrough, Farr & Randall (1951) with a standard curve 
obtained for human serum albumin. All results given are averages of at least three 
determinations. The reduced NAD oxidase activity of purified cell walls or dialysed 
supernatants was assayed at pH 6-8 (0-05M-phosphate buffer) by measuring the 
decrease in extinction at 340 my with a recording spectrophotometer. The initial 
slope was used to give a measure of reaction rate.
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RESULTS
Modification of inducing medium

During an earlier investigation of the induction of aberrant cell formation in 
Escherichia coli b  (Weinbaum, 1965), it was found that acid or enzymically 
hydrolysed casein caused filament formation when present at concentrations above 
3% (w/v). Modification of the inducing medium by substituting other protein 
extracts or hydrolysates gave variable results. The aberrant organisms seen in 
PI. 1, figs. 1-3 were induced to form filamentous and branched forms in medium in 
which Hycase was replaced by the same concentration of casitone (Difco, a vitamin- 
free peptone) or yeast extract (Difco). Substitution by Bacto-peptone (Difco), 
trypticase or polypeptone (both Baltimore Biological Laboratories) gave poorer 
induction of abnormal forms. It appeared, then, that certain protein extracts were 
more effective in causing E. coli b  to grow as morphologically bizarre forms. 
E. coli e -26, when grown in any of the inducing media described above, showed no 
propensity to form aberrant types, as can be seen in PI. 1, fig. 4.

Yield of cell walls isolated from strains b  and e - 2 6  

Cell walls were isolated from Escherichia coli b  and e -26 grown in defined 
medium as well as from the same organisms grown in inducing medium. The results 
are shown in Table 1. When the isolation procedure involved only cell breakage and

Table 1. Effect of trypsin on the yield of cell walls from two strains 
of Escherichia coli

Bacteria Cell wall Cell walls
Expt.no. E. coli strain Growthmedium*

dry wt. (g./100 ml. of culture)
Trypsintreatment

dry wt. (mg./100 ml. of culture)
as % dry wt. of bacteria

1 e -26 IM 0-198 + 30-9 15-62 e -26 IM 0-189 — 33-1 17-5
3 e -26 DM 0-191 + or — 32-4 16-9
4 n IM 0-199 + 9 0 4-5
5 B IM 0-204 — 41-4 20-3« B DM 0-211 + or — 37-3 17-7

* IM = inducing medium; DM = defined medium.
exhaustive washing with water the two strains yielded approximately the same 
amount of cell walls/g. dried bacteria (17 -0 -20-3% ) independent of the growth 
medium. However, when cell wall isolation included trypsin treatment, as suggested 
by Salton (1964), the yield of strain e -26 cell walls, regardless of growth medium, 
remained constant while that of strain B  walls from organisms grown in inducing 
medium decreased by 7 5 % . The walls of strain b  grown in defined medium 
were resistant to trypsin. The marked decrease in strain b  cell-wall yields after 
trypsin treatment suggested the possibility of using various enzymes as aids in 
characterizing the structural difference observed.

Trypsin sensitivity of isolated cell walls
The effect of trypsin on the isolated cell walls of strain b  can be seen in Fig. 1 .  

Trypsin studies are presented only on cell walls isolated from organisms grown in
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Fig. 1. The effect of trypsin on isolated cell walls from E. coli b  and e -26. Trypsin is present at 0-005 % (w/v) and Ca2+ at 1 x 10 3 m  final concentration. Trypsin* indicates soy bean trypsin inhibitor added at 100 fig./ml. final concentration. ▲  — A  soy bean trypsin inhibitor added at zero time, • — •  soy bean trypsin inhibitor added 1-5 min. after trypsin addition.
Fig. 2. The effect of lysozyme on isolated cell walls from Escherichia coli b  and e -26. Lysozyme final concentration is 50 /¿g./ml. and EDTA final concentration 1 x 10-3 m. Trypsin is added under the same conditions as described for Fig. 1.

Fig. 3. The effect of various concentrations of sodium dodeeyl sulphate (SDS) on isolated cell walls of E. coli b and e -26. All SDS treatment was at pH 7-0.



inducing medium since walls from strains b and e -26 grown in defined medium 
were resistant to trypsin treatment. If soy bean trypsin inhibitor was present with 
cell w;ills from strain b , trypsin caused little turbidity change. Cell walls from strain 
e -26 appeared resistant to trypsin. However, it appeared that trypsin rapidly 
attacked cell walls from strain b . Substitution of the proteolytic enzyme pronase for 
trypsin gave essentially identical results. The apparent tryptic lysis of the aberrant 
strain b  cell walls may be due to trypsin liberation of a lytic enzyme, attached to 
the cell walls and not removed by the washing process. This possibility, however, 
was rendered very unlikely by the effect of soy bean trypsin inhibitor added
1-5 min. after trypsin addition. The inhibition of the rate and extent of lysis suggests 
that trypsin is the causative agent in turbidity reduction.

Lysozyme sensitivity of isolated cell walls
Lysozyme was used as an additional aid in characterizing the aberrant cell walls 

of strain b . Figure 2 shows that strain e -26 cell walls were sensitive to lysozyme in 
the presence of EDTA (1 x 10~3m). There was no difference in cell-wall lysozyme 
sensitivity when e -26 were grown in either defined medium or inducing medium. 
Under identical conditions, the strain b  cell walls were unaffected by treatment 
with lysozyme and EDTA. The slight change in turbidity in the presence of EDTA 
alone was also noted by Repaske (1958), and has not been adequately explained. 
It is interesting to note in Fig. 2 that once e -26 cell walls have been attacked by 
lysozyme, the walls become sensitive to trypsin. An attempt to interpret this 
observation will be presented in the Discussion.

Sensitivity of isolated cell walls to SDS dissolution
Shafa & Salton (1960) have shown that sodium dodecyl sulphate (SDS) at 0-2% 

(w/v) and pH 7-0 can cause dissolution of Escherichia coli cell walls resulting 
in a 70 % decrease of the original turbidity. The results of a similar experiment 
are seen in Fig. 3. Various concentrations of SDS were used against cell wall 
suspensions of strains e -26 and b . The walls were obtained from organisms grown in 
inducing medium. The results show that at all concentrations of SDS the aberrant 
cell walls of strain b  are more susceptible to disaggregation than those of strain 
e -26 . At 0-2 % (w/v) SDS approximately 33 % of the original turbidity of strain 
e -26 cell walls remained; by comparison, less than 5 % of the turbidity due to strain 
b  cell walls was demonstrable.

Chemical analysis of whole bacteria and isolated cell walls
Preliminary experiments were performed to determine growth variation in the 

morphologically aberrant forms in the rigid layer (as measured by hexosamine 
concentration), or in whole cell lipopolysaccharide (as measured by reducing sugar 
concentration) content. It was found that the aberrant forms had much lower 
total hexosamine and reducing sugar values—about one-third to one-fifth of the 
content in morphologically normal organisms. In order to determine if these 
variations were specifically located in the cell walls, chemical analysis of isolated 
cell walls was done. These data are presented in Table 2. Cell walls from abnormal 
strain b  cells had a hexosamine concentration only one-third of that present 
in strain e -26  cell walls. Normal strain b  cell walls had a hexosamine content
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similar to that of strain e -26  walls, using either the indole+HCl or Elson-Morgan 
procedure. Reducing sugar determinations showed that the abnormal strain b  

cell walls had one-fifth the amount of reducing substance of strain e -26 cell 
walls. Again, the normal strain b  cell walls had reducing sugar values similar to 
those obtained for strain e -26 cell walls. This was true regardless of whether the 
bacteria were initially boiled or treated with a 0-4 % (w/v) SDS prior to cell-wall 
isolation in order to inhibit lytic enzyme activity. The protein determinations 
showed that cell walls from strain b  grown in inducing medium had more protein 
associated with them than strain e -26 walls isolated from inducing medium grown 
organisms. Qualitative paper chromatography of acid-hydrolysed cell walls from 
each strain showed no difference in the amino acid pattern. Also, the amino acid 
composition of rigid layer isolated from walls showed no strain variation.

Table 2. Chemical analysis of cell walls from two strains of 
Escherichia coli grown in inducing medium

% dry wt. cell walls

Cell walls of E. coli

Component analysed e -26 B

Hexosamine (Indole-HCl method) 2-9 1 1Hexosamine (Elson-Morgan method) 4-5 1-9Reducing sugars (Anthrone method) 5 0 1 1Protein (Lowry method) 62-4 74-2
Table 3. Reduced NAD oxidase activity in cell walls and supernatants

from two strains of Escherichia coli grown in inducing medium
Fraction analysed e -26 B

Reduced NAD oxidase of cell walls (S.A.*) 1 4 0 7 9 0Reduced NAD oxidase of cell supernatants (S.A.*) 7-2 4-5Total unitsf in cell walls 1,890 12,195Total unitsf in cell supernatants 3,456 1,598
* Specific activity is expressed as m/t moles/min./mg. protein.f Total units of enzyme activity is expressed as m¡i moles/min./g. dry wt. of bacteria.

Reduced NAD oxidase activity in isolated cell walls 
Cell wall + cell membrane complexes are isolated from Gram-negative cell-wall 

preparations (Salton, 1964). Studies have established that many enzymes are associ
ated with the cell membrane (Salton, 1964) and reduced NAD + cell oxidase was 
chosen as a stable representative of a typical enzyme present in the cell membrane. 
The data in Table 3 show that aberrant strain b  cell wall + membrane complexes have 
5 times more of this enzyme activity than cell wall + cell membrane complexes from 
strain e -26. Dialysed supernatants combined with the washings from cell-wall isola- 
ions were also assayed for the reduced NAD oxidase. The difference in the values of 
enzyme in the two cell-wall preparations could not be accounted for by the amount 
of enzyme released into the soluble fraction. The total amount of enzyme activity 
was 2-6 times higher in the strain b  than in the e -26 . The distribution showed that 
88% of the reduced NAD oxidase activity was in the cell wall + cell membrane of 
strain b ,  but only 35 % of the enzyme activity was associated with the cell wall + cell 
membrane complex of strain e -26.
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DISCUSSION

The morphological variants of Escherichia coli described here are unusual only 
because they are formed in response to a supposedly non-bacteriostatic environ
ment. It has been shown that cell-wall composition, as determined by lysozyme 
sensitivity, can be altered by the growth medium (Litwack & Pramer, 1956). It is 
possible that the inducing medium, containing a very high concentration of casein 
hydrolysate (5%, w/v), may be acting in a manner similar to high concentrations 
of certain amino acids—notably glycine. It is well established that 3% (w/v) 
glycine will induce spheroplast formation in a suitable osmotically protective 
medium (Jeynes, 1961). This spheroplast formation is thought to be mainly due to 
inhibition by glycine of the reaction in which L-alanine is added to UDP-acetyl- 
muramic acid (Strominger & Birge, 1965). The spheroplasts formed in such an 
environment are capable of propagation in serial culture, but become progressively 
smaller and require increasing concentrations of glycine to maintain the sphero
plast form. Arguing against the possibility that the inducing medium acted here in 
a similar manner were the observations that (1) growth and morphological variation 
during propagation in serial subculture were identical to the characteristics observed 
in the original culture, (2) multiple factors were required for the observed morpho
logical variation (i.e. lysine, nutrient broth and Hycase were required for branched 
forms and Hycase alone for filament formation), and (3) substitution of the casein 
hydrolysate in the inducing medium with components rich in amino acids did not 
give uniform induction of aberrant forms, showing that amino acid concentration 
was not the sole factor in causing the abnormal cell formation. The role of the lysine 
in the medium is quite complex. It is possible that lysine is feedback-inhibitory 
or represses the synthesis of diaminopimelate, thus regulating mucopeptide 
completion. Substitution of other amino acids (glycine or alanine), for lysine re
duced branched cell formation. However, filament formation was unimpaired. The 
chemical analysis of the cell walls of the morphological variants showed that while the 
quantity of hexosamine was greatly decreased, it was still present in sufficient con
centration to support the suggestion that some rigid layer is a component of the 
isolated cell walls. This is in agreement with the findings of Vaituzis & Doetsch 
(19 65 ) showing that aberrant filamentous and branched forms result during recovery 
of Salmonella typhimurium from spheroplast induction by penicillin. In other 
words, it is only during the recovery, or intermediate, phase (i.e. rigid layer synthe
sizing period) that the aberrant organisms are observed. When sufficient rigid layer 
has been synthesized the organisms regain their normal morphology. One inter
pretation presently available is that the aberrant forms of E. coli b have been 
induced by partial inhibition of cell-wall synthesis and that these forms have only 
a small portion of the normal rigid layer.

This interpretation is further strengthened in these studies by the use of trypsin 
and lysozyme. Escherichia coli e -26 cell walls appear to be resistant to trvpsin 
attack since the continuous rigid layer is able, by covalent or ionic bonding, to 
prevent the tryptic fragments from disaggregating. On the other hand, the rigid 
layer of strain b is thought to be discontinuous and therefore not capable of holding 
the tryptic fragments. Consequently, the walls disaggregate during trypsin treat
ment. Once the strain e -26 rigid layer has been made discontinuous by the action
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of lysozyme these cell-walls become highly susceptible to trypsin disaggregation. 
The results of detergent (SDS) dissolution of strain e -26  cell walls shows that 30 %  
of the initial turbidity remains, supposedly due to non-solubilized intact rigid 
layer. However, dissolution of strain b cell walls with SDS was almost complete, 
increasing the possibility that the rigid layer is partially absent or in some way 
discontinuous. Finally, the observation that filamentous and branched forms of 
E. coli b  had 5 times more reduced NAD oxidase activity associated with their 
cell wall + cell membrane complex than strain e -26 can be explained by the fact that 
strain b  walls have more protein and also more enzyme. It is also possible that the 
two enzymes (and hence the membranes) are different and the strain b  oxidase is 
five times more active. This can only be clarified by purification of the enzyme from 
both wall preparations.

This work was supported by a grant, AM 07418, from the National Institute 
of Arthritis and Metabolic Diseases, U.S. Public Health Service.
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EXPLANATION OF PLATE
Escherichia coli b  grown in inducing medium showing fig. 1, filamentous, fig. 2, filamentous branched, and fig. 3 branched cells. Phase micrographs at magnification, x 4000. Figure 4, E. coli e -26 grown in inducing medium showing normal rod shapes. Phase micrograph magnification is 
x 4000.
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SUMMARY
Streptogramin is a complex antibiotic containing two components, streptogramin A and streptogramin B. The individual components are bacteriostatic whereas the mixture is bactericidal. At growth-limiting concentrations streptogramin A and the streptogramin complex inhibit Staphylococcus aureus by blocking protein synthesis but not nucleic acid and cell wall synthesis. Protein, nucleic acid and cell wall synthesis were all reduced in the presence of streptogramin B.Streptogramin A, but not streptogramin B, inhibits the binding of radioactive chloramphenicol to bacterial ribosomes. However, streptogramin B enhances this effect of streptogramin A in a cell-free system containing both bacterial soluble fraction and ribosomes. The results suggest that streptogramin A inhibits protein synthesis by bacteria at the ribosome level, and that this effect is enhanced by streptogramin B.

INTRODUCTION
The antibiotic streptogramin was first obtained from culture filtrates of a species 

of Streptomyces, now classified as Streptomycesgraminofaciens (Charney et al. 1953). 
Other antibiotics closely related to streptogramin have been described, for example, 
virgimycin or staphylomycin (De Somer & Van Dijck, 1955), E 129 or ostreogrycin 
(Garrod & Waterworth, 1956; Ball et al. 1958), synergistin or PA 114 (Celmer & 
Sobin, 1955/1956), mikamycin (Arai et al. 1956), pristinamycin or pyostacin 
(Benazet et al. 1962) and vernamycin (Bodanszky & Ondetti, 1963). All these 
antibiotics are mixtures of two or more different active compounds, and there are 
numerous reports on the isolation and properties of the individual components from 
PA 114, staphylomycin, ostreogrycin, mikamycin and vernamycin. All these 
complex antibiotics consist of at least two components belonging to two major 
groups, A and B. The antibiotics in group A show a marked synergism with those 
in group B in their activity against Gram-positive bacteria and consequently the 
complex antibiotics of the streptogramin family have a markedly higher activity 
than the individual components. The classification of the antibiotics of the strepto
gramin family has been reviewed by Lester Smith (1963).

The antibiotics in group A are mainly active against Gram-positive cocci and the 
antibiotics in group B against Gram-positive bacilli. Although there is a strong 
synergism between the antibiotics of groups A and B in their antibacterial effect 
against Gram-positive bacteria in general, there is no such effect on Gram-negative 
organisms; consequently, the antibiotic complexes are effective mainly against 
Gram-positive bacteria.
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This work describes investigations of the mode of action of streptogramin and its 

components in an attempt to clarify the mechanism of the remarkable synergism 
shown by mixtures of the individual antibiotics. Preliminary reports of this work 
have been published (Vazquez, 1962, 1963a, 19646).

M E T H O D S
Organisms a nd growth conditions. The organisms used in this work were Staphylococ

cus aureus strain Duncan, Bacillus megaterium strain km (ncib 9521) and Escherichia 
coli, strain b . Staphylococcus aureus wras grown overnight at 37° in medium A 
of Gale (1947). Next morning the culture was diluted 10 times with fresh medium 
and incubation continued. For studies of synthesis of cellular constituents or isotope 
incorporation, S. aureus was resuspended in the defined medium of Gale & Folkes 
(1953 a.) containing glucose, amino acids, purines, pyrimidines and the buffered 
salt solution of Gale (1947). Bacillus megaterium. and E. coli were grown overnight 
aerobically in CG medium containing 0-03 % (w/v) glucose (McQuillen & Roberts 
1954) at 30° and 37° respectively. In the morning, excess glucose was added and 
incubation continued. Growth of bacteria was followed by measuring the optical 
density as previously described (Vazquez, 1965 a).

Viable counts. Viable counts were made in triplicate on medium A + 2% (w/v) 
agar using the method described by Miles & Misra (1938) after serial dilution of the 
bacteria in saline.

Synthesis of cellular constituents
(a) Net synthesis. Suspensions of Staphylococcus aureus at an initial concentration 

equivalar 1 mg. dry wt./ml. were incubated statically at 37° in the defined medium. 
Samples of 3 ml. were taken at intervals and cooled rapidly. Bacteria were harvested 
by centrifugation and washed with the buffered salt solution. The bacterial 
pellet was extracted twice with 2 ml. of 0-2 N-perchloric acid at 4° for 60 min. and 
the supernatant fluids from these extractions combined. This constituted the 
pool fraction. The nucleic acids were extracted from the pellet with 3 ml. 0-5 n- 
perchloric acid at 70° for 20 min. (three extractions were sufficient). The nucleic 
acids were estimated by measuring the absorption at 260 my in a Unicam SP 500 
spectrophotometer. A solution of 100 f i g .  nucleic acid/ml. was assumed to have an 
absorption of 2-8 (Gale & Folkes, 1953a). The DNA in the 0-5 N-perchloric extracts 
was estimated by the diphenylamine method of Burton (1956).

The residual pellet was taken up in N-NaOII and protein in this solution was 
estimated by the method of Lowry et al. (1951).

(b) Isotope incorporation. Suspensions of Staphylococcus aureus at an initial cell con
centration equivalar 1 mg. dry wt./ml. were incubated at 37° statically in the defined 
medium to which a 14C-labelled compound had been added. Samples of 1 ml. were 
taken at intervals and cooled rapidly. The bacteria were harvested by centrifugation 
and washed with 5 ml. of the buffered salt solution. The bacterial pellet was extracted 
with 3 ml. 5% (w/v) trichloroacetic acid for 1 hr at 4°; nucleic acids were extracted 
from the pellet with 3 ml. of 5 % (w/v) trichloroacetic acid at 90° for 15 min. The 
insoluble material remaining after this extraction was washed once with 2 ml. 
0-01 m-NH4HC03, resuspended in 2 ml. of this solution, and digested with 2 mg. 
trypsin to separate the protein and the cell-wall fractions (Hancock & Park, 1958).

D. Vazquez



Samples of every fraction were transferred to aluminium planchets and radio
activity determined as previously described (Vazquez, 19656).

Uptake of chloramphenicol. The effect of the streptogramin antibiotics on the 
uptake of 14C-labelled chloramphenicol (methylene 14C; 9-90 /¿C./'/miol; [14C]CAP) 
by Staphylococcus aureus suspended in medium A was studied as described by 
Vazquez (19656) for Bacillus megaterium. The non-radioactive antibiotics were 
mixed in the tubes with [14C]CAP prior to the addition of bacterial suspensions.

Preparation of bacterial cell sap and ribosomes. Suspensions of Staphylococcus 
aureus (100 mg. dry wt./ml.) in the buffered salt solution were disrupted in a 
Mullard ultrasonic disintegrator (model SL 82) for 10 min. Broken cell walls and 
membranes were separated by centrifugation at 40,000g for 20 min. and discarded. 
The supernatant cell sap was diluted with buffered salt solution when required. 
The buffered salt solution contained 0-002 M-Mg2+ and under these conditions the 
ribosomes were split into 30 S and 50 S ribosomal subunits. Ribosomes from 
Bacillus megaterium and Escherichia ccli were obtained as previously described 
(Vazquez, 1965a). These ribosomes were resuspended in 0-01 M-tris + HCl buffer, 
pH 7-4, containing 0-2 m-K+.

\viC\CAP binding to ribosomes. The effect of the streptogramin antibiotics on 
[14C]CAP binding to Staphylococcus aureus ribosomes was studied without separating 
the ribosomes from the bacterial ‘soluble fraction’ using bacterial cell sap. Sus
pensions of Bacillus megaterium ribosomes in 0-01 M-tris-HCl buffer, pH 7-4, con
taining 0-2 >i-K+ were also used for binding experiments. The experiments were 
carried out as described by Vazquez (19656). The non-radioactive antibiotics were 
mixed in the tubes with [14C]CAP before adding of ribosome suspensions. B. mega
terium and S. aureus ribosomes were harvested by centrifugation at 150,000g 
for 100 min. and 150 min., respectively.

Antibiotics. Streptogramin, PA 114-A-l and PA 114-B-l were kindly supplied 
by Dr H. B. Woodruff. The two major components of streptogramin (streptogramin 
A and streptogramin B) were separated and purified following the methods described 
by Vanderhaeghe, Van Dijck, Parmentier & De Somer (1957) for the separation of 
the components of staphylomycin. Streptogramin A was further purified by the 
method described by Sarin (1962) for the purification of ostreogrycin A. The 
ultraviolet and infrared spectra of the streptogramins A and B were determined and 
compared with those of PA 114-A-l and PA 114-B-l. There were no significant 
differences between streptogramin A and PA 114-A-l, or streptogramin B and 
PA 114-B-l. The chemical structures of the individual components of the strepto
gramin complex have not been published, but Dr Woodruff and Dr Lester Smith 
(personal communications) have suggested that streptogramins A and B are 
identical with PA 114-A-l (synonym, ostreogrycin A) and PA 114-B-l (synonym, 
ostreogrycin B), respectively.

PA 114-A-l and PA 114-B-l were used in this work, and will be referred to as com
ponent A and component B of streptogramin. In many experiments the individual 
components isolated from streptogramin were also used to confirm results obtained.

The sources of other antibiotics used :n this work are given by Vazquez (19656).
Isotopically labelled compounds were obtained from the Radiochemical Centre, 

Amersham, Buckinghamshire.
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Effect on the viability of Staphylococcus aureus. The limiting growth-inhibitory 
concentrations for Staphylococcus aureus of streptogramin, component A and 
component B were respectively, 0-6,6, and 10 /tg./ml. Streptogramin was bactericidal 
whereas the individual components A and B were bacteriostatic, even when tested at 
three times the minimum growth-inhibitory concentrations. The effect of mixtures 
of component A with other antibiotics on the viability of S. aureus was studied with 
the results shown in Table 1. Bactericidal effects were found when component A 
was mixed with either viridogrisein (Garcia-Mendoza, 1965) or component B and 
to a lesser extent when mixed with aureomycin or terramycin. On the other hand, 
component A prevented the lethal effect of streptomycin but not that of echinomvcin.

Table 1. The effect of component A with other antibiotics 
on the viability of Staphylococcus aureus

A ntib io tics 0 m in.
Colony co u n t
________________A ________

75 m in. 150 m in.
N one
C om ponent A  (‘A ’)
‘A ’ +  C om ponent B
V iridogrisein  
‘A ’ +  V iridogrisein
A ureom ycin  
‘A ’ +  A ureom ycin  
T erram y cin  
‘A ’ +  T erram y cin
C hloram phenico l 
‘A ’ +  C hloram phenico l
S trep to m y c in  
‘A ’ +  S trep to m y c in  
E ch inom ycin  
‘A ’ +  E ch in om y cin

■ 8-0 X 107 1-5 XlO8
3-3 x 107 3-5 x 107
1 -2 x 105 < 105
3-5 x 107 4-5 X  107
10 x 105 < 10®
2-5 x 107 21 xlO7
9-2 x 106 30x10®
30 x 107 2-8 x 1071-2 xlO7 8  0 X  10®
5-4 x 107 90 X  1073-4 X  107 3-5 x 107
8-0 x 10® 2-5 x 10'3 0 x 107 31 x 107
7-5 X  10® 2-5 x 10®■ 7-2 XlO6 3 0 x 10®

S taph y lo co ccu s au reu s  (3 0 x 107 b ac te ria /m l.) w as in cu b a te d  a t  37° fo r 150 m in. in  m ed iu m  A. 
A n tib io tic s  w ere ad d ed  s im ultaneou sly  (final co n cen tra tio n s  2 x 10_® m ) ,  a t  th e  b eg in n ing  o f th e  
in cu b a tio n  period . T he co lony c o u n t was d e te rm in ed  b y  th e  m e th o d  o f Miles & M isra (1938).

Chloramphenicol, aureomycin, terramycin, erythromycin and carbomycin prevent 
the bactericidal action of penicillin and streptomycin on many bacteria (Jawetz, 
Gunnison, Bruff & Coleman, 1952; Coleman, Gunnison & Jawetz, 1953; Anand 
& Davis, 1960; Hurwitz & Rosano, 1962). A similar protective effect of chloram
phenicol was found when it was added with streptogramin to an exponentially 
growing culture of Staphylococcus aureus. The protective effect of chloramphenicol 
occurred to the same extent when it was added to the bacterial culture before, or at 
the same time as, streptogramin, and to some extent when added after strepto
gramin (Table 2).

Penicillin and streptomycin are bactericidal only when the bacteria are growing 
(Kirby & Burnell, 1954; Prestidge & Pardee, 1957; Anand & Davis, 1960), and it 
was thought that chloramphenicol might protect by preventing growth. However,



this may not be the complete explanation in the case of streptogramin, as chloram
phenicol at 3 fig.¡ml. inhibited the growth of Staphylococcus aureus by only 60 % 
but still prevented the bactericidal effect of streptogramin (Fig. 1).

Erythromycin, puromycin, aureomycin and terramycin are bacteriostatic and 
inhibit growth of Staphylococcus aureus at concentrations of 1, 50, 1 and 1 //g./'nil. 
respectively. At growth inhibitory concentrations erythromycin also prevented 
the bactericidal effect of streptogramin, and puromycin had no such effect, while 
aureomycin and terramycin increased its bactericidal effect. When growth of S. 
aureus was prevented by using a defined medium with glutamic acid omitted, the 
bactericidal effect of streptogramin was not significantly decreased. These 
findings suggested that streptogramin can kill S. aureus, even when growth is 
lessened, and that the effect of chloramphenicol and erythromycin in preventing 
killing by streptogramin cannot be explained simply by their effect in inhibiting 
bacterial growth.
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Table 2. The effect of time of addition of chloramphenicol on 
the bactericidal action of streptogramin

T im e o f ad d itio n  o f a n tib io tic s  (m in.) Colony co u n t 
a f te r  90 m in. 

in cu b ation
%  D ecrease 
in  colony 

co u n t0 1 3 5 10
---  ---  --- — — 6 -3x10« __

CAP —  — — — 2-7 X 106 —

S —  — — — 8 1  x  101 96
C A P + S  —  — — — 2-5 x 106 —

S C A P — — — 2-2 x 10« 12
S —  CAP — — 1-5 X 106 40
S —  — CAP — 9-Ox 105 64
S —  — — CAP 6-0 x 105 76

CAP S — — — 2-6 x 10« —

CAP —  S — — 2-2 x 106 12
CAP —  — S — 2-2 x 106 12
C A P —  — — s 2-4 x 10« 6

Staphylococcus aureus (2-5 x 106 b ac te ria /m l.) w as in cu b a te d  a t  37° in  m ed iu m  A  for 90 m in. 
C hloram phenico l a t  10 /¿g./m l. (CA P) a n d  s tre p to g ra m in  a t  0-6 //g ./rn l. (S) w ere a d d ed  a t  th e  
tim es  show n  in  th e  T ab le . T he colony co u n t w as d e te rm in e d  b y  th e  m etho d  o f Miles & M isra 
(1938).

Respiration and fermentation. Streptogramin and the individual components A 
and B at concentrations of up to 60 fig./ml., had no effect on endogenous respira
tion, oxidation of ethanol or glucose, or anaerobic fermentation of glucose when 
added to washed suspensions of Staphylococcus aureus in the Warburg vessels. The 
studies were carried out using the manometric techniques described by Umbreit, 
Burris & Stauffer (1949).

Synthesis of cellular constituents. The effect of component A on net synthesis and 
on the incorporation of radioactive isotopes into the different cell fractions is shown 
in Tables 3 and 4. These results indicate that the antibiotic inhibits bacterial growth 
by blocking protein synthesis. The inhibitory effect of the antibiotic on the incor
poration of [U-14C]glycine into the protein fraction was detected within 30 sec. of 
addition of the antibiotic (Fig. 2). Similar results were obtained with l-[U~14C]- 
lysine. The increased rate of glutamic acid accumulation in the pool in the presence 
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of component A was probably due to the amino acid not being incorporated in the 
protein fraction, and has been observed in the presence of other inhibitors of 
protein synthesis like chloramphenicol (Hancock, 1060). The increased nucleic acid 
content in the presence of component A was due to an increase of RNA accumu
lation; the synthesis of DNA was unaffected. An increase in the rate of accumula
tion of RNA has also been observed in bacteria treated with chloramphenicol (see 
Gale, 1963).
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Fig. 1. The effect of chloramphenicol on the bactericidal action of streptogramin. Suspensions of Staphylococcus aureus (7 x  105 bacteria/ml.) were incubated in medium A at 37° for 90 min. and viable bacteria were counted at the beginning and at the end of the incubation period by the method of Miles & Misra (1938). • —• —, No streptogramin added; —A — A — , 0-6 yg . streptogramin/ml.
Fig. 2. The effect of component A on the incorporation of [U-14C] glycine into the protein fraction of Staphylococcus aureus. Suspensions of 1 mg. S . aureuslml. were incubated at 37° for 15 min. in the defined medium without adenine or guanine and supplemented with [U-uC]glyeine (36 //g./ml.; W  /tc./ml.). Samples were taken at intervals andfractionated by the method of Hancock & Park (1958). —• -----# —, Control;
A — A —, 6 yg . component A/ml.; —fl—■ —, 20 yg . component A/ml.

Similar experiments with component B suggest that it has a complex effect on 
Staphylococcus aureus (Tables 3 and 4). Protein, nucleic acid, and cell-wall syn
thesis were all reduced. However, the incorporation of glycine into the protein 
fraction was affected by component B within 30 sec., whereas the effect on nucleic 
acid and cell wall fractions was not established until after 1-2 min. Similar results 
were obtained for the incorporation of L-[U-14C]lysine.

These results are very similar to those reported by Garcia-Mendoza (1965) for 
the effect of viridogrisein on Staphylococcus aureus. Viridogrisein is included in 
group B of the streptogramin family of antibiotics and is more active than the 
other members of this group in inhibiting bacterial growth and protein synthesis. 
The effects of equal concentrations of viridogrisein and component B on nucleic 
acid and cell-wall synthesis were found to be very similar.
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Effect of the streptogramin complex. The effect of the streptogramin complex at 

limiting growth-inhibitory concentrations on the net synthesis and incorporation 
of radioactive isotopes in the different cell fractions is shown in Tables 3 and 4, 
and resembles those obtained with component A (at 10 x concentration). The main

The streptogramin antibiotics

Table 8. The effect of the streptogramin antibiotics on 
synthesis of cellular constituents ProteinNet synthesis of control estimated,---------- A----------- , in the260 in// absorbing fractionmaterial insoluble,---------- '------------* in hot

Antibiotic /tg.'ml. Pool NA*fraction perchloricacid
Component A 60 100 173 32

200 100 158 16
Component B 100 87 61 56300 80 57 42
Streptogramin 0-6 100 174 38

20 100 163 15
NA* : total nucleic acid. Suspensions of 1 mg. Staphylococcus aureus/ml. were incubated at 37° for 15 min. in the defined medium. Samples were taken at the beginning and at the end of the incubation period, fractionated by perchloric acid treatment, and protein estimated in the hot perchloric acid-insoluble fraction.

Table 4. The effect of the streptogramin antibiotics on synthesis 
of cellular constituents

Incorporation of radioactive compounds% control incorporation
Antibiotic 

Component A

Component B

Streptogramin

/‘g-/ml- Radioactive compound Pool NA* Protein Wall
60 [U-I4C]Glycine 100 100 26 100

200 100 100 12 100
60 L-[U-14C]Glutamic acid 120 100 27 100

200 128 100 11 100
6-0 [8-14C]Adenine 126 204 — —

200 121 189 — —
100 [U-14C]GIycine 77 59 54 57
300 73 49 43 46
100 L-[U-14C]Glutamic acid 83 57 52 58
300 76 46 40 48
100 [8-14C]Adenine 74 61 — —300 69 58 — —
0-6 [U-14C]Glycine 100 100 34 100
20 100 100 11 100
0-6 L-[U-14C)Glutamic acid 118 100 35 100
20 127 100 10 100
0-6 [8-I4C]Adenine 130 200 — —
20 120 176 — —

*NA: total nucleic acid. [U-14C]Glycine added O-4/tC./ml.; 36 /tg./ml. L-[U-,4C]Glutamic acid added 01 /¿C./ml.; 100 /tg./ml. [8-l4C]Adenine added 0 05 /tC./ml.; 10/tg./ml.Suspensions of 1 mg. Staphylococcus aureus/ml. were incubated at 37° for 15 min. in the defined medium supplemented with the required radioactive compound. Samples were taken at the end of the incubation period, fractionated by the method of Hancock & Park (1958), and the radio
activity in the fractions determined.

7-2
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difference is that component A had an immediate effect on protein synthesis, 
whereas a lag of about 2 min. was observed before the synergistic mixture exerts 
its effect.

Gale & Folkes (1953a) showed that the action of chloramphenicol on bacterial 
protein is reversible; synthesis begins again immediately the antibiotic is removed. 
A comparison was made of the inhibitory effects of chloramphenicol and strepto- 
gramin on net protein synthesis as measured by increase in the perchloric acid- 
insoluble fraction and their reversal in Staphylococcus aureus. The inhibitory effect 
of streptogramin was not readily reversible, and removal of the antibiotic was 
followed by only a slight increase in the rate of protein synthesis.

The effect of a mixture of chloramphenicol and streptogramin on i.-[U-14CJ- 
glutamic acid incorporation into the protein fraction was studied, and showed that 
chloramphenicol at a concentration which prevented the lethal effect of strepto
gramin did not also block its inhibitory action on protein synthesis (Table 5).

Results similar to those found with streptogramin were obtained when an 
equivalent mixture of component A (80 %) and B (20 %) was used. (Fig. 3).

D . V azqu ez

Table 5. Incorporation of uC-labelled glutamic acid into protein. 
The effect of streptogramin with chloramphenicol

Bacteria(counts/min./mg.)
Control 1135+ CAP (3-5 p g .¡nú.) 485+ Streptogramin (0-9 fig ./m l.) 161+ CAP (3-5 /ig./ml.) +Streptogramin (0-9 //g./ml.) 150

Suspensions of 1 mg. Staphylococcus aureus/ml. were incubated at 37° for 30 min. in the defined medium without adenine nor guanine in the presence of 14C-labelled glutamic acid 0-1 /tC./ml.; 100 /ig./inl. Samples were taken and fractionated by the method of Hancock & Park (1958).

Effect of the streptogramin antibiotics on the binding of chloramphenicol. Studies of 
the uptake of antibiotics by bacteria and their binding to different structures or 
components within the cell have been very helpful in elucidating their initial site 
of action.

As radioactive components A and B were not available, the uptake and binding of 
these antibiotics could not be studied directly. However, the results described above 
showed that component A had an overall effect resembling that of chloramphenicol, 
and it was thought that component A and chloramphenicol might compete for the 
same binding site(s) in sensitive bacteria. The binding of 14C-labelled chloram
phenicol [14C]CAP has been used to test this hypothesis. Component A signi
ficantly reduced the uptake of [MC]CAP by Staphylococcus aureus and the effect was 
somewhat enhanced by component B (Table 6). Component B also reduced 
[14C]CAF uptake, but to a lesser extent than component A. When cells are exposed 
to [14C]CAP and then broken and fractionated in the centrifuge, all the radioactivity 
is associated with the ribosomal and soluble fraction (Vazquez, 19636).

The effect on the binding of chloramphenicol by ribosome preparations was next 
studied. In a cell-free system consisting of a mixture of ribosome subunits (30 S 
and 50 S) and soluble fraction in the buffered salt solution, the ribosome bound
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Fig. 3. Net protein synthesis in Staphylococcus aureus after streptogramin or chloramphenicol treatment. Suspensions of 1 mg. Staphylococcus aureus/n il. were incubatedat 37° for 90 min. in the defined medium without antibiotic (—• ---- •  ), with 30 /tg.ehloramphenicol/ml. (—▲ —▲ —), or with 3 fig . streptogramin/ml. (—a —B—). At time 30 min. (at arrow) portions of the bacteria were spun down, washed twice and resuspended in fresh medium free from antibiotic. Broken lines show increase in total protein synthesis after resuspending S . aureus in fresh medium.

Table 6. The effect of the streptogramin antibiotics on 
[uC\chloramphenicol uptake by Staphylococcus aureus

Antibiotic concentration /¿/¿moles [14C]CAP taken up, mg. bacteriaComponent A Component B
— — 56

1 X 10“6 M — 48
3 x 1 0 -6 at — 33
1 X 10~5 M* — 21
3 X 1 0 -6 M — 14
1 X 1(F4 M — 9

— . 1 x 10-* ai 52
— 3 x 10“  ai 42
— 1 x 10“  ai* 34
— 3 x 10“  ai 27
— 1 x 1 0 -4 ai 23
(1 x 1 0 -6 m + 1 x 10“7 ai)* 32
(1 x 10"5 ai + 1 x 10“  ai) 12

* Minimum growth-inhibitory concentration of the antibiotic(s).Suspensions of Staphylococcus aureus (0-25 mg./ml.) in medium A were incubated at 37° in the presence of (3 x 10-6 si) [I4C]chloramphenicol with the required antibiotic. After 15 min. the bacteria were harvested by centrifugation and the surface of the bacterial pellet rinsed with buffered salt solution. Finally bacteria were resuspended in water, and the radioactivity determined. Corrections were made for [14C]chloramphenicol present in the intercellular fluid as pre
viously described (Vazquez, 19656).
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[14C]CAP. This binding was inhibited by component A but not by component B. 
However, the addition of components A and B to ribosomes slightly reduced 
[14C]CAP binding still further. Nevertheless, the effect of component B was too small 
to explain the strong synergistic effect of the two streptogramin components on 
intact cells. Addition of components A and B before or after [14C]CAP did not 
significantly change the results. In further experiments suspensions of Staphy
lococcus aureus were incubated with streptogramin or mixtures of components A

D . V azqu ez

Table 7. Binding of ^C^chloramphenicol to bacterial ribosomes.
Intact bacteria pretreated with the streptogramin antibiotics

Conditions of incubation Antibiotic concentration [14C]CAPbinding
{%  of control)Organism Medium Temperature Time(min.) ComponentA ComponentB

S', aureus A 37° 20 1 X IO“6 M — 97

Buffer* 4° 10

5 x 10~6 M 
1 x 10~5 M .3x10 ’'M
1 X 10-CM 5 x 10-6 m 
1 X 10~5 M

5 x 10- ’ m 1 X 10 7̂ M 5 X 10 7 M

735445
100244
50A 4° 10 1 X 10~5 M — 56A 37° 10 1 X 10-5 M — 53Buffer* 4° 10 1 X IO-“6 M 1 X 10 7 M 83A 4° 10 1 X 10 6 M 1 X IO “7 M 92A 37° 10 1 X 10 6 M 1 X 10-’ M 3.3

E . coli Peptonef CO o 20 1 X IO“5 M — 58
1 x 10 5 M* The buffered salt solution of Gale (1947). f Medium containing 5 mg. Difco Bacto peptone/ml.

2 x - 0~6 it 2 X 10" M 10055

Suspensions of bacteria (3 mg./ml.) were incubated under the specified conditions. At the end of the incubation period, cells were harvested by centrifugation and the surface of the bacterial pellet rinsed with the buffered salt solution. The bacteria were resuspended in the buffered salt solution, prior to ultrasonic breakage and addition of (3 x  10“6 m ) [14C]chloraniphenicol to the cell- sap containing the bacterial soluble fraction and ribosome subunits. After 5 min. at 4° the ribosome subunits were harvested by centrifugation at 150,000 g. for 150 min. and the radioactivity in the pellet estimated. Ribosomes and soluble fraction from 00 mg. bacteria were added per tube 
(2 ml. tubes).

and B, before breakage of the cocci and the addition of [14C]CAP to the cell sap; the 
amount of chloramphenicol bound to ribosomes was then markedly decreased 
(Table 7), and component B enhanced the effect of component A on [14C]CAP 
binding. Component A alone was also effective when cocci were incubated at 4° 
during the pretreatment with this antibiotic but the additional inhibition due to 
component B only occurred under conditions where growth would normally occur 
in the absence of the antibiotics (Table 7). Components A and B had no synergistic 
inhibitory effect on the growth of Escherichia coli and, in this organism, pre-treat
ment of intact cells with A + B did not enhance the inhibitory effect of component 
A in the binding of [14C]CAP to ribosomes.

Since chloramphenicol protects Staphylococcus aureus against the bactericidal



effect of streptogramin, chloramphenicol might have inhibited the association of 
streptogramin with ribosomes. This was tested by treating S. aureus with a mixture 
of streptogramin and chloramphenicol before breakage of the cells and treatment of 
the cell-cap with [14C]CAP (Table 8), but this did not annul the inhibitory effect of
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Table 8. Binding of [uC]chloramphenicol to Staphylococcus aureus ribosomes after 
pre-treatment of the bacteria with the streptogramin antibiotics

[14C]chloramphenicol
b in d ing

A ntib io tics  ad d ed  d u rin g  th e  in itia l in cu b a tio n  ( %  of con tro l)
C hloram phenico l (3-3 //g./'m l.) 64
S tre p to g ra m in  (0-6 /¿g./m l.) 36
C hloram phenico l a n d  (3-3 /rg./m l.) +  21

s tre p to g ra m in  (0-6 /ig ./m l.)
S uspensions o f S ta p h y lo co ccu s au reu s  (3 m g. b ac te r ia /m l.)  in  m ed ium  A w ere in cu b a te d  a t  37° 

for 15 m in. in  th e  p resence o f th e  re q u ired  an tib io tic (s) . A t th e  en d  of th e  in cu b a tio n  p eriod , cells 
w ere harv  es te d  b y  ce n trifu g a tio n  a n d  th e  ex p erim en t co n tin u ed  as described  in  T ab le  7.

Table 9. The effect of the streptogramin antibiotics on the binding of 
[llC\chloramphenicol to Bacillus megaterium ribosomes

m  cone, o f a n tib io tic [14C]CAP
b in d in g

( % o f
con tro l)

C om ponent
A

C om ponent
BA m o u n t T re a tm e n t

— — 6 x IO"8 — 90
— — 6 x IO“7 — 38
— — 6 x 10"6 — 19
— — — 6 x  10“6 100
— — 6 x 1 0 '8 6 x 10-6 92

F ro m 50 m g. b ac te r ia — 6 x IO '8 6 x IO“6 68
F ro m 100 m g. b ac te ria — 6 x 1 0 -8 6 x IO“6 56
F ro m 50 m g. b ac te r ia In c u b a te d  15 m in . a t  30° 6 X 1 0 -8 6 x 1 0 -6 69
F ro m 50 m g. b ac te r ia

w ith  th e  an tib io tics  
B oiled  10 m in. an d 6 x 10“8 6 x 10“6 71

F ro m 50 m g. b ac te r ia
co agu la ted  p ro te in  rem oved  

D ia ly sed  ag a in s t b uffer 6 x 10~8 6 X 10® 92
24 h r. a t  4°

T h e d ifferen t ex p erim en ta l co nditions se t o u t ab o ve  p ro d u ced  n o  a lte ra tio n  in  th e  sep a ra te  
effects o f co m p o n en t A (6 x  10-8 m )  o r co m p o n en t B  (6 x  10”6 m )  o n  th e  b in d ing  o f 14C -chloram - 
phenicol.

R ibosom e suspensions in  0 01 M-tris +  H C l buffer, p H  7-4, c o n ta in in g 0-01 M - M g 2 '  a n d  0-2 m - K  
w ere in c u b a te d  fo r 5 m in. a t  4° w ith  a  m ix tu re  o f (3 x 10 6 m )  [14C ]chloram phenico l a n d  th e  requ ired  
an tib io tic (s) a n d  th e  ad d itio n s  as show n in  th e  ta b le . T h e  ribosom es w ere h a rv es te d  b y  ce n trifu 
g a tio n  a t  150,000 g fo r 100 m in . a n d  th e  ra d io a c tiv ity  in  th e  p e lle t es tim ate d . 2 m g. o f ribosom es 
w ere a d d ed  p e r tu b e  (2 m l. tub es).

streptogramin on the binding of [14C]CAP by ribosomes. Similar results to those 
found with streptogramin were obtained with the equivalent mixture of com
ponents A and B.

Bacillus megaterium is more easily broken than Staphylococcus aureus, and further 
studies on the interaction of the streptogramin components have been carried out 
mainly with ribosomes from B. inegaterium. The binding of [14C]CAP to bacterial
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ribosomes is not dependent on the presence of the soluble fraction; maximum 
binding to 70S ribosomes occurs in 0-01 M-tris + HCl buffer, pH 7-4, containing 
0-01 M-Mg2+ and 0-2 m-K+ or NH4+ (Vazquez, 19646). The previous finding that 
component B enhanced the inhibitory effect of component A on the binding of 
[14C]CAP to ribosomes was not confirmed with ribosomes from B. megaterium, 
E. coli or S. aureus when these were suspended in 0-01 M-tris-HCl buffer containing 
either 0-01 M-Mg2+ and 0-2 m-K+ (70 S ribosomes) or 0-001 M-Mg2+ and 0-06 m-K+ 
(30 S and 50 S ribosome subunits). It was then found that enhancement of inhi
bition required the presence of the soluble fraction and that its extent depended 
upon the amount of soluble fraction added (Table 9).

Treatment of components A and B with soluble fraction before the addition of 
ribosomes did not increase the inhibitory effect on [14C]CAP binding and the effect 
of the soluble fraction is not likely to be due to enzymic modification of either 
component A or B (Table 9). Removal of protein by boiling and centrifugation 
did not alter the effect of the supernatant fluid. After dialysis against buffer the 
non-dialyzable part of the soluble fraction was inactive (Table 9); ashed soluble 
fraction taken up as chloride or nitrate was inactive.

These results were obtained with ribosomes from Bacillus megaterium and have 
been confirmed with Escherichia coli ribosomes. Since enhancement can be demon
strated in cell-free systems from E. coli, but not with whole organisms, component B 
may be unable to penetrate the intact cells of Gram-negative bacteria.

D. Vazquez

DISCUSSION
These results show that the overall effects of streptogramin components A and chlor

amphenicol are very similar. The inhibitory effect of component A on [14C]C AP binding 
suggests that it acts at the ribosome level .This suggestion is supported by the inhibitory 
effect of the antibiotic on amino acid incorporation (from aminoacyl-s-RNA into 
protein) in cell-free systems (Vazquez, 1965 c). Inhibition of amino acid incorporation 
by other antibiotics of group A has also been observed in bacterial cell-free systems 
by other workers (Yamaguchi & Tanaka, 1964; Laskin & May Chan, 1964). How
ever, chloramphenicol has a greater effect on the incorporation of proline and lysine 
than on the incorporation of phenylalanine, whereas component A inhibits the 
incorporation of the three amino acids to a similar extent (Vazquez, 1965c), which 
suggests that component A does not attach to ribosomes at precisely the same site 
as chloramphenicol. If so, the inhibitory effect of component A on [14C]CAP binding 
to ribosomes might be due to an allosteric effect.

The site of action of streptogramin component B cannot be deduced from the present 
results. It has an immediate inhibitory effect on protein synthesis, and a delayed effect 
on cell wall and nucleic acid synthesis. The inhibitory effect of component B on protein 
synthesis has been confirmed in cell-free systems (Vazquez, 1965c).

The overall effects of streptogramin, or of equivalent mixtures of component A 
and component B, are similar to those of component A. There are, however, three 
important differences: (a) the minimum growth-inhibitory concentration of the 
mixture for Staphylococcus aureus is 10% of that of component B alone; (6) com
ponent A has an immediate effect on protein synthesis, whereas a lag period of about 
two minutes is observed before the synergistic mixture exerts its effect; (c) com
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ponent A is bacteriostatic, whereas the mixture of components A and B is bacteri
cidal. No synergism between component A and component B has been found for 
inhibition of incorporation of proline, lysine and phenylalanine in cell-free systems 
directed respectively by polycytidylic, polyadenylic and polyuridylic acids (Vazquez, 
unpublished data). The above results suggest that the synergism of components A 
and B can be explained by an enhancement by component B of the binding of com
ponent A on ribosomes. A dialysable, low molecular weight, heat stable constituent 
of the soluble fraction, whose nature is at present unknown, is required for this 
enhancement.

I wish to express my gratitude to Dr D. Kerridge for valuable criticism and 
encouragement, to Professor E. F. Gale, F.R.S., for his advice and interest and to 
my colleagues of the Sub-Department of Chemical Microbiology for their helpful 
discussions. My thanks are due to The British Council and to The Ramsay Memorial 
Fellowship Trust for Fellowships and to all the colleagues who provided me with 
samples of different antibiotics.
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By H. W. DOUGLAS, C. J. M. BUNDLE and B. L. WILLIAMS
Departments of Bacteriology and Chemistry,

The University of Liverpool
(Received 27 July 1965)

SUMMARY
Preparations of cowpox and vaccinia viruses, grown on rabbit skin and on chick chorioallantois, purified by methods involving Arcton treatment or centrifugation in sucrose density gradients gave electrophoretic- ally reproducible materials. A micro-electrophoresis technique is described with which measurements may be made conveniently and reproducibly on individual virus particles suspended in buffered molar sucrose solutions. The viruses had a mobility of approximately— 0-4 /¿/sec./V./cm. in molar sucrose at pH 7 and ionic strength 0-05, their negative charge decreasing with decreasing pH value to give isoelectric points at pH 4-3 for cowpox,3-7 for egg-grown vaccinia and 3-0 for rabbit-grown vaccinia; in greater acidities the viruses were positively charged. The results showed close reproducibility for the final preparations of cowpox of different origin and treatment, suggesting that the virus suspensions were relatively pure and free from adsorbed or extraneous material. Similar reproducibility was found for rabbit-grown vaccinia virus preparations, but there was some variation among different preparations of egg-grown vaccinia virus.

INTRODUCTION
So far as is known to the authors all previous electrophoretic studies on virus 

particles have been carried out either with the Tiselius moving-boundary method 
or with virus adsorbed on larger carrier particles. Thus Shedlovsky & Smadel 
(1940) showed that under carefully controlled conditions, purified preparations 
of vaccinia virus migrated as single boundaries in the Tiselius cell. Similar experi
ments by McFarlane (1940) were hampered by endo-osmotic disturbances, a 
difficulty which Shedlovsky & Smadel were able to eliminate by the addition of a 
small amount of protein to their suspensions. Both groups of workers arrived at 
about the same value, — l/i/sec./V./cm., for the mobility of the virus at pH 7. No 
doubt the relatively large amount of purified virus required for moving-boundary 
experiments and the limited dispersion of virus particles at some pH values have 
been a deterrent to further studies.

In micro-electrophoretic methods, on the other hand, individual particles are 
observed and smaller volumes at low virus concentrations generally suffice so that, 
as suggested by Brinton & Lauffer (1959), the electrophoretic behaviour of virus 
particles may be more conveniently and economically studied. Over many years 
the micro-electrophoretic method has been applied with considerable success to a 
variety of cells in the size range 1-10 ¡i, e.g. bacteria and erythrocytes. No account



has been published however of a direct application of the technique to particles 
approximately 0-2 /1 in size, though influenza virus adsorbed on much larger 
collodion particles was studied by Miller, Lauffer & Stanley (1944).

There are particular difficulties with virus particles. Thus their size and re- 
fractivity limit the applicability of the general methods of illumination (tright- 
field, phase-contrast) and only with a critically focused dark-field condenser 
arrangement may they be conveniently seen. Further, their Brownian movement 
in water is so large that they move out of a particular focal plane with frustrating 
rapidity and frequency, so that continued observation is not practicable. Increas
ing the viscosity of the suspending medium decreases this movement, and in molar 
sucrose, which has approximately three times the viscosity of water, continuous 
observation for a sufficient period for accurate mobility determinations (about 
10 sec.) becomes readily possible by using a dark-field arrangement.

The present paper describes the technique used and results obtained in an 
initial study of preparations of cowpox and vaccinia viruses. These viruses are of 
the order of 0-25 fi and various methods have been devised for the preparation of 
purified suspensions for study of their physical and chemical properties.
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METHODS
Viruses. The Brighton strain of cowpox and the Lister Institute strain of 

vaccinia were used. Each virus was grown on chick chorioallantois and on rabbit 
dermis. Virus passed at least 36 times on chick chorioallantois was used in the 
preparation of egg-grown virus. Virus maintained solely by dermal infection of 
rabbit was used in the preparation of rabbit-grown virus.

Virus purification. Virus was recovered from extracts of infected tissue by 
differential centrifugation and this crude material purified either by the use of 
Arcton (Epstein, 1958) or by sucrose density gradient centrifugation (Zwartouw, 
Westwood & Appleyard, 1962). In both instances the original methods were 
somewhat modified. In the Arcton method, the crude virus material was shaken 
once only with an equal volume of Arcton 113 for 5 min. at room temperature, and 
the aqueous layer containing suspended virus material then further purified by 
differential centrifugation for 30 min. at 10,000 rev./min. in a Spinco 40 rotor. In 
purifying the virus by the sucrose density gradient technique 2 ml. of crude virus 
suspension was layered on top of a 1 cm. band of 40% (w/v) sucrose, overlying 
similar bands of 50 and 60 % sucrose contained in a 5 ml. Spinco tube, and the whole 
spun at 20,000 rev./min. for 20 min. in an SW 39 head. The 50 % layer, which 
contained the bulk of the virus, was removed, mixed with 2 volumes of sterile 
water and the virus then deposited by centrifugation at 20,000 rev./min. for 30 min. 
in the Spinco 40 rotor. The supernatant fluid was replaced by molar sucrose 
solution, buffered to pH 7 with phosphate buffer of ionic strength 0-001, and the 
virus redispersed by ultrasonic treatment for 1 min. with an M.S.E.-Mullard 
ultrasonic disintegrator. Dilution, centrifugation and resuspension were repeated 
until the suspended particles appeared uniform by dark-field examination, uniform 
after staining by the silver technique of Gispen (1952) and constant in their electro
phoretic behaviour in molar sucrose at pH 7. This was achieved after not more than 
3 cycles in phosphate-huffered molar sucrose. The final virus suspensions had



infectivity titres of 109- 1010 pock-forming units (p.f.u.)/ml. when titrated on 
chick chorioallantois. They were agglutinated by rabbit hyperimmune anti- 
vaccinial sera. Hence for each virus four kinds of final stock preparations in molar 
sucrose buffered at pH 7 were obtained; egg-grown purified with Arcton (EA); 
egg-grown purified by density gradient centrifugation (ES); and the corresponding 
materials for rabbit-grown virus (RA) and (RS).

Buffers and virus suspensions for electrophoresis. The buffers used were the 
acetate + veronal+ HC1 mixtures described by Michaelis (1931). For each electro
phoretic experiment volumes of buffered virus suspension and of plain buffer, 
both molar to sucrose and of ionic strength (M)5, were prepared from the same 
intermediate buffer. This intermediate buffer was made from 5 ml. stock sodium 
acetate + sodium veronal solution (0-143m each) + the volume of 0-Im-HCI to 
give the required pH value, together with 5 ml. 0-714M-NaCl to adjust the ionic 
strength, 57 ml. l-66M-sucrose, and sterile distilled water added to a final volume 
of 95 ml. Since the micro-cell used for electrophoresis required only 10 ml. to 
fill it and it was important to conserve the limited volumes of final stock suspension 
from each batch (about 10 ml. at 109- 1010 p.f.u./ml.), only 20 ml. of diluted 
suspension (at about 108 p.f.u./ml.) were made for each mobility determination; 
1 ml. of the virus stock in M-sucrose being added to 19 ml. of the intermediate 
buffer of the required pH value and ionic strength 0-0525. In addition to the 
20 ml. of diluted virus, volumes of plain buffer ionic strength 0-05 and molar to 
sucrose were used for flushing one suspension out of the cell before introducing the 
next and also for the separate measurement of pH and electrical conductivity.

Micro-electrophoresis cell and optics. The electrophoresis cells used were of the 
pattern described by Douglas (1955, 1957), having a channel of rectangular section, 
10 mm. wide by 0-2 mm. deep. The cell was mounted and operated on the vertical 
stage of a Watson ‘Service’ microscope as described in the earlier papers on 
bacterial systems. In replacing the phase-contrast optics by the dark-field 
arrangement used here, a Cooke, Troughton and Simms dark-field condenser mounted 
in a suitable adapter replaced the normal substage condenser and a Zeiss x40 
objective and x 15 eyepiece (with a linear scale) were used. The internal focusing 
adjustment of the condenser proved most convenient in obtaining optimum dark 
field at the top and bottom surfaces of the cell and the associated stationary 
levels, where there was no movement of fluid and at which the particle velocities 
were determined. A useful reserve in the intensity of the light scattered by the 
virus particles was obtained by supplying the power to the Watson transformer 
and ribbon-filament lamp (6V, 108W) through a Variac transformer so that the 
lamp could be somewhat over-run. The determination of cell depth and location 
of the stationary levels were made by using a Mercer gauge (graduated to 2/i) 
rigidly mounted on the barrel of the microscope and with the probe bearing against 
the upper surface of the microscope stage.

Measurement of particle velocities. As in previous work (Douglas, 1957), the current 
in the micro-cell was adjusted so that virus particles in focus at one of the stationary 
levels of the cell took some 10 sec. to traverse 20 divisions of the eyepiece scale, 
equivalent to 52p in the focal plane of the objective. Under these conditions only 
a small proportion of particles initially in focus went out of focus before completing 
the course under the applied field; these were discounted. Particles were observed

Micro-electrophoresis of pox-viruses 109



at both stationary levels and travelling in both directions (current reversal), and 
at least 32 observations were made on different particles to obtain mean mobility 
values. In determining the frequency distribution of particle velocities for 
particular suspensions, the speeds of at least 128 individuals were measured.

Electrical measurements. The current in the cell giving the chosen rate of particle 
movement was measured using a Cambridge Unipivot d.c. microammeter. The 
potential gradient in the channel of the cell was calculated from this current 
together with the measured cross-sectional area of the cell and the electrical con
ductivity of equivalent virus-free buffer determined at 25° by using a Mullard dip- 
type cell and a Wayne-Kerr B 221 bridge. The pH values of the buffers were 
checked by using a Beckman model 72 meter and glass electrode.
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Fig. 1
Fig. 1. Histograms of frequency of individual particle mobilities in /t/sec./V/cm. 
(towards anode) for egg-grown cowpox preparations Br E a 32 together w ith the cor
responding normal distributions calculated from the standard  deviation (s .d .) for (a) 
initial preparation, s .d . = 0 09, and (b) a final preparation, s .d . = 0 04 mobility units.
Fig. 2. Mean m obility against pH  behaviour for final preparations of egg-grown and 
rabbit-grown cowpox a t  25°, in media molar to  sucrose and of ionic strength 0 05. 
O , RS preparation, 32; • ,  RA, 30; A, ES, 35; □ , EA, 32, 34.

RESULTS
All particle velocities and mean mobility values presented here refer to buffered 

media, ionic strength 0-05 and molar to sucrose, at 25°.
Cowpox virus

It was essential to remove all host-cell debris during purification otherwise the 
light it scattered seriously hampered the observation of virus particles. Further, 
particulate material of different surface composition could alter the distribution of 
observed particle velocities and hence the mean mobility calculated for a given 
virus preparation. The two histograms shown in Fig. 1 illustrate this point, being 
typical of initial and final preparations. Washing the virus preparations narrowed 
the distribution of particle velocities until finally a limiting standard deviation 
and mean mobility value was reached. The smooth curves superimposed on the 
histograms are the corresponding Normal (Gaussian) distributions calculated from



Ill
the experimental standard deviations. Mean mobility values obtained for final 
preparations over a range of pH are plotted in Fig. 2, and show the agreement 
between different preparations obtained by one method and by different methods 
of purification.
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Fig. 3. Histograms of frequency of individual particle mobilities in /t/sec./V/cm. 
(towards anode) in egg-grown vaccinia preparations together with the corresponding 
normal distributions calculated from the standard  deviation (s.D.) for (a) initial pre
paration, s .d . 0 08, (6) an interm ediate preparation, s.D. 00G (2 phosphate-sucrose 
cycles), and (c) a  final preparation, s .d . =  0 06 (3 phosphate-sucrose cycles).

Fig. 4. Mean m obility against pH  behaviour for final preparations of rabbit-grown 
vaccinia a t  25°, in media molar to  sucrose and of ionic strength 0 05. O . R A  14, s .d . 
0 0 5 ; A, RS 15, s .d . 0 05; ▲ , RS Porton, s .d . 0 05.
Fig. 5. Mean mobility against pH  behaviour for final preparations of egg-grown 
vaccinia a t  25°, in media molar to sucrose and of ionic strength 0 05. Mobility in 
/(/sec./V./cni., — ve towards anode, +  ve towards cathode, s .d . 0 06 a t pH  7. O , ES 13; 
•  , ES 9; ♦ , F’A 14; O , EA 10.

Vaccinia virus
Preparations of this virus also were purified to limiting values for the standard 

deviation and the mean mobility at pH 7. Crude virus material again showed a 
wider distribution of particle velocities than final preparations and this is illus
trated by the histograms and calculated Normal distributions of Fig. 3. Final 
preparations of rabbit-grown vaccinia virus, including material kindly supplied by 
Dr H. T. Zwartouw and purified by the method of Zwartouw et at. (1962) gave 
closely reproducible results and a definitive mobility against pH. The results for



preparations of egg-grown vaccinia agreed well inter se and also agreed with 
rabbit-grown material at pH 7. At more acid pH values some variation was shown 
and the egg-grown material differed from rabbit-grown virus (Fig. 5). Limiting 
standard deviations for final preparations of egg-grown and rabbit-grown vaccinia 
virus are included in the legends to these figures.
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D IS C U SS IO N
Except for some of the crudest virus preparations, the distributions of frequency 

of particle velocities were always unimodal and narrowed with purification. The 
narrowness of the distributions for final preparations and the reproducibility of 
results at pH 7 gives confidence that the particles in their populations were all of 
the same kind. This general result would be unlikely had any appreciable host-cell 
substance remained on the surface of the particles.

The mobility/pH curves are consistent with the surfaces of cowpox and vaccinia 
viruses being composed of lipoprotein or protein material which is slightly different 
for the 2 viruses. By interpolation and observation the isoelectric point in molar 
sucrose lies close to pH 4-3 for cowpox virus (both egg-grown and rabbit-grown 
material), to pH 3-0 for rabbit-grown vaccinia virus and pH 3-8 for egg-grown 
vaccinia virus. These values may have been determined in part by the sucrose 
added to reduce Brownian movement.

In the case of vaccinia the mobility at pH 7 ( — 0-42- + 0-05/i/sec./V/cm.) may 
be compared with values obtained by the Tiselius method in buffers alone. Thus 
Shedlovsky & Smadel (1940) reported a value of — l-O/i/sec./V/cm. in buffer of 
ionic strength 0-02 and in the presence of a small amount of protein, while 
McFarlane (1940) also obtained an approximate mobility of — 1 ///scc./V/crn., but 
in phosphate buffer of ionic strength 0-05 with no protein added. Since the vis
cosity of water at the temperature of Tiselius measurement is about 1-7 centipoise 
and molar sucrose has a viscosity of about 3-0 centipoise at 25°, McFarlane’s value 
would correspond to a mobility of approximately — 0-55/*/sec./V/cm. in molar 
sucrose at 25° if all other factors, including particle charge and size remained 
constant. However it is clear, both from the ultracentrifuge studies of Smadel, 
Pickels & Shedlovsky (1938) and from the partition experiments of McFarlane et al. 
(1939), that vaccinia particles are hydrated in aqueous suspension and that this 
hydration is reduced in the presence of sucrose. On the minimal hydration con
sistent with the findings of Smadel et al. there would be a decrease of about 8 % 
in the effective particle radius on going from water to molar sucrose. This would 
tend to increase the mobility in molar sucrose above —0-55 unless compensated by 
a decrease in effective charge, which might occur in the presence of molar sucrose 
and/or the change in the buffer system, or in some of the other factors detailed 
in the general equation relating particle velocity and charge as derived by 
Henry (1931).

The chemist authors are indebted to the War Office and the Microbiological 
Research Establishment (Porton) for a grant which made this work possible. 
They are also indebted for hospitality to Professor A. W. Downie, F.R.S., from
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whom the authors have received helpful criticism. The authors appreciate 
Dr H. T. Zwartouw’s helpfulness in supplying a sample of rabbit-grown vaccinia 
virus purified by his technique.
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SUMMARY

Three strains of penicillin-induced and one strain of D-cycloserine- induced L-forms of Staphylococcus aureus were investigated for components of the normal bacterial cell wall. None of the 4 strains was found to contain more than 0-008 % of its dry weight as muramic acid, indicating the lack of mucopeptide. These forms also lacked the cell-wall ribitol teichoic acid as shown by the failure to yield any material containing ribitol. Neither muramic acid nor ribitol was detected as acid-soluble nucleotides in the L-forms, and teichoic acid was not released into the supernatant medium. Serological evidence for polysaccharide A was not found, but there was serological identity between extracts of membranes obtained from staphylococci and extracts of membranes isolated from the L-forms.

INTRODUCTION
Since the report of Dienes & Sharp (1956) on the isolation of various organisms 

in the L-phase by using a medium containing a high salt concentration, serum and 
penicillin, there have been several studies on the biology of the L-forms, including 
those of Staphylococcus aureus (Sehonfeld, 1959, 1961; Marston, 1961a, b; 
Williams, 1963). Although these reports, particularly the last, gave indirect 
evidence, such as osmotic fragility, phage and antibiotic insensitivity, for the lack 
of cell-wall material, no direct evidence was presented. Only one report has 
appeared on cell-wall components of staphylococcal L-forms; Sharp (1963) found 
a very low level of muramic acid in an L-form from staphylococcus h .

The mucopeptide of the cell wall has been shown to be absent or greatly de
creased in amount both in streptococcal L-forms (Panos, Barkulis & Hayashi, 
1959) and stable Proteus L-forms (Kandler, Hund & Zehender, 1958; Morrison & 
Weibull, 1962), and in the doubtfully related Mycoplasma group (Plackett, 1959). 
Further evidence for a deficiency in cell-wall components from i.-forms has been 
provided by serological techniques; for example, the L-forms of group A strepto
cocci were found to lack group-specific polysaccharide (Sharp, Hijmans & Dienes, 
1957). Similar results had earlier been obtained in the cases of L-forms of Strepto- 
bacillus moniliformis (Klieneberger, 1942) and Proteus (Dienes, Weinberger & 
Madoff, 1950), although these studies antedated much important work on cell-wall 
structures. The present paper reports some attempts to demonstrate cell-wall 
components in L-forms of Staphylococcus aureus.

* Present address: Chemistry Departm ent, University College, Swansea.
8-2
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m e t h o d s
Organisms and media. Three strains of staphylococcal L-form, 1444 l, 6l and 

42e l , previously described by Williams (1963), were used. A fourth strain, l 
Rogers, isolated from a penicillinase-producing staphylococcus (phage type 42 e ) 
by growth in the presence of D-cycloserine, was also used.

The solid and liquid media used for growth of the penicillin-induced L-forms 
were those described by Williams (1963). The media used for l Rogers were 
essentially the same except that more sodium chloride was added to give a final 
concentration of 4-5 % (w/v) and the penicillin was replaced by D-cycloserine 
(Lilly) 500 /¿g./ml.

Broth cultures of the L-forms were harvested after 48 hr incubation at 37° by 
centrifugation at 27,000 g for 10 min. The pellet was washed once with ice-cold 
salt solution of the appropriate strength and then extracted by grinding for 5 min. 
with cold 10% (w/v) trichloroacetic acid (TCA). The residue was recovered by 
centrifugation and dialysed in the cold overnight against distilled water and 
lyophilized.

The parent staphylococci were grown in Difco brain heart infusion broth over
night at 37°, centrifuged, washed once with physiological saline, once with dis
tilled water and either lyophilized or used directly for the preparation of cell walls.

Preparation of cell fractions. Cell walls of the parent staphylococci were isolated 
by the method of Salton & Horne (1951), by using a Mickle tissue disintegrator 
and no. 12 ballotini beads.

Staphylococcal cell membranes and membranes from the L-form strains were 
isolated essentially as described by Freimer (1963) for similar structures from 
group A streptococci and osmotically fragile protoplasts. The supernatant fluids 
remaining after removal of cell walls and membranes from suspensions of dis
rupted staphylococci (or membranes from suspensions of lysed L-forms) were 
centrifuged at 100,000g for 1 hr and the resulting ‘ribosomal’ gel (Davison & 
Baddiley, 1963) was lyophilized.

Mucopeptide fractions from whole staphylococci were isolated by the method of 
Park & Hancock (1960) and by extraction with hot formamide (Fuller, 1938). 
Whole L-form was also extracted using these methods and the resulting residues 
lyophilized.

Attempts to isolate teichoic acids from staphylococci and L-forms were made by 
extraction with cold 10% (w/v) TCA (Armstrong et al. 1958).

Paper chromatography. Samples for the chromatographic detection of amino 
acids and amino sugars were hydrolysed in 4n-HC1 at 100° for 16 hr in sealed tubes. 
The compounds were separated on Whatman no. 1 paper by an ascending two- 
dimensional technique using the solvents: (a) w-butanol + acetic acid —water 
(120 + 30 + 50, by vol.); (h) 2, 4/2, 5 lutidine + water (130 + 70, by vol.).

The dried papers were dipped in ninhydrin reagent (0-2% (w/v) in acetone) and 
heated for 5 min. at 90°. Sugar alcohols were released by hydrolysis in 2n-HC1 at 
100° for 3 hr and were separated by descending chromatography on Whatman 
no. 1 paper with solvent %-butanol + acetic acid +  water (120 + 30 + 50, by vol.) 
Periodic acid + benzidine reagent (Smith, 1960) was used to detect the sugar 
alcohols.
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Hexosamines. Hydrolysis of samples for the quantitative estimation of hexo- 

samines was done in 4n-HC1 at 100° for 4 hr. The hydrolysates were freed from 
interfering chromogens according to Boas (1953) and the total hexosamine content 
estimated by the method of Rondle & Morgan (1955). Colours were read at 530 m/i 
in a 1 cm. optical cell and compared with a glucosamine standard.

The individual amino sugars were separated on charcoal + celite columns (Perkins 
& Rogers, 1959) and muramic acid estimated by a micro modification of the 
Rondle & Morgan test. The reagents used in the micro modification were those 
described for the original test, but the final test volume was only 1-5 ml. instead 
of 10 ml. Extinctions were read at a wavelength of 505 ray in a 2 cm. micro-cell 
after 24 hr and compared with a standard of authentic muramic acid (kindly 
supplied by Dr H. R. Perkins).

Agar-gel diffusion. Tests were made in a gel consisting of 1 % (w/v) Ionagar 
no. 2 (Oxoid) in m/30 phosphate buffer (pH 7-2). Antigen preparations were 
suspended or dissolved in the same buffer. Antisera to staphylococci and L-forms 
were prepared in rabbits by a series of intravenous injections of whole organisms.

Wall deficiencies in staphylococcal L -forms

RESULTS
Hexosamines

Preliminary chromatographic evidence suggested that the amino sugar content 
of the L-forms was very much less than that of the parent staphylococci. In none 
of the four L-form strains was either muramic acid or glucosamine detected 
chromatographically, even when large (up to 10 mg.) samples of starting material 
were used. Large samples of L-form, which had not been extracted with cold 
10% TCA prior to drying, yielded on hydrolysis and chromatography a minute 
quantity of a substance corresponding in RF values to glucosamine. On acid
washing of the harvested L-form, however, this chromatographic spot was not 
detectable.

Separation of the total hexosamines from hydrolysates and quantitative estima
tion confirmed the results obtained by chromatography. Whereas the total hexo
samine separated from hydrolysates of bacterial cells accounted for 2-79-3-8 % of 
the dry weight of the organism, in hydrolysates of L-forms the amino sugars were 
not present in sufficient quantity to allow estimation. Consequently, the lower 
level of sensitivity of the test was taken as the maximum possible amino sugar 
content (Table 1).

Estimation of muramic acid content
The results above give total hexosamine content, but for the purposes of this 

investigation, estimation of the muramic acid content was of prime importance. 
Hydrolysates of both cocci and L-forms were treated on charcoal + Celite columns 
and the eluates that could be expected to contain muramic acid were collected. 
Estimation of the muramic acid contents of the eluates from L-forms gave very 
low values in the conventional Rondle & Morgan test, with glucosamine as a 
standard. Greater sensitivity was gained, however, by using the micro modification 
of the Rondle & Morgan test and by using authentic muramic acid as standard. In 
an effort to concentrate muramic acid further, the fractions of whole organisms,
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Table 1. Total hexosamine content of staphylococci and L-forms
Sample Hexosamine* Hexosamine as
(mg-) content (fig.) % dry weight

1444 cocci 1018 284 2-79
L-form 1 12-20 <10 <0-082

2 26-50 <10 <0-038
PS 6 cocci 10-62 309 2-91

L-form 1 7-10 <10 <0-141
2 31-20 <10 <0-032

ps42e  cocci 9-65 279 2-89
L-form 1 6-70 <10 <0-149

2 28-80 <10 <0-035
Rogers cocci 2-50 95 3-80

L-form 1 6-70 <10 <0-149
2 12-50 <10 <0-080

* Material eluted by 2n-HC1 from Dowex 50 II , estim ated in Rondle & Morgan (1955) test
a t  530 m/i and expressed as glucosamine base.

Table 2. Muramic: acid contents of isolated fractions from whole
stap)hylococci and L-forms

Equiv. dry Muramic acid Muramic acid
Residue from wt. organisms recovered Muramic acid in whole

Organism extraction (mg.) (fig-) in residue (%) organisms (% )
1444 cocci S +  H t 11-1 278* 13-9 2-50

P  +  H 8-1 260 13-0 3-20
Form 14-2 415 20-7 2-92

I.-form S +  H 67-2 < 4 <0-08 <0-006
P  +  H 113-0 < 4 <0-14 <0-004
Form 56-1 < 4 <0-12 <0-007

PS 6 cocci S +  H 13-2 363 18-1 2-75
P  +  H 17-8 593 24-7 3-33

L-form S +  H 79-0 < 4 <0-07 <0-005
P  +  H 55-6 < 4 <0-21 <0-007

p s 42e  cocci S +  H 12 2 327 16-3 2-68
P  +  H 15-9 459 22-4 2-89

L-form P  +  H 47-9 < 4 <0-24 <0-008
Rogers cocci S +  H 11-6 322 16-1 2-78

P  +  H 12-5 406 20-3 3-25
Form 10-5 317 15-9 3-02

L-form S +  H 53-4 < 4 <0-25 <0-007
P  +  H 55-5 < 4 <0-04 <0-007

* E xtraction methods used: Saltón & Horne (1951), S +  H : P ark  & Hancock (1960), P  +  H ; Fuller 
(1938), Form.

f  E stim ated using the  micro modification of Rondle & Morgan (1955) m ethod; expressed in term s 
of a muram ic acid standard.

whether cocci or L-forms, likely to contain the amino sugar were isolated. Hydroly
sis of these fractions and estimation of their muramic acid contents gave the 
results shown in Table 2.

Since the results shown in Table 2 were obtained with preparations of L-forms 
which had been extracted with 10 % (w/v) TCA, there remained the possibility that



the L-forms might have contained small amounts of muramic acid in an acid- 
soluble form. Trichloroacetic acid was removed from the extracts with ether, and 
the aqueous solutions dried. Hydrolysis of the acid-soluble material and sub
sequent amino sugar estimation yielded no evidence of muramic acid.

Although the level of estimation of muramic acid was considerably decreased by 
using the micro modification, no detectable colour at 505 m// was found in hydroly
sates of fractions from i,-forms. The maximum amount of muramic acid which 
could be present was taken as 4 jug. By virtue of the characteristic spectrum of 
muramic acid in this test, lower values than 4 jug. were detectable but could not 
be measured with certainty. Even so, the results obtained serve to show the 
absence of muramic acid and so of cell-wall mucopeptide from the L-forms of 
Staphylococcus aureus.

Cell-wall teichoic acid
The loss of mucopeptide during induction to the L-phase raises the question of 

the fate of the other major cell-wall polymer, the ribitol teichoic acid. If it were 
still produced, this teichoic acid could be found in two possible sites, still attached 
to the cell even in the absence of rigid mucopeptide, or it could be released into the 
medium as produced. Whole i.-form preparations were hydrolysed to release any 
sugar alcohols that they might contain and the hydrolysates subjected to paper 
chromatography. At the same time, samples of whole cocci were similarly treated. 
Staining of the developed chromatograms with the periodic acid +  benzidine re
agent revealed the presence of spots corresponding to ribitol and anhydroribitol 
in hydrolysates of cocci. Small amounts of glycerol were also detected. Faint 
traces of glycerol but no spots corresponding to ribitol or anhydroribitol were 
evident in hydrolysates of L-forms.

Prolonged extraction of samples of L-forms with cold 10% (w/v) TCA, the 
normal procedure for extraction of teichoic acids, did not remove any material 
containing either ribitol or glycerol. The same treatment, when applied to the 
parent staphylococci, extracted an ethanol-insoluble substance, which on hydroly
sis and chromatography yielded spots characteristic of both ribitol- and glycerol- 
teichoic acids.

Hydrolysates of freeze-dried supernatant medium from L-form cultures con
tained no detectable ribitol or anhydroribitol, but did contain traces of glycerol. 
In spite of this finding, prolonged extraction of the broth residue with cold TCA 
and attempts to precipitate glycerol teichoic acid proved fruitless.

Agar-gel diffusion
Further evidence for the lack of ribitol teichoic acid from the i.-form strains 

was provided by gel diffusion experiments. Whereas suspensions of whole staphy
lococci or cell walls produced a characteristic ‘polysaccharide A ’ precipitation 
line when diffused against antiserum to Staphylococcus aureus, suspensions of the 
L-forms did not. No ‘polysaccharide A ’ was extracted from any of the L-form 
strains by the technique of Haukenes, Losnegard & Oeding (1961). The L-forms 
produced only what appeared to be a single line with the staphylococcal anti
serum; and this line showed identity with one produced by intracellular contents 
isolated from the staphylococci.

Wall deficiencies in staphylococcal L-forms 119



120 B. C. Pratt
Since the normal cell wall of the coccus had been so drastically altered during 

induction to the L-form, the normal means of serological identification were lost. 
However, trypsin extracts of membranes isolated from the four L-form strains, 
when diffused against L-form antiserum produced apparently single precipitation 
lines (Fig. 1). These lines showed fusion with each other, indicating the serological 
identity of the original membranes. Similar preparations of 42 e  staphylococcal 
cell membranes also produced a single precipitation line with L-form antiserum. 
Fusion of this line with that produced by a trypsin preparation of 42 e  L-form 
membranes (Fig. 2) established the similarity between the membrane structures 
of the staphylococcus and its L-form. This relationship held for all four strains of 
staphylococci and L-forms, and cross-reaction between the strains was complete.

Fig. 1. Agar-gel precipitin reactions of 1444 L-form antiserum  (centre well) with 
trypsin extracts of membranes isolated from (A) 1444l , (C) 4 2 e l , (D) 6 l  and (E) 
L Rogers. Well B contains a  buffer suspension of whole 1444L-form and F  a  trypsin- 
buffer control.
Fig. 2. Precipitin reactions of 4 2 e  L-form antiserum  (centre well) w ith (A) whole 42 
e  L-form, (B) trypsin  ex tract of 4 2 e  cell walls, (C) trypsin ex tract of 4 2 e  staphylococcal 
cell membranes and (D) trypsin  ex tract of 42 E L-form membranes.

The nature of the change produced in the cell wall of Staphylococcus aureus 
during induction to the L-form was indicated by Williams (1963), who described 
the osmotic sensitivity and insusceptibility to phage action in the staphylococcal 
L-form. These characters, together with the evidence of antibiotic sensitivities, 
presented in the same paper, pointed to an alteration in surface structure in the 
L-form, but did not of themselves provide proof of total lack of cell wall material. 
Sharp (1963) presented evidence for the absence of muramic acid from one strain 
of staphylococcal L-form, that of S . aureus h . The results of the chemical analyses 
for muramic acid content of the four staphylococcal L-forms agree with the find
ings reported by Sharp. However, a further indication of the extensive loss of cell- 
wall material from the L-forms is evident from the failure to find ribitol teichoic

D

Fig. 1 Fig. 2

DISCUSSION
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acid in these organisms. Since the precise structural relationship between the 
cell-wall teichoic acid and the muramic-acid-containing mucopeptide is unknown, 
it is impossible to judge whether the non-production of ribitol teichoic acid might 
be caused by the absence of rigid mucopeptide or is a more direct consequence of 
antibiotic action.

In L-forms of group A streptococci, the M protein, which is normally found in 
the cell wall, is still produced but is liberated into the culture medium (Sharp, 
Hijmans & Dienes, 1957). The possibility was considered that the teichoic acid 
of the staphylococci might behave in the same way but no evidence for this was 
found.

With the absence of cell wall and the loss of characters such as cell-wall- 
associated antigens, Gram-staining properties and typical morphology, the identi
fication of the L-forms as being derived from Staphylococcus aureus is difficult. 
Williams (1963) described the continued coagulase production by, and lyso- 
genicity of, the L-forms. The present finding that the surface membrane of the 
L-form bears a close serological relationship to the cell membrane of the staphy
lococcus provides additional evidence on the origin of the L-form strains.

The author gratefully acknowledges the technical assistance of Miss J. Corse 
during this investigation. The work was supported by a grant from Pfizer Ltd.
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SUMMARY
The growth of several selected micro-organisms in rapidly dividing cultures of Chlorella pyrenoidosa t x  71105 was studied. Bacterial proliferation was a function of algal growth and bacterial growth occurred, at least in part, as a result of the excretion of organic substances into the culture medium by rapidly dividing algae. These substances capable of supporting bacterial oxidation and growth were varied in kind and were utilized selectively by the different bacteria. Only a small fraction of the soil and air bacteria grew in the algal cultures. The majority of soil and air bacteria survived in mixed culture for several days but did not increase in numbers. On the other hand, 6 out of 8 bacteria pathogenic for man died promptly in cultures of Chlorella pyrenoidosa-, but Salmonella iyphi and S. paratyphi grew well for extended periods of time. Fungi capable of producing macrocolonies on potato glucose agar at pH 3-5 did not increase in numbers during 8 days. Yeasts and actinomycetes were not detected by the methods used; bacteriophages were observed with some regularity.

INTRODUCTION
Recent reports proposing the use of microalgae in ‘closed ecological systems’ 

suitable for space vehicles have described the inherent advantages of these organ
isms as gas exchangers, transformers of human wastes, and as food material (Eley 
& Myers, 1964; Myers, 1964; Brown, Kennedy & Tischer, 1964; McDowell & 
Leveille, 1964; Krauss, 1962). It is well recognized that the utilization of algae as 
symbionts with man in a closed space will result not in a two-organism system 
but rather in a very complex biological universe. Because of the impracticality 
of maintaining pure cultures of algae for long periods of time, even in the labora
tory, it is assumed that algal populations mixed with selected bacteria will be used. 
In the opinion of the authors, the feasibility of using mass cultures of algae with 
or without bacterial contaminants is at present precluded by a dearth of know
ledge of the effects of microbial contamination on the algal culture systems. The 
problem of bacterial contamination of algal cultures has been noted (Krauss & 
Thomas, 1954; Eley & Myers, 1964; Ward, Moyer & Vela, 1964; Blasco, 1965) but, 
unfortunately, there are few studies which elucidate the ecological and physiological 
relationships that must exist in cultures of algae and other micro-organisms 
living together. A search of the literature showed that previous investigations of 
the microbiology of algal cultures were concerned primarily with population

* Present address: D epartm ent of Biology, N orth Texas State University, Denton, Texas.
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densities and with the gross effects of bacterial contamination on the algal popula
tions. Myers, Phillips, & Graham (1951) stated that the presence of bacteria had 
little effect on the growth rates of Chlorella pyrenoidosa. Myers (1957) reported 
that bacterial and mould contaminants usually have no effect on algae in rapidly 
growing steady-state cultures. Mayer, Zuir, Shain & Ginzburg (1964) stated that 
bacterial contamination of mass cultures (2000 1.) of algae was not a serious compli
cating factor and apparently had little or no effect on the productivity of the 
culture. Ward et al. (1964) presented data that indicated that the yield of mass of
C. pyrenoidosa t x  71105 in steady-state cultures was substantially decreased as a 
result of bacterial contamination, while Nakamura (1963) proved that selected 
bacterial species enhanced the growth of algae in nutritionally deficient cultures. 
Nakamura postulated that mixed cultures of Chlorella and bacteria form a true 
symbiotic relationship in nature and that this is also the case in laboratory cul
tures. To the contrary, Vladimirova (1960) showed that C. pyrenoidosa Pringh. 
suppressed bacterial growth. Further studies on the bacteriology of algal cultures 
were clearly indicated. The purpose of the present report is to present data which 
may help to characterize the relationships that exist in mixed cultures of algae and 
other micro-organisms and to evaluate the feasibility of using these in closed 
systems for the support of man.

METHODS
Organisms. All work was done with the strain of Chlorella pyrenoidosa desig

nated t x  71105 by Sorokin & Myers (1953). Bacteria utilized included Bacterium 
anitratum (BAT), B. anitratum atypical (BAA), Mima polymorpha (MP), and a 
Gram-negative organism tentatively assigned to the genus Flavobacterium (GNB). 
Cultures of fourteen other species of bacteria capable of growing in algal cultures 
were obtained from mass cultures of algae growing in open non-sterile systems. 
In addition to the above, a collection of soil and air bacteria was made in locales 
far removed from laboratory algal cultures. All organisms were selected on the 
basis of colony morphology and were probably all different one from the other 
and from BAT, BAA, MP and GNB.

Recently isolated pathogenic organisms of proven virulence used in several 
experiments were: Salmonella typhi, S. paratyphi, Shigella flexneri, S. dysenteriae, 
Proteus vulgaris, Streptococcus pyogenes, Staphylococcus aureus and Coryne- 
bacterium diphtheriae.

Cultures and analytical methods. The medium used in all flask culture experi
ments was Knop’s medium (Phillips & Myers, 1954). It was prepared by adding 
the following, in order, to 950 ml. water: 50 ml. solution I, 10 ml. solution II,
0- 05 g. FeS04.7H20 ; 10 ml. solution III, 2-5 g. KNO,, adjusted to pH 6-0 before 
autoclaving.

Solution I: 25-0 g. MgS04.7H20, 20-0 g. KN03, 10-0 g. KH2P 0 4, 2-1 g. CaCl2,
2-85 g. H 3BO3, and water to 1 1.

Solution II: 8-82 g. ZnS04.7H20, 1-44 g. MnCl2.4H20, 0-924 g. H2Mo04 (85%),
1- 57 g. CuS04.5H20, 0-49 g. Co(N03)2.6H20, and water to 1 1.

Solution III: 50 g. ethylenediamine tetra-acetic acid (EDTA), 31 g. KOH, and 
water to 1 1.

The same Knop medium was used in mass culture experiments except that
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KN03 was replaced by urea in a final concentration of 1-5 g./l. (1-1 times equivalent 
nitrogen). This substitution was made since it is felt that mass cultures of algae in 
space vehicles would probably use urine urea as nitrogen source.

Small flask cultures were grown in an incubator shaker fitted with fluorescent 
lights. The gaseous atmosphere of the incubator was maintained at 2 % (v/v) C02 
by introducing a mixture of C02 and air at the rate of 1 l./min.; incubation 
temperature was 37°, shaker excursion 5 cm. and fast enough to cause a ‘splash’ 
against the flask side but not a ‘spray’ up to the stoppers. One-litre Erlenmeyer 
flasks containing 100 ml. medium and capped with beakers were used as culture 
vessels.

Studies on the nature of microbial populations in mass cultures (32 1.) were done 
in a photosynthetic gas-exchange culture apparatus of the type described by 
Ward, Wilks & Craft (1963). 5% (v/v) C02 in air was introduced into the culture 
and the temperature maintained at 39°.

Algal populations in all experiments were monitored by replicate counts with a 
haemocytometer. Bacterial numbers were estimated by triplicate plate counts on 
Trypticase Soy agar or, in the case of the pathogenic bacteria, Difco brain heart 
infusion agar. Yeasts and fungi were enumerated on Difco potato glucose agar 
(pH 3-5) according to the American Public Health Association Manual on Stan
dard Methods for the Examination of Dairy Products (11th ed. 1960).

Actinomycetes and certain pigmented bacteria were grown in a solution con
taining the following ingredients (g./l.): 2-0 g. NaNOs, 1-0 g. K2H P04, 0-5 g. 
MgS04.7H20, 0-5 g. FeS04.5H20, 20 g. reagent grade agar, and 10 g. glucose 
added as a sterile 10 % (w/v) aqueous solution to the sterile basal medium.

Culture filtrates. Soluble algal excretion products were separated from orga
nisms by centrifugation and filtration through 0-45 ¡jl washed (Winneberger, Austin 
& Klett, 1963) filter membranes. Further separation was obtained by dialysis 
and extraction as outlined in Fig. 3. Warburg manometry was used to determine 
which of the fractions obtained were capable of supporting bacterial oxidation. 
Substances isolated by extraction with organic solvents were taken to dryness, 
redissolved in water, and taken to dryness again for three complete cycles in an 
effort to avoid bacterial oxidation of residual organic solvents. Further analyses 
of the fractions containing oxidizable substances were done by paper and thin- 
layer chromatography.

RESULTS
Flask culture studies

In previous reports (Ward et al. 1963; Ward et al. 1964) workers at this labora
tory had noted that the growth of bacteria in algal cultures closely paralleled 
algal growth. The data presented in the present report confirm and extend those 
findings. Small flask cultures of chlorella t x  71105 contaminated with pure 
cultures of selected bacteria were sampled repeatedly during the algal growth 
phase and well into the stationary phase. Fig. 1 represents an experiment typical 
of a large number of studies designed to reveal the kinetics of growth of mixed 
cultures of chlorella t x  71105 and various bacteria. It was evident that the 
bacterial populations increased only while the algal component of the culture was 
actively dividing. I t  was also noted that bacterial populations at stationary
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phase of algal growth were always of about the same numerical magnitude as the 
algal populations. This equilibrium was reported previously by Mayer et al. (1962) 
in large open culture tanks. Since other investigations (Fogg, 1952) have shown
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Days Days
Fig. 1 Fig. 2

Fig. 1. Growth curves of Chlorella pyrenoidosa t x  71105 and the Gram-negative 
bacterium  (GNB) added to  the culture as a  bacterial contam inant. Algal cells, O ; 
viable bacterium  GNB, • .
Fig. 2. Excretion of oxidizable metabolites by axenic Chlorella pyrenoidosa t x  71105 
(lower) as a  function of growth (upper). Oxidizable metabolites were measured by 
classical W arburg manometry.

Table 1. Selective utilization of oxidizable substances 
by bacteria growing in algal cultures

R atio of oxygen consumed by these 
test bacteria*____________ A___________

Filtrates from 4-day cultures 
of the  following:

BAT) M Pf BAAf GNBt

Axenic chlorella t x  71105 0 0-47 0-58 0-68
t x  71105 + BAT 0 0 0 016
t x  71105+  MP 0 003 003 016
t x  71105 + BAA 0 002 0 0-37
t x  71105 + GNB 012 007 015 0
t x  71105 + all 4 0 0 001 0

* R atio  of /d. 02 consumed by 10e starved bacteria in 20 min. R atio represents the am ount of 
oxygen utilized by tes t bacteria using culture filtrate as substrate and 0 025 M-glucose as sub
strate. The results were corrected for endogenous respiration as measured by using Knop’s 
medium i.e.;

C ultu re  f i l t r a te —K n o p ’s m ed ium  
0 025 M-glucose —K n o p ’s m ed ium

t  BAT, Bacterium anitratum; MP, M im a polymorplia; BAA, Bacterium anitratum  atypical; 
GNB, Gram-negative rod possibly Flavobacterium sp.
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that some algae excrete larger amounts of organic material during active growth 
periods than they do at resting stages, it was assumed that the same phenomenon 
occurred in cultures of chlorella t x  71105. To prove that rapidly dividing t x  71105 
excreted large amounts of substances capable of supporting bacterial respiration 
and growth, axenic cultures of the chlorella were sampled daily and assayed for 
these materials. Figure 2 shows that the excretion of water-soluble substances 
capable of supporting bacterial respiration was a function of algal growth. These 
data were confirmed by studies which showed that substances capable of supporting 
bacterial growth were also excreted in the same fashion. The data (Fig. 2) also 
indicated that these substances accumulated in the culture fluid and were not 
removed completely by algal activities or autolytic reactions.

10' °

10’

10s

-  107

106

H o u rs
Fig. 3. Shifts in bacterial populations as a  function of culture age. Algal cells, O ; 
‘white colonies’, A ;  ‘brown colonies’, □ ; ‘green colonies’, • ;  and ‘red colonies’, A. 
E ach colony type listed is plotted as a fraction of the to ta l viable bacterial count.

It was then reasoned that if bacteria grew on the excreted metabolites, filtrates 
from contaminated algal cultures should be free from these metabolites. The data 
in Table 1 verify this and show that more than one substance was excreted by 
the chlorella since bacterium GNB could utilize substances not oxidizable by 
bacteria BAT, BAA and MP.

The products of algal metabolism that can be oxidized by bacteria were dialy- 
sable in distilled water when placed in Visking membranes (Union Carbide Corpora
tion, 6733 West 65th Street, Chicago, Illinois). Fractionation of the dialysate 
(Fig. 4) proved that various classes of chemical compounds capable of supporting 
bacterial respiration were excreted by chlorella t x  71105. The progressive increase 
in capacity to support respiration of each fraction as purification proceeded cannot 
be explained at this time. I t  can, however, be stated that the phenomenon was 
reproducible. Several experiments have shown that it was not a matter of



antagonism since mixing of the separated fractions did not result in lowered 
oxidative capacity of the purer fractions. That is, mixing equal parts of the non- 
dialysable residue and the final extract (or any other combination) gave oxygen 
uptakes proportional to the quantity of ether-extractable material present, and 
no inhibition was observed. Also, mixtures of, say, non-dialysable residue and 
glucose did not result in lowered rates of oxygen consumption by bacteria utilizing 
the glucose.

Table 2. Growth of bacteria unrelated to algal communities 
in flask cultures of Chlorella pyrenoidosa t x  71105
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V iable b ac te ria /m l.
Iso la te { ----- ‘ ,
n u m b er D a y  0 D a y  4
lt-PD 1 1 1  x  105 1-2 x lO 4
C-KS 1 1-9 x  10® < 1  x lO 3
R-BR 4-5 x  104 1-2 x lO 4
c-s n 2 7-7 x 104 l - 0 x  10s
C-AP 4-7 x 105 < 1  x l 0 s
R-GRl 1-6 x 10« 1-0 x lO 3
c-h d 2 5-2 X 105 1-8 x lO 4
R-YL 1 -0x10« 6 0  x 1 0 s
R-GR4 7-8 X 10s 2-1 x lO 4
B-RE 8-8 X 104 1-4 x lO 4
C-SNl 2-4 x  10« 2-0 x  10s
R-GR2 4-4 x 10« < 1  x 10s
R-DD 2 -8x10« 1-0 x lO 4
C-FAl 4 - l x l O 3 1-2 x  10s
C-FA2 4-0 X 102 1-9x10«
C-SP3 2-0 x lO 2 3-3 x lO 3
C-SP4 1-6 x  10s 2-1 x  104
r -p d 2 1-5 x 10s > 1  x 107
C-KS 2 4 -9 x lO s 6 0  x 1 0 s
r -g r 3 6 0  x 1 0 s 1-0 x lO 2
C-HDl 3-1 x 103 5-5 x 103
c-s p 2 4-Ox 10s 9-0 X 102

Chromatographic analyses of the two terminal fractions (Fig. 4) revealed the 
presence of certain organic acids and certain ninhydrin-reactive materials in pure 
cultures of chlorella t x  71105 that were not found in cultures mixed with bacteria.

It is inferred from these studies that bacteria grow in cultures of chlorella 
t x  71105 by utilizing substances excreted during the algal growth. It is further 
inferred that algae/bacterial population equilibria resulted from the establishment 
of steady-state rates of algal division and cell death at stationary phase. It has 
been proven that algal metabolites were utilized selectively by different bacteria 
(Table 1) and that various classes of chemical substances were excreted (Fig. 4).

The literature reviewed implies that algal cultures are subject to bacterial 
contamination but no reports were found which attempted to describe the nature 
of the compatible bacteria. Table 2 shows that a few select bacteria could grow 
well in cultures of chlorella t x  71105 but that the majority of soil and air bacteria 
could not proliferate in mixed culture with the algae. It was shown that those 
organisms incapable of proliferating in algal cultures were also incapable of multi
plying in filtrates of axenic cultures or to oxidize these filtrates. Also, when 
filtrates of axenic cultures of chlorella were inoculated and incubated with bacteria
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incapable of growing in algal cultures and the bacteria subsequently removed, it 
was plainly evident that the filtrates still contained substances oxidizable by 
bacteria BAT and GNB. These data indicate that the algae determined the kind 
of bacteria with which they will grow, according to the nature of the organic 
substances they excreted.

Table 3 shows that 6 out of 8 bacteria pathogenic for man died out rapidly in 
cultures of chlorella t x  71105 but that Salmonella typhi and S. paratyphi grew 
quite well for prolonged periods of time. It is assumed that other human pathogens 
might also grow in cultures of chlorella t x  71105.

Table 3. Growth and survival of some pathogens in cultures of 
Chlorella pyrenoidosa t x  71105

Days

Organism 
Salmonella typhi

0 1 2 3 5 
Viable organisms/ml.

0 7

2-Ox 105 6-9 X 10« 4-7 x 10« 2-9 x lO 3 5-4 x 104 3-5 x 104 4 x  102
S. paratyphi 8-9 X 104 l-0 x  10s 8-0 x lO 2 3-9 x 102 1-8 XlO4 3-0 x 102 7-9 x 104
Shigella flexneri 2-1 X 105 8-3 x 104 > 1 <  10 0 — — —
S. dysenteriae 2-2 X 105 1-0 x 104 > 1 <  10 0 — — —

Proteus vulgaris 1-5 x 10s 1-3x10« 9-4 XlO3 >1 <10 0 — —
Streptococcus pyogenes 1-7 X 104 0 0 — — — —
Staphylococcus aureus 1*2 X 10s 0 0 — — — —
Corynebacterium diphtheriae 1-3 x 10* 0 0 — — — —

Mass culture studies
Studies of bacterial growth in non-sterilized open mass cultures of chlorella 

t x  71105 revealed that the same algae/bacteria population relationships existed 
there as were observed in flask cultures. All mass culture studies utilized the 
natural microbial flora normally encountered in non-sterilized algal culture systems. 
It was possible to monitor the growth of heterotrophic and autotrophic bacteria, 
fungi, yeasts and actinomycetes. Table 4 (representative of the data obtained 
from 5 experiments) shows that bacteria proliferated as a function of algal growth 
in mass cultures of chlorella t x  71105. I t  also shows that heterotrophic bacteria 
outgrew bacteria capable of utilizing KN03 as sole nitrogen source. This indicates 
that most bacterial growth resulted from the utilization of organic nitrogenous 
substances excreted by the algae rather than from the use of KN03 from the algal 
medium. Table 4 presents data which show that the fungi survived but did not 
grow in cultures of chlorella t x  71105. No significant fungal populations were 
detected in algal cultures maintained for 8 days and neither yeasts nor actino
mycetes were found in these cultures by the methods used.

It was evident that constituents of the detectable microbial populations varied 
as the algal cultures aged. New cultures generally contained a low but widely 
varied bacterial population, while ageing cultures in the stationary phase reached 
equilibrium with a few bacterial species only. Figure 3 shows the shifting popula
tion balances as a function of culture age. These population changes were also 
observed during stationary phase; it is assumed that they were the result of a 

q G. Mierob. 42
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Culture
filtrate

(94)

Dialysed vs. H20

Non-dialysable Dialysate
residue (127)

(48) I
Extract 3 times 

with equal volume 
of chloroform

W ater Chloroform
residue extract

| (84)
Add 4 volumes of 

ethyl aicoho! 
refrigerate overnight

Precipitate Supernatant
(68) (208)

Extract 3 times 
with equal volume 

of ether

W ater Ether
residue extract

(206) (219)

Fig. 4. F ractionation of culture filtrate. Numbers in parentheses give /tl. 0 2 consumed 
by 10s viable Bacterium anitratum  in 40 min. All fractions were reconstituted to  original 
quan tity  with water.

Table 4. The growth of various micro-organisms in mass cultures 
of Chlorella pyrenoidosa rx 71105

Bacteria

Time
(hr)

Algae
Trypticase 
soy agar

k n o 3
agar

Organisms/ml.

TSA-KNOg
k n o 3 Fungi

0 2-5 x 10» 1-5 x 10fi 9-5 x 10» 0*5 1-1 x lO 2
8 3-1 X 106 2-0 x 107 1-4 x 106 13 1-0 x 10»

18 2-9 x 107 4-7 X 10" 5-9 x 10» 77 1-2 x 102
26 1-5 X 108 1-0 x lO 8 >10» — 3-3 x 102
42 9-4 x 10s 2-7 x 109 3-2 x 107 8 4-0 x 102
50 1-4x10» 2-7 x 10» 1-8 x lO 7 14 4-0 x 10»76 1-5 X 10» 2-4 x 10s 1-4 XlO7 16 1-8x10»84 1-7x10» 1-6 X 10s 2-1 x 107 7 2-0x10»104 2-2 x 10» 2-2 x 10s 2-4 x 107 8 1-8 x 10»128 1-8x10» 9-7 x 107 4-1 x 106 23 1-1 xlO»

Counts were also made of yeasts and actinomycètes b u t in no sample did the count of either 
of these organisms exceed 10 organisms/ml.



given organism’s ability to utilize substances not available to a faster growing 
organism.

Throughout these experiments it was obvious that bacteriophages were present 
in some mass algal cultures. The presence of these phages was confirmed by serial 
passage on host bacteria isolated from the cultures.
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also thank the Bacteriology Section of the U.S.A.F. Epidemiology Laboratory, 
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The Role of Cellular Lipid in the Resistance of Gram-positive
Bacteria to Penicillins
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SUMMARY

It has been shown that when the Gram-positive micro-organisms Bacillus subtilis, Staphylococcus aureus and Streptococcus faecalis were grown under conditions in which their cellular lipid wras increased a corresponding increase in their resistance to the penicillins benzylpenicillin, cloxacillin, methicillin and quinacillin was produced. Likewise cell-wall lipid depletion caused a corresponding increase in sensitivity.

INTRODUCTION
Amongst the so-called semi-synthetic penicillins produced by treating a suitable 

acyl derivative with 6-aminopenicillanic acid the recently described 3-carboxy-
2-quinoxalinyl penicillin or quinacillin possesses some unusual properties. Thus, 
whereas quinacillin is active against staphylococci it is, unlike other penicillins 
both natural and semi-synthetic, relatively inactive against streptococci, Sarcina 
lutea and members of the genus Bacillus. Gram-negative organisms were completely 
resistant to quinacillin (Richards, Housley & Spooner, 1963). In a previous study 
Hugo & Stretton (1964) showed that quinacillin had a typical penicillin-like action 
in that it promoted the accumulation of acetylamino sugars in growing cultures of 
Staphylococcus aureus strain Oxford.

Distribution studies using water and chloroform at various pH values showed 
that, whereas between pH 5-5 and 7 0 benzylpenicillin and phenoxymethylpenicillin 
were appreciably soluble in chloroform, quinacillin was undetectable in the chloro
form layer until pH 2-0 was reached. This finding led to a study of the role of 
cellular lipids on the sensitivity of bacteria to quinacillin and, for comparison, to 
benzylpenicillin, methicillin and cloxacillin. The experimental approach adopted 
consisted in measuring the minimum inhibitory concentration of four penicillins 
against three species of Gram-positive bacteria in which the lipid content had been 
varied by appropriate treatments.

METHODS
Organisms. Staphylococcus aureus strain Oxford, penicillin-sensitive; n c t c  8452 , 

phage type 80, penicillinase producer; strain 100110, isolated at Queen Mary’s 
Hospital for Children, Carshalton, and reported to be methicillin-resistant; Bacillus 
subtilis, Marburg strain, n c t c 3 6 0 1 ; Streptococcus faecalis, n c i b 8553.

Materials. Quinacillin was a sample kindly given by Boots Pure Drug Co. Ltd., 
cloxacillin and methicillin were a gift from Beecham’s Research Laboratories Ltd.
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Benzylpenicillin was a commercial sample. All other chemicals used wrere of A.It. 
B.P., or B.P.C. quality when available or of laboratory reagent grade. Two samples 
of lipase were used: one of animal origin (pancreatic lipase, steapsin, L. Light and 
Co. Ltd.) and one of plant origin (wheat-germ lipase, British Drug Houses Ltd.). 
Silica gel for thin-layer chromatography was as supplied by E. Merck A.G. Darm
stadt. A more detailed chromatographic investigation was made by using Whatman 
no. 1 paper impregnated with silicic acid (S.G.81).

Media and conditions of growth. Culture media were prepared from Oxoid material 
with appropriate additions, sterilized 10 lb/30 min., final pH, 7-2.

The nutrient broth used contained (g./l.): peptone (Oxoid no. 1) 10, meat extract 
(Lemco, Oxoid) 5, sodium chloride 5; to provide adequate growth for Streptococcus 
faecalis yeast extract 5 was added. To these media the following single additions 
were made as required: (a) glycerol to a final concentration of 3%, (b) sodium 
acetate 0-5%, (c) sodium oleate 20 /tg,/ml., (d) coenzyme A 1300 /ni, (e) acriflavine 
10~5 m , (/) flavine mononucleotide 10-4 m , (g) pancreatic lipase 0-01 mg./ml., (h) 
wheat-germ lipase 0T0 mg./ml. When a solid medium was required Ion-agar no. 2, 
1-2%, was incorporated.

Media (a)-(c) were used to enhance the lipid content of the organism, (d)-(h) 
were designed for diminishing lipid content. All incubation was at 37°.

For lipase treatment, in addition to growth in the presence of the enzyme, washed 
suspensions were treated for 2 hr at 37° with the enzyme at a concentration of 0-01 
(pancreatic) and 0-1 (wheat germ) mg./ml. before examination for possible lipid 
depletion.

Determination of minimum inhibitory concentrations. The minimum inhibitory 
concentration (MIC) was determined using a tube dilution method with a final 
inoculum size of 103 organisms/ml. in the test system. All readings were taken 
exactly 24 hr from commencement of incubation. The media used were the basal 
media with the addition, where appropriate, of reagents to maintain the depleted 
or enhanced lipid content.

Determination of lipid. 1. Total lipid by extraction. Organisms grown on solid 
medium for 18 hr were harvested by washing with distilled water, centrifuged 
at low speed to remove agar and the bacteria collected by centrifugation at 
8000g and thrice washed by the same procedure. The washed bacteria were dried 
on an aluminium dish to constant weight in a partial vacuum over phosphoric 
oxide, transferred quantitatively to a Soxhlet apparatus and extracted with chloro
form-(-methanol (2 + 1 by vol.). All solvents used with bacterial lipid contained 
0-01 % butylated hvdroxytoluene as an antioxidant. The extract so obtained was 
quantitatively transferred to an aluminium dish, the solvent allowed to evaporate 
spontaneously and residual solvent allowed to evaporate in a desiccator under 
vacuum over phosphoric oxide.

2. Chromatography of the lipid extracts. Preliminary identification of the com
ponents of the extracted lipid was made by thin-layer chromatography on silica 
gel using chloroform + methanol + water (14 + 6 + 1) for phosphatid components and 
«-hexane + ether + acetic acid (50 + 50 + 1) for non-phosphatide fractions (Nichols,
1964). Visualization of the spots in all cases was with iodine vapour (Whitehouse, 
Bresler & Staple, 1958). Standards were run at the same time as an aid to identifi
cation. A more detailed chromatographic investigation was made by on silicic-



acid-impregnated paper developed with di-isobutylketone + acetic acid + water 
{40 + 20 + 3 by vol.; Marinetti, 1964).

Identification of the various components was accomplished by the use of appro
priate spray reagents : periodate-Schiff’s reagent for vicinal-glycol-containing lipids, 
Dragendorff's reagent for choline, ninhydrin for amino lipids and rhodamine 6 G 
(0-05% in 96% ethanol) followed by examination under ultraviolet light, a pro
cedure which detects lipids generally, but produces different colours according to 
the type of lipid present. Thus: yellow, lysolecithin; orange, phosphatidyl- and 
lysophosphatidylethanolamine, neutral lipid; blue, lysophosphatidylserine, phos- 
phatidylglvcerol, bis (phosphatidic) acid and phosphatidic acid.

Phosphatidylserine (Koch-Light Ltd.), phosphatidyl ethanolamine (Sigma 
Chemical Co.) and lecithin, 95-100% (British Drug Houses Ltd.), were used as 
markers or standards. The two latter compounds although not chromatographically 
pure contained a major component in excess which was taken as the authentic 
spot. Published Rf. values were also used as a further aid to identification (Matches, 
Walker & Ayres, 1964; Kates, Adams & Martin, 1964).

Detection of lipid by electrophoresis. Dyar & Ordal (1946), Dyar (1948) and Hill, 
James & Maxted (1963) showed that if the electrophoretic mobility of bacteria, 
suspensions was measured and compared with the mobility in the presence of an 
anionic surface-active agent such as sodium dodecyl sulphate (SDS) an increase in 
negative mobility was observed which could be related quantitatively to surface lipid. 
Measurements were made using the cell and circuit described by McQuillen (1952). 
The bacteria, after washing three times in buffer, were suspended in phosphate 
(NaH2P 0 4/Na2IIP 04) buffer pH 7-2 (I = 0-01) at a final concentration of 0-01 mg. 
dry wt./ml. Mobilities were measured in this system as described by McQuillen 
and in the same system containing sodium dodecyl sulphate 1C~6, 10-3 and 1()_4m 
Where there was a tendency for the bacteria to form clumps the suspension was 
shaken for a short time with 2 mm. diameter glass beads to obtain a suspension of 
single organisms necessary for the test.

The overall reproducibility of duplicate mobility measurements made on the 
same day was ± 1 % and on different days + 3 % (P = 0-05). Samples in which 
the mobility differed by + 10 % were taken as being significantly different. The lipid 
content of the bacteria, determined by extraction and/or by mobility measurements 
in the presence of SDS, increased with each subculture in the presence of glycerol, 
reaching a maximum at between 10 and 15 subcultures. A subculture régime of 10 
was adopted for all experiments.

Bacteria in which the lipid content had been decreased by lipase or enhanced by 
glycerol reverted to their normal value after one subculture in the basal medium. 
Consequent!}’, all measurements on penicillin inhibition were made in the presence 
of either lipase or glycerol, with appropriate controls which indicated that these 
additions did not themselves affect penicillin action or growth.
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RE SU L TS
Addition of glycerol 3 % to the basic culture medium resulted in an increase in 

cellular lipids with all the organisms listed under Methods. Treatment with lipase 
reduced the lipid content of the bacteria. Pancreatic lipase at the concentration used,
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0-01 mg./ml., was not inhibitory, but was effective in diminishing cellular lipid; 
wheat-germ lipase inhibited the growth of Staphylococcus aureus unless the concen
tration was decreased to 0 05%. In the case of staphylococci producing an extra
cellular lipase cellular lipid could be increased by adding a lipase inhibitor to the 
growth medium. It was found that sodium oleate, 20 /tg./ml., inhibited pancreatic 
lipase and the lipase present in the culture medium in which S. aureus (Oxford) had 
been grown. When this amount of sodium oleate was added to culture media in 
which iS', aureus (Oxford) or 8452 were growing, the lipid content and resistance to 
penicillins was increased. Staphylococcus aureus 100110 did not produce an extra
cellular lipase.

Robinson, Brady & Bradley (1963) reported that acriflavine, coenzyme A and 
flavine mononucleotide inhibited the biosynthesis of fatty acids in enzymes from 
cat brain and liver. In our hands these reagents at appropriate concentrations had 
no detectable effect on the lipid content of the bacterial species used in this study.

Acetate was less effective than glycerol in inducing cellular lipid and was, in fact, 
inhibitory towards the growth of Staphylococcus aureus even at concentrations of 
0-5%. Without exception, but in varying degrees, increasing cellular lipid resulted 
in an increase in the dose of penicillin required to inhibit growth whereas decrease 
in lipid produced precisely the opposite effect (Table 1).

Cell lijpids and penicillin action

DISCUSSION
Quinacillin has been shown to cause the accumulation of .Y-acetylamino sugars 

at concentrations which inhibit cell growth (Hugo & Stretton, .964). However, the 
different pattern of solubility of quinacillin in chloroform when compared with 
benzylpenicillin or phenoxymethylpenicillin led to the suggestion that cellular 
lipid may be a factor in determining the susceptibility of bacteria to penicillins or 
the toxicity of penicillins towards bacteria. Lipid enhancement resulted in a 
marked increase in the dose to inhibit growth of all the penicillins tested; lipid deple
tion caused a less well marked but none the less significant increase in sensitivity. 
Changes in lipid content were also reflected in the appearance of the culture. In 
general, with increase in lipid content pellicle formation was either induced or, 
where already present as in Bacillus subtilis, became thicker and more wax-like. 
Treatment with lipase abolished pellicle formation in this organism. It was not 
possible to attribute increase in penicillin resistance to any particular lipid com
ponent, since all appeared to increase equally, as assessed by chromatography, 
during growth in glycerol.

Some evidence that the cellular location of the lipid was the controlling factor 
was obtained from experiments in which lipid extracted from fattened bacteria was 
added to cultures of non-fattened bacteria of the same species to give, as near as could 
be achieved, the same overall lipid content in the system. In these circumstances 
no increase in resistance to the penicillins could be detected.

The role of drug lipid solubility as measured by chloroform buffer distribution 
seems to be of small importance as compared with the marked general effect of cell 
lipid in penicillin resistance. Support for the general hypothesis on the role of 
lipid comes from a consideration of the difference in sensitivity of Gram-positive 
and Gram-negative bacteria to penicillin. The former are, in general, sensitive, the
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latter are not, yet the mode of action is the same (Gale, 196-4); but, whereas Gram
negative cell walls contain a large amount of lipid (up to 25%), Gram-positive cell 
walls normally contain little or none (Salton, 1964).

It is possible that an increase or decrease in cellular lipid of the type reported in 
this paper might occur in vivo leading to a change in resistance to the penicillins; 
in this connexion it is interesting to note that Hill et al. (1963) have shown that 
freshly isolated pathogenic streptococci possess more cell lipid than laboratory 
strains. Both serum glycerol and possibly serum lipases may play a role in changing 
the sensitivity of the Gram-positive bacteria to the penicillins.
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Variations in Mycoplasma Morphology Induced by 
Long-chain Fatty Acids

By S. RAZIN,* B. J. COSENZA a n d  M. E. TOURTELLOTTE
Department of Bacteriology and Department of Animal Diseases, 

University of Connecticut, Storrs, U.S.A.
(Received 12 August 1965)

SUMMARY

Addition of unsaturated long-chain fatty acids to tryptose broth improved growth of Mycoplasma laidlawii and induced the formation of very long and highly branched filaments by this organism. Most filaments were composed of small coccoid bodies. The saturated long-chain fatty acids, in a similar concentration, did not produce this effect; palmitic and stearic acids inhibited growth. Similar, but less striking results were obtained with M. gallisepticum and Mycoplasma sp. strain 14. The possibility that the morphological variations reflect changes in the lipid composition of the cell membrane is discussed.
INTRODUCTION

Several mycoplasma species including Mycoplasma mycoides var. mycoides, 
M. gallisepticum and M . laidlawii require long-chain fatty acids for growth (Rodwell 
& Abbot, 1961; Tourtellotte, Jensen, Gander & Morowitz, 1963; Razin & Rottem, 
1963). Evidence for the incorporation and use of the fatty acids of the growth 
medium for the biosynthesis of mycoplasma lipids is accumulating (Smith & 
Boughton, 1960; Tourtellotte et al. 1963; Argaman & Razin, 1965). Since practically 
all mycoplasma lipids are part of the cell membrane (Razin, Argaman & Avigan, 
1963) it is evident that the long-chain fatty acids are important constituents of this 
structure. Growth of M. mycoides var. mycoides in a medium deficient in essential 
long-chain fatty acids was accompanied by profound morphological changes in the 
cells, reflecting apparently defective biosynthesis of the limiting cell membrane 
(Rodwell & Abbot, 1961).

The dependence of biosynthesis of membrane lipids on an external supply of long- 
chain fatty acids prompted us to investigate the possibility of changing the fatty 
acid composition of the membrane by varying the fatty acid composition of the 
growth medium. The method chosen to approach this problem consisted of adding 
increasing amounts of one long-chain fatty acid at a time to the growth medium 
and observe its effects on cell morphology, osmotic fragility and fatty acid com
position of membrane lipids. This report describes the morphological changes 
occurring in mycoplasma cells grown in the presence of various long-chain fatty 
acids.

* P resent address: D epartm ent of Clinical Microbiology, The Hebrew University, H adassah 
Medical School, Jerusalem , Israel.
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METHODS
Organisms. Mycoplasma laidlawii strain b  (p g 9) was obtained from Dr D. G. ff. 

Edward (Wellcome Research Laboratories, Beckenham, Kent). M. gallisepticum 
strain a 5969 was taken from the culture collection of the Department of Animal 
Diseases, University of Connecticut. Mycoplasma sp. strain 14 (goat strain) was 
obtained from Dr H. E. Adler (School of Veterinary Medicine, University of Cali
fornia, Davis, U.S.A.).

Groivth conditions. The basal growth medium was tryptose broth consisting of 
(g./l.): Bacto-tryptose, 20; sodium chloride, 5; tris (2-amino-2-hydroxymethyl- 
propane-l,3-diol), 5; glucose, 7. The pH value of the medium was 8-2-8-4 without 
adjustment. The medium was supplemented with 4 g. lipid-extracted bovine albumin, 
fraction V (Calbiochem, Los Angeles, U.S.A.)/1. The albumin was extracted with 
acetone as described by Razin & Rottem (1963). The saprophytic Mycoplasma 
laidlawii could grow well in this medium after an adaptation period of 10-20 
daily transfers in the medium. The parasitic M. gallisepticum and the goat strain 
could not grow in this medium unless supplemented with Bacto-PPLO serum 
fraction in a final concentration of 1 % (v/v). Experiments to replace the need for 
PPLO serum fraction with mixtures of cholesterol and long-chain fatty acids failed 
to yield satisfactory growth of the two parasitic strains.

Long-chain fatty acids were added to the growth medium in ethanolic solution. 
The concentration of ethanol in the medium never exceeded 0-5% (v/v). The pre
sence of lipid-extracted albumin in the medium enabled growth of Mycoplasma 
with rather high concentrations of fatty acids. Growth was usually done in 
100 ml. quantities of medium dispensed in 200 ml. screw-capped bottles. Each 
bottle received 5 ml. of a 24 hr culture in the medium with no fatty acids added. 
The bottles were incubated statically at 37° for 24 hr or longer and samples were 
taken for microscopic examinations.

Assessment of growth. The organisms were harvested by centrifugation at 9000g 
for 15 min. and washed twice in /?-buffer (Pollack, Razin, Pollack & Cleverdon,
1965) consisting of: sodium chloride, 0-15m ; tris, 0 0 5 m ; 2-mercaptoethanol, 0-01 m 
in de-ionized water, adjusted to pH 7-4 with HC1. The washed organisms were re
suspended in 10 ml. buffer and the amount of cell protein determined in a sample 
of this suspension according to Lowry, Rosebrough, Farr & Randall (1951).

Chemicals. Laurie acid (A grade, gas chromatography > 99-5% pure), palmitic 
acid (A grade, gas chromatography homogeneous), stearic acid (A grade, gas 
chromatography homogeneous) and oleic acid (A grade, > 99 % pure) were the 
products of Calbiochem (Los Angeles, California, U.S.A.). Myristic acid (99-8% 
pure), linoleic acid (90 + % pure), linolenic acid (99 + % pure) and arachidonic acid 
(90 + % pure) were purchased from Mann Research Laboratories Inc. (New York 6,
N.Y., U.S.A.).

Microscopy and photomicrography. Drops taken from the liquid cultures of the 
tested Mycoplasma were put on glass slides, covered with coverslips and examined 
with a Wild M20 microscope. The Wild Fluotar phase objective H I50/1-00 and a 
x 10 or x 20 eyepiece were routinely used. The illumination source was a Bausch 

and Lomb low-voltage lamp. Photographs were taken with a Leitz Wetzlar camera 
using Kodak Contrast Process panchromatic film. The total microscopic magnifica



tion was 625. Prints were made on Kodabromide (F-3) paper to a final magnifica
tion of 1250, 2700 or 3850.
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RESULTS
Mycoplasma laidlawii. Growth of M. laidlawii in the tryptose medium was 

characterized by a steep decline phase involving lysis of the organisms within 48-72 hr 
incubation at 37°. Addition of increasing concentrations of oleic acid to this medium 
improved growth and lengthened the decline phase. The concentration of oleic acid 
giving optimal growth was about 50 /¿g./ml.; higher concentrations decreased 
growth. Growth promotion was also shown with the other unsaturated fatty acids 
linoleic acid and linolenic acid, and to a lesser extent with arachiconic acid (Table 1). 
While lauric acid promoted growth, the other saturated long-chain fatty acids 
inhibited growth; the growth-inhibitory effect increased with the increase in the 
chain length (Table 1).

Table 1. Effect of long-chain fatty acids on growth of Mycoplasma 
laidlawii strain b

Organisms were grown in 100 ml. quantities of tryptose broth containing 0-4%  (v/v) 
lipid-extracted bovine albumin, fraction V, and 50 /jg./ml. of one cf the fa tty  acids.
The organisms were harvested after 24 hr incubation a t 37°, washed £.nd resuspended in 
yS-bul'fer. Total cell protein in the suspension was determ ined according to Lowry et al. 
(1951).

F a tty  acid Cell protein F a tty  acid Cell protein
added to  medium (mg-) added to  medium (mg.)

Oleic 110 Myristic 51
Linoleic 129 Palm itic 3-7
Linolenic 12-9 Stearic 2 0
Araebidonic 8-4 Xo fa tty  acid added 5-2
Lauric 9-8

The different effects of the long-chain fatty acids on the growth of Mycoplasma 
laidlawii were also expressed by profound morphological variations in the organisms. 
M. laidlawii grown in the tryptose medium with no fatty acid added appeared as 
spherical bodies, either single, in pairs or arranged in short, frequently branching 
chains (PI. 1, fig. 1). Addition of any one of the four unsaturated fatty acids caused 
the organisms to grow as long and branched filaments. Most filaments were com
posed of small spheres (PL 1, fig. 3). In many cases microcolonies, composed of 
entangled filaments, were formed in the liquid culture (PI. 2, fig 4). In small micro
colonies the filaments were seen to originate from a central region (PI. 2, fig. 5). The 
dimensions of the organisms were very variable, especially of those appearing singly or 
in pairs. The diameter of many of these organisms, as measured on the photomicro
graphs, was 0-6- 0-7 //. while the thickness of the filaments was usually more constant, 
averaging 0-35 ¡i. Growth of M. laidlawii in the presence of 50 M g ./ml. of any of the 
saturated long-chain fatty acids was characterized by very few filaments; most organ
isms appeared either singly, in pairs or in very short chains (PI. 1, fig. 2; PI. 2, fig. 6). 
The organisms, especially those grown with palmitic or stearic add, were bigger than 
those grown with the unsaturated fatty acids, many reaching a diameter of 1 p.

Mycoplasma gallisepticum. This mycoplasma could not grow in tryptose broth 
without PPLO serum fraction, even when cholesterol was supplied to the medium.



The organisms grown in tryptose broth supplemented with 1 % (v/v) PPLO serum 
fraction had the typical coccobacillary form (Klienberger-Nobel, 1962). Many organ
isms appeared as short rods, very frequently arranged in clusters (PI. 3, fig. 7). The 
organisms were usually smaller than those of M. laidlawii. The width of the bacillary 
forms averaged 0-3 /t. Addition of oleic acid to thegrowth medium caused the appear
ance of some short and branched filaments (PI. 3, fig. 8), but the phenomenon was 
much less pronounced than with M. laidlawii. Addition of 25-50 /ig. oleic acid/ml. to 
the tryptose broth increased the growth of M. gallisepticum by about 30% as 
measured by increase in cell protein. Palmitic acid, when added to the medium, 
decreased growth by 28 % at a level of 50//g./ml. and by 66 % at a level of lOO/tg./ml. 
Organisms grown in the presence of 50//g. palmitic acid/ml. were usually spherical and 
bigger than those grown without the addition of fatty acids (PI. 3, fig. 9). It is of 
importance to notice in this photomicrograph the growth of M. gallisepticum in 
short branched chains of cocci.

.Mycoplasma sp. strain 14 (goat strain). As with M. gallisepticum, the goat strain 
required the addition of PPLO serum fraction to the tryptose medium. This strain 
showed a tendency to form short and branching filaments without the addition of 
unsaturated fatty acids to the medium (PL 4, fig. 10). However, filamentation was 
more pronounced when oleic acid was added to the medium to a final concentration 
of 50 /ig./ml. Addition of palmitic acid to the growth medium in the same con
centration decreased growth very markedly, the organisms appeared either singly or 
in pairs and their diameter was larger than that of organisms growing with oleic acid. 
A striking difference between organisms grown with or without the addition of oleic 
acid was seen after incubation of the cultures for 48 hr at 37°. The culture growing 
in the presence of added oleic acid showed intense filamentation. The thickness of 
the filaments was about 0-3-0-4 p (PI. 4, fig. 11). The organisms grown without the 
addition of oleic acid were very swollen and distorted, many appearing as empty 
ghosts (PI. 4, fig. 12).
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DISCUSSION
Growth of Mycoplasma laidlawii in long and branched filaments resembles very 

much that of the type species M. mycoides var. mycoides (Edward & Freundt, 1956). 
The claim of Freundt (1958, 1960) that filament formation is a characteristic of all 
Mycoplasma species, including M. laidlawii, has been questioned by several authors 
(Handler & Handler, 1954; Liebermeister, 1960; Dienes, 1960). Liebermeister 
(1960) states that branching filaments are very seldom seen in M. laidlawii strains, 
and when they are found they are artifacts of the microscopic procedure. Weibull 
& Lundin (1963), using phase-contrast microscopy, could not see filaments in 
M . laidlawii under conditions which enabled filamentation in human mycoplasma 
strains. Even the electron micrographs presented by Freundt (1960) to prove his 
point that M. laidlawii does produce filaments are not too convincing, because at 
least some of the very thin filaments (less than 0-1 p in width) might be the result 
of cell destruction occurring during the drastic treatment of drying and fixation 
for electron microscopy. Our observations leave no doubt that M. laidlawii is 
capable of growing in long and branching filaments. The technique used, phase- 
contrast microscopy, does not involve any pre-treatment of the extremely plastic 
organisms. The photographs were taken just when the organisms and filaments settled



on the slide. The images obtained in the photomicrographs corresponded closely to 
those seen moving freely in the liquid.

Formation of filaments by mycoplasma is at least in part a function of the amount 
of unsaturated fatty acids in the growth medium. This has been already shown for 
M y c o p la s m a  m y c o id e s  var. m y c o id e s  (Rodwell & Abbot, 1961). Cholesterol has 
apparently no role in filament formation in M . la id la w i i , because in our experiments 
this organism was grown in a medium with no PPLO serum fraction and the organ
isms contained negligible amounts of cholesterol (Razin & Cleverdon, 1965). The de
pendence of filament formation on constituents of the growth medium should be kept 
in mind when using this property as a taxonomic criterion. The use of different 
media by various authors may explain the divergent views about filament form
ation by M .  la id la w i i .

The effects of long-chain fatty acids on morphology of M y c o p la s m a  g a l l i s e p t ic u m  
and the goat mycoplasma were less striking than with M . la id la w i i . This might be 
due to the presence of 1 % (v/v) of PPLO serum fraction in the growth medium for 
the parasitic strains. The variety of fatty acids in this component may have masked 
the effects of the unsaturated fatty acids added. However, our preliminary observa
tions indicate that basically the mode of multiplication of M . g a l l i s e p t ic u m  resembles 
that of other mycoplasma, and short branching filaments can be formed by this 
organism. The goat strain, which seems to be related to M .  m y c o id e s  var. c a p r i  
(Razin, unpublished results), produces longer and more branching filaments when 
oleic acid is added to the growth medium. Moreover, the organisms grown with oleic 
acid do not show the rapid degeneration and lysis typical for the rapid decline phase of 
this organism grown in the presence of 1 % PPLO serum fraction alone.

Inhibition of filament formation and growth by the saturated fatty acids may 
be caused by interference by these acids, supplied to the medium in excess, with the 
incorporation of the essential unsaturated fatty acids by the organisms. The need 
for a proper balance of fatty acids in growth media for mycoplasma and other 
micro-organisms has been stressed (Shorb & Lund, 1959; Rodwell & Abbot, 1961).

Tae interpretation of the present morphological observations must depend on 
chemical and consequently physical alterations in the mycoplasma membrane. 
Preliminary findings in our laboratory show that the morphological variations are 
acccmpanied by changes in osmotic fragility of the organisms indicating variations in 
membrane elasticity. Other observations indicate a difference in the fatty acid 
composition of membrane lipids of mycoplasma grown with different fatty acids. 
It is hoped that with the accumulation of more data an interpretation relating the 
morphological variations with changes in membrane composition can be postulated.

Contribution no. 123 of the Institute of Cellular Biology, University of Con
necticut. One of the authors (S.R.) held a Senior Foreign Scientist Fellowship of 
the National Science Foundation during the work.
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EXPLANATION OF PLATES 
P l a t e  1

M ycoplasm a laidlaipii
Fig. 1. Organisms grown for 24 hr at 37° in tryptose broth with no fatty acid added, x 2700. 
Fig. 2. Organisms grown for 24 hr at 37° in tryptose broth supplemented with 50 fig. palmitic acid./ml. x 2700.
Fig. 3. Organisms grown for 24 hr at 37° in tryptose broth supplemented with 50 fig. oleic acid./ml. x 2700.

P l a t e  2

M ycoplasm a la idlaw ii
Fig. 4. A microcolony formed after 24 hr incubation at 37° in tryptose broth supplemented with 50 fig. oleic acid./ml. x 1250.
Fig. 5. A microcolony formed after 24 hr incubation at 37° in tryptose broth supplemented with 50 fig. linolenic acid./ml. x 1250.
Fig. 6. Organisms grown for 24 hr at 37° in tryptose broth supplemented with 50 fig. stearic acid./ml. x 2700.
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P la te  3

M ycoplasm a gallisepticum
F ig . 7. O rgan ism s grow n  fo r 24 h r  a t  37° in  try p to se  b ro th  co n ta in in g  1 %  (v /v ) P P L O  serum  
frac tio n , x  2700.
F ig . 8. O rgan ism s grow n for 24 h r  a t  37° in  try p to se  b ro th  sup p lem en ted  w ith  1 %  (v /v ) P P L O  
seru m  frac tio n  a n d  50 p g .  oleic ac id ./m l. x  2700.
F ig . 9. O rgan ism s grow n fo r 24 h r  a t  37° in  try p to se  b ro th  sup p lem en ted  w ith  1 %  (v /v) P P L O  
serum  frac tio n  a n d  50 p g .  p a lm itic  ac id ./m l. x  3850.

P la te  4
M y c o p la s m a  sp. s tra in  14 (g o a t s tra in )

F ig . 10. O rgan ism s grow n  for 24 h r  a t  37° in  try p to se  b ro th  sup p lem en ted  w ith  1 %  P P L O  serum  
frac tio n , x  2700.
F ig . 11. O rgan ism s grow n for 48 h r  a t  37° in  try p to se  b ro th  sup p lem en ted  w ith  1 %  (v /v ) P P L O  
seru m  frac tio n  a n d  50 p g .  oleic ac id ./m l. x  2700.
F ig . 12. O rgan ism s grow n fo r 48 h r  a t  37° in  try p to se  b ro th  sup p lem en ted  w ith  1 %  (v /v ) P P L O  
seru m  frac tio n  only , x 1250.
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The Chemical Composition of the Cell Walls of Some 
Thermophilic Bacilli

B y  I .  T. FORRESTER a n d  A. J. WICK EX
D e p a r tm e n t  o f  B io c h e m is tr y ,  L in c o ln  C o llege , U n iv e r s i t y  o f  C a n te r b u r y ,  

C a n te r b u r y , N e iu  Z e a la n d

(R e c e iv e d  6 S e p te m b e r  1905)
SU M M A R Y

The chemical compositions of the cell walls of one strain each of B a c i l lu s  
s te a r o th e r m o p h ilu s  and B .  c o a g u lo n s  prepared from organisms grown at 37° and 55° are compared. The higher temperature of cultivation resulted in an increased proportion of mucopeptide and a decreased proportion of teichoic acid in the walls of both organisms. A higher lipid content than is usual in Gram-positive organisms was found in these walls. The teichoic acid from B .  s te a r o th e r m o p h ilu s  walls was a glycerophosphate polymer substituted with glucose and alanine; evidence suggesting the presence of 2,3-phosphodiester linkages in this polymer is presented. The teichoic acid from B . c o a g u lo n s  walls was also a glycerophosphate polymer, substituted with two neutral sugars, glucose and galactose, but lacking amino acid substituents hitherto reported as characteristic of teichoic acids.

IN T R O D U C T IO N
The average size of the bacterial cell appears to be a direct function of the growth 

rate. The relationship between cell-wall composition and growth rate has been 
studied in B a c i l lu s  m e g a te r iu m  (Sud & Schaechter, 1964), where the content of wall 
hexosamine and diaminopimelic acid, and of membrane lipid phosphorus, on a 
wrhole organism dry-weight basis, was found to be inversely proportional to the 
rate of growth. Nothing appears to be known of the effect of temperature of growth 
on cell-wall composition. With the exception of the determination of the mole 
ratios of wall amino acids in a strain of B a c i l lu s  s te a r o th e r m o p h ilu s  (Salton & Pavlik, 
1960) the chemical composition of the walls of thermophilic bacilli is unknown. In 
the present study we have analysed the walls of two facultatively thermophilic 
bacilli prepared from organisms grown at 37° and 55°, respectively.

M E T H O D S
O r g a n is m s . The following two organisms were used. B a c i l lu s  s te a r o th e r m o p h ilu s  

(numbered b 65 in our own collection and isolated originally from a ‘Kilit Autoclave 
Control’ spore suspension of B . s te a r o th e r m o p h ilu s  obtained from Raltimore Bio
logical Laboratories, Inc., Baltimore 18, Maryland, U.S.A.) and B . c o a g u la n s  
(n r s  no. t 2007). Cultures were maintained on nutrient agar slopes. Both organ
isms w'ere facultatively thermophilic in broth culture under the conditions used.

P r e p a r a t io n  o f  ce ll ■ walls. Both organisms were grown in a broth medium based 
on that of Campbell & Williams (1953) and composed of 1 % (w/v) trypticase

IO -2
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(BBL), 0-5 % (w/v) yeast extract (BBL), 0-25 % (w/v) K2H P 04, 0-2 % (w/v) glucose, 
0-1 % (v/v) salts solution (0-5 g. of each of MgS04.5H20, FeCl3, CaCl2/100 ml. 
water). 2-1. batches of medium in 4-1. flasks were inoculated with 20 ml. of an 18 hr 
culture, grown in the same medium at 37° or 55° as required in a Gallenkamp 
shaking water-bath and incubated at either 37° or 55°, respectively, with sterile 
air sparging at a rate of 1 1. air/1. culture/min. Excessive foaming was controlled 
by periodic additions of 1 ml. of a 10 % (v/v) silicone antifoam solution (Dow- 
Corning formula B). Growth was stopped near the end of the exponential phase 
of growth (%“% = 1 -00) by adding chipped ice directly to the culture vessels. 
The organisms (no spores were seen) were collected by centrifugation in the cold, 
washed twice with cold 0-9% (w/v) saline and finally resuspended (20% w/v) in 
0-9 % saline. Mean generation times in the exponential phase of growth of 32 and 
20 min. were obtained for B a c i l lu s  s te a r o th e r m o p h ilu s  and 60 and 18 min. for 
B . c o a g u la n s  at 37° and 55°, respectively.

Volumes of suspension (45 ml.) "were mixed with an equal volume of ballotini 
beads (English Glass Co., grade 11) and disintegrated at 0-5° at 14,000 rev./min. in a 
M.S.E. homogenizer until 90-95% of the organisms were broken, as judged by 
phase-contrast microscopy (25-35 min.). The cell-wall suspension was separated 
from glass beads by filtration through a No. 1 sintered glass filter and the beads washed 
twice with minimal volumes of cold saline. All subsequent operations were performed 
on an International Refrigerated Centrifuge (model HR 1 angle head no.856).Unbroken 
organisms were separated from cell walls at lOOOg for 10 min. (3 times). Walls were 
precipitated at 10,000g for 10 min. and washed by resuspension and recentrifuga
tion in ice-cold m-KCI (3 times) and ice-cold distilled water (12 times). Final sus
pensions were freeze-dried and stored over P20 5. This procedure yielded 35-50 mg. 
dry-wt. cell wall/1. original culture. Electron-microscope examination of the isolated 
walls showed them to be free from cytoplasmic material. The absence of nucleic 
acids and proteins from these preparations was established by spectrophotometric 
examination at 260 m/t (Mitchell, 1950) and paper chromatography of acid hydro
lysates as described in the text, respectively.

P a p e r  c h r o m a to g r a p h y . The following solvent systems were used: A, propan-l-ol + 
aq. ammonia (sp.gr. 0-88) + water (6 + 3 + 1, by vol.; Hanes & Isherwood, 1949), 

Whatman no. 4, ascending; B, pyridine + ethylacetate + water + acetic acid 
( 5 +  5 +  3 + 1, by vol.; Fischer &  Nebel, 1956), Whatman no. 1, descending; C, 

butan-l-ol +acetic acid + water (4 + 1 + 5 ,  by vol.), upper layer (Partridge, 1948), 

Whatman 3 M M , descending; D, butan-l-ol + pyridine + water (6 + 4 + 3, by vol.; 
Jeanes, Wise & Dimler, 19 5 1) ,  Whatman no. 4, descending; E, butan-2-ol +formic 
acid + water (7 + 1+2, by vol.; Roberts e t  a l. 1955), Whatman no. 1 ,  descending; 
F, phenol + water+ aq. ammonia (sp.gr. 0-88) (80 g. + 20 ml. + 0-3 ml.; Roberts 
e t  a l. 1955), Whatman no. 1, descending. Whatman no. 4 paper was washed before 
use with 2N-acetic acid containing EDTA (0-1 %, w/v) and then water.

The following spray reagents were used where appropriate: periodate + Schiff 
reagent for polyols (Baddiley, Buchanan, Handschumacher & Prescott, 1956); 
perchloric acid + molybdate reagent for phosphates (Hanes & Isherwood, 1949); 
alkaline silver nitrate (Trevelyan, Procter & Harrison, 1950) and aniline phthalate 
(Partridge, 1949) for sugars; ninhydxin (Consden & Gordon, 1948) for amino acids; 
Elson-Morgan reagent for amino sugars (Partridge, 1949).
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Hydrolysis conditions and analytical methods. For the analysis of amino acids 

2 mg. dry-wt. cell wall were heated with 200 ¡A. 6n-HC1 under N2 in sealed tubes 
at 105° for 16 hr. After cooling, humin was removed by centrifugation and washed 
twice with water, the washing being pooled with the supernatant fluid. HC'l was 
removed by repeated evaporation from water in vacuum over P20 5 and NaOH 
pellets. Two-dimensional chromatography in solvents E and F, by the technique 
of running standard substances and unknown mixture on the same paper (Saxena 
& Gandhi, 1962) was used to identify amino acids. For the quantitative estimation 
of diaminopimelic acid, glutamic acid, glycine and alanine, hydrolysates were 
dissolved in 100 /d. water and duplicate chromatograms were developed from 25 //l. 
portions in solvent D. Known concentrations of the four amino acids were chroma
tographed under identical conditions. The cadmium acetate + ninhvdrin method of 
Heilmann, Barollier & Watzke (1958) was used to estimate amino acids on the 
developed chromatograms.

For the analysis of neutral sugars, 3 mg. dry-wt. cell wall were heated with 
200 /A. 2n-H2S 0 4, under N 2 in sealed tubes at 100° for 2 hr. Hydrolysates were 
neutralized with 0-2N-Ba(OH)2, the precipitate of BaS04 removed by centrifugation 
and washed twice with water, and supernatant fluid +  washings passed through a 
short column of Dowex 50 (H+) resin (1-2 ml.). The resin was washed with 5 column- 
volumes of water and the combined eluates concentrated by rotary evaporation. 
Paper chromatography in solvent B was used to identify the sugars present. For 
quantitative analysis eluates from the resin columns were made zo 5 ml. with water 
and suitable portions used for analysis of total reducing sugar by the methods of 
Dubois et al. (1956) and Park & Johnson (1919). Glucose was estimated by the 
glucose oxidase method of Huggett & Nixon (1957) and galactose by the method of 
Park & Johnson (1949) after destruction of glucose by glucose oxidase.

For the detection of hexosamines, 2 mg. dry-wt. cell walls were heated in 200 ¡A. 
4n-HC1 in sealed tubes for 4 hr at 100°. Excess HC1 was removed in vacuum over 
P20 6 and NaOH and the residue taken up in water. Neutral sugars were removed 
by passage of the hydrolysate through short columns of Dowex 50 (H+) resin 
(1-2 ml.). After washing the resin with water (5 column-volumes) hexosamines 
were eluted with m-NH4OH and evaporated to dryness in vacuum. Paper chroma
tography in solvent C was used to identify the hexosamines. Glucosamine was 
distinguished from galactosamine by ninhydrin oxidation and chromatography in 
solvent D (Ellwood, Kelemen & Baddiley, 1963). Quantitative estimations of 
amino sugar were made on hydrolysates prepared as above from 5 mg. dry wt. cell 
wall. After cooling, the hydrolysates were diluted quantitatively to 5 ml. with 
water. Portions (2 ml.) were neutralized with a slight excess of NH4OH, freeze- 
dried and finally dissolved in 1 ml. water. Samples (50 ¡A.) were used to estimate 
hexosamines, as glucosamine, essentially by the procedure of Strominger, Park & 
Thompson (1959). The values obtained were corrected for acid destruction of hexo
samines under the hydrolytic conditions used, by the method of Czerkawski, 
Perkins & Rogers (1963), ammonia in the diluted acid hydrolysates being estimated 
by Conway microdiffusion (Jacobs, 1956, 1960).

Phosphorus was estimated by the method of Fiske & SubbaRow (1925).
The lipid content of cell walls was determined, after heating with methanol by 

exhaustive extraction, under reflux, with ether, and then chloroform + methanol 
(1 +  1 by vol.).

Cell walls of thermophilic bacilli
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The configuration of diaminopimelic acid in wall hydrolystes was determined by 

a combination of the chromatographic methods of Rhuland, Work, Denman & 
Hoard (1955) and Jusic, Roy, Schocker & Watson (1963).

E x tr a c t io n  o f  te ic h o ic  a c id s . Teichoic acids were extracted from 25 mg. portions of 
wall preparations with 10% (w/v) trichloracetic acid at 0-5° during 48 hr. After 
sedimentation by centrifugation, teichoic acid was precipitated from the supernatant 
solution by the addition of 5 vol. cold ethanol, and the precipitate washed with 
ethanol, ether, then dried in vacuum. The chemical composition of the teichoic 
acids was determined by hydrolysis with 2n-HC1 or N-NaOH salution for 3 hr at 
100°, followed by examination of the products by chromatography in solvents 
A and B. Alanine ester residues were detected by reaction with aqueous ammonia 
and chromatography of the resulting alanine and its amide in solvent A. Alkaline 
phosphomonoesterase (Sigma, type II) was used to degrade further the products of 
alkaline hydrolysis (see Wicken & Baddiley, 1963).

R E S U L T S
Acid hydrolysates from all of the cell-wall preparations of both organisms con

tained alanine, ae-diaminopimelic acid, glutamic acid, glycine, muramic acid, 
glucosamine, glucose, glycerol and glycerol mono- and diphosphates; hydrolysates 
of B a c i l lu s  c o a g u la n s  walls contained in addition galactose. The configuration of 
ae-diaminopimelic acid in these walls was m e so - as shown by paper chromato
graphy of the isolated acid and its dinitrophenyl derivatives.

Table 1. C o m p o s i t io n  o f  th e  ce ll w a l ls  o f  B a c i l lu s  s te a r o th e r m o p h ilu s  a n d  
B . c o a g u la n s  g r o w n  a t 3 7 °  a n d  o o °

B . s tearo th erm o ph ilu s B . coagu lan s

37° 55° 37° 55°
/¿m oles/m g. d ry  w t. cell wall

D iam inop im elic  acid 0-24 0-35 0-25 0-34
G lu tam ic ac id 0-32 0-45 0-35 0-37
A lanine 1 1 4 0-96 0-50 0-57
G lycine 0 0 4 O i l 0 0 6 0 0 6
H exosam ine* 0-60 0-70 0-63 0-81
G lucose 0-98 0-88 0-67 0-53
G alactose 0 0 0 0 0 0 0-67 0-53
P ho sph orus 1-27 1-28 0-83 0-71

* C alcu lated  as g lucosam ine a n d  co rrec ted  fo r d es tru c tio n  u n d e r th e  co nditions o f h y d ro ly sis  
u se d  as d escrib ed  in  te x t .

Table 1 lists the results obtained from quantitative analyses of acid hydrolysates 
of cell walls; the relative mole ratios of amino acids and hexosamine are shown in 
Table 2.

Ether extractable, chloroform + methanol extractable and total extractable 
lipid from the cell walls of B a c i l lu s  s te a r o th e r m o p h ilu s  grown at 55° were 4-3, 3-7and
8-0 % of the dry-wt. of wall, respectively. Corresponding figures for B .  c o a g u la n s  
were 8-3, 4-3 and 12-6 %. Insufficient material was available for comparable
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analyses of walls from organisms grown at 37°. Chromatographic examination of 
acid hydrolysates of extracted lipid material in solvents B, E and F did not show 
neutral sugars, hexosamines or amino acids.

The chromatographically identified products of acid and alkali hydrolysis of 
teichoic acids extracted from the walls of both organisms are listed in Table 3. 
Ammonolysis of the teichoic acid from, and whole cell walls of, Bacillus stearo- 
thermophilus gave alanine and alanine amide, indicating the presence of alanyl 
ester linkages. The absence of similar residues from B. coagulans walls or extracted

Cell walls of thermophilic bacilli

Table 2 . Mole ratios* of amino acids and hexosamines in the cell walls of 
Bacillus stearothermophilus and B. coagulans grown at 37° and 55°

H exosam ines
G lu tam ic

acid D A P | A lanine G lycine
1!. s tea ro th erm o p h ilu s , 37° 1-89 1 0 0 0-76 3-57 0 0 1
B . stea ro th erm o p h ilu s , 55° 1-50 1 0 0 0-77 2 1 0 0 0 2
B . coagu lan s , 37° 1-80 1 0 0 0-70 1-43 0 0 2
B . coagu lan s, 55° 2-17 1 0 0 0-93 1-55 0 0 2

* R e la tiv e  to  g lu tam ic  ac id  =  1 0 0 . \  D A P  =  m eso-ae-d iam inopim elic acid.

Table 3. Hydrolysis products of teichoic acids extracted from, 
Bacillus stearothermophilus and B. coagulans

B . s tearo th erm o ph ilu s B . coagu lan s

Acid A lkali

A lkali 
h ydro lysis 
+  alka line 
p ho sp h o 

m ono Acid A lkali
h ydro lysis hyd ro ly sis este rase hydro lysis hydro lysis*

G lycerol + T race + + —

G ly cerom onophosphates + + - + T race
G lucosy lg lycerophosphates - + — - —
G ly cerod iphosphates + + — + T race
G lucosylglycerol - T race + - -
Glucose ~r — — + —

G alactose — — — + -

In o rg an ic  p h o sp h a te + T race + + -
A lanine + + — —

* H ig h ly  re s is ta n t to  a lka li hydro lysis.

teichoic acid was confirmed by ammonolysis. No ninhydrin-positive material was 
found in acid hydrolysates of the teichoic acid from B. coagulans; this acid was 
highly resistant to alkali hydrolysis.

The teichoic acid of Bacillus stearothermophilus on alkali hydrolysis followed 
by treatment with alkaline phosphomonoesterase gave glycerol and a compound 
that reacted rapidly with the periodate Schiff reagent and had an 11F value of 
glucosylglycerol in solvent A. Acid hydrolysis of this material gave glucose and 
glycerol as the sole products.
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d i s c u s s i o n

The cell walls of B a c i l lu s  c o a g u la n s  and B .  s te a r o th e r m o p h ilu s  appear to be com
posed of three main components: glycosaminopeptide (mucopeptide), teichoic 
acid, lipid. The constituents of the glycosaminopeptide fractions, (glucosamine, 
muramic acid, meso-ae-diaminopimelic acid, glutamic acid, alanine, small amounts 
of glycine) are typical of many Gram-positive bacteria (Salton, 1964). In both 
organisms a significantly greater proportion of glycosaminopeptide components 
to other wall constituents was found for cell walls prepared from organisms grown 
at 55° as compared with those grown at 37°. Variations in the molar proportions 
of hexosamines and wall amino acids with temperature of growth were seen and 
these may reflect differences in glycosaminopeptide structure within the same 
organism. A greater resistance to mechanical rupture during cell-wall preparation 
was noted with organisms grown at 37° as compared with those grown at 55°. 
Salton & Pavlik (1960) reported mole ratios of glutamic acid:ae-diaminopimelic 
acid:alanine:glycine of 1-0:0-50:1-9:0-0 for the cell walls of a strain of B .  s te a r o 
th e r m o p h ilu s  but did not state the conditions cf culture used. The higher content of 
alanine in B .  s te a r o th e r m o p h ilu s  walls than in B . c o a g u la n s  found in the present work 
can be accounted for by the presence of alanyl ester substitution of the teichoic acid 
in the former organism and the absence of such substitution in B . c o a g u la n s .

The lipid content of the walls of these thermophilic organisms was surprisingly 
high as compared with that of many mesophilic Gram-positive bacteria, which 
seldom exceed 1- 2 % (Salton, 1964). The absence of amino acids other than typical 
cell-wall amino acids in acid hydrolysates of these wall preparations suggests that 
the extracted lipid is a true wall component and not due to contamination with 
lipoprotein cell membrane. The nature of the lipid was not investigated other than 
to establish the absence, in acid hydrolysates of extracted lipid, of neutral sugars, 
amino sugars or amino acids.

The teichoic acids in these organisms show some unusual features. That from 
B a c i l lu s  s te a r o th e r m o p h ilu s  walls gave on acid hydrolysis products which may be 
considered typical of a glycerol teichoic acid substituted with glucose in glycosidic 
linkage to a polyol hydroxyl group and with alanine in ester linkage to the polymer 
(see Wicken & Baddiley, 1963). The course of alkali hydrolysis of glycerol teichoic 
acids was discussed by Kelemen & Baddiley (1961). It has been shown that in
creasing glycosidic substitution of a 1,3-phosphodiester-linked glycerophosphate 
polymer increases the resistance of the polymer to alkali degradation, substitution 
of the ‘2-hydroxyl group of the glycerol moieties with a sugar preventing the neces
sary intermediate formation of a cyclic phosphate (see Wicken & Baddiley, 1963). 
A 2,3-phosphodiester-linked glycerol teichoic acid, on the other hand, ŵ ould be 
expected to be degraded in alkali, even if highly substituted with sugar, to a mixture 
of glyceromonophosphates, glycosylglyceromonophosphates and small amounts of 
glycerol and glycerol diphosphates. The glycerol teichoic acid extracted from 
B .  s te a r o th e r m o p h ilu s  walls was completely degraded in alkali to such a mixture of 
phosphates. Treatment of an alkali hydrolysate with alkaline phosphomonoesterase 
gave glycerol as a minor product and a major component which had the RF value of 
glucosylglycerol in solvent A. Acid hydrolysis of this material gave glucose and 
glycerol only. The fast reaction obtained between this material and the periodate
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Schiff reagent is indicative of the presence of an a-glycol group within the molecule 
(Roberts, Buchanan & Baddiley, 1963), which in turn suggests that the glycosidic 
linkage is to a primary hydroxyl group of glycerol. It is therefore suggested that 
this teichoic acid contains 2,3-phosphodiester linkages rather than the more usual 
1,3-phosphodiester linkages. The possible existence of a similarly linked glycerol 
teichoic acid from B .  l ic h e n ifo r m is  was reported by Burger (1963).

The glycerol teichoic acid isolated from B a c i l lu s  c o a g u la n s  showed two unusual 
features. No substitution by alanine or another amino acid was found and this was 
confirmed by ammonolysis of intact cell walls. The presence of both glucose and 
galactose in acid hydrolysates of this teichoic acid and the high degree of resistance 
of the polymer to alkali degradation suggests either a single 1,3-phosphodiester- 
linked glycerophosphate polymer substituted with both sugars, or a mixture of two 
polymers each substituted with a single sugar. More recent work has confirmed the 
former possibility (Forrester & Wicken, unpublished observations). The possible 
linkage of glycerophosphate moieties through sugar residues in this polymer is not 
precluded by these observations. Further investigations into the complete struc
tures of these two teichoic acids is in progress. The increased glycosaminopeptide 
content of the walls of organisms when grown at the higher temperature was accom
panied by a decrease in total neutral reducing sugars. This might be equated with a 
decrease in teichoic acid content at the higher growth temperature, or alternatively 
a decrease in the degree of glycosidic substitution of the polymers. Corresponding 
decreases in total phosphorus content were not as marked but it has been estab
lished that teichoic acid phosphorus does not necessarily represent the total cell- 
wall phosphorus (Ellwood e l a l. 1963). In B a c i l lu s  s te a r o th e r m o p h ilu s  walls a lower 
total alanine content and lower mole ratio of this amino acid to other wall consti
tuents was noted for walls from 55°-grown organisms. This, too, would be consistent 
with a lower teichoic acid content of these walls.
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SU M M A R Y

The amounts of cystathionine-forming enzymes (homoserine O-trans- succinylase and cystathionine synthetase) of E sc h e r ic h ia  c o li were decreased by growth with methionine, and therefore enzymic repression applied to all the enzymes of the methionine biosynthetic pathway. Enzyme resynthesis occurred when ‘inactive’ organisms (organisms grown with methionine) were suspended in methionine-free culture fluid. Although the formation of all the enzymes of the pathway appears to be controlled by a single regulator gene, co-ordinate repression and derepression were not observed. Methionine also regulates its own synthesis by inhibition of the activity of homoserine O-ira/is-succinylasc, the inhibitory effect being more marked with intact organisms than with cell-free extracts. Methionine did not influence the activity of cystathionine synthetase or the subsequent methionine-forming enzymes.

IN T R O D U C T IO N
The biosynthetic pathways of amino acids and other metabolites in bacteria are 

generally controlled by two regulatory mechanisms. Enzymic repression (Vogel, 
1957), the diminution of enzyme synthesis by the end-product, frequently affects 
all the enzymes of a pathway, whereas feedback inhibition, the diminution of the 
activity of enzymes by end-product, usually applies only to the first enzyme 
(Yates & Pardee, 1956; Wormser &  Pardee, 1958) although there may be ex
ceptions, especially in complex pathways (Stadtman, 1963). The present work 
forms part of a study of the regulation of methionine biosynthesis. Previous work 
showed that the homocysteine methylase complex and its constituent reactions 
and cystathionase were subject to enzymic repression by methionine (Wijesundera 
& Woods, 1953; Rowbury & Woods, 1961a, b; Foster, Rowbury & Woods, 1963). 
The effect of methionine on the formation and activity of enzymes catalysing the 
synthesis of cystathionine is examined in the present work. A brief report of part 
of this work was presented by Rowbury (1962a).

M E T H O D S
O r g a n is m s . All the strains of E s c h e r ic h ia  c o li used in this work were maintained 

on slopes of Oxoid nutrient agar, subcultured monthly and stored at 4° after 
incubation for 18 hr at 37°. E .  c o li strain 26/18 responded to homocysteine or 
methionine and E .  c o li strains 7/9, 2/2 and 122/33 responded also to cystathionine.
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G ro w th  o f  o r g a n is m s . Organisms were grown on a glucose lactate salts (GL) 

medium supplemented with m.-homocysteine (0-25 imi) except where otherwise 
stated. Conditions for growth, harvesting and preparation of enzymic extracts 
were as described by Rowbury & Woods (1961a). In certain experiments the 
resynthesis of enzymes after repression by methionine was studied as described by 
Rowbury & Woods (1961a).

A s s a y  o f  h o m o c y s te in e  m e th y la s e . The overall homocysteine methylase complex 
was assayed in some extracts by the method of Rowbury & Woods (1961a) with a 
heated extract of organisms as source of folic acid co-factor and serine as donor 
of the one-carbon unit.

C y s ta lh io n a s e  a s s a y . Cystathionase activity was assayed by measuring pyruvate 
production from cystathionine as described by Wijesundera & Woods (1962). In 
certain experiments pyruvate production from cysteine was measured by the 
same method.

A s s a y  o f  th e  c y s ta th io n in e - fo r m in g  e n z y m e s . The overall conversion of homo
serine + cysteine to cystathionine by extracts from E s c h e r ic h ia  c o li strain 26/18 
was assayed as described by Rowbury & Woods (19646). Incubation was for 
8-4 hr at 37° in solution A which contained (in 3 ml. of 80 mM-phosphate buffer 
(pH 7-5): DL-homoserine (5 mu), i.-cvsteine (3-3 mu), sodium succinate (50 mu), 
ATP (3-3 mu), glucose (6-6 mu), coenzyme A (0-06 mu) with 3-3 mg./ml. ultra
sonic extract.

Homoserine O - tr a n s -s u cciny 1 ase was assayed by two methods. In the first 
(method a), different amounts of extract from E s c h e r ic h ia  c o li strain 7/9 were incu
bated in solution A  with an excess of extract from E .  c o li strain 2/2 . Activity was 
assessed from the amount of cystathionine formed. In the second method (method b), 
extract from E .  c o li strain 7/9 was incubated in solution A  (cysteine omitted) with 
5 y c. of 14C2,3-succinate added. Activity was assessed by the incorporation of 
14C into O-succinylhomoserine (separated from succinate on columns of Dowex-1 
resin as described by Rowbury & Woods, 19646). The synthesis of 0-succinyl- 
liomoserine by whole organisms of E .  c o li strain 7/9 (incubated in medium GL) 
was also assayed by uptake of 14C-succinate.

The reaction of O-succinylhomoserine with cysteine (cystathionine synthetase) 
was assayed either by measuring the cystathionine formed by various amounts of 
extract from E s c h e r ic h ia  c o li strain 2/2 incubated in solution A  with excess extract 
from E . c o li strain 7/9 (method a), or by following cystathionine formation from 
cysteine + synthetic O-succinylhomoserine (method 6}, or by measuring the dis
appearance of isotope from 14C-0-succinylhomoserine and the appearance of 14C in 
free succinate on incubation with the appropriate extract plus cysteine (method c).

A s s a y  o f  c y s ta th io n in e . Assays were done as described by Rowbury & Woods 
(1964 6) with E s c h e r ic h ia  c o li strain 122/33.

C h ro m a to g ra p h ic  m e th o d s . In certain experiments reaction products were run 
on paper chromatograms in «-butanol + propionic acid +  water (47 +  22 +  31, by 
vol.) and the chromatograms either scanned for radioactivity directly with the 
Geiger-Müller tube of a Ratemeter Unit (type 1355B, Fleming Radio Develop
ment Ltd.) or after drying were cut up and specific regions assayed for cysta
thionine after elution with buffer.

Column chromatography used the acetate form of Dowex-1 resin (X 8, 200-400
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mesh) and the procedure was as described by Rowbury & Woods (19646). In 
certain experiments the radioactivity of the eluate was measured by spotting 
samples on uniform ground-glass discs and counting at infinite thinness with a 
Scaler 1700 (Isotope Developments Ltd., Reading, Berkshire) for 1000 sec. Cor
rections were made for background activity.

Amino acids were detected on paper chromatograms by spraying with ninhydrin 
(0-2 % w/v in n-butanol saturated with water) and heating at 80° for 10 min. The 
eluate from columns of Dowex-1 resin was assayed for amino-nitrogen by the 
method of Moore & Stein (1954).

C h e m ic a ls . Most of the chemicals used were as described previously (Rowbury 
& Woods, 1964a, b). 14C2 3-succinate was obtained from the Radiochemical Centre, 
Amersham, Bucks. 14C-0-succinylhomoserine was obtained from 14C-succinate by 
growth of E s c h e r ic h ia  c o li strain 7/9 on medium GL with added DL-homoeysteine 
(0-25 mu) and DL-homoserine (2-5 mu) followed by chromatographic separation 
as described by Rowbury & Woods (19646).

R E S U L T S
E n z y m ic  r e p r e s s io n  o f  th e  c y s ta th io n in e - fo r m in g  e n z y m e s  b y  

g r o w th  w i th  m e th io n in e
A cystathionaseless strain of E s c h e r ic h ia  c o li (strain 26/18) has been used 

previously to study cystathionine synthesis from homoserine and cysteine (Row
bury, 1961). Homocysteine methylase was known to be repressed by methionine 
in this strain (Rowbury & Woods, 1961a). Overall cystathionine synthesis from 
homoserine +  cysteine was also decreased in extracts from organisms grown with 
methionine, the extent of repression produced by 3 mn-DL-methionine being about 
the same as for homocysteine methylase (Table 1) although at lower methionine 
concentrations the extent of repression was greater for homocysteine methylase.

Table 1. T h e  r e p r e s s io n  o f  c y s ta th io n in e  f o r m a t io n  b y  m e th io n in e  
i n  E sc h e r ic h ia , c o li  s t r a in  2 6 1 1 8

U ltraso n ic  e x tra c ts  w ere p rep a red  from  o rgan ism s grow n on  m ed iu m  G L w ith  th e  
s ta te d  a m o u n t o f m eth ion in e . M eth ion ine sy n th es is  (from  hom ocysteine) w as assay ed  
as described  b y  R o w b u ry  & W oods (1961a) a n d  cy s ta th io n in e  fo rm a tio n  from  hom o
serine +  cy ste ine  m easu red  in so lu tion  A .  In c u b a tio n  w as fo r 3 h r  a t  37° in  each  case.

Regulation of cystathionine formation

D L-m ethionine 
in  g row tli m ed ium M eth ion ine form ed C ysta th io n ine  fo rm ed

(m u ) (jummoles/mg. p ro te in /h r) (/tm m oles/m g. p ro te in /h r)
0 66 76
0 1 30 67
0-3 13 17
1 10 13
3 8 11

The formation of cystathionine requires two enzymes: homoserine O -tr a n s -  
succinylase and cystathionine synthetase (Rowbury, 1962 a; Rowbury & Woods, 
19646). Growth with methionine represses the formation of both of these enzymes. 
When E s c h e r ic h ia  c o li strain 7/9 was grown with Di.-methionine (3 mu) the forma
tion of homoserine-O-fraMS-succinylase was decreased by about 80%; homo
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cysteine methylase, cystathionase and cysteine deaminase were repressed by 
85-90% under these conditions (Table 2). Growth of E .  c o li strain 2/2 with 
methionine (3 nun) decreased the amount of cystathionine synthetase by 85 % 
while the amounts of homocysteine methylase and cystathionase decreased by 
about 90% (Table 3).

R . J . R oWBURY AND THE LATE D . D . WOODS

Table 2. R e p r e s s io n  o f  h o m o se r in e  O - tr a n s -s u c c in y la s e  b y  m e th io n in e  
in  E s c h e r ic h ia  c o li s t r a in  7  ¡9

E x tra c ts  w ere p rep a red  fro m  E . coli s tra in  7 /9 a f te r  g ro w th  w ith  th e  s ta te d  a m o u n t 
o f m eth ion in e . H om o cy ste ine  m ethy la se  w as assay ed  as described  b y  R o w b u rv  & 
W oods (1961 a ), cy s ta th io n ase  a n d  cy steine deam inase w ere m easu red  as described  b y  
R o w b u ry  & W oods (1964a) a n d  hom oserine O -irans-succinylase w as assay ed  b y  m etho d  
a  (see M ethods) w ith  a  3 h r  in cu b a tio n  a t  37°.

DL-m ethionine 
in  g row th  

m ed ium  (m il)

H om ocysteine 
m ethy lase 

(/rm m oles/m g. 
p ro te in /3  h r)

C ysta th io nase
(/mióles

p y ru v a te /m g .
p ro te in /h r)

C ysteine 
deam inase 

(/m ióles 
p y ru v a te /m g . 

p ro te in /h r)

H om oserine
O -tran s-

succiny lase
(/¿mmoles/mg.

p ro te in /h r)
0
0 310
3 0

48 0-8 010 50
15 0 1 8 002 15
13 012 0 0 1 5 128 0-10 0 0 1 3 9

Table 3. R e p r e s s io n  b y  m e th io n in e  o f  the f o r m a t io n  o f  c y s ta th io n in e  
s y n th e ta s e  o f  E s c h e r ic h ia  c o li  s t r a in  2 /2

H om ocy ste ine  m eth y la se  an d  cy s ta th io n ase  w ere assay ed  as fo r T ab le  2 in  u ltraso n ic  
e x tra c ts  p rep a red  from  E . coli s tra in  2 /2  g row n w ith  th e  s ta te d  c o n ce n tra tio n  of 
m eth ion ine. C ysta th io n ine  sy n th e ta se  (i.e. th e  enzym e fo rm ing  c y s ta th io n in e  from  
O -succinylhom oserine p lus cysteine) w as assay ed  b y  m e th o d  a  in  so lu tion  A  (see M ethods)
w ith  a  3 h r  in cu b a tio n  tim e  a t  37°.

H om ocysteine C y sta th io nase C y sta th io n ine
DL-m ethionine m eth y la se (/¿moles sy n th e ta se

in  g ro w th (/¿mmoles/mg. p y ru v a te /m g . (/¿mmoles/mg.
m ed iu m  (him ) p ro te in /3  h r) p ro te in /h r) p ro te in /3  h r)

0 54 0-98 570
0-3 9 0 1 8 17010 6 0-12 95
3 0 6 O i l 83

E n z y m e  r e s y n th e s is  a f te r  r e p r e s s io n  b y  m e th io n in e  
Homocysteine methylase and cystathionase are rapidly reformed when' inactive ’ 

organisms (organisms which have been grown with methionine) are suspended in 
culture fluid free from methionine (Rowbury & Woods, 1961a, b). Recovery from 
repression also occurs with the cystathionine-forming enzymes. Organisms of 
E s c h e r ic h ia  c o li strain 26/18 when transferred from methionine medium to 
methionine-free medium rapidly regained the ability to form cystathionine from 
homoserine +  cysteine and from O-succinylhomoserine + cysteine, although the 
latter reaction reached maximal values more quickly (Fig. 1). Homocysteine 
methylase increased at a similar rate to that of the overall reaction.

‘Inactive’ organisms of E s c h e r ic h ia  c o li strain 7/9 had much decreased amounts 
of homoserine O -tr a n s -succinylase (Table 2) but on resuspension in methionine-
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free medium, enzyme activity rose to the de-repressed value in 3jhr; cysta- 
thionase activity increased during this period and reached the normal value in 
2 |  hr (Fig. 2). Enzyme resynthesis also occurred when ‘ inactive ’ organisms from
E. coli strain 2/2 were suspended in methionine-free medium, and cystathionine 
synthetase reached maximal values more rapidly than cystathionase (Fig. 3).

Regulation of cystathionine formation

3  SP<<D .
w eG G
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Fig. 1. R esyn th esis  o f th e  m eth ion ine-fo rm ing  enzym es in  E sch erich ia  coli s tra in  26/18. 
O rgan ism s grow n in  m ed iu m  G L w ith  D L-m ethionine (3-3 mM) w ere tra n sfe rre d  to  
m eth ion in e-free  cu ltu re  fluid  an d  sam ples ta k e n  a t  th e  s ta te d  in te rv a ls  fo r th e  p re p a ra 
tio n  o f u ltraso n ic  e x tra c ts . H om ocy ste ine  m etliy lase  a c tiv i ty  ( o — O ) w as assay ed  
as d escribed  b y  R o w b u ry  & W oods (1961a), th e  o vera ll sy n th esis  of c y s ta th io n in e  from  
hom oserine p lu s  cy steine ( • - - - • )  m easu red  in  so lu tion  A  (see M ethods) a n d  th e  
fo rm a tio n  o f cy s ta th io n in e  from  O -succiny lhom oserine (2 m M )  a n d  cy ste ine  (3-3 m M )  
assay ed  b y  m etho d  b  ( • — • ) .  In  each  case in cu b a tio n  w as fo r 3 h r  a t  37°.
F ig . 2. R esyn th esis  o f hom oserine O-fra/w-succi nvlase a f te r  repression  b y  m eth ion ine. 
O rgan ism s o f E sch erich ia  co li s tra in  7/9 w ere h a rv es te d  from  m ed ium  GL co n ta in ing  
DL-m ethionine (3 m M )  a n d  re su sp en d ed  in  m eth ion ine-free cu ltu re  fluid. U ltrason ic  
e x tra c ts  w ere p rep a red  a t  th e  s ta te d  in te rv a ls . H om oserine O -iraras-succinylase ( O — O) 
w as assay ed  b y  m e th o d  b w ith  a  3 h r  in cu b a tio n  p eriod  a t  37°, a n d  cy s ta th io n ase  ( O —  • )  
m easu red  as described  b y  R o w b u ry  & W oods (19646) w ith  a  30 m in. in cu b a tio n  period  
a t  37°.

o c£ '£in
c S> .2 ~  
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o3 a34-> >
W £o.

T im e (hr)
F ig . 3. R ecov ery  from  repression  b y  m eth io n in e  in  E sch erich ia  coli s tra in  2/2. O rg a
nism s w ere g row n in  m ed iu m  G L w ith  m eth io n in e  (3 m M ) ,  a n d  a f te r  h a rv e s tin g  r e 
suspend ed  in  cu ltu re  fluid  free o f m eth ion ine. U ltraso n ic  e x tra c ts  w ere p rep a red  
in itia lly  a n d  a t  th e  s ta te d  in te rv a ls  a n d  cy s ta th io n ase  ( O — O ) assay ed  as described  
for F ig . 2 a n d  cy s ta th io n in e  sy n th e ta se  ( • —  • )  b y  m e th o d  b  (see M ethods).
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T h e  effect o f  m e th io n in e  o n  th e  a c t i v i t y  o f  th e  c y s ta th io n in e - fo r m in g  e n z y m e s
The effect of methionine on overall cystathionine synthesis from homoserine 

and cysteine was treated by adding various amounts of methionine to reaction 
mixtures containing extract from E s c h e r ic h ia  c o li strain 26/18. After incubation 
the cystathionine formed was separated from the added methionine by paper 
chromatography and assayed with E . c o li strain 122/33. The overall reaction was 
markedly inhibited by methionine; 60% inhibition was produced by 2 mji-Di.- 
methionine (Table 4).

Table 4. F e e d b a c k  in h ib i t io n  b y  m e th io n in e  o f  c y s ta th io n in e  s y n th e s is  
i n  E s c h e r ic h ia  c o li  s t r a in  2 6 /1 8

C ysta th io n ine  fo rm a tio n  b y  e x tr a c t  from  E . coli s tra in  26/18 w as assay ed  b y  in cu b a tio n  
in  so lu tion  A  w ith  th e  s ta te d  a m o u n t o f m eth ion in e , s ep a ra tio n  o f th e  p ro d u c t from  th e  
ad d ed  m eth io n in e  b y  p a p e r ch ro m a to g ra p h y  in  n -b u tan o l +  ace tic  ac id  +  w a te r  (2 + 1  +  1, 
b y  vol.) a n d  b io assav  o f th e  e lu ted  c y s ta th io n in e  w ith  E . coli s tra in  122/33.

DL-methionine 
ad d ed  to reaction 

mixture (mM)
C ysta th io n ine  fo rm ed  

(/¿m m oles/m g. p ro te in /3  hr)
0
2
6

10

150
51
14
6

Table 5. F e e d b a c k  in h ib i t io n  b y  m e th io n in e  o f  h o m o se r in e  O - tr a n s -s u c c in y la s e  a c t i v i t y  
i n  in ta c t  o r g a n is m s  a n d  ce ll-fre e  e x tra c ts  o f  E sc h e r ic h ia  c o li  s t r a in  7 /9

E n zy m ic  a c tiv i ty  o f w hole organ ism s w as assay ed  b y  m easu ring  th e  in co rp o ra tio n  of 
14C -succinate in to  O -succinylhom oserine b y  suspensions (a b o u t 1 m g. d ry  w t./m l.) 
in cu b a te d  fo r 1 h r  a t  37° in  m ed ium  G L w ith  DL-hom oserine (2-5 mM) an d  14C -succinate 
(5 fic .)  ad d ed  an d  w ith  th e  s ta te d  co n ce n tra tio n  o f m eth ion in e  p resen t. A c tiv ity  o f u l t r a 
sonic ex tra c ts  w as assessed b y  in cu b a tio n  in  so lu tion  A  (w ith  cy steine o m itted ) w ith  th e  
a d d itio n  o f 14C -succinate (5 wc.) a n d  th e  s ta te d  a m o u n t o f m eth io n in e ; in co rp o ra tio n  o f 
I4C in to  O -succiny lhom oserine w as m easured . I n  b o th  cases values a re  g iven  as a  %  o f 
th e  co n tro l in cu b a tio n  (w ith o u t ad d ed  m ethion ine).

H om oserine 0-im n.s-suceinyla.se
Intact organisms Ultrasonic extracts DL-methionine Activity (% of control)added (h im ) ,------------------- K-------------------,

0 100 100
« 0 1 35 —

0 0 5 8 100
0-5 0 55
1 0 — 31
5 0 — 4

Methionine also inhibited homoserine O-frans-succinylase, the first reaction of 
the biosynthetic pathway. Synthesis of O-succinylhomoserine (assayed by in
corporation of 14C-succinate) was decreased to 50 % by 0-5 mM-DL-methionine and 
to 5% by 5 mM-methionine in extracts of E s c h e r ic h ia  c o li strain 7/9 (Table 5). 
Whole organisms of E .  c o li strain 7/9 accumulate O-succinylhomoserine in the
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culture fluid (Rowbury, 1964 c) and this accumulation is also subject to feedback 
inhibition by methionine. Accumulation was decreased to 35% by 0-01 m M -D L - 
methionine and to 8 % by 0-05 imi-methionine (Table 5).

The effect of methionine on cystathionine synthetase (the enzyme forming 
cystathionine from O-succinylhomoserine +  cysteine) was also tested with extracts 
from E s c h e r ic h ia  c o li strains 26/18 and 2/2 . With extract from E . c o li strain 26/18 
cystathionine formation (assayed by the disappearance of O-succinylhomoserine 
and the formation of 14C-succinate) from O-succinylhomoserine was not decreased 
by the presence of 20 mM-DL-methionine (Table 6). Similarly the activity of 
cystathionine synthetase from E . c o li 2/2 was unaffected by the presence of 
methionine in reaction mixtures. The formation of cystathionine from O-succinyl
homoserine in the presence of methionine was confirmed by paper chromatography 
and bv isotope experiments with O-succinylhomoserine labelled with 14C in the 
homoserine residue.

Table 6. T h e  e ffec t o f  m e th io n in e  o n  th e  f o r m a t io n  o f  c y s ta th io n in e  a n d  s u c c in a te  
f r o m  O -s u c c in y lh o m o s e r in e  + c y s te in e  b y  E s c h e r ic h ia  c o li  s t r a in  2 6 )1 8

E x tra c t  from  E . co li s tra in  26/18 w as in c u b a te d  fo r 2 h r  a t  37° w ith  l4C -0-succiny l- 
hom oserine (2 m u ) +  cyste ine  (3-3 niM). T he p ro d u c ts  w ere sep a ra te d  b y  p a p e r ch ro 
m a to g ra p h y  in  n -b u ta n o l +  p ro p ion ic  ac id -(-w ate r (47 +  22 +  31, h y  vol.) a n d  th e  r a d io 
a c tiv i ty  assessed as described  in  m ethods.

Regulation of cystathionine formation

DL-m ethionine D isap pearan ce  o f F o rm a tio n
ad d ed  to  reac tio n O -succinylhom oserine o f su ccin a te

m ix tu re  (him ) (/im oles/m l.) (/tm oles/m l.)
0 0-72 0-69
6 0-70 0-70

20 0-75 0-72

D IS C U SS IO N
Previous work on the regulation of methionine biosynthesis in E s c h e r ic h ia  c o li  

has shown that growth with methionine repressed the formation of homocysteine 
methylase and cystathionase (Rowbury & Woods, 1961a, b ). The methylation of 
homocysteine involves the functioning of two enzymes concerned, respectively, 
with the synthesis, and the transfer of methyl groups (as derivatives of folic acid 
coenzymes). Roth enzymes are repressed by growth with methionine (Foster, 
Rowbury & Woods, 1963). After growth with cobalamin, a cobamide enzyme 
functions in the methyl-group transfer; this enzyme also is subject to enzymic 
repression by methionine (Rowbury, 1962 b). The present work shows that the 
cystathionine-forming enzymes are also subject to repression, so that methionine 
regulates the synthesis of at least six enzymes. Two observations suggest, however, 
that co-ordinate repression (Ames & Garry, 1959) does not occur. First, enzyme 
A of homocysteine methylase (Foster e t a l . 1963) is normally present in excess and 
can be repressed by concentrations of methionine which do not influence enzyme
B. Secondly, during enzyme resynthesis after repression the methionine-forming 
enzymes are not re-formed at the same rate (Figs. 1, 2, 3). The genes concerned 
with methionine synthesis in E .  c o li do not constitute a single group on the 
chromosome and consequently co-ordinate repression which appears to be de



pendent on such close linkage (Monod, Jacob & Gros, 1962) would not be expected. 
Although the methionine-synthesis genes do not appear to constitute a single 
operon in E .  c o li their function is controlled by a single regulator gene. Thus 
certain norleucine-resistant mutants of E .  c o li are not repressible by methionine; 
the mutation appears to lead to failure to form an apo-repressor with consequent 
oversynthesis (and non-repressibility) of all the enzymes for methionine synthesis 
(Rowbury, 1965).

The present work also shows that methionine inhibits the activity of the first 
enzyme peculiar to the methionine synthesis pathway, homoserine O -tr a n s -  
succinylase, but does not affect cystathionine synthetase or the other biosynthetic 
enzymes (Wijesundera & Woods, 1962; Rowbury & Woods, 1964 a). Homoserine 
O-iraras-succinylase of whole organisms was much more sensitive to feedback 
inhibition by methionine than the enzyme in cell-free extract, possibly due to the 
high substrate levels used with in  v i t r o  experiments. Although homoserine 
O -tr a n s-succinylase was so sensitive to methionine, feedback inhibition alone does 
not adequately regulate methionine formation for non-repressible strains excrete 
methionine while still sensitive to feedback inhibition (Rowbury, 1965).

The present work further confirms the role of cystathionine as a methionine 
precursor in E s c h e r ic h ia  c o li and the pathway and mode of regulation appears to 
be the same as in S a lm o n e lla , t y p h im u r iu m  (Rowbury, 1964a). The other product 
of cystathionine synthetase is free succinate (Rowbury, 19646; and Table 6) so 
that the scheme for cystathionine biosynthesis suggested by Rowbury & Woods 
(19646) may be considered to be established.
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