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T H E
J O U R N A L  OF G E N E R A L  MICRORIOLOGY
The J o u rn a l will publish accounts of original research in general microbiology, i.e. the study of bacteria, 
microfungi, microscopic algae, protozoa, and viruses in their biological activities and, more particularly 
the fundamental aspects of the study of these forms, including structure, development, physiology, 
genetics, cytology, systematics and ecology. Writers of papers on a specialized aspect of their subject 
should describe their work so that its relevance to their own science and to microbiology in general will 
be apparent to readers who may be unfamiliar with the particular aspect.

THE PREPARATION OF PAPERS
‘Easy writing’s curst hard reading.’—R ich a rd  B rin s le y  Sheridan .

‘Easy reading’s curst hard writing.’—T h e E d itors, J .  gen. M icrobio l.

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

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

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

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

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

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

(6) Special attention should be given to the details below in ‘Directions to Contributors’. Strict 
observance of these requirements wifi help to shorten the interval between the receipt of a paper and its 
publication. Where relevant ‘Suggestions to Authors, Symbols and Abbreviations and Notes on Usage 
and Conventions’ published in the B ioch em ica l J o u r n a l (1957), 66, 1-16 should be followed. The pamphlet, 
General N otes on the Prep aration  o f  Scien tific  P a p ers, published by the Royal Society, 6 Carlton House 
Terrace, London, S.W. 1 (5s.) will be found useful.

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

DIRECTIONS TO CONTRIBUTORS
C o m m u n ica tio n s . Papers subm itted for publication  
should be sent to  A. F. B. Standfast (The Journal of 
General Microbiology), Lister Institute o f Preventive 
Medicine, Elstree, Hertfordshire, England. Communi­
cations about offprints should be addressed to The 
University Press, Cambridge.

G eneral. Submission of a paper to  the Editors will be 
held to  im ply that it  reports unpublished work, that it 
is not under consideration for publication elsewhere, and 
that if  accepted for the Journal it  will not be published  
again in  the sam e form, either in English or in  any other 
language, w ithout the consent o f the Editors.

F o rm  o f p a p ers  S u b m itte d  fo r  P u b lica tio n . The 
onus o f preparing a paper in a form suitable for sending

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

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

A paper should be subm itted in  double-spaced typing  
(top copy) w ith a 1J in. left-hand margin, and on paper 
suitable for ink corrections. The paper should in  general 
be divided into the following parts in  the order in­
dicated: (a) Summary: brief and self-contained
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(6) In tro d u c tio n ; (c) M ethods; (d) R esults (illustra tive  
protocols only should be included); (e) D iscussion (if 
any), a n d  general conclusions; ( / )  A cknow ledgem ents;
(g) References.

T he position  of Tables an d  F igures should  be ind icated  
in  th e  typescrip t.

T ypescrip ts should carry  th e  nam e an d  address o f the  
person to  w hom  proofs a re  to  be  sent, a n d  a  shortened 
version of th e  p ap er 's  title , n o t exceeding forty-five 
le tte rs  an d  spaces in  leng th , su itab le  for a  ru nn ing  title  
in  th e  published pages o f th e  w ork.
R e fe re n c e s . References in  th e  te x t  a re  c ited  th u s: 
B rew er & Stew er (1942), (B rew er & Stewer, 1942) 
W here a  pap er to  be c ited  has m ore th a n  tw o  au thors , 
th e  nam es of all th e  au th o rs  should  be  given when 
reference is first m ade in  th e  te x t, e.g. (Brewer, Stew er 
& G urney, 1944), an d  subsequently  as (B rew er et al. 
1944); b u t  papers w ith  m ore th a n  four au th o rs  m ay  be 
cited, e.g. (Cobley et al. 1940) in  th e  first instance. W here 
m ore th a n  one paper by  th e  sam e au thor(s) has appeared  
in  one y ear th e  references should be d istinguished in  th e  
te x t  a n d  th e  b ib liography b y  th e  le tte rs  a, b, etc. 
following th e  c ita tio n  of th e  y ear (e.g. 1914a, 19146, or 
1914a, 6).

References a t  th e  end of th e  pap er should be  given in 
a lphabetica l o rder according to  th e  nam e of th e  first 
au th o r o f  each publication , an d  should  include th e  title  
o f th e  paper. T itles o f jou rnals should be  ab b rev ia ted  in 
accordance w ith  th e  W orld  L is t o f  Scien tific Periodicals, 
4th  edn. (1965). References to  books and  m onograplis 
should include year of publication , title , ed ition , tow n of 
publication  an d  publisher, in th a t  order. I t  is th e  d u ty  
o f  the author to check h is references an d  see th a t  th e  
correc t abbrev iations are  used.
I l lu s t r a t io n s .  Illu s tra tio n s a n d  d iagram s should be 
approx im ate ly  tw ice the size  o f  the fin ish ed  block, each on 
a  sep ara te  sheet, bearing  th e  a u th o r’s nam es, sh o rt title  
o f th e  pap er an d  P la te  o r F igure  num bers on  th e  back. 
D iagram s should be  draw n in indian  ink  on  p lain  w hite 
paper, B risto l board, fa in tly  W««-lined paper, o r trac ing  
linen (b u t n o t p lastic  trac in g  linen) w ith  letters , 
num bers, e tc . w ritten  ligh tly  in  pencil. L e tte rin g  should 
be clear o f th e  d iagram  an d  ind ica te  b y  b lue  pencilled 
lines th e  desired position. C aption an d  legend should 
be ty p ed  on a  sheet separa te  from  th e  illu stra tion  and  
num bered to  correspond. D raw ings and  photographs 
should  include a  s ta te m en t o f m agnification. P h o to ­
graphs should be w ell-contrasted  p rin ts  on glossy paper, 
an d  should  be chosen for size an d  num ber, bearing  in 
m ind lay o u t on  th e  finished P la te ;  lay o u t should be 
ind icated . Coloured p lates m u st be pa id  for b y  th e  
au th o r.
T a b le s .  T ables should carry  headings describing th e ir 
co n ten t an d  be com prehensible w ith o u t reference to  th e  
te x t. E ach  tab le  should be ty p ed  on a  sep ara te  sheet 
an d  its  approx im ate  position in  th e  te x t  ind icated  on 
th e  typescrip t.
S y m b o ls  a n d  A b b re v ia t io n s .  A uthors should refer to  
cu rren t issues o f The Jou rn al o f  General M icrobiology for 
inform ation  in  th is  connection. A tten tio n  is particu la rly  
d raw n to  th e  following p o in ts : degrees Centigrade are 
w ritten , e.g. 100°, n o t 100° C .; h r, m in., sec. (singular 
an d  p lu ral); M =  m olar; m  (milli-) =  10-3 a n d  ¡ i 
(micro-) =  10- *; ml. (m illilitre) should be used instead  
o f c.c., an d  /tg. (m icrogram ) in stead  of y ;  N =  norm al 
(of solutions); No. o r no. =  num ber. R atios should be 
w ritten  1 :10 ; dilutions, 1/10.

C h e m ic a l  F o r m u la e .  These should be w ritten  as fa r 
as possible on  one line. T he chem ical nom enclature  
ad o p ted  is th a t  followed by  th e  Chemical Society 
(J . C han . Soc. 1936, p. 1067). W ith  a  few exceptions th e  
sym bols an d  abbrev iations a re  those  ad o p ted  b y  a  
com m ittee o f th e  Chemical, F a rad ay , a n d  P hysical 
Societies in 1937 (see J . chem. Soc. 1944, p. 717). Care 
should be  tak en  to  specify exac tly  w hether an h ydrous 
or h y d ra ted  com pounds were used, i.e. th e  correc t 
m olecular fo rm ation  should be used, e.g. CuS0 4, 
CuS0 4.H 20  o r  CuS0 2. 5H 0 ,0 .

D e s c r ip t io n s  o f S o lu tio n s .  T he concen tra tions o f so lu­
tions a re  p referab ly  defined in  te rm s of no rm ality  (n ) o r 
m o la rity  (m). T he te rm  * % ’ m u st be used in  correct 
sense, i.e. g ./100 g. o f solution. F o r ‘per cen t o f  v o lu m e’,
i.e. m l./100 m l., th e  te rm  ‘ %  (v /v )’ should  be  used, and  
for w eight o f  a  substance  in 100 ml. o f so lu tion , th e  
te rm  ‘ %  (w /v )’.

P r o p r i e ta r y  S u b s ta n c e s  a n d  M a te r ia l s .  A t first 
m ention , th e  correct designation  of a  m an u fac tu re r 
should  be  given in  th e  te x t, w ith  address to  enab le  o th er 
w orkers to  o b ta in  th e  p ro d u c t m entioned.

N o m e n c la tu re  o f  A m in o  A c id s  a n d  V ita m in s .  T he 
rules published in th e  Biochem ical J o u rn a l (1952), 52,
1-2, should  be  followed.

N o m e n c la tu re  a n d  D e s c r ip t io n  o f M ic ro ­
o r g a n is m s .  B inom ial L a tin  nam es of m icro-organism s, 
th e  generic nam e only w ith  a  cap ital, m u st be  used  in 
accordance w ith  In tern a tio n a l R ules o f N om enclature ; 
in  full a t  th e  first m ention  in each pa rag rap h  an d  in  th e  
Sum m ary' b u t  in subsequent m ention  w ith  th e  generic 
nam e ab brev ia ted . Single in itia l le tte r  abbrev ia tio n s are 
used w here th e y  are  n o t am biguous. B inom ials should 
be underlined  in  th e  typescrip t. Scientific ep ith e ts  o r 
triv ia l nam es are  n o t underlined  an d  should  be w ith o u t 
capitals.

D escriptions o f new  species o f cu ltivab le  m icrobes 
should n o t be su b m itted  unless an  au th en tic  specim en 
of a  living cu ltu re  has been deposited  in a  recognized 
cu ltu re  collection.

T he w ord ‘gen era tio n ’ should no t be  used synony­
m ously w ith  ‘su b cu ltu re ’. F o r an  agreed use o f term s 
like s tra in , ty pe, v a ria n t, phase, etc ., see th e  In te r ­
na tional Bacteriological Code of N om enclature, Sec­
tio n  1, R ules 7 an d  8.

E x cep t for good reasons, m icro-organism s should  be 
designated  by  th e  nam es used in th e  works lis ted  below. 
W hen  o th er au tho rities are  followed, th ey  should  be 
c ited  w henever obscurity  m ig h t resu lt from  th e ir  use. 
Micro fu n g i. A insw orth  &  B isb y 's  D ic tio n a ry  o f  the 

F un gi, 1961, 5th  ed. (K ew : C om m onw ealth Myco­
logies! In s titu te .)

P lant pathogenic  fu n g i and  pla n t  d ise a s e s . L is t o f  
Com mon B ritish  P la n t D iseases, 1962. (Cam bridge 
U niversity  Press.)

P lant v iruses  and  virus  d isea ses  (1957). R ev. a pp l. 
M ycol. 35, Suppl. 1- 78.

B acteria . A u th o r’s preferences in  nam ing  are  a t  p resent 
accepted  prov ided  th a t  th e  designation is un am b i­
guous an d  conform s w ith  th e  In tern a tio n a l B acterio ­
logical Code of N om enclature  (1949; J . gen. M icrobiol. 
3 , 444) an d  th e  O pinions issued by  th e  In te rn a tio n a l 
C om m ittee on  B acteriological N om enclature . I f  
desired, a  synonym  m ay  be added  in  b rack e ts  w hen 
a nam e is first m entioned.
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I

Fimbriation, Pellicle Formation and the Amount of 
Growth of Salmonellas in Broth

By D. C. OLD, 1SOBEL CORNEIL, L. F. GIBSON,
A. D. THOMSON a n d  J. P. DUGUID 

Bacteriology Departments, Universities o f Dundee and Edinburgh

{Accepted for publication 29 August 1967)

SUMMARY

In aerobic static broth cultures grown at 370, salmonellas of genotype 
Fim(i)+, i.e. bearing type-i (mannose-sensitive, haemagglutinating) fimbriae, 
formed a surface pellicle consisting of densely packed bacteria shortly after 
the cessation of logarithmic growth at about 6 hr, and then, during the 
next 24 hr, underwent a large secondary phase of growth. Salmonellas of 
genotype Fim(2)+, i.e. bearing type-2 (non-haemagglutinating) fimbriae, 
and most Fim- (non-fimbriate) salmonellas did not form a pellicle and gave 
only slight post-logarithmic growth; after 24-72 hr the amount of their 
growth, i.e. bacterial concentration estimated turbidimetrically, was only 
one-third to one-half that of comparable type-i fimbriate bacteria. Fim- 
strains of Salmonella typhimurium differed from most other Fim- salmonellas 
by forming a pellicle and undergoing an associated secondary phase of 
growth, but they gave these effects 24-48 hr later than did the Fim(i)+ strains.
A pellicle was not formed by any organism either in static cultures incubated 
anaerobically or in cultures aerated by continuous shaking, and in these two 
sets of conditions the course and amount of growth were the same for the 
Fim(i)+ as for the Fim- bacteria. It is concluded that the large secondary 
phase of growth shown by the Fim(i)+ bacteria in aerobic static broth 
results from the free availability of atmospheric oxygen to the bacteria 
growing in the pellicle.

T he presence o f  o-2%  (w /v) o f the  haem agg lu tination-inh ib iting  sugar, 
a-m ethylm an noside, w hich w as n o t utilized w ithin 6 days, delayed by 
m ore th a n  24 h r the fo rm ation  o f  a pellicle and  the onset o f  the secondary 
phase o f  g row th in  aerob ic  static  cu ltu res o f  the  F im (i)+  stra in  LT2 o f  
Salmonella typhimurium. A nother haem agglu tination-inh ib iting  sugar, 
D -m annose, w as utilized w ith in  12 h r  and  delayed pellicle fo rm ation  by  only
2-3 h r  in cu ltu res o f  stra in  LT2, b u t it caused a prolonged  ( > 2 4  hr) delay 
in  pellicle fo rm ation  in cu ltu res o f  tw o non-m annose-utiliz ing  m u tan ts  o f  
strain  LT2. D-glucose and  L-sorbose, w hich do  n o t inh ib it haem agglutination , 
did n o t delay pellicle fo rm ation . These findings, toge ther w ith the failure o f 
Fim(2)+ bacteria  to  form  a pellicle, suggest th a t the  p roperty  o f  type-i fim­
briae th a t p rom otes early  pellicle fo rm ation  is the sam e as th a t responsible fo r 
the m annose-sensitive haem agglu tinating  activity.

INTRODUCTION

There is still no definite knowledge of the function of type-i fimbriae, the small 
numerous filamentous appendages of bacteria which were first distinguished from 
flagella and capsular material by Houwink & van Iterson (1950). These authors 
suggested that fimbriae serve as organs of adhesion, and the presence of adhesive
Vol. 50 , No. 3 , was issued 29  M arch 1968
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properties in fimbriae was later confirmed by the findings that fimbriate bacteria 
adhere to and agglutinate red blood cells (Duguid, Smith, Dempster & Edmunds,
1955) and that they tend to grow closely adherent to one another in the form of a 
pellicle on the surface of aerobic static broth cultures (Duguid & Gillies, 1957). The 
property of early, fimbriae-dependent pellicle formation enables fimbriate-phase 
cultures of Shigella flexneri to attain a much greater amount of growth than is at­
tained by non-fimbriate-phase cultures of the same organism, and this advantage is 
probably due to the free access to atmospheric oxygen enjoyed by the fimbriate bacteria 
when growing in the pellicle (Duguid & Wilkinson, 1961).

Shigellas, however, are strict parasites and under natural conditions do not grow 
in stagnant poorly aerated aqueous habitats where pellicle formation might be ad­
vantageous. Saprophytic enterobacteria which do live in such habitats, e.g. species of 
the genera Enterobacter, Escherichia, Klebsiella, Proteus and Serratia, are also fimbriate, 
and possibly therefore might benefit from the ability to form a pellicle. However, most 
of these saprophytes differ from the shigellas in being motile, and motile entero­
bacteria, including salmonellas, have been shown by Baracchini & Sherris (1959) to 
migrate with positive aerotaxis towards the oxygenated surface layer in a poorly 
oxygenated liquid medium. Since it seemed possible that motility might either promote 
or inhibit the formation of a pellicle by fimbriate bacteria, and that aerotaxis might 
substitute for pellicle formation as a means of procuring access of the bacteria to 
atmospheric oxygen, we thought it important to discover whether fimbriation has the 
same influence in determining pellicle formation and the amount of growth in motile 
bacteria as it has in non-motile ones.

Salmonellas were selected for these studies because they include genotypically 
fimbriate (Fim+) and genotypically non-fimbriate (Fim-) strains that may be com­
pared with one another. Moreover, Fim- strains of Salmonella typhimurium are 
readily transduced to the Fim+ genotype with phage P 22 (Duguid, Old & Hume, 1962; 
Old, 1963), and since the amount of DNA transferred in transduction is small, a Fim- 
strain and its Fim+ transductant are likely to resemble each other very closely. 
Differences in growth behaviour may, therefore, be attributed more reliably to the 
difference in fimbriation when a Fim- strain is compared with its Fim+ transductant 
than when it is compared with an unrelated wild-type Fim+ strain.

Most fimbriate salmonellas resemble fimbriate escherichias and shigellas in bearing 
fimbriae that posses a haemagglutinating activity specifically sensitive to inhibition by 
D-mannose and a-methylmannoside. These mannose-sensitive HA+ fimbriae are 
designated ‘type 1’ in the classification of Duguid, Anderson & Campbell (1966) and 
the genotype of the bacteria bearing them is given as Fim(i)+. A minority of fimbriate 
salmonellas bear a different, non-haemagglutinating (HA-) type of fimbriae, designated 
‘type 2’ and their genotype is given as Fim(2)+. Tests were made with some Fim(2)H 
strains to determine whether or not the HA+ character was essential for the promotion 
of pellicle formation. To the same end, observations were made of the effect of the 
presence of mannose and a-methylmannoside on pellicle formation by Fim(i)+ 
bacteria.
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Organisms. The strains used in the main experiments are listed in Table i. Those of 
Salmonella typhimurium included 4 wild-type Fim(i)+ strains, 7 wild-type Fim- strains, 
and 5 Fim(i)+ strains that had been derived from 5 of the Fim-  strains by transduction 
with phage. (As shown in Table 1, the ‘wild-type’ strains SL497, SW573 and SL272 
were variants that differed from parental wild-type strains in characters other than 
fimbriation.) Transduction of the Fim(i)+ character was done by mixing the Fim- 
acceptor culture with a lysate of phage P22 propagated on one of the Fim(i)+ strains, 
SW375 and SL497; the Fim(i)+ transductants were selected by serial subculture for 
48 hr periods in aerobic static broth. Phage-types were determined by Dr E. S. 
Anderson according to the scheme of Callow (1959).

Table 1. Strains o f Salmonella used in the main experiments

Fimbriation
genotype

Serotype and no. Phage- (and type Flag­ Motil­
of strain Origin (and supplier) type of fimbriae) ella ity

S. typhim urium
LT 2 Phage-type-2 strain of Lilleengen 

(1948) (Dr B. A. D. Stocker)
4 + (O + +

S206 Patient (Dr Helen A. Wright) 2 + (O + +
SW3 75 Strain Q1 of Boyd (19 5 6) 

(Dr B. A. D. Stocker)
I + (O + +

SL49 7 Streptomycin-resistant mutant 
from lt2 (Dr B. A. D. Stocker)

+ (O + +

SW5 7 3 I Variants of strain of Friewer & (U 165 — — —

SW5 7 8 ) Leifson (19 5 2) (Dr B. A. D.
1 13

- +
SL.2 7 2  j Stocker) 1 >3 — + •
SL272F Fim+ transductant from SL2 72 + (O + +
S575 Patient (Dr Helen A. Wright) 13 — + +
S575F Fim4- transductant from S5 7 5 + H) + +
S625 Fowl (Dr J. E. Wilson) 14 — + +
S6 2 5 F Fim+ transductant from S625 + (O + +
S635 Fowl (Dr J. E. Wilson) 13 —
S6 3 5 F Fim+ transductant from S635 ■ ( I)
M747I Patient (Dr E. S. Anderson) I - • •
M747I F Fim' transductant from m7471 + (O + +
SL970 1 Non-mannose-fermenting mutants (■ + H) + +
SL1031 m J from l t 2 (Dr B. A. D. Stocker) 1. +  H ) + +

S . choleraesuis
NCTC536 4 National Collection of Type 

Cultures (NCTC)
— + +

NCTC5738 NCTC +  (O + +

S . para typh i B
NCTC570 7 NCTC +  (2) + +
NCTC570 7 HA+ HA+ transductant from NCTC5 70 7 +  H ) + +
NCTC839O NCTC +  (O + +

HA+ =  haemagglutinating.

Two non-mannose-fermenting mutant strains derived from strain LT2 of Salmonella 
typhimurium were kindly supplied by Dr B. A. D. Stocker. Strain SL970, which lacks 
the enzyme phospho-mannose-isomerase, had been derived as mutant EP9 by Dr 
Mary J. Osborn (Yeshiva University, New York). Strain SL1031M is a motile trans-
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ductant of strain SL1031, a mutant (r s6o) derived by Dr R. G. Wilkinson (Lister 
Institute of Preventive Medicine, London).

Single wild-type Fim(i)+ and Fim- strains of Salmonella choleraesuis were ex­
amined, also 3 strains of S. paratyphi B : a wild-type Fim(i)+ strain, a wild-type 
Fim(2)+ strain and a Fim(i)+ transductant derived from the Fim(2)+ strain. Less 
detailed observations were made with many other salmonellas selected from the series 
of Duguid et al. (1966).

Culture media. Nutrient broth contained: Oxoid bacteriological peptone, 1 g.; 
Oxoid Lab-Lemco meat extract, 1 g.; NaCl, 0-5 g.; water, 100 ml. Phosphate-buffered 
broth, used for cultures with sugars, was nutrient broth buffered at pH 7-0 by the 
addition of KH2P0 4, 0-35 g., and Na2HP0 4, 0-65 g., per 100 ml.

Incubation. This was at 370 and three methods were used: (1) Aerobic static cultures 
were grown in 10 ml. volumes of broth in cottonwool-stoppered test-tubes (15 x 1-5 cm.) 
incubated in air, without movement or disturbance. (2) Anaerobic static cultures were 
grown in 10 ml. volumes of broth in similar tubes incubated without movement in a 
McIntosh & Fildes anaerobic jar filled with hydrogen. (3) Aerobic shaken cultures 
were grown in 40 ml. volumes of broth in 1 1. bottles which were incubated in a 
machine that continuously rotated them at 20 rev./min. around their long axis, held 
horizontally.

Examination for pellicle. The pellicle on the surface of the broth was often thick 
enough to be easily seen when the undisturbed tube of culture was viewed from the 
side or from above. Sometimes, however, particularly in the early stages of growth, 
it was so thin and transparent as to be invisible under these conditions of viewing. 
Routinely, therefore, the tubes were viewed from the side while they were gently 
shaken in such a way as to cause any pellicle present to float a little way up the wall of 
the tube, where it became clearly visible.

Measurement o f amount o f growth. This was done turbidimetrically either with a 
Spekker absorptiometer or, at 530 m/t, with a Unicam spectrophotometer. Dense 
cultures were first diluted with sterile broth to give a reading of less than 0-4 and the 
reading obtained was multiplied by the dilution factor to give the value for the un­
diluted culture. In all strains examined in cultures over 6 hr old, a turbidity value of
1-0 was equivalent to about io9 bacteria/ml.

Haemagglutination tests. The presence and abundance of type-i fimbriate bacteria in 
a culture was estimated by the presence and strength of haemagglutinating activity. A 
drop of dense bacterial deposit obtained by centrifugation of the broth culture was 
mixed for 10 min. with a drop of a 3 % (v/v) suspension of washed guinea-pig red blood 
cells (Duguid et al. 1955). A test was also made with a drop of uncentrifuged broth 
culture, or of deposited bacteria resuspended in saline to the original concentration of 
the culture. When a positive reaction was obtained with this reduced concentration of 
bacteria, it was concluded that the culture was richly fimbriate.

Experimental procedure. Each culture was inoculated with about io7 bacteria taken 
either from a colony grown for 24 hr on nutrient agar, or after it had been thoroughly 
mixed, from an aerobic static broth culture grown for 24 or 48 hr. All strains, except 
Salmonella choleraesuis strain NCTC5738, gave fimbriate-phase cultures in aerobic 
static broth whichever of these types of inoculum was used. Strain NCTC5738 gave a 
non-fimbriate-phase culture when the inoculum was from agar. Fim+ and Fim- 
strains were cultured in parallel, each strain by each of the three methods of incubation.

4



For each method of incubation, a series of tubes or bottles of broth were given equal 
inocula. After incubation of the series for each different interval of time, a different 
tube, or bottle, was taken from the incubator and examined for pellicle. The culture 
was then homogenized by mixing with a pipette until any pellicle or deposit was 
completely dispersed. The organisms were killed by the addition of 0-25% (v/v) 
formaldehyde and the amount of growth was measured turbidimetrically. Finally, the 
culture was centrifuged and tested for haemagglutinating activity.

RESULTS

P e ll ic le  fo r m a tio n  in a e ro b ic  s ta t ic  b ro th

Examinations for pellicle formation in aerobic static broth were made at intervals 
during growth for 96 hr at 370 on the series of salmonellas in 149 serotypes studied for 
fimbriation by Duguid e t  a l. (1966). The results for the majority of strains in represen­
tative serotypes are summarized in Table 2. All the Fim(i)+ strains, except for a few

Table 2. P e ll ic le  fo r m a tio n  b y  sa lm o n e lla s  o f  d iffe ren t f im b r ia tio n  g e n o ty p e s  
in  a e ro b ic  s ta t ic  b ro th  cu ltu res  in c u b a te d  a t  3 7 °  f o r  9 6  h r

The results are those observed for the majority of the strains in each serotype.
Pellicle formation (and time in hr 

of first appearance of pellicle) 
when inoculum was from a 

culture
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Fimbriation genotype Serotype On agar* In broth t
Fim (i)+ (i.e. Fim+ HA+) typhimurium + (8- 12) + (6- 8)

paratyphi B + (8- 12) + (6- 8)
choleraesuis + (8- 12) + (6-8)
typhi + (8- 12) + (6- 8)
Most other serotypes + (8- 12) + (6- 8)

Fim (2)+ (i.e. Fim+ HA-) paratyphi B — —
gallinarum - —
pullorum - -

Fim- typhimurium (motile) + (36-72) + (18-48)
typhimurium (non-motile) — —
paratyphi A — —
paratyphi B — —
paratyphi C — —
choleraesuis — —
typhi - -
pullorum - -

* Inoculum was taken from a colony on a nutrient agar plate incubated for 24 hr. Some Fim(i)+ 
strains produced pellicles much more slowly when inoculated from non-fimbriate-phase cultures on 
agar. S . typhimurium  lt 2 usually did so only after 12-24 hr and S. choleraesuis nctc 5738 after 48-96 hr. 

t  Inoculum was taken from an aerobic static broth culture incubated for 48 hr.

that were very poorly fimbriated, formed a visible surface pellicle covering the whole 
surface of the broth; a thin but complete pellicle was usually present after 6-10 hr. A 
pellicle was not formed within 96 hr by the Fim(2)+ strains, e.g. of S a lm o n e lla  p a r a ­
ty p h i B , S . g a llin a ru m  and S . p u llo ru m , or by the Fim- strains in most of the serotypes 
that included such strains, e.g. S . p a r a ty p h i  A , S . p a r a ty p h i B , S . p a r a ty p h i  C ,
S . ch o lera esu is , S . ty p h i and S . p u llo ru m . Fim- strains of S . typ h im u riu m  differed from
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other Firrr salmonellas by forming a pellicle, but they did so only after a much longer 
period of incubation, usually between 24 and 72 hr, than was required for pellicle 
formation by Fim(i)+ organisms (6-10  hr). Rare Fiirr strains of S. typhimurium were 
non-motile, being non-flagellate (SW573, S635) or having ‘paralysed’ flagella (SW578), 
and these strains usually failed to form a pellicle. Fim(i)+ transductants derived from 
Fim-  strains of S. typhimurium and from a Fim(2)+ strain of S. paratyphi B  resembled 
wild-type Fim(i)+ strains in producing a pellicle at an early stage in culture.

The pellicle in Fim(i)+ cultures appeared at a slightly earlier stage (6-8 hr) when the 
inoculum was from a 24 hr or 48 hr broth culture containing mainly, e.g. over 5 0 % , 
fimbriate-phase bacteria than when it was from an agar-grown colony containing 
mainly non-fimbriate-phase bacteria (usually 8-12 hr). Most Fim(i)+ salmonellas 
change rapidly from the non-fimbriate to the fimbriate phase when cultured in aerobic 
static broth, and this appears to be the reason why non-fimbriate-phase inocula usually 
produced a pellicle in 8-12  hr. A few Fim(i)+ strains, however, were exceptionally 
slow in changing to the fimbriate phase and in forming a pellicle in cultures inoculated 
from agar; e.g. S. typhimurium strain LT2 showed a pellicle usually only after 12-24 hr. 
in such conditions and S. choleraesuis NCTC5738 did so only after 48-96 hr.

A visible pellicle was not formed by any organism in static broth cultures incubated 
under completely anaerobic conditions.

Amount o f growth related to fimbriation and pellicle formation
Growth curves for each of the three conditions of incubation were determined for 

several representative Fim(i)+, Fim(2)+ and Fim- strains. The amount of growth 
(bacterial concentration) was measured turbidimetrically after the culture had been 
homogenized, and since this procedure involved the dispersion of pellicle, the observa­
tion at each succeeding interval of time was made on a different, replicate, culture 
which had been incubated undisturbed until the time of examination. Experiments 
with typical findings are illustrated in the figures. Figure 1 compares the growth 
curves of Fim- and Fim(i)+ strains of Salmonella choleraesuis, Fig. 2 compares those 
of a Fim- strain of S. typhimurium and its Fim(i)+ transductant and Fig. 3 compares 
those of a Fim(2)+ strain of S. paratyphi B  and its Fim(i)+ transductant.

During the logarithmic phase of growth, which was completed in the first 6 hr, the 
rate of growth was practically the same for Fim(i)+, Fim(2)+ and Fim- organisms and 
for each of the different methods of incubation: aerobic shaken, aerobic static and 
anaerobic static. Thereafter, the growth curves of the cultures differed with the 
method of incubation and also, in the case of the aerobic static cultures, with the 
organism’s state of fimbriation.

In anaerobic static and aerobic shaken cultures the growth curves of the Fim(i)+ 
organisms were almost identical with those of the Fim-  ones. The amount of growth 
reached its maximum value by about 8 hr, after which it remained nearly constant. 
The maximum value, as turbidity reading, in the anaerobic cultures was usually be­
tween 0-25 and 0-3 (i.e. 0-25-0-3 x io9 bacteria/ml.), whereas that in the aerobic shaken 
cultures was much higher, usually between 4-0 and 8-o. The reason why the bacteria 
gave about 20-fold greater growth under aerobic shaken than under anaerobic 
conditions was probably that they were able to obtain proportionately this much 
more energy by the oxidation than by the fermentation of the nutrient substrates in 
the broth.

6



In aerobic static cultures the end of the logarithmic phase of growth at about 6 hr 
was followed by a marked slowing, or pause, in growth that lasted for a period of at 
least 1-2 hr. In this period the turbidity value was usually about 0-3, only a little 
higher than the value in the anaerobic cultures, and it may therefore be concluded that 
the check to growth was due to exhaustion of the dissolved oxygen and fermentable 
substrates in the broth. Thereafter, at some time between 6 and 12 hr, the Fim(i)+ 
cultures formed a pellicle and entered on a marked and prolonged phase of renewed

Fimbriation and level o f  growth 7

Aerobic shaken Aerobic shaken

Fig. i .  Amount of growth (log scale) of Fim- strain NCTC5364 of Salm onella choleraesuis 
(left) and Fim (i)+  strain NCTC5738 of S . choleraesuis (right) in broth incubated at 370;
aerobic and static, O---- O ¡anaerobic in hydrogen, x-----x ¡aerobic and shaken, • -----• .
The inocula were from broth cultures grown for 48 hr after they had been inoculated from 
a preceding 48 hr broth culture; that of strain NCTC5738 was strongly haemagglutinating and 
in the fimbriate phase. P  shows the time at which a pellicle first became visible in the aerobic 
static cultures.

growth. Their turbidity values increased and commonly reached about i-o at 24 hr,
1-5 at 48 hr and 2-0 at 96 hr. In contrast, the cultures of most of the Fim- salmonellas 
did not form pellicles. They showed much slower and less extensive post-logarithmic 
growth than the Fim(i)+ cultures, and their turbidity values reached only about 0-4 
at 24 hr and about o-8 at 48-96 hr. Thus, throughout the period 24-96 hr their bacterial 
concentration was only about half as great as that in the cultures of comparable 
type-1 fimbriate bacteria.

P e ll ic le - fo r m in g  F im T  S a lm o n e lla  ty p h im u r iu m . Motile Fim" strains of S . ty p h i-  
m u riu m  differed from most other Fim- salmonellas by forming a pellicle in aerobic 
static broth cultures. The pellicle usually appeared at between 24 and 72 hr, i.e. much 
later than in Fim(i)+cultures, and its appearance was followed by a phase of renewed 
growth. The turbidity value in the Fim-  cultures was only about half that in the com­
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parable Fim (i)+ cultures during the period 2 4 - 4 8  hr, but after the formation of the 
pellicle it increased more rapidly and by 9 6  hr it approached the value in the Fim (i)+ 
cultures (Fig. 2 ).

N o n -fim b r ia te -p h a se  inocu la . Most Fim(i)+ salmonellas rapidly become converted 
into the fimbriate phase when they are cultured in aerobic static broth from an 
inoculum consisting of agar-grown bacteria most of which are in the non-fimbriate 
phase. They are thus able to form a pellicle as early as 8 - 1 2  hr and then begin a phase 
of secondary growth. This behaviour is exemplified in the growth curve of the Fim(i)+ 
strain of S a lm o n e lla  typ h im u riu m  shown in Fig. 2 . The Fim (i)+ inocula in this experi­
ment were taken from a suspension made from a single colony on a 2 4  hr agar culture

Fig. 2. Amount of growth of Firrr strain S575 of 5 . typhim urium  (left) and its Fim (l)+
transductant, S575F, (right) in broth incubated at 37°; aerobic and static, O----- O;
anaerobic in hydrogen, x -----x ; aerobic and shaken, • ----- • .  The inocula were from a
single colony of each strain grown for 24 hr on agar; the inoculated bacteria of the Fim (i)+ 
strain were mainly in the non-fimbriate phase. P  shows the time at which a pellicle first 
became visible in the aerobic static cultures.

that showed only weak haemagglutinating activity. Nevertheless, the aerobic static 
cultures grown from these inocula formed a pellicle at about 8 hr and became strongly 
haemagglutinating within 48  hr. The anaerobic static and aerobic shaken cultures 
grown from the same inocula remained mainly in the non-fimbriate phase and were 
still only weakly haemagglutinating after 48  and 9 6  hr.

A few Fim( i)+ salmonellas are slower than the majority in changing into the fim­
briate phase when cultured in aerobic static broth. Strain NCTC5738 of S a lm o n e lla  
c lio lera esu is is outstanding in this respect. When subcultured serially on agar it gives 
growths that are entirely non-fimbriate and non-haemagglutinating, and when, from a 
non-fimbriate inoculum, it is subcultured either serially or for a long period in aerobic 
static broth, it becomes richly fimbriate and strongly haemagglutinating. The inocula



of this strain that were used in the experiment shown in Fig. 1 were taken from a 
fimbriate-phase broth culture; for this reason a pellicle was formed and secondary 
growth started at an early stage (8  hr) in the aerobic static cultures. In a parallel 
experiment, which is not illustrated, the inocula consisted of non-fimbriate-phase 
bacteria from a colony grown on agar for 2 4  hr. The aerobic static cultures grown 
from these inocula became detectably fimbriate and formed a pellicle only after about 
4 8  hr. Their post-logarithmic growth was slow and delayed as compared with that in 
cultures inoculated with fimbriate-phase bacteria, but eventually, in 9 6  hr, they attained 
a bacterial concentration as high as that in the fimbriate-inoculated cultures.
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Fig. 3. Amount of growth of the non-haemagglutinating Fim(2)+ strain NCTC5707
of S . p a ra typh i B , x -----x , and that of its haemagglutinating Fim(i)+ transductant
nctc 5707 ha+, O ------ O , in phosphate-buffered broth incubated aerobically and statically
at 370. The inocula were from fimbriate-phase broth cultures grown for 24 hr after inocula­
tion from 48 hr broth cultures. P  shows the time at which a pellicle first became visible in 
the cultures of the Fim(i)+ cultures. A pellicle was not formed in the Fim(2)+ cultures.

Fim(2 )+ bacteria. The importance of the haemagglutinating property of the fimbriae 
for pellicle formation and secondary growth was demonstrated in an experiment com­
paring the growth curve of an organism bearing haemagglutinating (type-i) fimbriae 
with that of a related organism bearing non-haemagglutinating (type-2) fimbriae. The 
Fim(2)+ organism was strain N C T C 5 7 0 7  of Salmonella paratyphi B and the Fim(i)+ 
organism was a haemagglutinating variant derived from n c t c  5 7 0 7  by phage trans­
duction. Aerobic static broth cultures were grown from fimbriate-phase inocula taken 
from a 2 4  hr broth culture, and their growth curves are shown in Fig. 3 . The parent 
strain with type-2  fimbriae behaved like a non-fimbriate organism: it neither formed a 
pellicle nor gave a marked post-logarithmic phase of growth, and it attained only a 
moderate bacterial concentration (turbidity 0 -5 5 ) after 9 6  hr. In contrast, the trans­
ductant with type- 1 fimbriae formed a pellicle at 8 hr, gave a large secondary phase of 
growth and attained a final bacterial concentration that was more than twice as 
great (turbidity 1 -3).
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E ffe c t o f  D -m an n ose a n d  a -m e th y lm a n n o s id e  on p e ll ic le  
fo r m a tio n  a n d  g ro w th

Pellicle formation and secondary growth by Fim(i)+ organisms in aerobic static 
broth was prevented or much delayed by the addition to the broth of either D-mannose 
or a-methylmannoside (methyl-a-D-mannose), substances exceptional among sugars 
in having a powerful inhibitory effect on the haemagglutinating activity of Fim(i)+ 
bacteria (Duguid & Gillies, 1 9 5 7 ). Cultures of the Fim(i)+ strain L T 2  of S a lm o n e lla  
typ h im u riu m  were grown under aerobic static conditions at 3 7 0 in tubes of 1 0  ml. broth 
containing 0 -2 %  (w/v) of one of these haemagglutination-inhibiting sugars. Control 
cultures were grown in broths containing 0 - 2  % (w/v) of one of the non-haemaggluti- 
nation-inhibiting sugars, D-glucose and L-sorbose, and in broth without added sugar. 
The broth was buffered at pH 7 - 0  by the addition of phosphate (KH 2P 0 4, 0 - 3 5  g, 
N a2H P 0 4, 0 - 6 5  g., per 1 0 0  ml.) because Duguid e t  a l. ( 1 9 6 6 ) had found that salmonella 
cultures grown in unbuffered broth containing 1 % (w/v) glucose became highly acid 
(pH 4 -2- 5 -0) and that the acid reaction inhibited the development of fimbriae. In our 
cultures of strain L T 2  grown in phosphate-buffered broth containing 0 -2 %  glucose 
the pH value did not fall below 6 -o and fimbriae were well developed. The tubes of 
broth were each inoculated with about 3  x  io7 bacteria from a 2 4  hr fimbriate-phase 
culture grown in sugar-free broth; this latter broth had itself been inoculated from a 
4 8  hr broth subculture from a colony on agar.

Table 3 shows the results of an experiment with the wild-type strain L T 2 , an organism 
that ferments and utilizes D-glucose and D-mannose, but not L-sorbose or a-methyl­
mannoside. The results for the cultures in the broths containing the non-haemaggluti- 
nation-inhibiting sugars, glucose and sorbose, were similar to those for the cultures in 
the broth without added sugar. Pellicles were formed in all three media in about 6  hr 
and an extensive phase of secondary growth took place during the subsequent 2 4  hr. 
Strong haemagglutinating activity, indicating rich fimbriation, was present after 1 2  hr. 
In the first 8 hr, growth was rather faster in the glucose broth than in the sorbose and 
plain broths, probably because the glucose was utilized for the production of energy.

C u ltu res  w ith  m a n n o se . The course of growth in mannose broth was similar to that in 
glucose broth, except that pellicle formation was delayed by about 2 - 3  hr and post- 
logarithmic growth was rather slower. The fact that pellicle formation was not delayed 
to a much later time than 8 hr is explained by the finding that the mannose was rapidly 
utilized and removed from the medium. Each culture was tested for residual mannose 
by examining a drop of centrifuged culture supernatant fluid for the ability to inhibit 
haemagglutination when added to a drop of red blood cells mixed with fimbriate 
bacteria. Inhibitory activity was not detected in the cultures that had been grown for 
1 2  hr or longer, and it is concluded that the mannose content of these cultures had 
been decreased to less than o-ooi % (w/v), which is the minimum haemagglutination- 
inhibiting concentration. The reason why a pellicle was formed at 8 hr, about 4  hr 
before the time of exhaustion of the mannose from the broth as a whole, may have 
been that mannose was exhausted earlier from the surface layer of the broth where 
bacteria were concentrated by aerotaxis.

C u ltu res  vn th  c t-m eth ylm a n n o sid e . A much more prolonged inhibition of pellicle 
formation was observed with a-methylmannoside. This sugar was not utilized by 
strain L T 2, and haemagglutination-inhibitory activity was still detected in cultures
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that had been incubated for 6  days. A pellicle did not appear in any of these cultures 
during the first 3 0  hr, so that pellicle formation was delayed by at least 2 4  hr beyond 
the time of its occurrence in the control cultures ( 6  hr). A pellicle did appear after 
4 8  hr, despite the continuing presence of the a-methylmannoside. This late formation 
of a pellicle was probably due, not to an eventual failure of inhibition of the pellicle­
forming action of the fimbriae, but to the kind of process that is responsible for the 
formation of a pellicle by non-fimbriate strains of Salmonella typhimurium when in­
cubation is continued for as long as 4 8  hr.

The delay in pellicle formation until later than 3 0  hr in the cultures with a-methyl- 
mannoside was associated with a corresponding delay in the onset of the phase of 
secondary growth. Thus, the turbidity value increased only slightly between 6  hr, when 
it was 0 -2 3 , and 3 0  hr, when it was 0 -3 8 . This increase of less than twofold is to be 
compared with the eight-fold increase, from 0 -2 1  at 6  hr to 1 -6 2  a t 3 0  hr, in the control 
cultures without added sugar. Since growth during the first 6  hr of incubation was 
just as rapid in the cultures with a-methylmannoside as in those without it, it may be 
concluded that a-methylmannoside was not toxic to the bacteria, or inhibitory to 
growth in any way other than through its effect on pellicle formation.

Haemagglutination tests made with bacteria separated from the cultures by centri­
fugation and washed twice in saline to free them from the sugar showed that the 
cultures were poorly fimbriated during the first 2 4  hr of growth and moderately richly 
fimbriated after 4 8 - 9 6  hr. It is seen, therefore, that the effect of the a-methylmannoside 
was to inhibit the pellicle-forming activity of the fimbriate bacteria, and not to inhibit 
the development of fimbriae. The degree of fimbriation was certainly rather poorer in 
the cultures with a-methylmannoside than in the control cultures, and the reason for 
this difference was probably the absence of selective growth of fimbriate-phase bacteria 
in an early forming pellicle.

N o n -m a n n o se -fe rm en tin g  m u ta n ts

A clear demonstration of the pellicle-inhibiting effect of D-mannose itself was 
obtained in experiments with two non-mannose-fermenting mutant strains, SL1031M 
and SL970. The growth curves of strain SL1031M in plain broth and broths with 
glucose, sorbose, mannose and a-methylmannoside are shown in Fig. 4 . Like its 
parent strain, LT2, strain s l  1031 m  formed a pellicle at 6 hr when grown in plain broth, 
glucose broth or sorbose broth. Glucose was not fermented by this mutant during the 
first 30 hr of culture, and cultures in all three media showed a similar secondary phase 
of growth during the 2 4  hr following pellicle formation. After 30 hr the utilization of 
glucose led to greater amounts of growth being obtained in the glucose broth than in 
the other media.

Pellicle formation by strain SL1031M was delayed until after 30 hr both in the broth 
with mannose and in that with a-methylmannoside. As can be seen in Fig. 4 , the 
absence of early pellicle formation in these media was associated with the absence of a 
phase of secondary growth in the period 6-30  hr. In this period the bacterial concen­
trations were much less than those in the plain, glucose and sorbose broths. When 
pellicles were eventually formed at about 4 8  hr in the mannose and a-methylmanno­
side broths, a late secondary phase of growth took place. Tests for the presence of 
haemagglutination-inhibitory activity in supernatant fluids of the cultures showed that 
a-methylmannoside was still present after 96 hr and that mannose was still present after



48 hr. By 72 hr, all the mannose had disappeared, apparently as a result of the emer­
gence of mannose-fermenting back-mutants.

M u ta n t S L 9 7 0 . Experimentswith the other non-mannose-fermenting strain, SL970, 
gave generally similar results. The presence of mannose prevented the formation of a 
pellicle and the onset of secondary growth during the first 72 hr of culture. Bacteria 
centrifuged from the non-pelliculate 72 hr culture and washed free from residual 
mannose had moderately strong haemagglutinating activity. The early formation of a 
pellicle by this strain was not prevented by the addition to broth of 0-2%  (w/v) of 
arabinose, galactose, glucose, lactose, maltose or xylose.

Fimbriation and level o f growth 13

0 12 24 48 72 96
Time (hr)

Fig. 4 . Amount of growth of non-mannose-fermenting strain SL1 0 3 1 M of S. typhimurium
grown under aerobic static conditions at 3 7 0 in phosphate-buffered broth, O---- O, and
phosphate-buffered broth containing 0-2 % (w/v) of L-sorbose, x---- x , D-glucose, • -----• .
D-mannose, A-------A, and a-methylmannoside, A -------A .  The inocula were from a
fimbriate-phase broth culture grown for 2 4 hr after inoculation from a 48 hr broth culture. 
P 1 shows the time when a pellicle was first seen in the plain, sorbose and glucose broths; P 2 
shows that in the mannose and a-methylmannoside broths.

DISCUSSION
Our experiments show that the presence of haemagglutinating type-i fimbriae in 

motile salmonellas has a similar effect in promoting rapid surface pellicle formation 
and marked post-logarithmic growth in aerobic static broth as it has in non-motile 
shigellas (Duguid & Wilkinson, 1961). The role of type-i fimbriae in promoting pellicle 
formation at an early stage, i.e. within the first 12 hr, of culture is indicated by the
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finding that early pellicle formation took place in all fimbriate-phase cultures of 
Fim(i)+ organisms, but not in any culture of a Fim(2)+ or Fim- organism. The forma­
tion of a pellicle at a later stage, i.e. at between 18 and 96 hr, by most cultures of Fim- 
strains of S a lm o n e lla  typ h im u riu m  must be due to a different and non-fimbrial property 
that is present in Fim-  S . typ h im u riu m  but not in other Fim- salmonellas, which do not 
form a pellicle at any stage.

The fimbrial pellicle usually appeared 2 -4  hr earlier in the cultures of motile Fim(i)+ 
salmonellas than in those of non-motile Fim(i)+ shigellas. Motility, therefore, seems to 
accelerate, rather than hinder pellicle formation. Possibly the acceleration is the result 
of the motile fimbriate bacteria gathering rapidly at the surface of the broth by aero- 
tactic migration. Non-pellicle-forming cultures of highly motile Fim- salmonellas did 
not give marked post-logarithmic growth; e.g. non-pellicle-forming cultures of the 
motile Fim- strain SL272 of S a lm o n e lla  typ h im u riu m  did not give significantly greater 
amounts of growth in 24-96 hr than non-pellicle-forming cultures of this strain’s non- 
motile variants, SW573 and SW578. Apparently, the aerotactic migration of bacteria 
towards the broth surface is not, by itself, nearly as effective a means of procuring the 
access of large numbers of bacteria to atmospheric oxygen as is the growth of the 
bacteria in a surface pellicle.

The finding that the growth of non-pellicle-forming cultures in aerobic static broth 
was checked, at about 6 hr, at a bacterial concentration only a little higher than in 
anaerobic cultures, and then increased only slowly and slightly during further incuba­
tion up to 96 hr, suggests that the limitation of growth in these cultures was due to the 
exhaustion of substrates capable of yielding energy by fermentation and that the pro­
duction of energy by oxidation of non-fermentable substrates was severely limited by 
the small amount of oxygen dissolved in the broth. This explanation is supported by 
the observation that primary growth proceeded unchecked to a tenfold higher value in 
the cultures that were efficiently aerated by continuous shaking.

Pellicle formation in aerobic static cultures was associated with a subsequent phase 
of renewed growth great enough to raise the bacterial concentration to a value ap­
proaching that in the aerobic shaken cultures. This marked post-logarithmic growth 
took place in the period 24-48 hr after the formation of the pellicle; it did not occur 
in the non-pellicle-forming cultures. The association of post-logarithmic growth with 
pellicle formation, and the finding that relatively little post-logarithmic growth took 
place in the aerobic static cultures of fimbriate bacteria in which pellicle formation was 
prevented by the addition of mannose or a-methylmannoside, are strong evidence that 
pellicle formation was responsible for the renewal of growth in the post-logarithmic 
period. The effect of the pellicle is presumably due to its numerous contained bacteria 
having free use of atmospheric oxygen for the production of energy from non-ferment- 
able substrates in the broth. The absence of pellicle formation and post-logarithmic 
growth in anaerobically incubated cultures agrees with this explanation.

Two observations suggest that the property of type-i fimbriae which confers their 
mannose-sensitive adhesiveness and haemagglutinating activity is also the property 
which promotes pellicle formation. One is that salmonella organisms with non- 
haemagglutinating type-2 fimbriae do not form a pellicle. The other is that the addition 
to broth of mannose or a-methylmannoside prevents or delays the formation of a 
pellicle by organisms with haemagglutinating type-i fimbriae. Since, out of the series 
of sugars tested, only mannose and a-methylmannoside inhibited pellicle formation

14



by Fim(i)+ bacteria and since only these two sugars inhibit haemagglutination by such 
bacteria (Duguid & Gillies, 1957), it seems that the same specific mechanism is involved 
in the inhibition of pellicle formation as in the inhibition of haemagglutination. The 
nature of this mechanism is unknown. Duguid & Gillies found that mannose did not 
become firmly bound to, or produce an irreversible change in, either the fimbriate 
bacteria or the red blood cells. When the mannose was removed from the bacteria or 
from the red cells, by centrifugation and washing, the bacteria regained strong haemag- 
glutinating activity and the red cells regained full agglutinability. Because of this 
reversibility of the effect, it could not be determined whether the action of the mannose 
was primarily on the bacteria or on the red cells. Our finding that mannose inhibits 
pellicle formation by fimbriate bacteria shows that the sugar dees have some direct 
action on the bacteria. Possibly it absorbs reversibly to specific receptor sites on the 
type-1 fimbriae and thereby alters the surface properties of the fimbriae so that they 
cannot adhere to red cells or promote pellicle formation. How the mannose-sensitive 
haemagglutinating factor brings about pellicle formation is unknown. Conceivably it 
does this either by rendering the bacteria hydrophobic and liable to float on the surface 
of the broth or by causing bacteria already on the surface of the broth to adhere to one 
another.

There is no clear evidence that fimbriae of types other than type 1 have the property 
of promoting pellicle formation. Fim(3)+ strains of K le b s ie lla  a e ro g en es , i.e. strains 
bearing only type-3 fimbriae with mannose-resistant adhesive properties, have been 
found to form pellicles after culture for 12-72 hr (Duguid, 1959). Type-3 fimbriae do 
not occur in salmonellas (Duguid e t  a l. 1966). Type-F fimbriae (F pili) (Crawford & 
Gesteland, 1964; Brinton,Gemski&Carnahan, 1964), which are thought to beorgansof 
bacterial conjugation, were not seen with the electron microscope in any of our Fim- 
salmonellae. Since we did not use F-specific phage, we would not have recognized the 
presence of these scanty F fimbriae in our Fim(i)+ and Fim(2% organisms; but it 
seems unlikely that any were present because factor F is rarely found in salmonellas.

Our results agree with the possibility that saprophytic bacteria which live in stagnant, 
poorly oxygenated waters containing oxidizable nutrients may benefit from the func­
tion of fimbriae in promoting pellicle formation and access to atmospheric oxygen. In 
the laboratory, the effect of fimbriae in promoting pellicle formation and post-log­
arithmic growth is important in two experimental procedures. It is probably responsible 
for the success of the methods of prolonged and serial broth culture in obtaining 
selective outgrowth of ftmbrate-phase bacteria from a non-fimbriate-phase inoculum 
(Duguid & Gillies, 1957). It is probably also responsible for the success of these methods 
in obtaining the selective outgrowth of rare Fim(i)+ transductant bacteria from mix­
tures of Fim- bacteria with phage propagated on Fim(i)+ donor bacteria. Indeed, in 
observations made with mixed cultures of distinctively marked Fim(i)+ and Fim- 
strains of S a lm o n e lla  typ h im u riu m  we have obtained direct proof that the conditions of 
culture in aerobic static broth are highly selective for fimbriate bacteria. The cultures 
were grown from mixed inocula consisting of a small number (about 10) of bacteria of 
the rhamnose-fermenting Fim(i)+ strain S206 and a large number (about io8) of 
bacteria of the non-rhamnose-fermenting Fim- strain M7471. After aerobic static 
incubation for 48 hr, the Fim(i)+ bacteria comprised 10-20%  of the total bacterial 
population; the extent of their multiplication was about one million times greater than 
that of the Fim- bacteria. They showed little or no outgrowth in mixed cultures grown

Fimbriation and level o f growth 15
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under anaerobic static or aerobic shaken conditions. We attribute this strong 
selective advantage of Fim(i)+ over Fim- bacteria in aerobic static broth cultures 
to the pellicle-forming property of the fimbriae.

We wish to thank Dr E. S. Anderson and Dr B. A. D. Stocker for providing us with 
strains and information about their characters. This work was supported in part by a 
grant to one of us (J.P.D.) from the Fleming Memorial Fund.
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Inhibition of Excystment
of Schizopyrenus russelli Cysts in the Presence of Emetine and 

its Cysticidal Effect in Conjunction with 
Sodium Lauryl Sulphate

By S. A. IMAM, G. P. DUTTA a n d  S. C. AGARWALA 
C e n tra l D ru g  R e se a rc h  In s titu te , L u c k n o w , In d ia

(A c c e p te d  f o r  p u b lic a tio n  31 A u g u s t 1967)

SUMMARY

Excystment agents (extract of E sch erich ia  co li, living E . c o li and glutamic 
acid) failed to cause excystment of S c h izo p y re n u s  ru sse lli cysts in the presence 
of either emetine or compounds I and II (structurally based on emetine). A 
very high percentage of the cysts excysted in the presence of the excystment 
agents after the removal of emetine, showing that the treated cysts were 
viable. Ninhydrin reaction, using a fixed amount of glutamic acid and in­
creasing concentrations of emetine, showed progressive inhibition of colour 
development. This suggests the possible binding of excystment factor to 
emetine, thus preventing excystment. Excystment inducing property of the ex­
cystment agents could not be prevented in the presence of carbarsone. When 
the cysts were treated with sodium lauryl sulphate and then with emetine or 
with sodium lauryl sulphate and emetine together, there was hardly any 
excystment. Sodium lauryl sulphate rendered the cyst wall permeable to 
emetine and the latter killed the cysts.

IN TRO DUC TIO N

Relapses encountered commonly in the treated cases of human intestinal amoebiasis 
seem to be due to the in v ivo  persistence of cysts of E n ta m o e b a  h is to ly tic a  which 
escape the action of drugs. Known amoebicides appear to have little or no effect on 
the cystic stage of E . h is to ly tic a . 5 % emetine HC1 and yatren were found to have no 
effect on the cysts of E . h is to ly tic a  treated for 30 min. in v itro  (Yorke & Adams, 1926). 
It is, therefore, important to discover drugs that are, in addition to having amoebicidal 
property, cysticidal or prevent amoebae from forming cysts or make the amoebae come 
out of the cysts. This question has not, so far, seriously attracted the attention of 
biologists and chemists engaged on the chemotherapy of intestinal amoebiasis.

Excystment of cysts of free-living amoebae and E n ta m o e b a  h is to ly tic a  in the 
presence of certain living bacteria has been noted by several workers (Crump, 1950; 
Drozanski, 1961; Dudziak, 1955; Kunicki-Goldfinger e t  a l. 1957; Singh, and his 
co-workers, 1956, 1958, 1963, 1965.). Singh, Mathew & Anand (1958) and Singh, 
Saxena & Iyer (1965) found that an aqueous extract of an A e ro b a c te r  sp. and 
E sc h e r ic h ia  c o li caused excystment of five species of free-living amoebae. It was 
further shown by them that certain amino acids present in the aqueous extract were 
responsible for the excystment of S c h izo p y re n u s  ru sse lli cysts. Certain chemically 
pure amino acids, at suitable pH range, were also found to cause excystment of
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S . ru sse lli cysts. These observations have been confirmed by Drozanski (1961) in the 
case of free-living amoebae.

In this communication the work carried out on the inhibition of excystment of 
S c h izo p y re n u s  ru sse lli cysts in the presence of emetine and its cysticidal effect in con­
junction with an anionic surfactant sodium lauryl sulphate is presented.

l8  S. A. IMAM, G. P. DUTTA AND S. C. AGARWALA

METHODS

Cysts from a ‘pure line’ culture of S c h izo p yren u s  ru sse lli were used in this work. 
The amoebae were grown on non-nutrient agar (2-5 % (w/v) agar, 0-5 % (w/v) NaCl; 
pH 6-8-7‘0) plates supplied with a young culture (3 days old) of E sch erich ia  c o li, 
grown on nutrient agar slopes, as food. Three- to seven-day-old cysts were harvested 
and viable sterile cysts, free from living and dead bacteria, were obtained by the 
method of Singh e t a l. (1965). For excystment experiments, living E . c o li cells, auto­
claved aqueous extract of E . c o li or L-glutamic acid (2 % (w/v), pH 6-o) were used 
either singly or with emetine, compounds I and II, or carbarsone. Fifty to seventy-five 
cysts were put as a hanging drop suspension in a cavity slide (250 ± 1 °) and % excyst­
ment was calculated from the count of the amoebae and the unexcysted cysts. It may be 
pointed out that S . ru sse lli forms a double-walled cyst and excystment takes place in 
two stages. First, the inner wall disappears and a small amoeba moves freely within the 
outer wall. In a successful case, the outer wall gives way and the amoeba emerges 
(PL 1, fig. 1-3). A cyst was considered excysted only when an amoeba escaped from it 
and was found moving freely in the surrounding medium.

Free amino acid available for excystment in mixtures of amino acid (glutamic acid) 
containing different concentrations (w/v) of emetine-HCl (62-5-1000 /tg./ml.) or 
compounds I and II (1000 f ig ./ml.) or carbarsone (iooo/¿g./ml.) was observed by 
ninhydrin reaction. Emetine-HCl and carbarsone used were from Burroughs Well­
come and Co., and compounds I (4-(/?-phenylethylaminomethyl)i-phenylethyl 
piperidine) and II (4-(6,7-dimethoxy 1,2,3,4 tetrahydro-i-isoquinoliomethyl) r-/?-3,4- 
dimethoxy-phenylethyl piperidine) were synthesized in the Chemistry Division of this 
Institute as potential amoebicidal agents based on the structure of emetine.

Cysts were treated with different concentrations of sodium lauryl sulphate (made in 
water or M/15 phosphate buffer, pH 7-0) followed by emetine or together with emetine. 
Cysts treated individually with emetine or sodium lauryl sulphate were always included 
as controls. The treated cysts were washed with double glass distilled water, and the 
% excystment was determined.

RESULTS

The data presented in Table 1 clearly show that aqueous extract of E sch erich ia  co li, 
live E. c o li and glutamic acid failed to cause excystment of S c h izo p y re n u s  ru s se ll i cysts 
in the presence of emetine. With E . c o li extract, excystment was observed to the extent 
of 89 %, whereas in the presence of emetine-HCl (126 /tg./ml.) the % excystment was 
only 6. When the emetine concentration was 1000/¿g./ml., there was no excystment. 
These cysts did not show any excystment in the presence of emetine on prolonged 
incubation for 48, 72, 96 and 144 hr. Morphologically the treated cysts seemed to be 
normal (PI. 1, fig. 4). In 62.5 /¿g./ml. emetine the cysts were found to excyst in high 
proportion. It may be mentioned that addition of emetine-HCl did not appreciably



alter the pH of the bacterial extract from its original value of 6-5. Once emetine was 
washed off, a very high percentage of the cysts excysted in the presence of E . c o li  
extract (Table 1).

Living E sch erich ia  c o li cells also failed to cause excystment in the presence of 
emetine-HCl (1000 /tg./ml.). The cysts appeared normal (PI. 1, fig. 5) and^nearly all 
the cysts excysted readily in the presence of living E . c o li when emetine was removed.
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Table 1. In a b ili ty  o f  e x c y s tm e n t in du cin g  a g e n ts  to  ca u se  e x c y s tm e n t o f
S c h izo p y re n u s  ru sse lli c y s ts  in th e  p re s e n c e  o f  em etin e*

No. of
No. of cysts 0//o

Cysts treated with cysts excysted excystment
E. coli extract 166 148 89

Emetine (10 0 0 /tg./ml.); excystment with 183 180 98
E. coli extract after removal of emetine 

E. coli extract+emetime (1 0 0 0 /tg./ml.) 443 Nil Nil
Excystment with E. co li extract after the 451 4 10 9i
removal of emetine 

E. coli extract+emetine (1 2 5  /tg./ml.) 2 54 14 6
Excystment with E . coli ex tract after the 157 140 89
removal of emetine 

Live E. coli 300 294 98

Live E. co/;'+emetine (100 0 /tg./ml.) 599 Nil Nil
Excystment with live E. coli after the 494 494 100

removal of emetine
Glutamic acid (2 %, pH 6 0) 150 128 85
Glutamic acid (2 %, pH 6 0)+emetine 590 Nil Nil
(10 0 0 /tg./ml.)

Excystment with glutamic acid after the 4 18 384 92

removal of emetine
* The cysts were treated for 24 hr with emetine alone or with emetine and excystment agents 

together.

Glutamic acid gave an excystment of 85 %, whereas glutamic acid containing eme­
tine-HCl (1000 /tg./ml.) showed no excystment during a period of 72 hr. After the 
removal of emetine, these cysts could excyst normally (92 %) with fresh glutamic acid 
(Table 1). Lower concentration of emetine-HCl (125 /tg./ml.) in glutamic acid, how­
ever, did not inhibit excystment but only delayed the excystment process. Nearly all 
the cysts excysted within 48 hr. Still lower concentration of emetine-HCl (62-5 /tg./ml.) 
did not affect the excystment in the presence of glutamic acid.

Ninhydrin reaction was run in a parallel experiment and a progressive inhibition of 
colour development was noticed when increasing amount of emetine were added to a 
fixed amount of glutamic acid. When this in v itro  system was run chromatographically 
(butanol + acetic acid + water 14+1 + 5) emetine and glutamic acid could be completely 
separated.

Compounds I and II (1000 /¿g./ml.) also completely inhibited the excystment of 
S c h izo p y re n u s  ru sse lli in the presence of E sch erich ia  c o li extract up to 72 hr. When they 
were removed, nearly all the cysts excysted in the presence of E . c o li extract. In this 
respect the action of these compounds was like that of emetine-HCl, although they have



20
not proved to be amoebicidal. It may be mentioned that carbarsone (1000 /¿g./ml.) did 
not inhibit but only delayed excystment in the presence of E . c o li extract.

Cysts treated with sodium lauryl sulphate at dilutions of 500 , 250  and 12 5  /¿g./ml. 
(in M/ 1 5  phosphate buffer, pH 7 0 ) for 1 hr, and washed in double glass-distilled water, 
gave 7 4 , 79  and 76  % excystment respectively in the presence of aqueous extract of 
E sch erich ia  c o li (Table 2). The % excystment of the untreated cysts was 95 (Table 2 ). 
When the cysts were treated with emetine (10 0 0  /¿g./ml.) for 24  hr. after sodium lauryl 
sulphate (500 /¿g./ml.) treatment, and washed in distilled water, there was hardly any 
excystment (Table 2 ).

S. A. IMAM, G. P. DUTTA AND S. C. AGARWALA

Table 2 L e th a l e ffe c t o f  e m e tin e  on  c y s ts  o f  S c h izo p y re n u s  ru sse lli tr e a te d  w ith  
so d iu m  la u ry l su lp h a te  f o l lo w e d  b y  em e tin e

Treatment

Sodium lauryl sulphate (500 /¿g./ml.) 
Sodium lauryl sulphate (250/¿g./ml.) 
Sodium lauryl sulphate (125 /(g./ml.) 
E . co li. extract (control)

%  excystment after sodium 
lauryl sulphate treatment 

for 1 hr

No. of 0//o
No. of cysts excyst­
cysts excysted ment
334 247 74
213 168 79
489 373 76
538 511 95

% excystment after sodium lauryl 
sulphate treatment for 1 hr followed 
by emetine (1000/¿g./ml.) for 24 hr

No. of °//o
No. of cysts excyst
cysts excysted ment
142 1 1
157 39 25
322 213 66

Table 3. L e th a l  e ffe c t o f  e m e tin e  on c y s ts  o f  S c h izo p y re n u s  ru sse lli w hen tr e a te d  
w ith  so d iu m  la u ry l su lp h a te  a n d  e m e tin e  to g e th e r

Sodium lauryl sulphate Sodium lauryl sulphate 
in phosphate buffer. in water.

% excystment after 48 hr. % excystment after 48 hr.
t--------------------------------- ---------------------------------X (------ -------------- X

No. of % No. of /
Treatment No. of cysts excyst­ No. of cysts excyst­

cysts excysted ment cysts excysted ment
Sodium lauryl sulphate (62-5 /¿g./ml.) 333 ■ ill 98 149 146 98
Sodium lauryl sulphate + emetine (1000 /¿g./ml.) 457 4 1 225 6 3
Sodium lauryl sulphate (31-3 /¿g./ml.) 478 473 99 219 212 97
Sodium lauryl sulphate + emetine (1000 /¿g./ml.) 609 5 1 510 5 1
Sodium lauryl sulphate (15-6 /¿g./ml.) 502 499 99 118 116 98
Sodium lauryl sulphate + emetine (1000 /¿g./ml.) 560 21 4 192 3 2
E. c o li extract (control) 144 144 100 189 187 99

In another set of experiments cysts were treated with sodium lauryl sulphate at 
dilution of 6 2 -5 , 3 1 -2  and 15 -6  /¿g./ml. (in M/ 1 5  phosphate buffer, pH 7-0, or in distilled 
water) together with emetine (1000/¿g./ml.) for 48 hr. The cysts were then washed 
and the degree of excystment determined. There was hardly any excystment (Table 3). 
The % excystment of the cysts treated with sodium lauryl sulphate alone was similar 
to that of untreated cysts. The cysts appeared normal (PI. 1, fig. 7) and nearly all the 
cysts excysted (Table 3).

The cysts which failed to excyst after sodium lauryl sulphate and emetine treat­
ments stained readily in 0-125 % (w/v) aqueous solution of eosin. The protoplasm of 
these cysts along with the inner cyst wall was very much shrunken (PI. 1, fig. 6).
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D ISC U SSIO N

It has been shown in the present investigation that excystment-inducing agents 
failed to cause excystment of S c h izo p y re n u s  ru sse lli cysts in the presence of emetine 
hydrochloride and compounds I and II. The results of the ninhydrin reaction suggest 
a possible binding of excystment agent to emetine, whereas, by paper chromatography, 
the excystment agent and emetine could easily be separated. This binding may thus be 
mediated by weak electrostatic and van der Waal’s forces, as suggested by Dhar (1959). 
When the cysts are treated with sodium lauryl sulphate and then with emetine or with 
sodium lauryl sulphate and emetine together, there is practically no excystment. This 
suggests that sodium lauryl sulphate renders the cyst wall permeable to emetine, the 
latter killing the cysts. The action of surfactant is not interfered with by the presence 
of emetine. These findings may have application in eliminating the cysts of E n ta m o e b a  
h is to ly tic a  from human carrier cases.

It is a great pleasure to express our sincere thanks to Dr M. L. Dhar, Director, 
Central Drug Research Institute, for his keen interest in this work. Grateful thanks are 
also due to Dr B. N. Singh, Scientist-in-Charge, Microbiology Division, for helpful 
suggestions during the course of this work and in the preparation of the manuscript. 
Authors are thankful to Mr L. M. P. Singh for his technical assistance throughout this 
investigation.
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EXPLANATIO N OF PLATE  

All the photographs were taken at the same magnification.
Fig. i. Normal cyst of Schizopyrenus russelli with double cyst wall.
Fig. 2 . Cyst of S . russelli undergoing excystment in E. coli extract; inner cyst wall has disappeared 
and motile amoeba is seen inside the outer cyst wall.
Fig. 3 . A motile trophozoite of S. russelli after emerging from cyst.
Fig. 4 . Cyst of S. russelli in Escherichia coli extract+emetine (100 0 /ig./ml.) for 24 hr; appearance 
normal.
Fig. 5 . Cysts of S. russelli in the presence of living E. co/t+emetine (1000 /¿g./ml.) for 14 4 hr; appear­
ance normal.
Fig. 6 . Cysts of S. russelli treated with sodium lauryl sulphate (62-5 /¿g./ml.) and emetine (100 0 /ig./ml.) 
together for 48 hr; the protoplasm along with inner cyst wall is very much shrunken.
Fig. 7 . Cyst of S. russelli treated with sodium lauryl sulphate (62-5 /ig./ml.) for 48 hr; appearance 
normal.
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Diversity of Surface Layers in L-forms of Proteus mirabilis
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M a x -P la n c k -I n s titu t f i i r  B io ch em ie , M ü n ch en , G erm a n y

AND H. H. M ARTIN
In s titu t f u r  M ik ro b io lo g ie , T ech n isch e  H o ch sch u le , D a r m s ta d t, G erm a n y  

(A c c e p te d  f o r  p u b lic a tio n  1 S e p te m b e r  1967)

SUMMARY
The structure of surface layers of the bacterial form and different types of 

the L-form of P r o te u s  m ira b ilis  was studied by electron microscopy of thin- 
sectioned organisms. Morphological data confirm the distinction between the 
cell wall-less protoplast-L-form and the wall-containing spheroplast-L-form. 
Organisms of the protoplast-L-form have only one surface-integument, pre­
sumably the cytoplasmic membrane. These forms never revert to the bacterial 
form. The spheroplast-L-form comprises reversible forms (unstable-sphero- 
plast-L-form) as well as non-reverting strains (stable spheroplast-L-form). In 
both spheroplast-L-forms two surface integuments are always present: a 
cytoplasmic membrane and a superposed cell wall. In sections of isolated cell 
walls of normal Proteus bacteria and in wall material spontaneously dis­
sociating from damaged cell walls of spheroplast-L-forms the triple-layered 
‘unit membrane’ is a prominent feature. Thin sections of isolated cell wall 
lipopolysaccharide identify the unit membrane as a specific structure of this 
polymer. The thickness of the murein (syn. mucopeptide, mucopolymer) in 
isolated murein layers (‘murein sacculi’, Weidel & Pelzer, 1964) from cell 
walls of normal Proteus bacteria was found to be approximately 20-25 A.

INTRODUCTION
The task of describing and defining bacterial L-forms has always been a problematic 

and perplexing one. The organisms are best known for their negative qualities, and 
their elusive nature is strikingly characterized in their description as: ‘ The stable growth 
which consists of soft, protoplasmic elements without defined morphology, which no 
longer possesses rigid, bacterial forms nor reverts to them. . .  ’ (Klieneberger-Nobel,
i960). Much remains to be learned about their origin. There is, however, general 
agreement that the aberrant L-form morphology and the lack of solid cell envelopes is 
due to functional deficiencies in the biosynthetic apparatus of the bacterial cell wall. 
The comparative study of surface structures in L-forms and their original bacterial 
forms is therefore of considerable interest, since it may provide information on the 
functions and requirements of the morphogenetic apparatus which establishes 
specific shape and stability in the normal bacterial cell wall. Early work on the peni­
cillin-induced L-forms of P r o te u s  m ira b ilis  indicated that the L-form character may be 
related to very different levels of cell wall damage. These observations are now best 
understood on the basis of cell-wall models which have been derived from extensive 
analytical and electron microscopical work on cell walls of E sch erich ia  c o li and
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P . m ira b ilis . These cell walls are constructed on the foundation of a cell-shaped murein 
(syn. mucopeptide, mucopolymer) layer (‘murein sacculus’, Weidel & Pelzer, 1964). 
Two other macromolecular wall components are also present in large amounts: 
lipopolysaccharide (LPS), and lipoprotein. These polymers are anchored to the murein 
sacculus to form an intricate mosaic pattern of functional surface sites (antigens, 
bacteriophage receptors) whose structural details are still largely unknown (Weidel, 
1958; Weidel, Frank & Martin, i960; Martin & Frank, 1962; Weidel & Pelzer, 1964; 
Martin, 1964). The stable (=  irreversible) L-form of P . m ira b ilis  was found to lack 
both murein components and bacteriophage receptors and thus, like protoplasts of 
Gram-positive bacteria, seemed to have no cell wall (Kandler & Zehender, 1957; 
Taubeneck, Bohme & Schumann, 1958; Taubeneck, 1961). In contrast, the unstable 
(= reversible) L-form contained murein as well as phage receptors (Kandler, Hund & 
Zehender, 1958; Taubeneck e t  a l. 1958). Thin sections of the unstable L-forms revealed 
the presence of cell walls, and this suggested a similarity of these organisms with the 
penicillin- or lysozyme-induced spheroplasts of E . c o li (Hofschneider & Lorek, 1962). 
More recently a third variety of Proteus L-forms has been described (Martin, 1964). 
This type is non-reverting, i.e. stable. It does, however, retain a cell wall, including a 
fragile, balloon-shaped murein sacculus. Proteus L-forms may thus be classified into 
three types according to the presence or absence of cell walls and the ability or failure 
to revert to the bacterial form upon transfer to penicillin-free medium:

(1) A stable protoplast-L-form which is not able to revert; cell walls are absent.
(2) An unstable spheroplast-L-form which is able to revert; cell walls are present.
(3) A stable spheroplast-L-form which does not revert, but cell walls are present.
In the present paper we wish to report additional morphological evidence for the

the different organization of surface layers in the three types of Proteus L-forms. 
Electron microscopy of thin sections shows specific stages of deficiency and disorder in 
cell walls of different L-forms and provides additional support for the L-form classifica­
tion listed above.

Although thin sections enable the protoplast- and the spheroplast-types of L-forms 
to be easily distinguished from each other, they are not so useful for localizing the sites 
of chemical damage within the cell wall which give rise to L-forms. Selective in s itu  
identification of individual macromolecular cell-wall components is still not possible 
in the electron microscope, and it is not known how the different polymer constituents 
contribute to the image of the thin-sectioned enterobacterial cell wall. Therefore we 
have studied thin sections of isolated cell walls from normal P ro te u s  m ira b ilis  and 
sections of purified preparations of murein sacculi and lipopolysaccharide. Our findings 
permit us to draw some conclusions on the location and interaction of wall polymers in 
normal Proteus cell walls and on the nature and extent of cell wall disorganization in 
the different Proteus L-forms.

METHODS
The following L-forms and bacterial strains of P ro te u s  m ira b ilis  were studied :
( 1 ) The unstable spheroplast-L-form, strain i c a / p e n , was isolated in 19 5 5  by 

Kandler & Kandler ( 1956 )  and re-investigated by Martin ( 1964). All liquid and solid 
media in which this organism was cultivated contained Na-benzylpenicillin (Farb­
werke Hoechst A. G., Frankfurt/Main-Hoechst) at a concentration of 200 units/ml. 
Subcultivation of individual spheroplasts of the unstable L-form 1 c a /p e n  on penicillin-
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free medium yielded a wide variety of stable L-forms and bacillary organisms (Martin, 
1963, 1964). The following descendants of strain i c a / p e n  were included in this 
study.

(2 ) Stable spheroplast-L-form, strains 1CA / 2 0  and 1CA/2 5 .

(3) The rod-shaped, non-motile P r o te u s  m ira b ilis , strain 1CA/5 . In addition to this 
strain normal, rod-shaped P . m ira b ilis , strain vi, was also studied.

(4) Also investigated were the stable protoplast-L-forms, strains ld 52 and l v . These 
organisms were obtained from Dr U. Taubeneck, Jena. Growth of the protoplast-L- 
forms required supplementation of the media with 5 % (v/v) defibrinated horse serum.

C u ltu re  m ed iu m . All organisms used for electron microscopy and for the preparation 
of cell walls and cell-wall fractions were grown at 350 in aerated liquid cultures with the 
following composition (g./l.): tryptic casein peptone (E. Merck, A. G., Darmstadt), 
15; Lab-lemco beef extract (Oxoid Ltd., London S.E.i, England), 15; glucose, 2; 
NaCl, 5; Na2HP0 4, 4-5; distilled water, 1 1.; pH adjusted to 7 -0 . The cultures were 
harvested at the beginning of the stationary phase. The isolation of cell walls and the 
separation and purification of individual polymer cell-wall components, viz. murein 
sacculi and lipopolysaccharide, was carried out as described by Martin & Frank
(1962) and Martin (1964). An outline of the procedure for the isolation of LPS and 
murein sacculi is given in Fig. 1.

I CELL WALL SEDIMENt ]

Extraction with phenol+water (9+1, v/v)

Soluble
LIPOPROTEIN

Insoluble

I
Dialysis against dist. water

LIPOPOLYSACCHARIDE, 
RIGID LAYERS

| l ip o p r q t e in [

Water insoluble, tough Differential centrifugation
gummy precipitate

Colloidal solution Sediment
LIPOPOLYSACCHARIDE RIGID LAYERS

Protease

Disso__  uble
Rigid layer m u r e in  sa c c u l i 

protein ----------------
Fig. 1 Fractionation of isolated cell walls of Proteus m irabilis into the major 

macromolecular constituents.

P re p a ra tio n  o f  sp ec im en s . For direct electron microscopy samples were mounted on 
collodion membranes by the agar filtration technique of Kellenberger (1952) and 
shadowed with a platinum-iridium alloy. Samples for thin-sectioning were pretreated



in two different ways. Normal bacteria and isolated cell-wall material were fixed with 
osmium tetroxide (Ryter & Kellenberger, 1958). Potassium bichromate (1 %, w/v) in 
acetone+ water (1/9) was used for the fixation of spheroplasts and protoplasts, since 
these organisms are easily lysed by osmium tetroxide (Hofschneider, i960). Bacterial 
cells were treated in parallel by both methods of fixation in order to make sure that the 
cell integuments were similarly preserved by the different fixatives. The fixed specimens 
were embedded in Vestopal W (Ryter & Kellenberger, 1958), sectioned and stained 
in 0-5 % (w/v) aqueous uranyl acetate (Hofschneider, i960) and examined in a Siemens 
Elmiskop I at an original magnification of x 8000.

RESULTS

P h a se -c o n tra s t m ic ro sc o p y .

This revealed very little difference in gross morphology between the stable protoplast- 
L-form (PI. 1, fig. 1), the unstable spheroplast-L-form (PI. 1, fig. 2) and the stable 
spheroplast-L-form (PI. 1, fig. 3). All L-form cultures were assortments ofmoreorless 
spherical organisms of rather variable size. Reproduction occurred by formation of 
buds.

E le c tro n  m ic ro sc o p y  

Thin se c tio n s  o f  b a c te r ia  a n d  L -fo rm s

R o d -sh a p e d  b a c te r ia , strains P ro te u s  m ira b ilis  vi and 1CA/5 . A section of the bacterial 
(rod-shaped) form of P ro te u s  m ira b ilis  is shown in PI. 1, fig. 4, Here, the cell contents 
are surrounded by two separate and superposed integuments. The inner integument is 
approximately 80 A thick and adheres closely to the cytoplasmic cell body. It has the 
characteristic triple layer structure (electron dense-transparent-dense) of the so-called 
1 unit membrane ’ (Robertson, 1959), and thus corresponds to the integument previously 
described as cytoplasmic membrane in sectioned E sch erich ia  c o li (Kellenberger & 
Ryter, 1958). In recent years the term ‘unit membrane’ has come to imply a standard 
element of micromorphology and also of physico-chemical cell structure and function 
(viz. the protein-coated bi-molecular lipid leaflet of the cytoplasmic membrane, 
harbouring the functions of selective permeability and active transport). In the present 
paper we prefer the strictly morphological term: Triple Layer integument (TL- 
integument). This describes a bacterial integument having the appearance but not 
necessarily the structure and function of ‘true’ unit membranes, as represented by 
cytoplasmic membranes and related membraneous organelles. This reservation is 
particularly pertinent for the description of the outer integument of the entero­
bacterial cell which has been assumed to represent the cell wall in studies on thin 
sectioned E . co li. In sections of P . m ira b ilis  strain vi, the outer integument was about 
100-120 A thick but otherwise resembled the inner one; it was also a TL-integument, 
although in some places a third electron-dense layer seemed to be present, bringing 
the total to five layers: dense-transparent-dense-transparent-dense. Recently, several 
authors have published micrographs of E . c o li sections in which three electron-dense 
layers can be clearly distinguished in the outer integument (Frank & Dekegel, 1965; 
Murray, Steed & Elson, 1965; de Petris, 1965; Weibull, 1965). In some cases these 
structures resemble the familiar picture of two merging unit membranes (Robertson,
1959). Frank & Dekegel have re-investigated sections of our Proteus strain ICA /5  
and vi and have found five-layered outer integuments in some cases (Frank & Dekegel,
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1967). However, this feature was not consistently observed. Triple-layered outer 
integuments were found in other cells of the same preparation.

S ta b le  p ro to p la s t-L -fo r m , s tra in s  L D 52  a n d  L v i .  In sections of strains LD52 and l v i  
only one integument was observed, a TL-integument located immediately outside the 
cytoplasm (PI. 1, fig. 5). The identity of this TL-integument with the cytoplasmic 
membrane is suggested by its sensitivity to mechanical and osmotic stress and the 
action of detergent. By osmotic shock of L-form organisms in distilled water separate 
integuments were obtained as empty ‘ghosts’. Metal-shadowed preparations of these 
structures disintegrated rapidly into smaller fragments or coalesced into larger aggre­
gates under the electron beam. In dilute aqueous solutions of sodium dodecylsulphate 
(0-05 %, w/v) the ghosts were instantly dissolved without leaving any particulate residue 
visible in the electron microscope (Martin, unpublished observations).

S ta b le  sp h e ro p la s t-L -fo rm , s tra in s  IC A I2 0  (P I. i , f i g .  6 )  a n d  IC A I25 . These organisms 
were found to have two separate, superposed integuments of virtually identical appear­
ance. Both were TL-integuments of very similar thickness: approximately 80-100 A. 
The inner TL-integument was located in the same position as the presumed cytoplasmic 
membrane of the protoplast-L-form; the outer TL-integument was in a corresponding 
position to the cell wall of normal P ro te u s  m ira b ilis  cells.

U n sta b le  sp h e ro p la s t-L -fo rm , s tra in  i c a /p e n , g ro w n  in th e  p re s e n c e  o f  p e n ic illin  
(PI. 2, fig. l a ) .  An outer and an inner integument were observed. Only the inner one 
was a perfect TL-integument, resembling the ‘cytoplasmic membrane’ of the other 
L-forms and the bacterial form. The outer integument (cell wall ) showed signs of ex­
tensive disorganization; only short, intermittent stretches of TL-integument were 
preserved, connected by stretches of diffusely contoured single-layer integument. Other 
cell-wall material was seen in the process of detachment from the outer surface of the 
cell wall. Massive dissociation of small, globular particles from the outside of the same 
L-form spheroplasts had been found previously in metal-shadowed preparations 
(Martin, 1964) and is shown again in PI. 2, fig. 7 b . In the thin-sectioned L-form prepara­
tion (PI. 2, fig. 7 a ) one can see that the surface particles are hollow spherules bordered 
by single TL-integuments.
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Thin s e c tio n s  o f  is o la te d  c e ll w a lls  a n d  c e ll-w a ll p o ly m e r s  o f  ro d -sh a p e d  P ro te u s  b a c te r ia  

C e ll  w a lls . Thin sections of isolated and thoroughly washed cell walls of P ro te u s  
m ira b ilis , strain 1CA/5 (PI. 2, fig. 8), revealed structures resembling well preserved 
TL-integuments, although the distinct frayed appearance of the two electron-dense 
layers is atypical. Otherwise, this observation supports the previous conclusions about 
sections of whole bacteria and spheroplast-L-forms. It should be explained, however, 
why a sectioned cell wall displays an ultrastructure which is thought to be characteristic 
for cytoplasmic membranes and related membraneous organelles. One possible expla­
nation, contamination of the isolated cell walls with cytoplasmic membrane matter, 
seems to be excluded. Cell wall isolation involved vigorous and prolonged shaking of 
bacteria with glass beads in aqueous suspension containing o-8 % (w/v) sodium dodecyl­
sulphate. As cytoplasmic membranes of the stable protoplast-L-form are dissolved 
instantly by much smaller detergent concentrations, it is unlikely that cytoplasmic 
membrane residues adhering to the cell wall could have survived the combined 
mechanical treatment and detergent extraction.
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C e ll-w a ll p o ly m e r s . Not all of the major polymer components of the enterobacterial 
cell wall could be isolated in a purified state which is amenable to the thin-sectioning 
technique. The lipoprotein fraction was obtained as a tough, rubber-like substance, 
unfit for processing on the ultramicrotome. Useful thin-sections could be prepared 
from isolated lipopolysaccharide and murein sacculi.

L ip o p o ly sa c c h a r id e . In metal-shadowed specimens of Proteus LPS (PI. 2, fig. 9) we saw 
typical vermiform particles with a tendency to merge into larger platelets, quite in 
analogy to previously described lipopolysaccharides of a Salmonella species (Schramm, 
Westphal & Liideritz, 1952) and E sch erich ia  c o li (Weidel e t  a l. i960). In thin-sections 
the LPS-particles were revealed as hollow bags or tubes which were again bordered by 
TL-integuments (PI. 3, fig. 10). The spacing and dimensions within the LPS-triple 
layer were very similar to those found in sections of whole cell walls, with which sec­
tions of larger LPS-aggregates might therefore be confused.

M u re in  sa ccu li. Isolated murein sacculi of P ro te u s  m ira b ilis , strain 1CA/5  have the 
well-known appearance of the ‘bag-shaped macromolecules’ which determine the 
form of the bacterial cell (PI. 3, fig. 11). In sacculus sections (PI. 3, fig. 12) the profile 
of the murein appears as a single electron-dense line with an approximate thickness 
of 20  to 25  Â . The lower value probably applies to those areas where the murein sheet 
has been cut most nearly at a right angle.

S e c tio n s  o f  is o la te d  c e ll  w a lls  a f te r  re m o v a l o f  m u rein  w ith  ly s o z y m e . Since it has been 
shown that sectioned murein and LPS have typical morphological features with definite 
dimensions, one would now like to know whether or not electron microscopy can tell 
us something about the position of these substances, relative to each other, within the 
cell wall. Thus, for instance, it should be possible to localize the site of the murein 
sacculus by comparing thin-sections of normal isolated cell walls with those of cell 
walls from which murein has been specifically removed by the action of lysozyme. 
Isolated cell walls of P ro te u s  m ira b ilis , strain 1 CA/5  (50  mg dry weight) were incubated 
for 16 hr at 3 7 0 in 20  ml. o-i M-tris buffer, pH 7 -0 , containing 300 //g. crystalline egg- 
white lysozyme (Worthington Chem. Co., Freehold, N.J., U.S.A.). Soluble murein 
fragments were removed from the digested cell walls by four consecutive washings 
with tris buffer and distilled water and sedimentation of the residual cell walls in the 
centrifuge at 20,000  g. In thin sections of lysozyme-treated cell walls (PI. 3 , fig. 1 3 ) the 
original cell shape was fairly well preserved. The walls also retained their organization 
as TL-integuments with virtually the same dimensions as in untreated cell walls. No 
disappearance of an electron-dense 20 Â  layer from the TL-integument could be 
observed. On the other hand, the enzymic breakdown of the murein sacculus had a 
very marked effect on the mechanical stability of the cell wall and its sensitivity to the 
action of detergents. Now, shaking with glass beads for a few seconds caused complete 
fragmentation, and incubation in a solution of 0-4  % (w/v) sodium dodecylsulphate 
induced disaggregation of the cell walls into small particles.

DISCUSSION
Electron microscopy of thin-sectioned Proteus L-forms leaves no doubt that this 

group of ‘cell wall-defective bacteria’ (Davis, 1966) contains organisms of the sphero- 
plast-type as well as forms which are virtually indistinguishable from bacterial proto­
plasts. Concerning the protoplast nature of the stable protoplast L-form our observa­



tions agree well with the previous reports of Weibull (1965) and Tulasne, Minck & 
Kirn (1962). In Proteus the ability to form a cell wall must be closely linked with the 
ability to construct a murein sacculus. It has been observed earlier that the stable proto­
plast L-form strains l v i (Martin, 1964) and LD52 (Weibull, 1965) produce LPS. 
Moreover, it has been shown that l v i produces functional bacteriophage receptor 
substances and excretes them into the culture medium (Zickler, 1967), although the 
L-form-protoplasts themselves are phage-resistant. It must be concluded, that although 
plastic wall polymers such as LPS and probably also lipoprotein are synthesized by the 
protoplast L-form, the protoplasts are not able to retain these substances on their 
surfaces and integrate them into a coherent integument in the absence of murein. In 
the stable and unstable spheroplast L-forms our observations on the presence of cell 
walls in thin sections agree well with the previous reports on the occurrence of murein 
and other typical wall materials in these organisms (Kandler e t  a l. 1958; Martin, 1964). 
But the decreased thickness of the L-form walls and the visible escape of wall material 
from the spheroplast surface of the unstable L-form indicate that here the plastic wall 
polymers cannot be as tightly bound to their murein base as in the normal bacterial 
form. We know from previous studies that the LPS content of cell walls decreases 
from 42 %  in normal P . m ira b ilis , strain vi, to 24 % in the stable spheroplast-L-form, 
strain ICA/25, and 11 % in the unstable spheroplast-L-form, strain ic a /pen  (Martin,
1963) . The loose adhesion of the plastic wall polymers may be largely due to the 
defective architecture of the murein sacculi in spheroplast-L-forms (Martin, 1964,
1967). However, another explanation is also possible. It has been shown that the 
component of the enterobacterial cell wall which determines shape does not exist in 
the form of a simple murein sacculus, but rather as a so-called ‘rigid layer’, a cova­
lently interlinked complex of a murein sacculus and protein. In ‘rigid layers’ of normal, 
rod-shaped E sch erich ia  c o li and P ro te u s  m ira b ilis  the protein is attached to the surface 
of the sacculi as a multitude of tuft-like appendages, giving the appearance, under the 
electron microscope, of a regular, granular surface layer (Weidel e t  a l. i960; Martin,
1964) . Recent observations by Fishman & Weinbaum (1967) cn negatively stained 
E . c o li walls suggest that rigid-layer protein is even more regularly attached to the 
murein sacculus than has so far been suspected. In contrast, the rigid layer equivalents 
of the L-form cell walls lack this regular arrangement of the protein component. In the 
heavily damaged structures, which in the unstable spheroplast L-form correspond to 
the rigid layer, the protein content is also greatly reduced (Martin, 1964).

One might assume that rigid layer protein normally serves to attach lipoprotein and 
lipopolysaccharide to the cell wall. In its disorganized state in the L-form cell wall it 
may no longer be able to fulfil this function. A similar interpretation might also apply 
to the recently reported spontaneous dissociation of LPS from the cell walls of a lysine- 
requiring E sch erich ia  c o li mutant (Knox, Vesk & Work, 1966). In summary, we should 
like to propose a schematic view of the profile of a normal enterobacterial cell wall 
(Fig. 2), and its state in the unstable spheroplast L-form of P ro te u s  m ira b ilis  (Fig. 3). 
These models also take into account the previous studies on the composition of the 
cell wall of E . c o li b (Weidel, Koch & Lohss, 1954; Weidel, Koch & Bobosch, 1954; 
Weidel & Kellenberger, 1955; Weidel, 1958; Weidel e t  a l. i960). This work has shown 
that lipoprotein and lipopolysaccharide are deposited on the outer surface of the ‘rigid 
layer’, making the murein sacculus within the intact cell-wall complex inaccessible to 
the attack of lytic enzymes from without. Both lipoprotein and LPS display their
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functions as antigens and bacteriophage receptors on the cell surface. However, 
quantitative phage receptor tests have shown that a large part of potential receptor 
sites in the lipopolysaccharide (for phages T3, T4, and T7) are masked, probably by 
partially superposed lipoprotein. Plastic wall polymers have been extracted from the 
cell wall of E . c o li b  in the form of minute globules displaying specific receptor 
function for bacteriophage T 5. In these isolated receptor particles LPS has been found 
to form the core and lipoprotein the superposed surface coating. More recently, T 5- 
receptor particles have been studied as thin sections and have been shown to be hollow

LP 

RLP 

LPS 

MS

Fig. 2 . Schematic view of cross-sectioned cell wall of normal rod-shaped Proteus mirabilis.
LP = lipoprotein; LPS = lipopolysaccharide; MS = murein sacculus; RLP = rigid layer 
protein. Explanation in text.

LP

LPS

LP

LPS

RLP

MS

Fig. 3 . Cross-section of the damaged cell wall of unstable L-form spheroplast, schematic view 
Abbreviations as in Fig. 2 . Reduced stability of the murein sacculus and extensive loss of 
rigid layer protein allow the plastic wall material LP and LPS to leave the cell wall in the 
form of hollow spherical particles.

bags surrounded by TL-integument (Frank & Dekegel, 1965, 1967). The sections of 
T 5-receptor closely resemble those of the spherules which are liberated spontaneously 
from the spheroplast surface of the unstable Proteus spheroplast-L-form. The TL- 
integuments of both of these surface particles are indistinguishable from the TL- 
integument of isolated LPS from E . c o li (Frank & Dekegel, 1965, 1967) and P .  
m ira b ilis . Our studies and those of Frank & Dekegel (1965, 1967) have shown clearly 
that two of the major constituents of enterobacterial cell walls, LPS and murein, have 
well-defined morphological properties when sectioned and viewed as isolated prepara­
tions. However, these observations are still of limited value for establishing the sites 
and space requirements of LPS and murein in the intact cell wall. When sections of 
intact isolated cell walls and LPS are compared, it is obvious that much, if not most, of



the cell wall image is contributed by the LPS alone. Some, but certainly not all, of the 
lipoprotein may have been dissolved during the isolation of cell by the mechanical 
treatment and detergent extraction. Even so, one cannot localize the residual lipo­
protein and the rigid-layer in the TL-integument of the cell-wall section. Therefore it 
seems necessary to conclude that it is not possible with the techniques now available 
to identify the lipoprotein and the rigid layer within sectioned cell walls as structures 
distinct from the LPS. Other questions must also be left unanswered. Thus, the basis 
for the TL-integument formation by the macromolecular LPS is far from clear. The 
structural principle could hardly be the same as in the formation of the bi-molecular 
leaflet from low-molecular weight lipid molecules in cytoplasmic membranes. Cell 
walls of enteric bacteria (just as those of Gram-positive bacteria) have been found to 
act as molecular sieves (Lieve, 1965a, b \ Polsinelli, Ciferri, Cassani & Albertini, 1964), 
but they are not known to have properties of selective permeability similar to those of 
cytoplasmic membranes. On the contrary, in thin sections of plasmolysed E . c o li as in 
plant cells, it can be seen that the cell content within the cytoplasmic membrane de­
creases in size and recedes from the cell wall which retains its normal size and shape 
(Cota-Robles, 1963). In the studies of Frank & Dekegel (1965, 1967) and also in our 
work the thickness of sectioned murein sacculi in E . c o li and in P . m ira b ilis  has been 
determined at 20-25 Á. If these values should prove to be correct they would lend 
support to the recently proposed assumption that murein sacculi of enterobacterial 
cell wall are monolayers of murein (Weidel & Pelzer, 1964).

We are greatly indebted to Professors A. Butenandt and O. Kandler for their generous 
support and continued interest in this work. The capable and diligent assistance of Miss 
Anneliese Preuss in the electron microscopical work is gladly acknowledged. Our 
study was supported by grants of the Deutsche Forschungsgemeinschaft to H. H. 
Martin and P. H. Hofschneider.

Surface layers o f  Proteus L-forms 31

REFERENCES

C o t a-R obles, E. H. (196 3). Electron microscopy of plasmolysis in Escherichia coli. J. B a d . 8 5 , 5 4 9 .
D avis, B. D. (1966). Proposal made at ‘Brook Lodge Conference on Microb:al Protoplasts, Sphero- 

plasts and L-forms’, Augusta, Mich., U.S.A.
F ishman, D. A. & W einbaum , G. (19 6 7). Hexagonal pattern in cell walls of Escherichia coli b . 

Science, N . Y. 1 5 5 , 4 7 2 .
Fr a n k , H. & D ekegel, D. (196 5). Zur Interpretation von Zellwand-Struk:uren in Dünnschnitten 

Gram-negativer Bakterien. Z en tbl. B akt A b t., /, 1 9 8 , 8 1 .
F r a n k , H. &  D ekegel, D . (1967). Electron microscopical studies on the localization o f  the different 

components o f  cell walls o f  Gram -negative bacteria. Folia m icrobiol., Praha 12, 221.
H ofschneider, P. H. (i960). Zur Wandstruktur von Escherichia coli B Sphaercplasten. Proc. Eur. Reg. 

Conf. E lectron M icroscopy, D elft., vol. 2, 1028.
H ofschneider, P. H. & L orek , H. (1962). Studies on the residual cell wall s:ructures of E. coli and 

B. m egaterium  spheroplasts and of L-forms of Proteus mirabilis. Proc. 5 th int. Congr. Electron  
M icroscopy, Philadelphia, RR9 .

K a n d ler , O. &  K an d ler , G. (1956). Trennung und Charakterisierung verschiedener L-Phasen-Typen 
von Proteus vulgaris. Z . Naturf. n  b, 2 5 2 .

K a n d ler , O. &  Z ehender, C. (19 5 7). Über das Vorkommen von a, c-D aminopimelinsäure bei 
verschiedenen L-Phasen:ypen von Proteus vulgaris und bei den pleuropneumonieähnlichen 
Organismen. Z . Naturf. 1 2 b, 7 2 5 .

K an d ler , O., H u n d , A. & Z ehender, C. (1958). Cell wall composition in bacterial and L-forms of 
Proteus vulgaris. N ature, Lond. 1 8 1 , 5 7 2 .



Kellenberger, E. (1952). Die Einflüsse verschiedener Präparationsmethoden auf E. coli b. Z. wiss. 
M ikro sk . 60, 408.

Kellenberger, E. & R yter, A. (1958). Cell wall and cytoplasmic membrane of Escherichia coli. J . 
biophys. biochem . C ytol. 4, 323.

Klieneberger-N obel, E. (1960 '. L-forms of Bacteria. In The B acteria. Ed. by I. C. Gunsalus and 
R. Y. Stanier. Vol. 1 , p. 3 6 3 . New York and London: Academic Press.

K nox, K. W., Vesk, M. & Work, E. (1966). Relation between excreted lipopolysaccharide com­
plexes and surface structures of a lysine limited culture of Escherichia coli. J . Bact. 92, 12 0 6 . 

Lieve, L. (19 6 5  a). Release of lipopolysaccharide by EDTA treatment of E. coli. B iochem . biophys. Res. 
C om m . 21, 290.

Lieve, L. (19 6 5  b). Actinomycin sensitivity in Escherichia coli produced by EDTA. Biochem . biophys. 
Res. C om m . 1 8 , 13 .

Martin, H. H. (1963). Über den Aufbau der Zellwand bei Bakterien und L-Formen von P roteus 
mirabilis. Habilitationsschrift; Technische Hochschule München.

M artin, H. H. (1964). Composition of the mucopolymer in cell walls of the unstable and stable 
L-form of P roteus mirabilis. J. gen . M icrobiol. 36, 4 4 1 .

M a r t i n , H. H. (19 6 7). Murein structure in cell walls of normal bacteria and L-forms of Proteus  
m irabilis and the site of action of penicillin. Folia m icrobiol., P raha  1 2 , 2 34.

M artin, H. H. & F rank, H. (1962). Quantitative Bausteinanalyse der Stützmembran in der Zellwand 
von Escherichia coli b. Z . N a tu r f  1 7 b, 19 0 .

Murray, R. G. E., Steed, P. & Elson, H. E. (196 5). The location of the mucopetide in sections of the 
cell wall of Escherichia coli and other Gram-negative bacteria. Can. J . M icrobiol. 1 1 , 5 4 7 . 

de Petris, S. (196 5). Ultrastructure of the cell wall of Escherichia coli. J . U ltrastructure Res. 1 2 , 2 4 7. 
PoLSiNELLi, M., CiFERRi, O., Cassani, G. & A lbertini, A. (1964). Mechanism of resistance to actino­

mycin in B acillus subtilis. J . Bact. 8 8, 1 5 6 7 .
Robertson, I. D. (19 5 9). The ultrastructure of cell membranes. Sym p . B iochem . Soc. 1 6 , 3.
R yter, A. & Kellenberger, E. (1958). Les nucléoides des bactéries en croissance active. Z . N aturf. 

13 b, 597-
Schramm, G., Westphal, O. & Lüderitz, O .(19 5 2). Über bakterielle Reizstoffe. III. Physikalisch­

chemisches Verhalten eines hochgereinigten Coli-Pyrogens. Z. N a tu rf. 7 b , 5 9 4 .
Taubeneck, U. (19 6 1). Die Phagenresistenz der stabilenL-Formvon P roteus mirabilis. Z .  N a turf. 1 6 b,

8 49.
Taubeneck, U., Böhme, H. & Schumann, G. (19 5 8). Untersuchungen über die L-Phase von P roteus 

m irabilis mit Hilfe von Bacteriophagen. Biol. Z b l. 7 7 , 6 6 3.
T ulasne, R., M inck, R. & K irn, A. (196 2). Étude comparative, au microscope électronique, d’un 

Proteus et des formes L des rypes A et B corréspondantes. A nnls Inst. P asteur, P aris 102, 2 9 2 . 
Weibull, C. (196 5). Structure of bacterial L-forms and their parent bacteria. J . Bact. 90, 1 4 6 7 . 
Weidel, W. (1958). Bacterial viruses. A . Rev. M icrobiol. 12, 2 7 .
Weidel, W. & K ellenberger, E .  (19 5 5). The E. coli B-reccptor for the phage T5 . IL Electron micro­

scopic studies. Biochim . biophys. A c ta  1 7 , 1 .
Weidel, W. & Pelzer, H. (1964). Bag-shaped macromolecules—a new outlook on bacterial cell 

walls. A dv. E nzym ol. 2 6 , 1 9 3 .
W eidel, W., F rank , H. & M artin , H. H. (i960). The rigid layer of the cell wall of Escherichia coli 

strain b. J . gen. M icrobiol. 22, 158.
Weidel, W., K och, G. & Bobosch, K. (1954). Uber die Rezeptorsubstanz für den Phagen T 5. I.

Extraktion und ReindarsteLung aus E. coli b., Z. N a tu rf. 9 b, 5 7 3 .
Weidel, W., K och, G. & Lohss, F. (1954). Über die Zellmembran von E . coli b. II. Der Rezeptor­

komplex für die Bakteriophagen T3 , T4  and T7 . Z. N a tu rf. 9 b, 398.
Z ickler, F. (19 6 7). Phagenrezeptorsynthese durch die stabile L-Form von Proteus m irabilis VI. 

Z. allg. M ikrob io l. 7  2 8 3.

3 2  P. H. HOFSCHNEIDER AND H. H. MARTIN



P l a t e  iJournal o f  G eneral M icrobiology, Vol. 5 1 , No. 1

P. H. HOFSCHNEIDER a n d  H. H. MARTIN (Facing p. 32)



Journal o f  General M icrobio logy, Vol. 5 1 , N o. 1 P l a t e  2

P. H. HOFSCHNEIDER a n d  H. H. MARTIN



Journal o f  G eneral M icrob io logy , Vol. 5 1 , No. i P l a t e  3

P. H. HOFSCHNEIDER a n d  H. H. MARTIN



Surface layers o f Proteus L-forms 33

E X P L A N A T IO N  OF P LA TE S  

Plate i

Fig. i. Stable protoplast L-form of P roteus m irabilis, strain LD52; phase-coir.rast. x 3600.
Fig. 2. Unstable spheroplast L-form of Proteus m irabilis, strain 1 ca/p e n ; phase-contrast, x 3600. 
Fig. 3. Stable spheroplast L-form of P. m irabilis, strain iCA/20; phase-contrast, x 3600.
Fig. 4 . Section of rod-shaped P . mirabilis, strain vi. x 80,000.
Fig. 5. Section of stable protoplast L-form, strain LD52. x 80,000.
Fig. 6 . Section of stable spheroplast L-form, strain 1 CA/20. x 80,000.

Plate 2

Fig. 7 . Unstable spheroplast L-form, strain 1 ca/pen : (a) section of L-form spheroplast. x 80,000 

(b) Pt-Ir-shadowed L-form spheroplast in the process of division, x 1 9 ,300.
Fig. 8. Section of isolated cell wall of rod-shaped P . m irabilis, strain 1 CA/5. x 80,000.
Fig. 9 . Lipopolysaccharide, isolated from cell walls of P. m irabilis, strain iCA/5. Pt-Ir-shadowed. 
x 30,000.

Plate 3

Fig. 10 . Section of isolated lipopolysaccharide, x 80,000.
Fig. 11. Murein sacculus, isolated from cell wall of P. mirabilis, strain 1 CA/5. Pt-Ir-shadowed. x 18,000. 
Fig. 12. Section of isolated murein sacculi of P. m irabilis, strain 1 CA/5. x 80,000.
Fig. 1 3 . Section of isolated cell wall of rod-shaped P . m irabilis, strain  1 CA/5, after removal of murein 

by lysozyme treatment, x 80,000.
The bars on PI. 1 , figs. 4- 6 , PL 2, figs. 7 a  and 8 and PI. 3 , figs. 10 , 12  and 13 represent 0 25 fi. The bar 
on PI. 2 , fig. 9 represents 0 5 fi. The bars on PI. 2, fig. 7 b  and PI. 3 , fig. 11 represent 1 /i.
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SUMMARY

The presence of numerous bacteria and diatoms attached to the sand 
grains of a littoral beach have been shown by fluorescence microscopy. 
Bacteria and diatoms were found in a viable condition to depths exceeding 
10 cm. The rate of uptake of [14C]-acetate was measured over the range 
10-5000 /¿g./l. and the results analysed by Michaelis-Menten kinetics.
By the use of autoradiography it was shown that the bacteria alone were 
responsible for the uptake of [3H]-acetate. It is concluded that algal heterotro­
phy is negligible in sea waters.

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

The available substrate for heterotrophy in the sea comprise both particulate and 
soluble organic material, the latter predominating by a factor of ten or more (Parsons 
& Strickland, 1962). The soluble material is made up of heterogeneous compounds of 
which only a fraction is likely to contain compounds of low mclecular weight. Re­
liable reports of the concentration of individual compounds are few; however, Siegel 
&  Degens (1966) have reported a mixture of 17 free amino acids constituting 66 /tg./l. 
in Buzzards Bay, Cape Cod, and Degens, Reuter & Shaw (1964) reported glucose, 
galactose and mannose concentrations of 3-18/tg./l. (io-8 to i o _7m )  in offshore 
Californian seawaters. Wright & Hobbie (1965, 1966) and Vaccaro & Jannasch (1966) 
described the uptake of single substrates by pure cultures of bacteria at concentrations 
in excess of i o  8m . In a similar survey of four pelagic species of algae, including one 
known heterotroph, Sloan &  Stickland (1966) concluded that uptake at concentrations 
of 0-25 mg. C/l. (5 x  i o _6m ) was insufficient to balance even respiratory requirements.
The low concentration of suitable substrates dictates that measurement of hetero­

trophy within a natural population requires the development of special techniques. 
In measuring the ‘relative heterotrophic potential’ of sea waters Parsons & Strickland
(1962) were the first to use a [14C]-labelled organic substrate in a manner analogous to 
the [14C]-carbonate technique developed by Steeman Nielsen (1952) for marine photo­
synthesis. Both these authors and Wright & Hobbie (1965, 1966) showed that the rate 
of uptake of substrate by heterotrophic organisms within an aquatic population 
followed a typical saturation curve which could be analysed by the Michaelis-Menten 
equation at low concentrations (> i o _6m ).  At substrate concentrations < i o _6m ,
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much higher than exist in natural waters Wright & Hobbie (1965, 1966) found that 
both fresh water lake populations and pure cultures of algae isolated from these lakes 
showed a second uptake mechanism based on diffusion kinetics and concluded that 
the algae present in the natural population were responsible for most of the uptake. 
Other authors (Rodhe, 1955; Wood, 1956) have concluded from direct observations 
that algal cells in a natural community deprived of light do resort to heterotrophy.
The present paper sets out to measure the rate of uptake of a single organic sub­

strate by a natural population and to determine if the algae present contributed to such 
uptake.

METHODS

The experiments outlined below were made with naturally occurring microbial 
populations attached to sand grains. Sand samples were taken from the littoral zone 
of an exposed sandy bay in a sea loch, Loch Ewe, on the west of Scotland.

Uptake experiments. The methods used were essentially those described by Wright 
& Hobbie (1965), adapted to suit sand populations. Experiments were made by incu­
bating duplicate samples of 10 g. sand+25 ml. filtered (Whatman GF/C grade) sea­
water in 60 ml. Pyrex glass-stoppered bottles. Incubations were carried out at the pre­
vailing sea-water temperature (10-14°) in dark incubators. High specific activity 
uniformly labelled [14C]-acetate (Radiochemical Centre, Amersham, Buckingham­
shire) was prepared in sterile ampoules and added in /d. amounts at the start of incu­
bation. Zero time controls were prepared by adding neutralized formalin immediately 
after addition of the isotope. Samples were shaken twice during the course of i-hr 
incubations. Metabolism was stopped by adding formalin, the sand filtered off and 
washed with filtered sea-water. The sand samples were stored at — 150 and dried be­
fore counting on aluminium planchettes in an end-window counter of known efficiency. 
Self absorption of radiation due to the sand was allowed for by multiplying counts/ 
min. by a factor of 21-5 (Baird & Wetzel, 1967).

Material for autoradiography. Sand samples were prepared by incubating 2 g. sand + 
10 ml. filtered seawater in light or dark incubators with [14C]-carbonate or uniformly 
labelled [3H]-acetate, respectively. Other conditions were as previously described 
except that light incubations were for 5 hr at 1000 ft.c. and at the end of incubation 
all sand samples were washed with distilled water. Washed sand samples were treated 
for 20-30 sec. at 20 kcyc./sec. in an ultrasonic disintegrator, then two drops of 
supernatant fluid were spread immediately over the surface of a slide treated with 
Ullrich’s fixative, dried and washed.
Slides were dipped in Kodak NTB -2 liquid emulsion (diluted 1/2) held at 45°, and 

exposed for 3-7 days. Detailed methodology for the use of autoradiography with 
micro-organisms in aquatic habitats will appear elsewhere (Brock & Brock, 1967). The 
photographs of autoradiograms were taken on Polaroid Type 42 film with a Polaroid 
M P -3 camera.

RESULTS

The microbial population. The microbial population attached to the sand grains in 
question was found by fluorescent microscopy to be principally composed of diatoms 
(Bacillariophyta; PI. 1, fig. 1-3) and bacteria (PI. 2, fig. 4-6). Samples were taken at 
low tide where both populations extend to a depth of more than 15 cm. Additional 
evidence of diatoms at these depths was shown by chlorophyll and chlorophyll
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phaeopigment analyses carried out on vertical profiles of the beach by Steel & Baird
(1967)* The high ratios of chlorophyll to phaeopigment found by these authors as 
well as uniform uptake of 14COa throughout the profiles suggest algal cells in good 
physiological condition. However, light penetration is only 1 %  at 3 mm. depth in 
quartz sand and studies of sand mixing indicate that only the top 5 cm. regularly 
moves under wave action. Therefore much of the algal population may be in total 
darkness for periods up to many months. The situation of these algae would seem 
analogous to that described by other authors (Rodhe, 1955; Wood, 1956) who found 
algal cells apparently in good physiological condition yet living in total darkness 
under thick ice or at considerable depths in the oceans.
The bacterial population was readily detectable to a depth of 15 cm. as was shown 

by viable counts of 0-5-3 x io5/'g. sand and by staining the sand with acridine orange 
(PI. 2, fig. 4-6,). If the number of objects attached to the sand grains which fluoresce 
green are truly all viable bacteria then the viable counts represent o-1 %  or less of the 
total population.

Kinetic analyses. An equation for uptake of a [14C]-substrate by an active population 
was first proposed by Steeman Nielsen (1952) and further modified by Parsons & 
Strickland (1962)

v = cfjSn + A) (1)
C yt,
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where v is the velocity of substrate uptake (mg. I.“1 hr“1), c is the radioactivity con­
tained in the population, Sn is the concentration (mg. I.-1) of a given substrate present 
in the natural sample and is assumed to be of negligible proportions compared to the 
added substrate, A the concentration (mg. 1. _1) of added substrate, C the counts min.-1 
from 1 ye [14C] in the counting assembly used, y the number of microcuries added to 
the sample bottle, t the incubation time (hr), and / is a factor to compensate for any 
discrimination between [14C] and [12C] atoms, which in the present experiments is 
neglected. In the present experiments c is the radioactivity associated with the sand 
grains and is multiplied by a factor of 21-5 (Baird & Wetzel, 1967) to allow for self­
absorption of radiation by the sand grains and v, the velocity, is expressed as mg. g._1 
sand hr“1.
The results of measuring the velocity of [14C] uptake from uniformly labelled acetate 

are shown from four different months in Fig. 1. It can be seen that all the curves 
resemble each other in sharply increasing velocities at low concentrations and there­
after by a decrease in rate. As all metabolism was terminated by addition of formalin 
it is most likely that all the [14C] measured as uptake was no longer acetate but part of 
the particulate fraction of the cells in question.
The rate of uptake (v) has been shown by Parsons &  Strickland (1962) to follow a 

saturation curve or Langmuir isotherm. If the uptake rate is proportional to time as 
well it is possible to apply the Michaelis-Menten equation to elucidate some of the 
properties of the natural population. Figure 2 shows that uptake at two substrate 
concentrations was proportional to time over 1 to 1-5 hr periods.
Conversion of the velocity curve into a linear form using a modified Lineweaver- 

Burke equation gives
Sn + A K, + Sn

v V (2)
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where v is the velocity of uptake at each concentration of substrate tested, V the 
maximum rate attainable and Kt is a constant. Substituting from (1) gives

Cfit = K, + Sti A 
c V V

Using equation (3) a plot of Cfit/c versus A can be used to solve for K, + Sn, the 
intercept of the straight line on the x-axis and V, the inverse of the slope of the straight 
line. The intercept on the ordinate, Tt (hr), gives a measure of the turnover time of the 
natural substrate (Wright & Hobbie, 1966).

3»

Fig. 1 . Uptake velocity versus substrate concentration from four different months 19 6 6 . 
Sand from 10 cm. depth, from a low-water station, (a) 23 March at io°, (b) 18 May at 1 1 °, 
(c) 2 7 July at 12-5°, (d ) 10 September at 1 4 °.

The result of plotting C/it/c against a limited range of concentrations of A is shown 
for the 4 months in Fig. 3. Only on two occasions, 18 May and 27 July, could all the 
constants be satisfactorily solved. For 23 March and 10 September the straight line is 
nearly parallel to the x-axis, implying that rate was proprotional to concentration. The 
collected results for the parameters evaluated are shown in Table 1. The values of V 
were much greater than any of the reported results for water, a finding which can be 
attributed to the much larger populations in a g. of sand than in 11. of sea water.
The second uptake mechanism described by Wright & Hobbie (1965, 1966) in 

planktonic populations showed a linear increase in uptake velocity at increasing 
substrate concentrations. The slope of this line, kd (hr-1), was found to be identical to 
a similar constant derived from the kinetics of simple diffusion. On three occasions, 
23 March, 27 July and 10 September, our results allowed the calculation of such con­
stants, which are recorded in Table 1.



Wright &  Hobbie (1966) attempted to distinguish kinetically the radioactive com­
ponent taken up by algae as compared to bacteria. Autoradiography (Brock & Brock,
1966) provides a direct means of distinguishing bacterial from algal uptake. We have
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Fig. 2 . Uptake at A = 48 /<g. and O = 848 fig. acetate-C over an 8 hr period on 22 March 
19 6 6 . Temperature of incubation io°. Sand from io cm. depth from a low water station.

Fig. 3 . Data from Fig. i. plotted by modified Lineweaver-Burke equation showing 
relationships between C /¿tic and added acetate.
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prepared autoradiograms of material incubated in various concentrations of 
[3H]-acetate and [3H]-glucose. We have also prepared autoradiograms of material in­
cubated with 14C02 in the light.

40

Table 1. Collected kinetic data using naturally occurring microbial 
populations attached to sand grams

Dates 2 3 . iii. 196 6 18 . v. 196 6 2 7 . vii. 1966 10 . ix. 1966

V (mg. acetate Cx 1er4): 
K t +  S  (pg . acetate C):
T, (hr)
kd (hrx 1er4): 36-5

80
170

215

71-5
10

1-5
26

At all concentrations of acetate or glucose, the diatoms were unlabelled, whereas 
many labelled bacteria and bacterial microcolonies were seen. Plate 3, fig. 7 and 8 
show two labelled bacterial clusters adjacent to unlabelled diatoms when a concentra­
tion of 330 pg. acetate/1. was used, while PI. 3, fig. 9 and 10 show similar situations 
when 990 and 330 pg.acetate/1. were used. The diatoms in the original preparations 
were viable, as shown by the fact that they became labelled when incubated in the 
light with UC02. Two labelled diatoms are seen in PI. 3, fig. 11 and 12.
The results illustrated in the photographs are representative of those seen in a large 

number of microscope fields. In no case did any diatoms beome labelled when organic 
substrates were used.

DISCUSSION
From these results we can conclude that the assimilation of organic materials was by 

the bacteria associated with the sand, even when high concentrations were used. We 
assume that the bacteria stripped from the sand grains by brief ultrasonic treatment, 
and hence detected autoradiographically, were typical of those seen by fluorescence 
microscopy attached to the sand. The large numbers of bacteria seen on the sand 
particles should be emphasized. Only by reflected fluorescence microscopy can these 
organisms be readily seen, and virtually every sand particle observed was well 
colonized. Diatoms were also present on most sand particles, but seemed to be present 
in lower numbers than bacteria. However, Steel &  Baird (1967) found a high correla­
tion between the chlorophyll and carbon content of this sand, suggesting that the algal 
biomass constituted most of the organic material present.
By use of the Wright & Hobbie technique it was possible to calculate diffusion 

constants. From this and the evidence of a large algal biomass it might have been 
concluded that uptake of organic substances at higher concentrations was algal. Auto­
radiography shows that this conclusion is not justified, and emphasizes the danger of 
attempting to determine the presence of two components of a process by kinetic data 
alone. The reason for altered kinetics at higher substrate concentrations is obscure, 
but autoradiography shows that bacteria were responsible for all the uptake measured 
and hence the shape of the velocity versus concentration curves. On two of the four 
occasions it was possible to evaluate V and K, + Sn suggesting kinetics compatible 
with the Michaelis-Menten equation. On the other two occasions Fig. 3 a, d show a 
zero-order reaction, a result also found by Wright & Hobbie (1965) for some natural 
populations. The reasons for these findings remain obscure.
In aquatic environments organic concentrations are generally low, although in the



present case absorption phenomena may have led to concentrations on the sand 
higher than those in the free water. Bacteria are clearly able to compete successfully 
for the limited organic matter available, and it seems reasonable to generalize this 
conclusion to other aquatic situations. Aquatic bacteria have undoubtedly evolved for 
growth on low organic concentrations, and it seems likely that any small molecular 
weight organic substances which become available in the environment will be pre­
ferentially assimilated by them.
The diatoms living below the photic zone are viable as shown by autoradiography of 

cells exposed to [14C]-carbonate in the light and also by the results of Steel &  Baird
(1967) on [14C] measurements on vertical profiles. The viability of these diatoms can­
not be explained by heterotrophy. A parallel between this environment and finding 
algae in deep oceanic waters suggests that a low level of endogenous metabolism may 
play an important part in the survival of algal cells which had otherwise been assumed 
to resort to heterotrophy. In closing, we might point out that autoradiography is a 
powerful tool in the study of energy and trophic relations in microbial ecosystems.

We wish to acknowledge the indispensable assistance of M. Louise Brock in the 
autoradiography experiments. T. D. Brock is a Research Career Development Awardee 
of the U.S. Public Health Service (AI-K3-18, 403), and his research is supported in 
part by a grant from the U.S. National Science Foundation (GB-5258).

REFERENCES

B a i r d , I. E. & W e t z e l , R. G. (19 6 7). Method for the determination of zero thickness activity of 14C 
labelled benthic algae in sand counted by end window geiger counter. Lim nol. Oceanogr. (in 
Press).

B r o c k , T. D. & B r o c k , M. L. (196 6). Autoradiography as a tool in microbial ecology. N ature, 
Lond. 2 0 9 , 7 3 4 .

B r o c k , M. L. & B r o c k , T. D. (19 6 7). The application of auto-radiographic techniques to ecological 
studies. M itt. int. Verein. theor. angew. Lim nol. (in Press).

Degens, E. T., Reuter, J. H. & Shaw, N. F. (1964). Biochemical compounds in offshore California 
sediments and seawaters. Geochim. cosmochim. A c ta  28, 45.

P a r s o n s , T. R. & S t r i c k l a n d , J. D. H. (19 6 2). On the production of particulate organic carbon by 
heterotrophic processes in sea-water. D eep Sea Res. 8 , 2 1 1 .

R o d h e , W. (19 5 5). Can plankton production proceed during winter darkness in subarctic lakes? 
Verh. int. Verein. theor. angew. Lim nol. 1 2 , 1 1 7 .

Siegel, A. & D egens, E. T. ( 1966). C oncentration  of dissolved am ino acids from  saline waters by 
ligand-exchange chrom atography. Science, N .Y . 151, 1098.

S l o a n , P. R. & S t r i c k l a n d , J. D. H. (196 6). Heterotrophy of four marine phytoplankters at low 
substrate concentrations. J. Phycol. 2 , 2 9 .

S t e e l , J. H. & B a i r d , I. E. (19 6 7). Production ecology of a sandy beach. Lim nol. Oceanogr. (in Press). 
S t e e m a n , N ie l s e n , E. (19 5 2). The use of radioactive carbon for measuring organic production in the 

sea. J. Cons. perm . int. E xplor. M e r 1 8 , 1 1 7 .
V a c c a r o , R. F. & J a n n a s c h , H. W. (1966). Studies on heterotrophic activ ty in seawater based on 

glucose assimilation. Lim nol. Oceanogr. 1 1 , 5 9 6 .
W o o d , E. J. F. (19 5 6). Diatoms in the ocean deeps. P acif. Sci. 1 0 , 3 3 7 .
W r i g h t , R. T. & H o b b ie , J. E. (19 6 5). The uptake of organic solutes in  lake water. Lim nol. Oceanogr. 

10, 22.
W rig h t , R. T. & H obbie, J. E. ( 1966). Use of glucose and acetate by bacteria and algae in aquatic 

ecosystems. E cology 4 7 , 447.

Heterotrophy in the sea 41



42 A. L. S. MUNRO AND T. D. BROCK

EXPLANATION OF PLATES 

P l a t e  i

Figs. 1- 3 . Transmitted ultraviolet illumination showing fluorescing chloroplasts within diatoms.
Fig. 1 . A sand grain from 8 to 10 cm depth. 2 May 19 6 6 . Sample taken at a low-water station.
Fig. 2. Sand grains from o to 1 cm depth. 2 May 19 6 6 . Sample from sublittoral beach.
Fig. 3 . Sand grains from 8 to 10 cm depth. 5 July 19 6 6 . Sample taken at a low-water station.

P l a t e  2

Figs. 4-6 . Incident ultraviolet illumination with a Carl Zeiss microscope oil immersion N.A. 1 3 . 
Surfaces of sand grains from low water station, stained with acridine orange (1/6 2 ,0 0 0%, w/v) show­
ing numerous bacteria and also diatoms. 4 September 19 6 6 .

P l a t e  3

Figs. 7- 1 2 . Photographed with a Carl Zeiss Phase microscope, oil immersion N.A. 1 2 5  unstained. 
All photographs at same magnification.
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Use of Inhibitors for Selective Isolation and Enumeration 
of Cytophagas from Natural Substrates
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Department o f  Microbiology, Bhavan's College, Andheri, Bombay 58, India

{Accepted for publication 4 September 1967)

Several antibacterial agents were tested against a range of cytophagas and 
other bacteria representing types commonly found in soil and marshy places. 
From these tests two antibiotics (penicillin 15 units/ml. and chloramphenicol 
5-0 /ig./ml.) and two bile salts (sodium taurocholate 8-o mg./ml. and sodium 
cholate 6-o mg./ml.) were selected for incorporation into alkaline enrich­
ment media to achieve selective growth of cytophagas. This mixture of anti­
biotics and bile salts was tested with a number of soils and its efficiency com­
pared with several other methods for selective development of cytophagas; 
bile salts inhibited two common species. The most suitable mixture for the 
selection of cytophagas was enrichment medium with penicillin and 
chloramphenicol.

INTRODUCTION

The current methods for primary isolation of soil cytophagas orient around enrich­
ment in liquid media containing cellulose or chitin, followed by streaking on solid 
media with the same enrichment. The isolation methods recommended by Bachman 
(1:955), Stanier (1942) and Veldkamp (1961) entail several transfers in the elective 
environment. Although antibiotics have been commonly used in media to select 
actinomycètes, fungi and other bacteria, they have not been used for selective isolation 
of cytophagas, with the exception of actidione for the isolation of fruiting myxo- 
bacteria (Brockman & Boyd, 1963). However, this antifungal antibiotic has a re­
stricted action against bacteria, which are the usual contaminants. Therefore, it was 
decided to make a study of the value of antibacterial agents for the selection of cyto­
phagas. The inhibitors were tested in glucose mineral salt solution (Stanier, 1942), 
mineral chitin agar (Stanier, 1947) and Veldkamp medium (Veldkamp, 1961), com­
monly used for the study of cytophagas. The effect of antibiotics and bile salts on pure 
cultures of soil-inhabiting cytophagas was earlier reported (Warke & Dhala, 1966) 
where penicillin, chloramphenicol and bile salts were incorporated in alkaline enrich­
ment media in several comparative experiments.

METHODS

The cellulolytic, chitinoclastic and facultative anaerobic Cytophaga species (Table 1) 
earlier isolated by enrichment techniques were maintained, grown and tested on glucose 
mineral salt solution, mineral chitin agar and Veldkamp’s agar, respectively.

Testing o f  inhibitors against cytophagas and other bacteria. Minimal inhibitory concen­
trations (m.i.c.) of sodium penicillin G  (Pfizer) and chloramphenicol (Pfizer), were 
determined by the tube dilution method; solutions of the antibiotics were prepared
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in sterile water and added to give concentrations of chloramphenicol 5-0-6-5 /ig./ml. 
and Na penicillin G  io, 15, 20 and 25 units/ml. Aqueous solutions of bile salts 10 %  
(w/v) were sterilized at 1210 for 20 min. and added to give 5, 10, 15 and 20 mg./ml. 
Tests were run in tubes, each containing 5 ml. Pen-assay broth (Difco). The tubes were 
inoculated to give 2 x io6 organisms/ml. The cultures were inoculated and incubated 
at 28° for 48 hr, and the degree of growth determined in terms of turbidity measure­
ments with a Klett-Summerson colorimeter at 450jm//. The inhibitory effect was further 
confirmed by streaking loopfuls from dilution tubes on to a nutrient agar surface. The 
reaction of some common soil bacteria which grew in the enrichment medium, e.g. 
Cellulomonas, Desulphovibrio, Pseudomonas, Bacillus and Nocardia species earlier 
isolated from enrichment tubes, was tested against the selected concentrations of 
inhibitors (Table 2); the inhibitors were incorporated in glucose mineral agar for 
Cellulomonas, Cellvibrio, Desulphovibrio and Pen-assay agar (Difco) for the rest.

Table 1. Effect o f penicillin, chloramphenicol and bile salts 
on various Cytophaga species

Minimal inhibitory concentration

Cytophaga species
Penicillin
(units/ml.)

C ytophaga hutchinsonii 25
C. lutea 15
C. rubra 18
C. tenuissima 15
C. aurantiaca 15
C. albogilva 20
C. deprim ata 20

C. johnsonii 26
C. ferm entans 29
C. ferm entans 25
var. agarovorans 

C. salm onicolor 27

Chloram­ Sodium Sodium
phenicol taurocholate cholate
(/tg./ml.) (mg./ml.) (mg./ml.)

6-o 20*4 20-0

5-o 15-8 1 6-o
5-0 — —
5-5 — —
5'5 6-4 8-o
6-o 15-0 13-3
6-o 1 6 0 13-0

5-5 n o 1 2 0
6 -o 20-0 15-8
6-3 19-5 17-5
6 7 19-8 15-75

Comparison o f soil enrichment tubes with and without inhibitors. From the results of 
tests with pure cultures, experiments were done to study the effect of the inhibitors on 
colony counts on dilution plates prepared from several soil and mud samples. The soils 
used were: a garden soil from Andheri, Bombay (pH 6-2); soil from cotton field, 
College campus, Bombay (pH 5-9); manured soil from Bandra, Bombay (pH 6-o); two 
horizons from Aarey, Bombay, the A horizon being at pH 4’2-5-8 and the B horizon at 
pH 7-2-8-6; two marshy soils from Yersova and Danda, Bombay, at pH 6-7-7-1. These 
soils differed considerably in their total microbial contents and the relative proportion 
of cytophagas to other bacteria.

Isolation. Soil (1 g.) was added to 100 ml. sterile water in screw-top bottles and 
shaken on a reciprocal shaker for 30 min. Tenfold dilutions were prepared from the 
resulting suspension and o-i ml. of 10-3 and io~4 dilutions were used to seed 10 ml. of 
the enrichment medium (Stanier, 1942). The inhibitors when used were added to 
enrichment medium just before inoculation at the following concentration: Na 
penicillin G  15 units/ml.; chloramphenicol 5-0 /tg./ml.; bile salts 5-0 mg./ml. Experi­
ments were run in 15 sets for each dilution. Tubes were incubated at 28° for 8 days;



slimy patches from the cellulose strips were scraped out with a platinum needle and 
streaked on corresponding sets of solid media with 0-75 %  agar (U.S.P., Japan) and 
°'5 %  glucose instead of cellulose. Re-streakings on fresh media were often necessary 
to obtain pure cultures. Besides these media, starch agar and cellulose+ dextrin agar 
(Fuller & Norman, 1942) containing the inhibitors were also used in the isolation of 
Cytophaga albogilva and C. deprimata. Chitinoclastic cytophagas were isolated by 
inoculating 1 g. soil in a flask containing Stanier’s basal medium (1947) with and with­
out inhibitors and with chitin strips (prepared from lobster shells; Stanier, 1947) as 
sole source of carbon. Growth from chitin strips after 8 days of incubation at 28° was 
streaked on mineral chitin agar. Facultative agar-decomposing cytophagas were 
enriched according to Veldkamp’s technique (1961) with the inhibitory substances 
incorporated in enrichment medium.
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Table 2. The reaction o f  some cytophagas and other bacteria to inhibitors

Inhibitors
Penicillin (1 5  units/ml.) + 
chloramphenicol 
(5 -o/tg./ml.) (a)

Sodium taurocholate+ 
sodium cholate 
(5-0 mg./ml., each) (è)

a  +  b

Completely
inhibited

Cellulomonas,
Nocardia
Pseudomonas species

C ytophaga rubra,
C. tenuissima 
Nocardia 
Bacillus species 

C. rubra,
C. tenuissima 
Nocardia, 
Pseudomonas, 
Cellulomonas 
Bacillus species

Partially
inhibited

Desulphovibrio and 
Cellvibrio species, 
Bacillus subtilis

Cellulomonas, 
Desulphovibrio 
Cellvibrio species

Cellfalcicula,
Desulphovibrio
Cellvibrio
species

Not
inhibited

Cytophaga species *

Cytophaga species* 
except C. rubra 
C. tenuissima

Cytophaga species * 
except C. rubra 
C. tenuissima

* Cytophaga species which are mentioned in Table 1 .

RESULTS

Testing o f inhibitors against cytophagas and other bacteria 
Of the four inhibitors tested against a range of cytophagas, penicillin (15 units/ml.) 

and chloramphenicol (5-0 /¿g./ml.) at pH 9-0 were tolerated by all the tested strains. It is 
evident from Table 1 that bile salts were well tolerated by the majority of cytophagas, 
except for Cytophaga rubra and C. tenuissima, which were highly sensitive to bile salts. 
It was decided to test the sensitivity of the strains against a mixture of penicillin, 
chloramphenicol and bile salts in various concentrations at pH 9-0.

The reaction o f  some bacteria to inhibitors
Details of the reaction of the individual Cytophaga species and some common con­

taminants to the inhibitory mixtures are given in Table 2. The results were like those 
previously obtained; only the presence of bile suppressed the growth of some cellulo­
lytic cytophagas.
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Comparison o f soil enrichment tubes with and without inhibitors
Results obtained with enrichment medium with and without inhibitors are given in 

Table 3. It is seen that the isolation of cytophagas was facilitated since the ratio of 
cytophaga to bacteria was increased, whereby the chances of isolation are enhanced. 
Similarly, incorporation of the antibiotics and bile salts decreased the number of 
secondary transfers in enrichment media and made it possible to obtain cytophagas 
directly on the dilution plate. The usefulness of the inhibitory substances was seen 
with all types of Cytophaga, namely cellulolytic, chitinoclastic and also facultatively 
anaerobic agar-decomposing forms.

Table 3. Selective enrichment medium fo r  the isolation o f cytophagas
Type of cytophagas

Cellulolytic Chitinoclastic Facultative anaerobes

No. of No. of No. of
secondary secondary secondary

C to B* transfers C to B transfers C to B transfers
Media ratio in EM ratio in EM ratio in EM

E M f 1 :6o 3 1 :65-5 2 1 :70 3
EM+sodium taurocholate (EMT) i:33 2 i:37 1 1 :30-5 1
EM+sodium cholate (EMC) i:34 2 1 :35-2 1 1 :2 9 1
EM+penicillin (EMP) 1 :3 8 2 1 :4 1 1 1 :3 8 2
EM+chloramphenicol (EMCh) 1 :3 0 2 1 :3 2 1 1 :28-5 1
EM pH 8-5 (EM 8-5) 1 :3 1 2 1 :30-5 1 1 :27-3 1
EMT+sodium cholate 1 :28 1 1 :25-5 Nil 1 :23-5 Nil
EMT -(-penicillin 1 :2 2 1 1 :2 2 Nil 1 :20-2 Nil
EMT + chloramphenicol 1 :2 0 Nil 1 :2 1 Nil 1 : 18-5 Nil
EMC+penicillin i : 18-3 Nil 1 : 1 9 Nil 1 :16-2 Nil
EMC+chloramphenicol 1 :17-2 Nil 1 : 1 6 Nil i:i5-3 Nil
EM 8-5 +sodium cholate i:i5-3 Nil 1 : 1 4 Nil 1 : 1 3 2 Nil
EM 8-5 +sodium taurocholate 1 :14-5 Nil 1 : 1 4 Nil 1 :13-7 Nil
EM 8-5 -(-chloramphenicol 1 : 1 3 Nil 1 :13-2 Nil 1 :12-5 Nil
EMCh+penicillin 1 :12-5 Nil 1 : 1 3 Nil 1 :11-6 Nil

* C = Cytophagas, B = Bacteria; t EM = Enrichment medium.

Comparison o f  plate counts obtained on alkaline cytophaga agar medium, 
unsupplemented and with four inhibitors

Plate counts of Cytophaga colonies were made for seven soil samples on alkaline 
Cytophaga agar containing penicillin+ chloramphenicol+ bile salts, the same medium 
with only antibiotics, and two other media selective for cytophagas. Details of these 
results are given in Table 4. When the percentages of colonies on plates were con­
sidered, the alkaline Cytophaga agar with antibiotics gave results almost similar to 
those obtained with the medium containing four inhibitors. Unsupplemented alkaline 
Cytophaga agar medium had only 4— n %  of Cytophaga colonies out of the total 
colonies developing on plates, indicating a good selectivity of the supplemented 
media.
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D I S C US S IO N

The proportion of cytophagas to the other micro-organisms in most soil samples is 
very small; this limits the use of the dilution method for isolations. Besides, the cyto­
phagas exhibit a spreading type of growth and carry along the contaminants, which 
remain embedded in their slime in several subcultures. The sensitivity of cytophagas 
to heat above 40° and their loss of pigmentation even at 370 (Warke & Dhala, 1966) 
rules out attempts to restrict the growth of other bacteria by heat treatment. The com­
mon method of isolation of cellulolytic cytophagas depends particularly on the forma­
tion of coloured patches on filter-paper strips (Stanier, 1942; Fuller & Norman, 
1943); these usually have many non-cellulolytic and non-myxobacterial forms which 
thrive on breakdown products of cellulose produced by a few cellulolytic varieties. 
Similarly, the chitin strips underwent a slow decomposition accompanied by the 
development of a varied microflora, particularly of chitin-decomposing eubacteria, 
from which cytophagas could not be readily obtained. However, these eubacteria were 
easily suppressed in selective media where the cytophagas were often observed to be 
the only chitin decomposers. The facultative anaerobes could likewise be equally well 
isolated from marine sources. A  great advantage of the inhibitors tested was noticed 
in the isolation of marine forms, where blackening of the enrichment media was pre­
vented since the sulphur-reducing bacteria were also eliminated.
Although Bachmann (1955) reported a failure to develop a more suitable method for 

enrichment of facultatively anaerobic cytophagas, Cytophaga fermentans was readily 
isolated by the incorporation of penicillin (15 units/ml.) + chloramphenicol (5-0 /rg./ml.) 
in isolation media.
It was noticed that of the seven soil samples (Table 4) examined for Cytophaga 

species by the dilution method, with and without inhibitors, almost all the samples 
which yielded cytophagas in absence of the inhibitors also gave the same species in 
presence of the inhibitors (either singly or mixed) except for bile salts, which were 
toxic to Cytophaga tenuissima and C. rubra.
It is felt that the use of inhibitors can be applied profitably in future studies on the 

isolation of cytophagas from natural sources.
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S U MMA RY

Cultures of several diploid strains of Saccharomyces cerevisiae were found 
to contain about 0-5 %  of glycogen-deficient cells. Ultraviolet irradiation 
increased the mutant frequency to about 5 %, while 40 %  of the population 
survived. The mutants were detected by plating cultures on nutrient agar 
containing 1%  glucose and staining 3-day colonies with iodine; normal 
colonies became brown due to the stored glycogen whereas the mutants re­
mained white. The size of the mutant colonies was normal. Most of the 
mutants have remained stable during subculture. Fractionation of the 
cellular carbohydrate confirmed that the mutants were deficient in glycogen. 
Glucose concentration in the growth medium had a marked influence on 
glycogen storage. When the mutants were grown on nutrient agar con­
taining 8 %  glucose, glycogen was stored and the mutants could not be dis­
tinguished by iodine-staining from the wild type. Glycogen-deficient mutants 
contained higher than usual proportions of respiration-deficient cells. 
Respiration-deficient colonies, whether derived from glycogen-deficient or 
from normal cultures contained appreciably less glycogen than those of the 
wild-type yeast.

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

Iodine staining has been much used for the examination of polysaccharide storage 
by bacteria (Carlson & Hehre, 1949; Gibbons, 1964; Carrier & McCleskey, 1962). 
Yeasts may differ in their ability to store glycogen (Chester, 1964) and the present 
work on glycogen-deficient mutants arose from an attempt to apply an iodine-staining 
test to yeast colonies to reveal the storage of glycogen.

M E T HO D S

The strains of Saccharomyces cerevisiae used in these experiments were non-sporing 
diploid Guinness brewing yeasts. Most of the work was done with strain 4236; the 
other strains used were 1164 and 1338. Strain 1338 is a flocculent yeast.
The media used for growing the yeast had the following compositions:
Medium 1. Malt extract, 3 g.; yeast extract 3 g.; peptone, 5 g.; glucose 10 g.; 

distilled water to 1 1. (Wickerham, 1951).
Medium 2. This had the same composition as medium 1 except that it contained 

80 g. glucose.
Solid media for plating were prepared by adding one agar tablet (Oxoid) to 10 ml. of 

liquid medium in 1 oz. (28 ml.) screw-top bottles. The Petri dishes had a diameter of 
8-5 cm. All cultures were incubated at 240.

4 G. Microb. 51
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Glycogen gives a reddish-brown coloration with iodine, and glycogen-deficient 
mutants were detected by flooding 3-day or 6-day colonies on plates of solid medium 1, 
with 6 ml. iodine solution (0-2 %  I2 in 0-4 %  KI). The staining reactions of the colonies 
were recorded 1 min. after adding the iodine. The reactions of the various types of 
colonies are described in the text. When colonies were isolated from plates which 
had been flooded with iodine solution, sufficient viable organisms survived the treat­
ment to give subcultures.
For ultraviolet (u.v.) irradiation, yeast cells were harvested from 24 hr cultures in 

medium 1, washed once with distilled water and suspended in distilled water. Four-ml. 
portions of the suspension (about 2 x io7 cells/ml.) were u.v.-irradiated at room 
temperature (190) in Petri dishes. The u.v. source was a Hanovia Chromatolite u.v. 
lamp at a distance of 16 cm. from the cell suspension, which was gently agitated during 
irradiation.
Spontaneous respiration-deficient mutants were obtained by plating cultures and 

staining the colonies with triphenyltetrazolium chloride (Ogur, St John & Nagai,
1957). Normal colonies were stained pink and respiration-deficient colonies remained 
white. This method was also used to test the glycogen-deficient mutants for respiration 
deficiency.
Yeast carbohydrate was fractionated by the scheme described by Trevelyan & 

Harrison (1956).

RE SU L TS

Iodine-staining o f yeast colonies
Several strains of yeast were plated on nutrient agar (medium 1) and the plates 

flooded with iodine solution after incubation for 3 days. The colonies from all the 
cultures were stained brown because of the glycogen stored in the cells. There was little 
change in coloration when the colonies were incubated for 6 days before staining.

Frequency o f spontaneous glycogen-deficient mutants
On plates of strains 1164, 1338 and 4236 there were some colonies which remained 

white or very pale yellow in the presence of the iodine. When these unstained colonies 
were picked off, grown in medium 1 and replated, all the progeny gave a negative 
reaction with iodine. The frequency of the aberrant colonies was as high as o-8 %  with 
some strains (Table 1). When normal colonies of strain 4236 were picked off the plates, 
grown overnight in medium 1 and replated, a similar high frequency of glycogen- 
deficient colonies was observed. In liquid medium, the growth and rate of fermentation 
of the glycogen-deficient mutant of strain 4236 were slightly slower than those of the 
parent yeast. The differences, although very small, were consistent in many experiments. 
Thus it seems unlikely that the high frequency of the mutants was caused by a selective 
advantage in growth rate. This conclusion is supported by the fact that there was the 
same high frequency of mutants in the freshly isolated strains as in the stock cultures 
which have been maintained by subculture for several years.

Induction o f glycogen-deficient mutants with ultraviolet radiation
Washed suspensions of strain 4236 were u.v.-irradiated for 15-60 sec. The treated 

suspensions were diluted with sterile water and plated on solid medium 1. Iodine- 
staining of the colonies showed that the frequency of the glycogen-deficient mutants



was increased by the u.v.-irradiation. After 30 sec. irradiation the frequency had in­
creased sevenfold while over 60 %  of the population survived the treatment. A  45 sec. 
dose increased the frequency about tenfold while 40 %  of the population survived 
(Fig. 1). These figures show that the effect was actually an induction and not a dif­
ferential killing of normal and mutant cells. The mutant frequency tended to decrease 
after longer u.v. treatment.

Glygocen-storage deficiency in yeast 51

Fig. i . Ultraviolet dose/effect curves for Saccharom yces cerevisiae strain 4 2 3 6 .
% Survival (0---- 0), % mutations( 0 ---- ■).

Table 1. Frequency o f  glycogen-deficient mutants o f  Saccharomyces cerevisiae

Strain
Total no. of 

colonies

Glycogen-
deficient
colonies

Frequency
(%)

11 6 4 1220 6 0-5
1338 1304 10 0-8
42 36 1368 8 0-6

4 2 3 6/1 * 2298 10 0-4
4236/2 2 8 12 I < O i
4236/3 1 1 3 9 5 0 4
4236/4 18 12 2 0 1

4236/5 1223 5 0 4
4236/6 13 6 6 3 0 2

* 4 2 3 6 /1-4236/6 were fresh isolates from culture no. 4 2 3 6 .
In the experiments with u.v. radiation, many of the colonies were sectored and these 

were counted as mutants. Ten of the sectored colonies were isolated from the plates, 
grown overnight in medium 1 and replated. As expected, iodine-staining showed that 
the plates were mixtures of normal colonies and glycogen-deficient colonies.
Ultraviolet radiation is known to induce respiration deficiency (Raut, 1954). None 

of the ten glycogen-deficient isolates examined in this experiment was respiration- 
deficient.

Stability o f  glycogen-deficient mutants
Glycogen-deficient mutants were maintained by subculture at monthly intervals on 

nutrient agar slopes. Nine isolates of spontaneous mutants remained stable for over a
4 - 2
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year, but three others were found to contain a proportion of reverted organisms. 
Ultraviolet-induced mutants were maintained for a shorter period, but have all 
remained stable.

Effect o f  glucose concentration in the growth medium on iodine-staining
The glucose concentration in the solid growth medium influenced the glycogen 

content of the cells. On medium 2 (8%  glucose) glycogen-deficient mutants were 
stained by iodine as much as were the wild-type yeasts (Table 2).

Table 2. Saccharomyces cerevisiae: iodine-staining o f colonies

Grown on

Medium 1 Medium 2

Strain

f \ (
3-day 6-day 3-day

Colour on treatment with iodine
6-day

' 1

42 3 6 Brown Brown Brown Brown
Glycogen-deficient White White/ Brown Brown

4236 pale
brown

Respiration-deficient Brown White* Brown Pale
42 36 brown/

white
* The less crowded colonies on these plates were white at 1the centre and brown around the

circumference.
Respiration-deficient mutants

Various types of yeast, especially species of Saccharomyces, contain a proportion of 
respiration-deficient (r.d.) cells (see review by Ephrussi &  Hottinguer, 1951). These 
r.d. cells are slow-growing and give very small colonies, usually referred to as ‘petites ’; 
petite colonies usually appear with a frequency of less than 1 %. Colonies of the 
glycogen-deficient mutants were not obviously different in size from wild-type colonies 
and were stained pink by triphenyltetrazolium chloride, indicating that they were not 
respiration-deficient. However, most cultures of the glycogen-deficient mutants con­
tained higher than usual proportions of r.d. cells. Cultures of glycogen-deficient 
mutants isolated from strain 4236 contained 2-9 %  of r.d. cells, whereas the wild type 
contained about 0-5 %. In contrast to the glycogen-deficient mutants, iodine solution 
stained 3-day petite colonies brown, but more mature 6-day colonies remained white 
(Table 2).
An unexpected observation was that spontaneous r.d. mutants isolated from normal 

yeast cultures gave iodine-staining reactions similar to those of the r.d. mutants iso­
lated from glycogen-deficient cultures. The very small 3-day colonies growing on 
medium 1 were stained brown with iodine; 6-day colonies remained white with iodine 
solution although the less crowded colonies on the plates were stained brown around 
the circumference. When grown on medium 2, all the r.d. colonies were larger than 
when grown on medium 1. There was less distinction between 3-day and 6-day plates 
on the high-glucose medium, but in all strains there was a decrease in intensity of 
staining as the colonies grew older and larger.
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C a rb o h y d ra te  f r a c tio n a t io n  o f  y e a s t s  g ro w n  on  a g a r  g ro w th  m ed iu m

Strain 4236 and a glycogen-deficient mutant isolated from it were grown on agar 
slopes of medium 1 and after incubation for 3 days at 240 samples of the yeast were 
washed 3 times with distilled water and the carbohydrate of the cells fractionated. The 
carbohydrate fractions are expressed as a percentage of the total dry weight of the 
yeast and also as a percentage of the non-carbohydrate dry weight. Under the present 
growth conditions, the glycogen contributes from 8 to 17%  of the total dry weight. 
The variations in glycogen content influence the numerical value of the other carbo­
hydrate fractions when they are expressed as a fraction of total dry weight. Expression 
of the results as a percentage of non-carbohydrate dry weight overcomes this difficulty 
and facilitates a comparison of the two yeasts.

Table 3. Saccharomyces cerevisiae: fractionation o f  cellular carbohydrate 
o f  strain 4236 and a glycogen-deficient mutant

The yeasts were harvested from the agar after incubation (240) for 3 days. Results are 
expressed as (1) % of yeast dry wt, (2) % of yeast non-carbohydrate dry wt (dry wt minus 
total carbohydrate).

Glycogen-deficient 
Strain 42 3 6  mutant

(i) (2) (1) (2)
Trehalose o-6 0 9 0-2 0'3
Alkali-soluble glycogen i-7 2-4 1-7 2-2
Acid-soluble glycogen 1 6 0 22*7 7-1 91
Mannan 5 6 8-o 6-7 8-6
Glucan 5'7 8 1 6-o 7 .7

Sum of fractions 29-6 42-1 2 1-7 27-9

Table 4. Saccharomyces: cerevisiae fractionation o f cellular carbohydrate 
o f  a respiration-deficient mutant o f strain 4236

Results are expressed as (1) % of yeast dry wt, (2) % of yeast non-carbohydrate 
dry wt (dry wt minus total carbohydrate)

3-day culture 6-day culture
(1) (2) (1) (2)

Trehalose o-5 o-7 0 '2 o-3
Alkali-soluble glycogen 0 9 1-2 1-4 i -8
Acid-soluble glycogen 9 8 1 3 0 6-8 8-8
Mannan 8 9 II'9 8-4 1 0 9

Glucan 4-8 6 4 6-3 8-2
Sum of fractions 24-9 33-2 23-1 30-0

The mutant contained less than half as much acid-soluble glycogen as the wild type 
and about one third as much trehalose (Table 3). The alkali-soluble glycogen was the 
same in both yeasts. There was also little difference in the cell-wall components, 
glucan and mannan. Similar analyses were made on 3-day and 6-day cultures of an 
r.d. mutant of strain 4236. The 6-day cultures contained less glycogen and trehalose 
than the younger cultures (Table 4). Having regard to the decrease in intensity of 
iodine-staining as the r.d. cultures aged, this result was to be expected. The 3-day 
culture of the r.d. yeast contained appreciably less glycogen than the parent cultures 
of the same age.
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Respiration-deficient mutants derived from glycogen-deficient mutants could not 
be distinguished by iodine-staining from the r.d. mutants derived from normal cul­
tures. Fractionation of the cellular carbohydrate of an r.d. mutant derived from a 
glycogen-deficient culture confirmed that the glycogen content was similar in the two 
cases (Tables 4 and 5).

Table 5. Saccharomyces cerevisiae: fractionation o f cellular carbohydrate o f  a 
respiration-deficient mutant derived from  a glycogen-deficient mutant o f strain 4236

Results are expressed as (1) % of yeast dry wt, (2) % of yeast non-carbohydrate dry wt 
(dry wt minus total carbohydrate)

3-day culture 6-day culture
f  f  f

(1) (2) (1) (2)
Trehalose o-5 0-7 0-2 o-3
Alkali-soluble glycogen i-i i'5 1-2 1-6
Acid-soluble glycogen 1 1*5 14-8 7-1 93
Mannan T9 1 0 9 8 l 1 0 5
Glucan 6-2 8-5 6-4 8-3
Sum of fractions 27-2 36-4 23-0 30-0

D I S C U S S I O N

Spontaneous heritable changes in a particular character tend to be infrequent and 
there are few examples in the literature of u.v.-radiation-induced mutants as high as 
5 %  of the surviving cells. James (1954) induced a change to galactose-negative of 
about 10%  in a haploid strain of Saccharomyces cerevisiae with u.v.-radiation; 
spontaneous mutants did not exceed 0-5 %. Genetic analysis indicated that the nega­
tive character had a nuclear origin. In the present work the cultures used were diploid, 
which makes the high frequency of the spontaneous and u.v.-induced mutants even 
more surprising. It is hoped to extend this work in an attempt to find spore-forming 
strains in which glycogen-deficient mutants are as distinctive as those of the asporo- 
genous strains. Genetic analysis should then indicate whether the glycogen-deficiency 
is due to nuclear or cytoplasmic changes.
Fractionation of the cellular carbohydrate showed that the mutants contained con­

siderably less glycogen than did the wild-type yeast. Despite the fact that the fractiona­
tion procedure of Trevelyan &  Harrison (1956) indicated that the mutants did contain 
some glycogen, the colonies remained white in the presence of iodine. It would there­
fore appear that the iodine test requires a certain concentration of glycogen to be 
present in the cells before a colour becomes evident. An alternative possibility is that 
all the material which appears as glycogen in the fractionation procedure may not be 
typical glycogen as regards iodine-staining.
The mutants were only detectable when grown on the low glucose medium. A high 

glucose concentration resulted in greater glycogen storage by the mutant and the 
iodine stain could not differentiate mutant from wild-type colonies. An alternative 
pathway of glycogen synthesis may become operative when the glucose concentration 
is above a certain value.
The trehalose as well as the glycogen content was low in the mutant, suggesting that 

the mutation results in changes in a common synthetic pathway or metabolite. Uridine 
diphosphoglucose is involved in the synthesis of both carbohydrates and unpublished



results have shown that the concentrations of this metabolite are lower in the mutant 
cells.
During this work on glycogen-deficient yeasts it was necessary to examine the glyco­

gen storage of r.d. yeast because of possible difficulties in diagnosis of the two types. 
However, in the strains of yeast which have so far been examined there is no possi­
bility of confusion, because glycogen-deficient colonies are scored after 3 days of 
incubation, when r.d. mutants stain brown with iodine (Table 2). In addition to the 
iodine-staining reaction, the r.d. colonies are much smaller than those of the glycogen- 
deficient mutants.
Although the 3-day r.d. colonies stain with iodine, their glycogen content is low 

(Table 4), and as the colonies age the content decreases, probably as a result of the 
glycogen being metabolized as the supply of glucose diminishes. The low glycogen 
content of r.d. cells in colonies on agar plates is of some theoretical interest because 
when the cells were grown in liquid culture they accumulated similar quantities of carbo­
hydrate to those of the parent yeasts (Chester, 1963). A  possible explanation for the low 
glycogen content of the r.d. mutants is as follows. Adenosine triphosphate (ATP) is 
required in the cell for at least two reactions in the synthetic pathway to glycogen: it is 
necessary for the hexokinase reaction in which glucose is phosphorylated, and also 
for the conversion of uridine diphosphate to uridine triphosphate (Berg & Joklik,
1953). Uridine triphosphate reacts with glucose-1-phosphate to form uridine di- 
phosphoglucose (Trucco, 1951). Glycogen is formed by transfer of glucose from 
uridine diphosphoglucose to a primer (Leloir & Cardini, 1957). The glucose concentra­
tion inside a yeast colony is dependent on diffusion from the nutrient agar. As the 
glucose is depleted by yeast growth the amount diffusing into the colony may be in­
sufficient for all the needs of the cell, especially in the larger colonies on the 6-day 
plates. A  low glucose concentration around the cells, combined with the necessity for 
r.d. cells to obtain their energy by fermentation instead of the more efficient process of 
respiration, may result in the cells having insufficient ATP for glycogen synthesis. The 
less crowded colonies on 6-day plates were stained brown with iodine around the cir­
cumference (Table 2); this fact lends support to the suggestion tha: diffusion of glucose 
into the r.d. yeast colony can be a limiting factor in the storage of glycogen.
The 3-day colonies of the r.d. mutant derived from a glycogen-deficient culture were 

stained brown by iodine and contained approximately the same amount of glycogen as 
the r.d. mutant derived from strain no. 4236 (Tables 4 and 5). Assuming that the 
lesion causing glycogen deficiency was inherited by the r.d. cells, it would appear that 
the glycogen-deficiency mutation has no effect under conditions of respiration 
deficiency.

I thank Drs A. K. Mills, C. E. Dalgliesh and R. B. Gilliland for helpful discussion.
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S U M M A R Y

T he synthesis o f  g lu tam ine synthetase in  Escherichia coli u n d er different 
cond itions was studied . T he op tim al co n cen tra tion  o f  am m onium  sulphate 
in  the grow th  m edium  fo r the  enzym e synthesis w as 0-4 mM. W hen glucose 
w as lim iting  g row th  the  enzym e synthesis becam e dependen t on  oxygen. 
L -G lutam ine repressed synthesis o f  the  enzym e and , to  a  lesser extent, th a t o f 
g lu tam ate  dehydrogenase. L-Arginine, L-asparagine, D-glutam ine, L- 
m eth ion ine an d  L -tryp tophan  also  decreased synthesis o f  g lu tam ine syn­
thetase. O n the  o th er h and , L-glutam ate induced  the  enzym e synthesis; 
L-isoleucine, L-leucine and  L-valine also increased it. A cetyl-L-glutam ine d id  
n o t affect the  enzym e synthesis. D -G lutam ine w as m uch  less active th an  
L-glutam ine as a  substra te  in  the y-g lu tam yl transfer reaction . A t low  con­
cen tra tions, b o th  aza-L-serine and  6-diazo-5-oxo-L-norleucine increased the 
specific activity  o f  g lu tam ine synthetase in  the  bacteria .

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

Glutamine occupies a central position in many metabolic pathways ; thus, in micro­
organisms, the amide nitrogen of glutamine serves, among others, as the nitrogen 
source for carbamyl phosphate (Pierard & Wiame, 1964), nicotinamide-adenine 
dinucleotide (Preiss & Handler, 1958), histidine (Neidle & Waelsch, 1959), p-amino- 
benzoic acid (Srinivasan & Weiss, 1961) and glucosamine 6-phosphate (Ghosh, 
Blumenthal, Davidson & Roseman, i960). Therefore a control of the synthesis of 
glutamine might indirectly influence the synthesis and metabolism of a wide variety of 
compounds. The present study represents an effort to understand how the chemical 
environment of Escherichia coli strain w  organisms affects the formation of glutamine 
synthetase, the enzyme which synthesizes glutamine from glutamic acid, ammonia and 
adenosine triphosphate.

M E T H O D S

Growth o f the bacteria. Escherichia coli strain w  (American Type Culture Collection 
9637) was grown in a nutrient broth medium (Difco Laboratories) until the logarithmic 
phase of growth had been reached. One ml. of the broth culture served for inoculating 
100 ml. of a defined basal medium which had the same composition as the one used by 
Davis & Mingioli (1950), except that ammonium sulphate was decreased from 1 to 
0-05 g./l. After the culture had been incubated at 370 for 7 hr, the bacteria were har­
vested by centrifugation and washed once with saline. They were suspended in about
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5 ml. of saline, so that the suspension gave a reading between 0-480 and 0-560 at 
650 m // in a Coleman Junior spectrophotometer. Five drops of the bacterial suspen­
sion were pipetted into each of several 500 ml. conical flasks containing 200 ml. of the 
medium under study. Unless stated otherwise, the incubation was at 37° for 16 hr with 
the flasks undisturbed. At the end of the incubation period, the amount of growth was 
determined by measuring the turbidity of the culture at 650 m/z in the Coleman 
Junior spectrophotometer. In the following tables growth is always expressed in terms 
of absorbance readings with this instrument; a reading of o-i corresponded to 0-07 mg. 
dry bacteria/ml.

Preparation o f cell-free extracts. The culture was chilled to 50. From this point on, 
all operations were done at 50. The bacteria were harvested by centrifugation at 10,000 g  
for io min. in a Servali SS-3 centrifuge. They were suspended in saline, centrifuged 
down, and finally suspended in 5 ml. of o-oi M-tris buffer, (pH 8-2). The bacteria were 
disrupted by ultrasonic treatment (10 kc., Raytheon Mfg. Co., Waltham, Mass.) for 
10 min. The ultrasonically treated preparation was centrifuged at 17,000 g for 10 min. 
The supernatant fluid served for all determinations reported in this study.

Enzyme assays. Glutamine synthetase activity was assayed as described previously 
(Wu, 1964a), except that the reaction mixture was adjusted from pH 7-2 to pH 8-2, the 
latter being the optimal pH value for the bacterial enzyme. One unit of the enzyme 
activity is defined as the amount of enzyme that will cause the formation of 1 /«noie 
y-glutamylhydroxamate in 1 hr at 370. This assay procedure was used in all deter­
minations for the synthetase activity reported in the following tables and figures. 
y-Glutamyltransferase activity was assayed as before (Wu, 19646), but with the follow­
ing modifications. The reaction mixture contained, per 4-5 ml., 250 //moles glutamine, 
40 //moles NH,OH (adjusted to pH 7-2), 10 //moles MnCL, 5 //moles adenosine di­
phosphate and 45 //moles phosphate buffer (pH 7-2). The expression for the transferase 
activity follows that for the synthetase activity. Glutamate dehydrogenase activity 
was determined according to the procedure of Kennan & Cohen (1961), except that 
dihydronicotinamide adenine dinucleotide phosphate (NADPH2) replaced di­
hydronicotinamide adenine dinucleotide (NADH2). The dehydrogenase activity is 
expressed as //moles NA D P H 2 oxidized/mg. protein/min. at 250. Protein was deter­
mined by the method of Lowry, Rosebrough, Farr & Randall (1951), with crystalline 
bovine albumin as a standard.

Chemicals. All chemicals were of the highest grade available commercially. Most 
amino acids were purchased from Nutritional Biochemicals Corporation (Cleveland, 
Ohio); acetyl-L-glutamine was obtained from Mann Research Laboratories (New 
York) and D-glutamine from Calbiochem (Los Angeles, California). Both aza-L- 
serine and 6-diazo-5-oxo-L-norleucine (DON) were gifts of Dr J. R. Dice (Parke, 
Davis and Company, Ann Arbor, Michigan). Because of their instability to heat, 
solutions of these compounds were sterilized by filtration through Millipore filters. 
Glucose solutions were autoclaved separately and added to the medium later.
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R E S U L T S

The present study will describe first some observations on glutamine synthetase in 
the cell-free extract of Escherichia coli\ the induction and repression of this enzyme in 
the bacteria by compounds of low molecular weight will be considered next.



We found a gradual but continuing increase in glutamine synthetase activity in the 
cell-free extract when it was stored at —20° (Fig. 1). The increase was largest on the 
first day, but it continued throughout the period of observation. At the end of 17 days 
of storage, the enzyme activity had doubled. In these experiments the extract was stored 
in vials, and one vial was thawed each time for the enzyme assay. We have not ex­
plored further the nature of this increase. However, Mecke, Wulff, Leiss & Holzer
(1966) identified in crude extracts of Escherichia coli a protein that inactivated gluta­
mine synthetase in the presence of adenosine triphosphate —Mg2++glutamine; 
glutamate could replace glutamine (Mecke, Wulff & Holzer, 1966). Hence, the increase 
in glutamine synthetase activity observed in the present work (Fig. 1) might result 
from the spontaneous deterioration of this inactivating protein on storage. On the 
other hand, it is also possible that activation of glutamine synthetase by an unknown 
mechanism during storage might account for the increase in its activity. To ensure a 
uniform basis for comparing the activity data, the enzyme was assayed on the same 
day the cell-free extracts were prepared. In addition, each experiment was repeated 
more than once and the results averaged.

The bivalent cation requirement of the bacterial glutamine synthetase was like that 
of mammalian enzymes (Wu, 19646; Schnackerz & Jaenicke, 1966), in that Mg2+ 
proved to be the most effective activator in the synthesis reaction, and under the 
same conditions Mn2+ lacked activity. On the other hand, Mn2+ was required for the 
transfer reaction. Woolfolk, Shapiro & Stadtman (1966) showed that, at lower pH 
values than those optimal with Mg2+, Mn2+ slightly activated the Escherichia coli 
enzyme in the synthesis reaction. The mechanism underlying the bivalent cation 
requirement for this enzyme remains to be elucidated.

Like the enzyme from rat liver (Wu, 19646), glutamine synthetase in the cell-free 
extract of Escherichia coli also showed a partial requirement for a sulfhydryl com­
pound for optimal activity. The activity without added sulfhydryl compound averaged 
70 % of that with the addition. Cysteine (10 mM) or dithiothreitol (2 mM) fulfilled this 
requirement; 2-mercaptoethanol was less effective.

Woolfolk et al. (1966) and Mecke & Holzer (1966) observed that the synthesis of 
glutamine synthetase in Escherichia coli was affected by the ammonium sulphate con­
centration in the growth medium. We studied this phenomenon in greater detail. We 
found that higher concentrations of ammonium sulphate supported better growth, 
but the specific activity of the enzyme in these bacteria was greatly decreased, Fig. 2 
shows the results. The highest specific activity was obtained in bacteria grown in the 
presence of 0-005 % (w/v) ammonium sulphate, although growth under these condi­
tions was poor. There was a sharp decline in the specific activity when this con­
centration of ammonium sulphate was merely doubled. Therefore, in all subsequent 
experiments in this study, except where stated otherwise, the concentration of ammo­
nium sulphate in the growth medium was 0-005 % (w/v 5 °'38 mM).

Oxygen also affected the synthesis of glutamine synthetase in Escherichia coli, and 
this effect depended on the glucose concentration. The experiments were made with 
the flasks containing the inoculated medium either kept stationary, shaken on a 
rotary shaker, or aerated by bubbling air through a dispersion tube throughout the 
incubation period. Table 1 summarizes the results. The difference between shaking and 
aeration was slight and seems insignificant. With a given concentration of glucose, 
better growth was always obtained in shaken or aerated cultures than with stationary
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conditions. However, shaking or aeration increased the specific activity of the enzyme 
only when glucose concentrations were low, e.g. at 0-5 and 0-25 mg./ml. At higher con­
centrations of glucose, oxygen no longer limited the enzyme synthesis. The inter­
relationship between glucose and oxygen would indicate that synthesis of the enzyme 
proceeds most efficiently only in fully respiring bacteria.
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Fig. 2
Fig. 1. Increase in glutamine synthetase activity in cell-free extracts of Escherichia coli 
strain w  (a t c c  9 6 3 7 )  during storage at - 2 0 °  C.
Fig. 2. Dependence of growth and synthesis of glutamine synthetase in Escherichia coli 
strain w (atcc  9637). on the concentration of ammonium sulphate in the basal medium. 
The specific activity of the enzyme is shown as a % of the value obtained with 0 -0 0 5  %  
(NH4)2S0 4. Absorbance, • -----•  ; enzyme activity, x----- x .

Table 1. E f fe c t  o f  g lu c o s e  a n d  o x y g e n  o n  th e  s y n th e s is  o f  

g lu ta m in e  s y n th e ta s e  in  E s c h e r ic h ia  c o l i  s t r a in  w  (a t c c  9 6 3 7 )

The bacteria were grown in a defined medium with the concentration of glucose varied. 
During incubation, the medium was either left undisturbed (stationary), shaken, or aerated. 
The specific activity of the enzyme from the bacteria grown under stationary conditions 
with 2 mg. glucose/ml. averaged 168 units/mg. protein.

Conditions of incubation

Stationary Shaken Aerated

Glucose
(mg./ml.)

0-25
o-5
2
4

Cell
growth*
0027
0-042
0046
0042

Relative
specific
activity

(%)
Cell

growth

Relative
specific
activity

(%)
Cell

growth
0-055
0059
0-061
0-068

Relative
specific
activity

(%)
52

161
108
129

14 0042 57
33 0051 135

(100) 0056 95
I 10 0-064 103

* Absorbance reading

The repression of an enzyme synthesis by an end product of a reaction catalysed by 
that enzyme has been amply demonstrated in micro-organisms. Therefore it was not 
surprising to find repression of glutamine synthetase by glutamine in E s c h e r ic h ia  c o li ,  
as shown in Table 2. The addition of glutamine also resulted in increased growth like 
that observed with ammonium sulphate (Fig. 2), and the concomitant decrease in 
specific activity approximated to that obtained with an equivalent amount of ammo­
nium sulphate. The results in Table 2 show that glutamine also repressed, though to a



lesser extent, the synthesis of glutamate dehydrogenase. This observation indicates 
that the reductive amination of a-ketoglutarate to glutamate was in part utilized for 
glutamine synthesis. However, since E s c h e r ic h ia  c o l i is known to have appreciable 
glutaminase activity, the possibility that glutamate, a hydrolytic product of glutamine, 
actually served as a repressor of glutamate dehydrogenase cannot be excluded.

Table 2. R e p r e s s io n  o f  g lu ta m a te  d e h y d r o g e n a s e  a n d  g lu ta m in e  s y n th e ta s e  

b y  g lu ta m in e  in  E s c h e r ic h ia  c o l i  s t r a in  w  (a t c c  9 5 3 7 ) .

The bacteria were grown in basal medium with glutamine added. In these experiments,
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assay of glutamine synthetase was done at pH 7-2.
Glutamate Glutamine

dehydrogenase synthetase
L-Glutamine (/imoles/mg. (m/imoles/mg.

(mM) protein/min.) protein/min.)
0 o-57 140
3 0-42 394

10 0-32 18-7
30 026 7-3

100 017 4-0

Table 3. E f f e c t  o f  v a r io u s  a m in o  a c id s  o n  th e  s y n th e s is  o f  g lu ta m in e  

s y n th e ta s e  b y  E s c h e r ic h ia  c o l i  s t r a in  w  (a t c c  9 6 3 7 )

In addition to 0-005 % of ammonium sulphate, each amino acid was added to the basal 
medium to a final concentration of 10 min. The bacteria were harvested after 16 h of incubation 
at 370. The bacteria grown in the medium without amino acid addition had a specific 
activity of glutamine synthetase of 12 7 units/mg. protein for glutamine synthetase.

Relative
Amount of specific

growth activity of
(absorbance the enzyme

Amino acid reading) (%)
None 0042 (100)
L-Arginine 0133 22
L-Asparagine 0178 16
L-Glutamic acid 0-147 181
L-Glutamine 0-209 9
D-Glutamine 0-172 63
Acetyl-L-glutamine 0050 107
L-Isoleacine 0065 120
c-Leucine 0-049 148
L-Methionine 0-094 14
L-Proline 0 0 4 1 96
L-Tryptophan 0086 44
L-Valine 0061 123

Table 3 shows the induction and repression of glutamine synthetase by other amino 
acids. We tested two analogues of glutamine, /V-acetyl-L-glutamine and D-glutamine. 
Acetyl-L-glutamine slightly stimulated growth but exerted no effect on the enzyme 
synthesis. The acetyl group appears to have prevented the compound from either 
entering the cell as freely as glutamine or acting as a repressor of glutamine synthetase. 
D-Glutamine supported growth almost as well as did L-glutamine, but it repressed the 
enzyme synthesis to a much lesser extent than did L-glutamine. Glutamic acid was the



only amino acid tested which nearly doubled the specific activity of the enzyme and 
tripled the bacterial population. Hence, the amount of the enzyme synthesized in the 
culture with glutamate was about six times that without the amino acid; this amount 
was further increased by increasing the concentration of glutamate above io m M .

Other amino acids showed varied effects on the synthesis of glutamine synthetase. 
The three branched-chain amino acids, isoleucine, leucine and valine, increased sig­
nificantly the specific activity of the enzyme in the bacteria, although there was no 
evidence that they were converted to glutamic acid. But arginine, asparagine, and 
methionine decreased the enzyme synthesis. Generally speaking, the amino acids 
which stimulated growth decreased the enzyme synthesis, and vice versa. In other 
words, the synthesis of the enzyme lagged far behind the synthesis of cellular proteins. 
Therefore, as growth proceeded, the specific activity of the enzyme diminished.

Since the bacteria could fully utilize D-glutamine for growth with only a slight 
decrease in the enzyme synthesis, we became interested in learning whether D-gluta­
mine was active as a substrate of the enzyme. The y-glutamyltransferase activity of the 
enzyme, which normally requires L-glutamine as a substrate, was therefore assayed. 
We found that this transferase activity in the extract of bacteria grown in the absence 
of any added amino acid amounted to 50-8 units/mg. protein with L-glutamine as a 
substrate, but it approached only 9-2 units/mg. protein with D-glutamine. Hence, 
D-glutamine had 18 % of the activity of L-glutamine. This low activity of the D-isomer 
for the enzyme may be related to the small repression of enzyme synthesis by this 
compound.

Table 4. E ffe c t iv e n e s s  o f  a m in o  a c id s  a s  th e  s o le  s o u r c e  o f  n it r o g e n  f o r  th e  

s y n th e s is  o f  g lu ta m in e  s y n th e ta s e  b y  E s c h e r ic h ia  c o l i  s t r a in  w  (a t c c  9 6 3 7 )

Each amino acid replaced ammonium sulphate in the basal medium and supplied the same 
amount of nitrogen as that of 0-005 % (0 38 mM) of ammonium sulphate. The specific 
activity of glutamine synthetase in the bacteria grown in the medium with ammonium sulphate 
averaged 14 0 units/mg. protein in these experiments.
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Compound
Incubation 
time (hr)

Cell growth 
(absorbance 

reading)

Relative 
specific 

activity of 
the enzyme 

(%)
Ammonium sulphate 16 0-041 (100)
L-Arginine 22 0-050 50
L-Asparagine 16 0-074 45
L-GIutamic acid 36 0-055 105
L-Glutamine 22 0-024 96
L-Leucine 96 0033 137L-Methionine 96 0031 63L-Proline 96 0-022 54

In the experiments just described, a relatively high concentration of an amino acid, 
10 mM, supplemented the optimal concentration of ammonion sulphate, 0-38 mM, in 
the basal medium for the enzyme synthesis. In the following experiments, the ammo­
nium sulphate was replaced by an amino acid solution containing 0-76 milliequivalent 
of nitrogen per hire. As can be seen in Table 4, only asparagine supported better 
growth than did the inorganic salt. Growth with each of the other amino acids showed 
an extended period of the lag phase, which, in certain instances, might have resulted 
from a low permeability of the cell membrane to the amino acids, such as glutamic



acid. Although asparagine stimulated growth, it decreased synthesis of glutamine 
synthetase. On the other hand, glutamine appeared to be inferior to asparagine for 
growth, but it did not repress the enzyme synthesis. Conceivably, the optimal con­
centration of one amino acid for the enzyme synthesis may differ from that of another 
amino acid.

The compounds aza-L-serine and 6-diazo-3-oxo-L-norleucine (DON) have been 
shown to be specific antagonists of glutamine (Levenberg, Melnick & Buchanan, 1957). 
They have also been shown to inhibit growth of Escherichia coli (Kaplan, Reilly & 
Stock, 1959; Maxwell & Nickel, 1957). These findings suggested that, if concentrations 
of the compounds were so low in the basal medium that no inhibition of growth

Table 5. Effect of azaserine and 6-diazo-y-oxo-L-norleucine on the growth and 
synthesis of glutamine synthetase in Escherichia coli strain w (atcc 9637)
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A m ount o f
Relative
specific

growth activity o f
C om pound (absorbance the enzyme
(m.ttg./ml.) reading) (% )

Azaserine 0 0-046 (too)*
5 0-040 U 3

10 0039 117
20 0-038 133
40 0-037 121
50 0-040 90

100 0-020 63
D O N  0 0-043 (too)*

0-5 0-048 107
1 0-052 126
2-5 0-060 102
5 0-054 44

10 0-030 26

* This percentage corresponds to  a  specific activity o f 16-8 units/m g. protein.

resulted, the antagonism to glutamine might then induce the bacteria to syn­
thesize more glutamine, and hence more glutamine synthetase. Table 5 shows the 
results of these experiments. Azaserine did not appear to inhibit growth at concen­
trations as high as 50 m//.g. DON/ml., being more toxic to the organism, began to 
inhibit growth at concentrations above 5 m/ig./ml. ; below this concentration growth 
appeared to be somewhat stimulated by DON. Indeed, as expected, within the con­
centrations of these compounds which did not inhibit growth, the synthesis of gluta­
mine synthetase was increased. Under the most favourable conditions, the increase 
amounted to 30% above the control value, a significant though slight increase. 
Addition of azaserine or DON to the reaction mixture to a final concentration of 
T3/tg./ml. did not inhibit glutamine synthetase activity.

DISCUSSION

Repression of glutamine synthetase by L-glutamine has been observed in mammalian 
cells in culture (DeMars, 1958; Paul & Fottrell, 1963), in germinating wheat grains 
(Rijven, 1961), and in bacteria (Ravel, Humphreys & Shive, 1965). In addition to



C. W U  A N D  L. H. Y U A N

L-glutamine, we have found that other amino acids also are capable of decreasing the 
synthesis of this enzyme. The ability of D-glutamine to repress the enzyme formation in 
Escherichia coli seems to result from its appreciable biological activity as a substrate 
of the enzyme in the y-glutamyl transfer reaction. Levintow & Meister (1953) reported 
that D-glutamine exhibited only about I % of the activity of L-glutamine for the 
enzyme from peas. Hence, D-glutamine, as a substrate in the transfer reaction, is more 
active for the bacterial enzyme than for the pea enzyme. In contrast, D-glutamate, as 
a substrate in the synthesis reaction, showed much less activity for the Escherichia coli 
enzyme (Woolfolk et al. 1966) than for the pea enzyme (Levintow & Meister, 1953). 
Apparently, the bacterial enzyme shows low specificity for the L-isomer in the transfer 
reaction, but high specificity for the L-isomer in the synthesis reaction. The relative 
stereospecificity displayed by the two reactions of the same enzyme deserves further 
consideration.

Both ammonia and glutamate are substrates of glutamine synthetase. Hence, 
induction of the enzyme by glutamate can be readily understood. But contrary to 
expectation, ammonia represses the enzyme synthesis. Perhaps, in Escherichia coli, the 
synthesis of glutamine serves to a large extent as a storage for nitrogen. When the 
nitrogen supply is limited, the bacteria respond by converting as much inorganic 
nitrogen into glutamine as possible. Consequently, the bacteria synthesize more 
glutamine synthetase. However, when the nitrogen supply is plentiful, there is little 
need for storage, and the enzyme synthesis is kept at a minimum. Furthermore, 
we observed an inverse relationship between bacterial growth and the synthesis of 
glutamine synthetase when ammonia was the sole source of nitrogen and when 
amino acids other than glutamic acid supplemented ammonium sulphate as 
the major source of nitrogen. This inverse relationship suggests that the state of 
nitrogen metabolism of the growing bacteria can affect the synthesis of glutamine 
synthetase.

The demonstration that azaserine and DON increased the synthesis of glutamine 
synthetase leads us to speculate that both compounds exert their effect by virtue of 
their competitive inhibition with glutamine. These antibiotics are competitive inhibitors 
of glutamine in the synthesis of formylglycinamidine ribonucleotide (Levenberg et al.
1957). Thus, high concentrations of glutamine can abolish the inhibition. Possibly the 
bacteria respond to the presence of the inhibitors by synthesizing more glutamine, and 
hence more glutamine synthetase. In so doing, the bacteria appear to have succeeded 
in combating the inhibition, and thereby sustaining growth. Maxwell & Nickel (1957) 
reported that glutamine, among other amino acids, could relieve the inhibition by 
azaserine and DON of the growth of Escherichia coli.

On the basis of indirect evidence obtained in the study of a partially purified prep­
aration of glutamine synthetase from rat liver with ligands and cations, Wu (19646) 
deduced that the enzyme might contain a metal ion that inhibited its activity, and that 
the increase in activity following the addition of certain organic ligands might result 
from removal of the inhibitory ion originally bound to the enzyme. The recent demon­
stration by Woolfolk et al. (1966) that the crystalline bacterial glutamine synthetase 
contains Mn2+ seems to have substantiated this deduction. Since the results from this 
and previous (Wu, 19646) studies have shown that, under the conditions which are 
optimal for glutamine synthesis, Mn2+ cannot replace Mg2+, the rat liver enzyme and 
the Escherichia coli enzyme may be alike with respect to their metal-binding.
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SU M M A RY

Phytophthora palmivora is more exacting in its nutrition for extracellular 
enzyme production than for growth. All of thirteen defined media tested sup­
ported fairly good growth. The major enzymes detected were: endopolygalac- 
turonase (endo-PG), maceration factor (MF), a-L-arabinofuranosidase (AF) 
and phenolase. These enzymes were not detected in four of the five natural 
media tested. In egg-plant extract, traces of endo-PG, MF and pectin- 
methyl esterase were detected and higher activities of AF and phenolase pro­
duced. Inability to detect the enzymes in cultures in other plant extracts was 
possibly due to their inactivation by the oxidized phenols formed. The inability 
to detect other enzymes in cultures in defined media, especially those enzymes 
already implicated in plant diseases, may also be due to the fact that the 
media tested in the present work were not suitable for their induction. The 
most suitable basal medium for growth as well as good production of the 
major enzymes consisted of (%): 1, pectin; 2-5, glucose; 1, asparagine; 
0-025, MgS04.7H20 ; 0-5, Difco yeast-extract; traces of thiamine.

IN T R O D U C T IO N

The fungus Phytophthora palmivora (Butl.) Butl. is one of the most common patho­
gens of a considerable number of tropical and subtropical plants in more than fifty 
genera (Hickman, 1958). It causes wilt of the seedlings, different types of rot of the 
fruits and other effects. It is best known as a pathogen of cacao {Theobroma cacao L.) 
in which it causes pod rot, commonly called blackpod disease (Thorold, 1967). The 
first symptom of infection of cocoa pods is a small brown spot with an irregular some­
what water-soaked fringe, but quite firm in texture. The spot gradually increases in 
size within 3-4 days until the pod turns black and finally dries out. Since the symptom 
expression is quite different from that of a softer rot, such as that caused by Sclerotinia 
fructigena and Botrytis cinerea (Cole, 1956), elucidation of the role of the fungal 
enzymes in the physiology of the disease might be a useful contribution to the study of 
the parasitism of P. palmivora.

The processes of infection by Phytophthora palmivora have been shown on cacao 
(Orellana, 1953; Spence, 1961), on Piper nigrum L. (Holliday & Mowat, 1963), and its 
pathogenicity recorded on tomatoes (Weststeijn, 1964), on rubber (Peries, 1964) and 
on a wide range of hosts (Turner, i960). The physiology of the fungus has also been 
extensively studied (Weststeijn, 1964; Peries, 1964; Cameron & Milbrath, 1965; 
Roncadori, 1965). However, little is known about the physiological aspects of the 
disease and the role played by extracellular enzymes of the fungus. There is now evi­
dence that cell-wall degrading enzymes play an important role when lesions are formed
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in plants by bacteria and fungi (Wood, 1959, i960; Brown, 1955, 1965; Bateman & 
Millar, 1966) and it seems, therefore, reasonable to assume that such enzymes may be 
active in the formation of rot incited by P. palmivora. Spence (1961) suggested that 
pectic enzymes might be important in the host/parasite relations, although none of 
these enzymes were detected in the infected tissue and in the culture media tested. The 
present study was undertaken to examine the extracellular enzyme production by 
P. palmivora in a range of culture media.

M ETH O D S

Chemicals. Brown Ribbon pectin (an apple pectin) was obtained from Union 
Crystalex Gelatin, England, and sodium polypectate (sodium ammonium pectate 
containing 4-2% sodium), and polygalacturonic acid from the Sunkist Growers Inc., 
California. Other chemicals used were sodium carboxylmethylcellulose (Cellofas B;
I.C.I. Ltd.), o-nitrophenyl-/?-D-galactopyranoside (L. Light, Ltd.), p-nitrophenyl- 
a-L-arabinofuranoside (supplied by A. H. Fielding, Long Ashton Research Station), 
charcoal gelatin disks (Oxoid), xylan (Nutritional Biochemicals Corporation, Cleveland, 
Ohio) and peanut meal (prepared as described by Tuttobello & Mill, 1961).

Organisms. The isolates of Phytophthora numbered 63552, 63554, 79226, 79239 and 
80298 were supplied by the Commonv/ealth Mycological Institute, Kew; isolates 
s-o and n p  15 were from the culture collection of the Cocoa Research Institute of 
Nigeria, and the isolate ‘ c o m u m ’ was supplied by G. Medeiros of the Cocoa Research 
Station, Bahia, Brazil. The isolates were all ‘cocoa’ types; all except ‘ c o m u m ’ were 
West African isolates.

Cultural methods. The cultures were maintained on oatmeal agar and stored at room 
temperature (210). The organism was sub-cultured on potato glucose agar (PGA) 
during the work reported here. To obtain inocula for growth experiments subcultures 
on the PGA plates incubated at 250 for 7-10 days were used. Standard inoculum disks 
(one for every 5 ml. medium) were then cut with a no. 1 cork-borer from the advancing 
edge of the colony. Static cultures gave a more consistent result than shaken liquid 
cultures and were therefore preferred to the latter. The cultures were incubated for
7-10 days at 250.

Culture media. These were tested for suitability to give good growth as well as for 
adequate enzyme production. Those previously tested by Spence (1961) were not used.

Defined media. The following were tested:
(i) Per 100 ml.: glucose, i-o g.; KH2P0 4, o-i g.; MgS04-7H20, 0-05 g.; Ca(N0 3)2, 

1 -o g.; Fe(NH4S0 4)2.6H20 , 0-02 mg.; ZnS0 4.6HaO, 0-02 mg.; MnS0 4.4H20, o-oi mg. 
(Roncadori, (1965), for the growth of Phytophthora species).

(ii) Per 100 ml.: sucrose, 1-5 g.; pectin, 1-5 g.; KH2P0 4, Oi g. MgS04-7H20, 
0-05 g.; FeS04-7H20, o-ooi g. KC1, 0-05 g.; NaN0 3, 0-3 g. (modified Czapek 
medium).

(iii) Per 100 ml.: glucose, 0-2 g.; pectin, 2-5 g.; NH4N0 3, 2-0 g.; MgS04.7H20, 
0-02 g.; KH2P0 4, i -o g. (Pandey & Gupta, (1966) for production of pectic enzymes by 
Alternaría tenuis).

(iv) Per 100 ml.: Glucose, 0-5 g.; pectin, i-o g.; asparagine, 0-4 g.; MgS04-7H20, 
0-05 g.; KH2P0 4, o-i g. (Pandey & Gupta, 1966).

(v) As in (iv) with 0-3 g. NaNQ3 replacing asparagine.
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(vi) As in (iv) with 1-5 g. glucose instead of 0-5 g.
(vii) As in (vi) with 0-3 g. NaN0 3 for asparagine.
(viii) Per 100 ml.:pectin, 1-6g.;NH4tartrate, i-5g.; KH2P0 4,o i g.; MgS0 4. jH 20 , 

0-05 g. (Cole (1956) for Sclerotinia fructigena).
(ix) Per 100 ml.: peanut meal extract, 2-0 g.; KN0 3, ro g .; KH2P0 4, 0-5 g.; 

MgS04-7H20, 0-25 g. Difco yeast-extract, o-i g. (Fuchs, Jobsen & Wouts (1965) for 
production of arabanases by pathogenic fungi).

(x) As in (ix) with 2-0 g. glucose replacing peanut meal extract.
(xi) Per 100ml.: pectin, to g .;  asparagine, o-1 g.; KH2P0 4, 0-05 g.; MgS0 4.7H20, 

0-025 g.; Difco yeast-extract, 0-5 g.; thiamine, o-oooi g. (Clarke (1966) for production 
of enzyme by Phytophthora infestans).

(xii) As in (xi) with 2-5 g. glucose replacing pectin.
(xiii) As in (xi) with 2-5 g. glucose supplementing pectin.
Natural media. The following plant extracts were tested: tomatc, potato, cocoa pod, 

eggplant; 200 g. of each tissue were macerated in 1 1. water for 5 min. in a Waring 
Blendor, and then strained through muslin. The cocoa-pulp extract was prepared by 
washing the beans from ripe pods in 1 1. water and then straining through muslin. The 
potato extract was used with or without glucose supplement. Portions of 25 ml. of 
each medium were dispensed in 6 oz. medicine bottles, and autoclaved at 1210 for 
15 min. after the pH had been recorded by glass electrode pH meter (Electronic 
Instruments Ltd., Richmond, Surrey).

Yield o f organisms. Mycelium was harvested on a weighed Whatman no. 41 filter 
paper, washed with a small quantity of warm distilled water, heated overnight in an 
oven at about 90°, cooled in a desiccator and weighed. No further loss in weight was 
obtained by longer periods of drying.

Enzyme preparations. Crude culture filtrate obtained after harvesting mycelium was 
used as such for enzyme assays or was dialysed overnight against distilled water at 40. 
The enzyme solution was stored at 4° until used.

Enzyme assays
Boiled culture filtrate was used as a control in all assays.
Endo-polygalacturonase (endo-PG) was examined by the agar cup-plate diffusion 

technique as described by Dingle, Reid & Solomons (1953). Pectinol-ioM standard 
solution (o-oi %) was made the reference unit of 100.

Exo-polygalacturonase (exo-PG) activity was assessed by a colorimetric method des­
cribed by Hancock & Millar (1965), by measuring the rate of increase of galacturonic 
acid concentrations in enzyme substrate reaction mixtures, with dinitrosalicylic acid 
reagent at 575 m/t extinction.

Pectin methyl esterase (PME) activity was determined by the titration method des­
cribed by Smith (1958). The enzyme reaction resulted in increased acidity of the 
reaction mixture which was titrated back to the original pH value by standard alkali.

Polygalacturonate trans-eliminase (PTE) activity was determined by spectro­
photometry as described by Hancock & Millar (1965). The reaction mixtures con­
tained 1 ml. culture filtrate, 4 ml. polygalacturonic acid or sodium polypectate solution 
(0-25%) in o-i M-tris-HCl buffer (pH 8-5), 1 ml. CaCl2 solution at final concentration 
io~3 m. The liberation of unsaturated bonds during depolymerization of the pectate 
or polygalacturonic acid was followed at 230 m¡1 with a spectrophotometer.

Enzymes from Phytophthora
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The maceration (MF) activity of the culture filtrate was assessed by a method similar 
to that of Brown (1915) and used by Cole (1956) and Byrde (1957). Cylinders of fully 
turgid potato-tuber tissue were cut with a no. 6 cork-borer, and disks 0-35 mm. thick 
cut from these after injection with water under an air pump. Activity was estimated by 
placing four discs in the test solution and testing at intervals to determine the times at 
which coherence was lost when the discs were subjected to a gentle pull with two 
dissecting needles. The maceration activity of the preparation was defined as 100/t 
where t was the time (min.) for the discs to lose coherence.

a-L-arabinofuranosidase (AF) activity was determined by the colorimetric estimation 
of p-nitrophenol liberated from p-nitrophenyl-a-L-arabinofuranoside (Fielding & 
Hough, 1965). The reaction mixture was made up of 0-25 to 1 ml. culture filtrate, 5 ml. 
acetate (o-i m) buffer (pH 4-7), 0-5 ml. substrate solution (0-5 mg./ml.). After 1 hr at 
250, 1 ml. saturated Na2C0 3 solution was added to stop the reaction and to develop the 
yellow colour. The Spekker readings were taken using a violet filter (Kodak no. 601, 
wavelength 4300 A). The activity was expressed in units/ml./hr as absorption readings 
after applying corrections for absorption of enzyme and substrate blanks respectively.

(j-Galactosidase activity was also estimated by a colorimetric method similar to that 
described for AF, the substrate being o-1 % o-nitrophenyl-/?-D-galactopyranoside. A 
colorimetric method was used to assess polyphenolase activity, a modification of that 
described by Ponting & Joslyn (1948). The reaction mixture contained 1 ml. culture 
filtrate, 4 ml. 1 % pyrocatechol in Mcllvaine’s buffer (pH 7-0), 2 ml. distilled water. 
The reaction was stopped by adding a few drops of n-HCI. The brown colour intensity 
of the oxidized substrate was determined at 470 m/< by Spekker absorptiometer.

Cellulase (Cx) was determined by a viscometric method: 1-2% solution of sodium 
carboxymethyl cellulose in citric acid NaOH (Sorensen’s citrate II) buffer (0-05 m) was 
used as the substrate.

Other assays for a-amylase, protease, lecithinase and xylanase were by the agar 
cup-plate method as described for endo-PG activity, with soluble starch, gelatin, 
lecithin and xylan as substrates, respectively, in 0-2 M-acetate buffer (Dingle et al. 1953). 
The detection of protease activity was also attempted with charcoal gelatin disks as 
first described by Kohn (1953).

The cup-plate and PME assays were incubated at 250 for 18-24 h.

RESULTS

Enzyme production from growth in natural media 
Culture filtrates of Phytophthorapalmivora isolate 63552 were tested for the activities 

of thirteen extracellular enzymes, most of which have been implicated in plant diseases. 
All the natural media were unsuitable for the production of the enzymes except 
a-L-arabinofuranosidase (AF) and phenolase. The addition of glucose to potato 
extract medium resulted in inhibition of production of all these enzymes. Similar 
inhibition of enzyme production in other fungi has been reported (Horton & Keen, 
1966; Husain & Kelman, 1959).

A similar experiment was made to assess the suitability of these natural media for 
growth and enzyme production (PG, PME, AF and MF) of five isolates (nos. 63552, 
63554, 79239= S-O and NP 15). Within the Emits encountered, the pH values of the 
extracts did not appear to affect the growth of the isolates. Egg-plant fruit extract



supported the best over-all growth (ranging from 50 to 77 mg.) and was also the best 
medium for AF production by all five isolates (0-53 to 0-67 units/ml./hr.) The isolate 
with the least growth produced the highest AF, and production of maceration factor 
MF) was not related to AF production, as suggested by Byrde & Fielding (1965). In 

other extracts, traces of PME were generally detected, but PG was found only with 
isolate 63554 on cocoa pulp. Polygalacturonate trans-eliminase was one of the many 
enzymes not detected in these media.

Phenolase was detected in all the media except potato extract+ glucose. The action 
of this enzyme accounted for the browning observed in most of the media and pre­
sumably the inhibition of the pectic enzymes.

All the media supported growth to a greater or less extent, potato extract gave the 
poorest growth of all isolates tested. When glucose was added to potato extract, how­
ever, growth was appreciably increased, but the only traces of enzyme detected were 
with isolates 79239 and s-o. In general, lack of enzyme production did not seem to 
restrict growth. The above results confirmed that different nutritional factors influenced 
growth and enzyme production by Phytophthora palmivora, and that the medium for 
best growth was not the most suitable for enzyme production.

Enzyme production in defined media
The culture filtrates of isolate 63552 in defined media were examined for thirteen 

extracellular enzymes. All the media tested supported adequate growth. The following 
enzymes were not detected in the culture filtrates: PME, PMG, PGTE, /?-galacto- 
sidase, a-amylase, protease and lecithinase. The major enzymes detected were endo-PG, 
AF, MF and phenolase. Endo-PG was detected with all media: AF was detected in 
media iv, ix, xi and xiii, with traces in the remainder; MF was detected in media (iv) 
and (ix)—(xiii), with traces in (i), (ii), (iii) and (viii); phenolase was detected in media 
(ix)-(xiii), and Cx in medium (ix), with traces in (x)-(xiii). Traces of exo-PG were 
detected in media (ii) and (iii).
Suitability o f defined media for production of the major enzymes by Phytophthora 

palmivora isolate 63554.
All the defined media tested supported fairly good growth of isolate 63554 (Table 1). 

The best medium for growth was again not necessarily the best for enzyme induction; 
media (xiii), (xi), (ix) and (xii) were the best (in that order) for growth; while the highest 
PG production was in media (ii), (vi), (vii), (ix) and (xiii).

The activities of the enzymes detected were not related to the growth yield of isolate 
63552, nor to the pH value of the media used.

DISCUSSION

From the previous work (Spence, 1961; Roncadori, 1965), it seems likely that 
Phytophthora palmivora is more exacting in its nutrition for enzyme production than for 
growth. The present study thus indicates that the media tested by Spence (1961) were 
unsuitable for enzyme production, although these might have supported good growth. 
Not all the defined media tested in the present work gave production of the enzymes 
examined, although they all supported fairly good growth (Table 1).

Although many fungal extracellular enzymes have been connected directly or in­
directly with pathogenesis of plant diseases, only three major enzymes of the thirteen 
assayed could be detected; these were detected in culture filtrates of all isolates tested.
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Phenolase was also detected in the culture filtrates and may be important in plant 
infection and symptom expression (Deverall & Wood, 1961; Oku, 1966). The three 
major enzymes were not detected in cultures grown on the natural media used, except 
traces of AF activity with isolate 63552 in potato and cocoa-shell extracts, and with 
isolates 63554 and 79239 in cocoa-shell extract. The absence of enzyme activity, 
except phenolase, in the natural media culture filtrate was probably due to inhibition 
by oxidized phenolics (Williams, 1963); most of the natural media turned brown. This 
may be the main factor for the absence of pectic enzymes in diseased tissues.

7 2

Table 1. Comparative suitability of different synthetic media for growth and enzyme 
production of Phytophthora palmivora isolate 63554

(Averages of three determinations)
pH Enzyme production*

,----------*----------, Dry wt. r----------------*----------------1
Media Initial Final (mg.) PG AF MF
(i) 4-30 4-10 41 21-9 0-009 0
(ii) 5-50 4-40 19 692 0-004 0
(iii) 5-10 4'75 20 219 0 0
(iv) 5-35 6-85 15 25-1 0-031 1-5
(v) 5'55 4-50 20 39-8 0 —
(vi) 5-35 6-80 29 39'8 0 —

(vii) 5'55 450 18 25-1 0 —
(viii) 580 5-50 38 0 0 0
(ix) 5-50 5'50 89 50-1 0-002 i -9
(X) 4-85 4-70 66 145 0 i -4
(Xi) 4-75 4'55 106 31-6 0-104 1*3
(xii) 595 480 82 I5'9 0 i-6
(xiii) 4-80 490 130 39-8 0-184 1*2

* For units see Methods section.

Products of PG activity in some host-parasite relations activate the phenolase 
which in turn oxidize the host phenolic compounds; the latter inhibit the PG activity 
and the overall process results in lesion formation (Deverall & Wood, 1961; Oku,
1966). Phenolase has been detected both in the culture filtrate of Phytophthora 
palmivora and in diseased tissues; a much lower activity was detectable in healthy 
plant extracts.

The detection of traces of pectin methyl-esterase in culture filtrates from natural 
media, particularly in eggplant extract, may be significant in the pathogenicity of the 
species. Clarke (1966) has suggested that this enzyme may be important in the host- 
parasite relationship of Phytophthora infestans, and Smith (1958) found indications 
that its production by various Xanthomonas species was correlated with their patho­
genicity.

In conclusion, the best basal medium for the production of the major enzymes 
detected consisted of 1 % pectin, 2-5 % glucose, 1 % asparagine, 0-05 % KH2P0 4, 
0-025 % MgS0 4.7H20 , 0-5 % Difco yeast extract and traces of thiamine.

The work in this paper was done under the kind supervision of Dr R. J. W. Byrde, 
and the author is grateful for his interest and the helpful criticism during the prepara­
tion of this manuscript. Thanks are also due to Professor H. G. H. Kearns for
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Celia Slowley for assistance, and the Cocoa Research Institute of Nigeria for financial 
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SUMMARY

Strains of Phytophthora cactorum resistant to streptomycin were obtained 
by incubating zoospores in liquid medium containing the dr ag. One of the 
strains required streptomycin for growth. In this dependent strain and one 
of the resistant strains, the dependence or resistance was transmitted to both 
asexual and selfed sexual progeny without any segregation for sensitivity. 
Change from dependence to resistance occurred with low frequency. Some of 
the resistant and the dependent strains showed much greater morphological 
variation than the wild type. Continuing segregation for morphological 
characters was observed during vegetative growth and in the asexual progeny 
of single zoospores, and the ability to segregate was not lost following sexual 
reproduction (selling). Cultures were more variable after storage at 30. There 
was evidence suggesting a particulate nature for the determinants of these 
morphological differences, normal zoospores having one such determinant.

INTRODUCTION

Virtually nothing is known of the genetics of any of the oomycetes, among them the 
genus Phytophthora, which includes many important plant pathogens. The most 
obvious reason for the neglect of these fungi by geneticists is the difficulty in germinat­
ing oospores and so of obtaining sexual progeny. Hence not only do we not know the 
basis of the interesting examples of variation in morphology and pathogenicity and 
of the complex mating behaviour which have been described in various phytophthoras; 
we do not even know for certain at what point in the life history meiosis occurs, and 
whether the somatic hyphae are haploid or diploid. Recent cytological evidence from 
species of the genera Pythium, Phytophthora and Achlya (Sansome, 1961, 1963, 1965) 
would seem to indicate that meiotic divisions take place in the gametangia just before 
fertilization. If this were so the life-cycle in these species and possibly in all oomycetes 
would be based on the diplontic pattern. As interpretation of division figures in these 
fungi is extremely difficult, genetical proof of this hypothesis is necessary. Mullins & 
Raper (1965) obtained data on the inheritance of maleness and femaleness in Achlya 
and Dictyuchus, which they interpreted as indicating that the somatic hyphae are 
diploid. However, these characters are complex, and a study by using simple gene 
markers is desirable.

Attempts to obtain ‘biochemical’ mutants of Phytophthora (e.g. Buddenhagen, 
1958; Clarke & Robertson, 1966) have not been successful. This might be due to 
technical matters; but alternatively, if these fungi are diploid, as Sansome suggested, 
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the lack of success would be understandable, as such mutants in Aspergillus and yeast 
are always recessive, and so would not be expected to reveal themselves until after re­
combination. On the other hand, mutations to drug resistance have often been found 
to be dominant or semidominant (Roper & Käfer, 1957; Warr & Roper, 1965; 
Middlekauf et al. 1957) and so could be selected directly in a diploid. We therefore 
set out to select drug-resistant mutants of Phytophthora cactorum (Leb. & Cohn) 
Schroet., and this paper reports a study of streptomycin resistance.

Unfortunately we have as yet no genetical information about the resistant strains 
obtained. We have succeeded in germinating oospores in large numbers (Shaw, 1967), 
but the fungus is homothallic, and in making a cross one would need to be able to 
distinguish hybrid sexual progeny from selfed progeny by their showing recombination 
between markers from the two strains; such markers are not yet available. However, if 
the strain were diploid and heterozygous for a dominant gene conferring resistance, its 
selfed progeny would segregate; if the strain were haploid, no segregation would be 
expected. If the resistance were due to a cytoplasmic condition, either no segregation or 
non-Mendelian segregation might occur. It is therefore of interest to compare the 
sexual progeny of the resistant strains, resulting from the germination of oospores, with 
their asexual progeny, resulting from zoospores.

ME T HOD S

The strain of Phytophthora cactorum used was imi 21168, obtained from the Com­
monwealth Mycological Institute, Kew. Incubation was at 24° in the dark.

Standard medium was made up from two separate solutions, which were kept un­
autoclaved in polythene bottles at —150. The first solution contained (g.): sucrose, 10; 
L-asparagine, i-o; MgS04.7H20, 0-25; KH2P0 4, 0-5; thiamin hydrochloride, 1 mg.; 
trace element solution, 1 ml.; water, 250 ml. (The trace element solution contained 
Na2B40 7. ioH20, 88 mg.; CuS04.5H20, 393 mg.; Fe2(S0 4)3.9H20, 910 mg.; MnCl2. 
4H20, 72mg.; Na2Mo04.2H20, 50mg.; ZnS04-7H20, 4403mg.; EDTA, 5g.; 
water, 1 1.). The second solution was made by boiling 75 g. frozen garden peas in 
250 ml. water and filtering off the solid matter. For use the two solutions were thawed, 
and 500 ml. water added and autoclaved at 120° for 15 min.

Standard medium agar (SMA): 8-o g. Oxoid Agar no. 3 was added to 1 1. standard 
medium.

Medium for producing oospores was SMA to which was added 1 % (w/v) of an oat 
extract made by refluxing ground oats in light petroleum for 1 hr, filtering, and eva­
porating the solvent from the filtrate.

Pea meal agar. Frozen garden peas, blended, 300 g.; agar, 8 g.; water, 1 1.
Soft non-nutrient agar. Agar, 8 g.; water, I 1.
Sucrose salt solution for suspending zoospores (g.): sucrose, 20; NaCl, 0-215; KC1, 

0-0075; Na2S20 3.5H20, 0-05; CaCl, 0-012; in 1 1. water.
Streptomycin (as Streptomycin Sulphate, Glaxo) was dissolved in sterile water and 

added to media after autoclaving.
Production of zoospores. Zoosporangial cultures were prepared from 8-day colonies 

grown on pea meal agar. Three strips of mycelial mat (7 x 0-5 cm.) were cut from the 
surface of a colony and transferred with a minimum of adhering agar to a 9 cm. Petri 
dish of soft non-nutrient agar. Zoosporangia were formed in these strip cultures within 
72 hr. They were induced to discharge zoospores by flooding with 5 ml. de-ionized
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water at 150 and incubation at 150. To prevent the zoospores bursting soon after dis­
charge, 2-5 ml. 4 % (w/v) sucrose at 15° was added 30 min. after the initial flooding with 
water and a further 2-5 ml. at 15 min. later, thus bringing the final sucrose concentra­
tion to 2 %. The cultures were then removed to room temperature (20-22°) and the 
zoospores harvested.

High viability (above 50%) of zoospores in suspensions of low concentration could 
only be maintained by adding physiological salts to suspensions in sucrose. Zoospore 
suspensions were diluted into the sucrose salt solution (see above), and viability was 
then assured for periods of 2-3 hr.

This method of producing zoospores was modified when zoospore progeny of a 
large number of isolates was required. The fungus was grown on discs of pea meal 
agar 4 mm. diam. and 8 mm. thick in a moist chamber for 72 hr, after which each disc 
was transferred to a 1 oz. bottle or culture tube containing about 10 ml. of soft non­
nutrient agar. After a further 72 hr of incubation, zoospore suspensions were obtained 
by flooding with 0-5 ml. v/ater at 15° and subsequently adding two lots of 4 % sucrose 
each of 0-25 ml. as before. By this method the amount of pre-sporulation growth was 
considerably reduced.

Germination of oospores was as described by Shaw (1967).
Measurement of growth. In many cases colonies on agar medium were too variable 

in density for their diameters to be a good measure of differences between them in 
growth. However, the light absorption of a whole colony was considered to be a 
suitable measure of growth. Ten colonies were grown in a 9 cm. Petri dish, to a size 
not exceeding 15 mm. diam. A Zeiss photomicrographic apparatus which included a 
photocell connected to a meter, was set up on a microscope stand with a high-intensity 
lamp. The condenser, objective and eyepiece of the microscope were removed. The 
light intensity was adjusted to give full-scale deflection on the meter on an uncolonized 
part of the dish, and the light absorbed by each colony in turn read off.

R E SU L T S

Effect o f streptomycin on wild type
Figure 1 shows the effect of streptomycin on growth of wild type. From each of 

50 colonies resulting from a plating of wild type zoospores on SMA, five inocula 
about 1 mm. cube were cut and transferred to SMA + streptomycin 0, 3, 7-5, 20 and 
100 //g./ml. Growth was measured photometrically and the histograms show the 
amounts of growth, grouped in arbitrary but equal intervals according to light 
absorption. Growth rate, measured by increase in colony diameter, was decreased to 
half the control value with streptomycin 7 /ig./ml.

Zoospores plated directly on SMA with streptomycin 20 or more /ig./ml. produced 
germ tubes up to 1 -5 mm. long with only a few lateral branches (Fig. 2); further growth 
was inhibited.

Selection of resistant strains
Each of four 2 1. flasks containing 500 ml. liquid standard medium + streptomycin 

100 ju g .¡m l. was inoculated with io5 zoospores and incubated without shaking or 
stirring for 10 days. Eight growths appeared (not all in the one flask) and were trans­
ferred to SMA + streptomycin 100/ig./ml. To test the stability of streptomycin tolerance 
in the absence of drug and in zoospore progenies, each isolate was treated as follows:
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(i) Plates of pea-meal agar were inoculated to provide mycelium for strip cultures.
(ii) Zoospores released from strip cultures were plated on SMA and on SMA + strepto­
mycin 100 /¿g./ml. (iii) Six spores germinated on SMA and six on SMA + streptomycin 
were transferred to SMA without streptomycin, (iv) Inocula from each of these twelve 
cultures were tested on SMA + streptomycin 0, 100, 250 and 500/¿g./ml.
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Fig. 1. Effect o f streptom ycin (concentrations o, 3, 7 5, 20, 100 //g./ml.) on growth of wild- 
type P h y to p h th o ra  ca c to ru m . H istogram s show variation in response o f 50 single zoospore 
isolates to  each concentration. Vertical axis represents light absorption  by colonies after 
growth from  sim ilar inocula for equal times, in grouped arb itrary  units.
Fig. 2. Extent o f  growth in  2 days from  wild-type zoospores o f P h y to p h th o ra  cac toru m  on 
m edium  containing streptom ycin 20 /'g./m l.

Two isolates did not sporulate well and were discarded at stage (ii).
The results with the remaining six isolates were as follows:
(a) With three isolates, all twelve zoospore cultures grew well on all concentrations 

of streptomycin and on drug-free medium. These strains were uniformly resistant.
(b) With one isolate, the twelve zoospore cultures showed differences in tolerance 

and this occurred independently of whether they had been germinated on medium 
with or without streptomycin.

(c) With one isolate, all twelve zoospore cultures were uniformly sensitive, like the 
wild type. Apparently tolerance to streptomycin was only temporary and was lost 
during growth on drug-free medium.

{d) One isolate was streptomycin-dependent, and did not grow on the pea meal agar 
[stage (i)] unless this was supplemented with streptomycin. The 12 single zoospore 
cultures of this isolate, six of which were rescued from streptomycin-free medium 
before growth ceased, were all uniformly dependent.

One of the resistant isolates and the dependent isolate were studied in detail; they 
were designated Sr and Sd, respectively.

Inheritance of resistance and dependence
In asexual progeny. The growth of 50 single zoospore cultures of Sr and Sd on 

various concentrations of streptomycin was examined. Zoospores of Sd had to be 
grown on medium containing streptomycin, since on SMA growth ceased soon after 
production of a short branched germ tube (and it was not resumed when suitable 
amounts of streptomycin were added). To prevent streptomycin being carried over to 
drug-free medium in the inocula of Sd, zoospores were grown into small colonies on 
SMA + streptomycin 100 /¿g./ml. and disc inocula from these were transferred to SMA 
where sufficient growth took place to provide drug-free inocula for testing on various



drug concentrations. Zoospores of Sr were germinated directly on SMA. Inocula 
from 50 single-zoospore isolates of each strain were grown on SMA-(-streptomycin o, 
10, 100 and 1000 /tg./ml. and the growth measured photometrically. Results are shown 
in Figs. 3 and 4.

In sexual progeny. The results obtained with the above 50 zoospores were designed 
to serve as a standard of variation to test whether there was any segregation for drug 
resistance in the sexual progenies of these strains. Oospores resulting from selling 
were germinated on plain agar and transferred to SMA and SMA-(-streptomycin
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Sr asexual

0  10 20  isolates
I_I_I

S d  asexual

Fig. 3 Fig. 4
Figs. 3, 4. Comparison of growth responses of asexual progenies of Phytophthora cactorum  
strains S r and S d  to streptomycin 0,10,100 and 1000 /tg./ml. Fig. 3. Variation in growth of 
50 single zoospore isolates of Sr. Fig. 4. Fifty single zoospore isolates of Sd. Vertical axis 
represents light absorption by colonies grown in any one experiment from similar inocula for 
equal times; light absorption values in grouped arbitrary umts.

Sr sexual

Fig. 5

S d  sexual

0 10 100 1000
0 10 20 Isolates
1 _I_I

Fig. 6
Figs. 5, 6. Comparison of growth responses of selfed sexual progenies of Phytophthora  
cactorum  strains S r and S d  to streptomycin o, 10, 100 and iooo/ig./ml. Fig. 5. One hundred 
single oospore isolates of Sr. Fig. 6. Fifty single oospore isolates of Sd. Vertical axis as in 
Figs. 3 and 4.

100 //g./'ml. Colonies from Sr oospores developed on both media, but growth from 
Sd oospores occurred only on SMA 4- streptomycin. Drug-free inccula were prepared 
from 50 germinated Sd oospores and 100 Sr oospores in the same way as for zoo­
spores and tested on the same four concentrations of streptomycin. The results of 
measurements of growth, made photometrically, are shown in Figs. 5 and 6.



D. S. SH A W  A N D  C. G. ELLIOTT

The curves showing the variation in growth at each concentration are essentially 
unimodal; there is no evidence of more than one kind of response to streptomycin in 
either of these progenies. The response is essentially the same as that of the zoospore 
progenies. (In a few cases the inoculum did not ‘take’ quickly but these developed 
later. This also occurred with wild type.) Thus no segregation occurred during sexual 
reproduction in either strain.

Reversion of streptomycin-dependence to resistance
When plates of SMA were inoculated centrally with a disc cut from a colony of 

Sd growing on SMA+ streptomycin xoo /ig./ml., initial growth compared favourably 
with that made by similar discs placed on medium with streptomycin ioo /ig./ml., but 
presumably with the exhaustion of the streptomycin in the inoculum, growth slowed 
down and eventually stopped. With an inoculum disc 4 mm. diam. the colonies attained 
a diameter of approximately 40 mm. However, some 20 days after the initial inoculation, 
sectors were observed to arise from the edge of such colonies. These non-dependent 
sectors appeared in one case in all of 6 plates.

It was further found that when zoospores from Sd cultures were added to flasks of 
liquid standard medium without streptomycin, non-dependent colonies appeared with 
a frequency of about 3 x io~5 per zoospore.

These reverted strains, which could grow in the absence of streptomycin, could still 
tolerate streptomycin at 1000 /tg./ml. The change was from dependence to resistance.

Morphological change in the resistance strains
Spontaneous change in colony morphology is well known in Phytophthora (Leonian, 

1925; Stamps, 1953). In the wild-type strain used here, sectors of different morphology 
were observed in occasional colonies, and in some platings of zoospores a few variants 
were noted, but this parent strain is comparatively stable. In striking contrast were 
the variety of morphological types and the frequency of their occurrence in some of 
the streptomycin-resistant isolates.

The morphological variation in the streptomycin-dependent strain, Sd, growing on 
SMA-(-streptomycin 100 /tg./ml., was particularly distinct, and was studied in detail. 
Three morphological types occurred in the first plating of zoospores and were dis­
tinguished as follows (PI. 1, fig. 1 a, 1 b): (i) plumulose, p, with the same morphology as 
wild type; (ii) knotted, k, which differed from p in its rate of increase in colony dia­
meter (on SMA + streptomycin it grew twice as fast as p), in its more diffuse growth 
(with long leading hyphae and short knotted laterals) and in its lack of aerial mycelium: 
growth as measured photometrically, however, did not differ from p; (iii) regular, r, 
with growth rate similar to p, but with a more even edge to the colony and with much 
more dense aerial mycelium.

On plating zoospores from each of these types, k  and r were found to be stable, but 
p gave 33-40 % k  segregants. Plumulose (p) colonies sometimes showed k  sectors. 
Later it was found that k  colonies which had risen from p gave a small proportion of 
p in their asexual progeny.

The nature of this variation between p and k  was investigated further by comparing 
the proportions of p and k  type colonies in asexual progeny of different single zoo­
spores. The amount of vegetative growth was kept to a minimum by using the small 
discs of medium to produce zoospores. O.ie disc was inoculated with mycelium from a
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single zoospore colony of p type, and from this culture zoospores were obtained and 
plated on SMA +streptomycin. After incubation for 6 hr, 60 germinated spores were 
picked off on to discs. In addition, 6 discs were inoculated with a mass of mycelium from 
the original disc. Zoospores were obtained from most of the disc cultures and plated 
out, and for comparison, platings were made of zoospores from the six mycelial 
cultures. The proportion of k  type was determined in each of these progenies, which 
numbered from 14 to 272, with an average of about 140.

The results are shown in the histogram (Fig. 7). There were three kinds of progenies 
from single zoospores: (i) predominantly p, but including up to 6 % k (25 progenies) 
(PI. i, fig. 2); (ii) predominantly k, but including up to 5 % p (22 progenies) (PI. 1, 
fig. 3); (iii) intermediate types (2 progenies) with 30 and 33 %k, which resembled the 
progeny of the mycelial mass cultures.

Table 1. Effect o f zoospore size on the proportion of k type segregants 
from Phytophthora cactorum morphological type p
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Zoospore No. of Percentage
diameter (¡i) colonies k  segregants

>  20 39 13
14-20 40 45
< 14 40 70

X2[2] = 26-5, P  very small.

Table 2. Effect o f storage at 3° on the incidence of k type morphologies in 
the asexual progeny of Phytophthora cactorum p cultures

Days at 30
l
0 4 8 16 

Percentage k  phenotypes*
32

(
50-6 55-4 59-2 699 617

Analysis of variance t
D .F.

Between times
Linear regression 1 
Remainder 3 

Replicates 10

Mean square

I22-35Í
Ó2”32
18-78

* Means of three replicates. Percentages based on counts of from 107 to 232 colonies, 
t  Percentages transformed to angles.
1 Significant at 5 % level.

These results were obtained with the streptomycin-dependent strain growing on 
SMA +streptomycin 100 /¿g./ml. When later reverted non-dependent resistant strains 
were obtained (see above), it was shown that the observed segregation was inherent in 
the fungus and did not require the continued presence of streptomycin in the medium.

The segregation ratio observed does however depend on the size of the zoospores. 
When, instead of pea meal agar, SMA with added cholesterol (30 /¿g./ml.) was used as 
the pre-sporulation medium, zoospores of various sizes were obtained, the larger ones 
being multiflagellate and multinucleate. Such a suspension was obtained from a p cul­
ture and plated on SMA+ streptomycin. After 6 hr single germinated zoospores were 
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isolated and classified in three groups according to size. The proportion of k  segregants 
in each class was determined after the zoospores had grown for 72 hr on SMA + 
streptomycin; the results are shown in Table 1.

Change from p to k was also found to occur during storage of cultures under liquid 
paraffin. The effect of storage in the cold was studied in the following experiment. 
Pea-meal agar discs were inoculated with a p strain and incubated for 72 hr. All except 
three discs were then transferred to 30; these three discs were transferred immediately 
to non-nutrient agar to produce three separate zoospore suspensions, which were 
plated, and after 72-hr. incubation the colonies were scored for morphological type. 
Three discs were removed from storage at intervals, zoospores produced, and the 
percentage of different morphological types in the resulting colonies scored. The results 
(Table 2) show a significant change in the incidence of k  types with time of storage.

Oospores from both p and k  cultures were germinated. As in the asexual progenies, 
a proportion of k segregants appeared in the sexual progeny of p, and a proportion ofp 
segregants appeared in the sexual progeny of k. The asexual progeny of two single 
oospore cultures of p phenotype both continued to segregate for k. The ability to 
segregate is not lost during sexual reproduction.

4  r  Mycelial inocula

Percentage k  colonies
Fig. 7

30 g»,

I '20 § ;^ o
10 .S'L,Cj >

Duration of treatment (sec.) 
Fig. 8

Fig. 7. Segregation for morphological types p  and k  in asexual progeny of Phytophthora  
cactorum. Upper histogram, distribution of frequency of k  types in progeny of mass mycelial 
cultures. Lower histograms, distribution of frequency of k  types in progeny of single zoo­
spore cultures. Progenies with o and 100% k  shown separately, those with other values 
grouped in arbitrary equal intervals after transformation of percentages to angles.
Fig. 8. Survival of zoospores of Phytophthora cactorum  S r after treatment with streptomycin 
(1000 /ig./ml.) [•---- •], and incidence of morphological variants among the survivors
[O---- O].

The induction of morphological change by streptomycin 
The question arises as to whether the morphological variants observed in some of the 

streptomycin-resistant strains were the result of mutagenic action by streptomycin. 
This was examined by treating zoospores with a high concentration of streptomycin. 
Since wild-type zoospores are inhibited by streptomycin 20/ig./ml., the resistant 
strain, Sr, was used. This has wild type morphology, is comparatively stable and the 
spores withstand streptomycin 1000/ig./ml.

A zoospore suspension containing streptomycin 1000 /ig./ml. was prepared by 
adding 1 ml. of the sucrose-salt solution containing 10 mg. streptomycin to 9 ml. of 
zoospore suspension (about 1-5 x io 4 zoospores/ml.); 1 ml. of sucrose-salt solution



was added to 9 ml. of control suspension. Samples were taken from the treated sus­
pension after 10, 30 and 85 min., suitably diluted and then plated. One plating of the 
control suspension was made. Streptomycin was added to the media in such quantities 
as to ensure that after plating the zoospores, all Petri dishes contained equal amounts 
of streptomycin (about 1 -5 ¡1 g./ml). The number of variant colonies in the survivors was 
scored after 72 hr, and is shown in Fig. 8. Some of the morphological variants pro­
duced by this treatment are shown in PI. 1, fig. 5, and the control plating in PI. 1, fig. 4.

On subculture of a number of these variants to SMA, all reverted to wild-type 
morphology, and the zoospore progeny of 19 variant colonies were also like wild type. 
Evidently the changes induced by streptomycin in this experiment were not heredi­
tary, or were lost by selection of wild type.

Wild type was grown on SMA+ streptomycin 5 ¡ig./ml. and Sr on SMA+500 ¡i%.\ 
ml. for 5 weeks (cultures being transferred weekly). Zoospores were then produced and 
plated on SMA. The numbers of variants observed in these zoospore progenies did not 
exceed those in control platings from cultures grown on SMA for corresponding 
periods.
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D IS C U S S IO N

Streptomycin resistance and dependence are well known in bacteria. The higher 
fungi, however, are insensitive to streptomycin; the resistant and dependent strains we 
have obtained in the streptomycin-sensitive fungus Phytophthora cactorum are there­
fore of interest. The reversion of dependence to resistance is also noteworthy. Un­
fortunately there is no indication as to the nature of the changes which took place 
when these strains arose. The resistance and dependence are stable through asexual 
and sexual reproduction; no segregation was observed in selfed progeny. Resistance 
might be the result of a change either in a gene (in which case the implication is that 
the fungus is haploid) or in a cytoplasmic entity. Both genic and cytoplasmic strepto­
mycin resistance are known in Chlamydomonas (Sager, 1954).

It was found that exposure to high concentrations of streptomycin for short periods 
induced phenotypic change, but in this experiment the change was only temporary. 
However, it cannot be ruled out that the hereditary morphology changes observed in 
many of the streptomycin-resistant strains were induced by the drug (cf. Sager & 
Tsubo, 1962; Sager, 1962).

The heritable variation in morphology we observed has the following characteristics: 
differences between strains in the degree of variability; continuing segregation during 
vegetative growth and in the asexual progeny of single zoospore cultures; increased 
variability with storage; continuance of the ability to segregate following sexual repro­
duction. Many of these features were also described by Leonian (1925) and Stamps
(i953)- In the Sd strain, zoospores ordinarily have the potentiality to develop into 
colonies which have one or other of the alternative morphologies, p and k, and which 
give nearly uniform progenies. This suggests thatp and k are determined by particulate 
factors of which each zoospore has one. Large zoospores, which give a high propor­
tion of both morphological types in their progeny, may have two or more of these 
factors. These factors are apparently mutable, but whether they are nuclear genes or 
unstable cytoplasmic entities cannot be determined in the absence of known nuclear 
gene markers.

6 -2
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EXPLANATION OF PLATE

Fig. 1 a, \b .  Plating of Phytophthora cactorum  strain S d  showing the three morphological types, 
p , k  and r.

Fig. 2. Class (i) progeny of a single zoospore of P. cactorum  Sd; mainly type p  but showing four 
colonies of type k.

Fig. 3. Class (ii) progeny of a single zoospore of P . cactorum  Sd; mainly type k  but showing one 
colony of type p  (arrow).
Fig. 4. Plating of untreated zoospores of P. cactorum  strain Sr.

Fig. 5. Plating of zoospores of P . cactorum  S r treated with streptomycin (1000 /ig./ml.) for 85 min.
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S U MM A RY

Changes in competence of Bacillus subtilis 168 try in relation to genera­
tion time and under other conditions were examined. When the generation 
time increased or decreased from that associated with maximum competence, 
competence decreased. In a culture in balanced growth, competence re­
mained at the same level for long periods. In supplemented medium, more 
bacteria became competent than in minimal medium.

Aeration stimulated the development of competence which reached a higher 
peak than in an unaerated culture. When the medium was inoculated with 
spores, competence also developed. The smaller the inoculum of spores, the 
later the appearance of competence.

Waves of competence were often seen along the main curve of competence, 
and were influenced by the compositions of the media and by the inoculum 
size.

During the growth cycle in a closed culture the bacterial cells became 
competent and then lost this property. Competence was thus a transient state.

The optical density of the bacterial suspension was a good guide to the 
development of competence, but varied with the strains used and with the 
cultural conditions.

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

Many bacterial species are able to take up deoxyribonucleic acid (DNA) when in a 
state of ‘competence’ and can then be transformed (Alexander & Redman, 1953; 
Klein & Klein, 1953; Balassa, 1954; Bracco, Krauss, Roe & MacLeod, 1957; Corey 
& Starr, 1957; Hotchkiss, 1957; Spizizen, 1958; Goodgal & Herriott, 1961; Catlin & 
Cunningham, 1964). The DNA derived from bacteriophage (Romig, 1962; Green, 
1964; Okubo, Strauss & Stodolsky, 1964; Reilly & Spizizen, 1965) or virus (Abel & 
Trautner, 1964; Bayreuther & Romig, 1964) can similarly be incorporated in com­
petent bacteria where it can replicate.

Competence is often short-lived and occurs only under special growth conditions. 
Many factors influence its appearance and therefore its nature has not yet been well 
defined. One of the important factors is the generation time and experiments have been 
carried out to investigate in detail changes of competence in relation to generation 
time. The connexion between competence and synchrony of cell division was also 
investigated.

M E T H O D S

Bacterial strains. In the transformation experiments the recipient strain was Bacillus 
subtilis 168 try~, and the donor strain B. subtilis m a r b u r g . Both were kindly provided 
by Dr B. S. Strauss.

Media. Bacterial strains were maintained on potato agar (Spizizen, 1958; Nester,
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1964). Bacillus subtilis 168 try- was precultivated on minimal glucose yeast agar 
slope (MGY agar). The development of competence was investigated in MGY liquid 
medium. T-medium was used for transformation, and MG-agar for the selection of 
transformants: both media are described by Horvath (1967).

Transforming DNA of Bacillus subtilis marburg was prepared by the phenol ex­
traction method of Saito & Miura (1963; Horvath, 1967).

Determination of competence and the transformation procedure were previously 
described in detail (Horvath, 1967).

Cultivation of the bacterial suspensions were carried out in a water bath at 370 on a 
reciprocal shaker at 100 rev./min. During growth, samples were taken and assayed 
for the number of competent bacteria by transformation to prototrophy under 
standard conditions. The number of transformants was calculated from two replicate 
measurements.

Fig. i. Correlation between generation time and competence during the cultivation in two 
flasks. The thin lines represent the values in the second flask. The dotted lines along the
curves of the generation time represent the rise phase of competence. • ------• ,  Competence;
H---------h generation time.

Balanced growth was obtained by diluting the bacterial suspension with MGY liquid 
medium every 10 min. The optical density (OD) then remained ‘almost constant’ for 
long periods during cultivation. After diluting the bacterial suspension sufficient 
culture was discarded to maintain the original volume of the culture.

Chain formation was determined by microscopy and counts analysed statistically 
by expressing the number of bacteria per chain in log2. The number of bacterial chains 
was expressed in per cent (Horvath, 1967).

The preceding paper (Horvath, 1967) showed that the generation time played an 
important role in the development of competence. In the following experiment Bacillus 
subtilis 168 try- was cultivated and the generation time of the bacterial suspension

6 +

2 3 4  5 6  7  8
Cultivation time (hr)

RESULTS

Correlation between generation time and competence



changed from time to time during incubation. 5-9 x io7 cells/ml. of OD about o-i were 
inoculated into 10 ml. MGY liquid medium in a 100 ml. Erlenmeyer flask fitted with 
side arm for OD measurements. During subsequent incubation and growth, samples 
were assayed for the number of competent bacteria by measuring the efficiency of 
transformation to prototrophy under standard conditions. The optimal competence 
was determined according to OD value. When the bacterial suspension showed 
optimal competence a small portion was put into a second Erlenmeyer flask and 
diluted with MGY liquid medium to o-i OD value. In the first flask the generation 
time increased, in the second it decreased during cultivation.
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Fig. 2. Changes of competence in the balanced growth cultures. • ------• ,  Generation
time. Shadowed area represents the competence.

Changes in competence in relation to the generation time are shown in Fig. 1.
In the first flask, competence followed the same course as in previous experiments 

(Horvath, 1967). In the second flask the curve of competence had a different shape 
because competence decreased for 1-5 hr, then increased for a short time, and finally 
decreased. It was easy to fix the peak of competence in the second flask by controlling 
the OD value of the bacterial suspension. At this time a small portion of the cell
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suspension from the second flask was diluted with MGY medium to an OD of o-i, and 
incubation continued. Competence was determined as before. The result was exactly 
the same as in the second flask.

These curves showed that competence depended on change in generation time. 
When the generation time increased or decreased from the optimal value, in both 
cases the competence decreased.

Changes o f competence during balanced growth 
Three bacterial suspensions were incubated in MGY liquid medium. In the first 

flask, the organisms multiplied in a closed culture. In the second flask balanced growth 
was maintained at a generation time of 50-55 min., and in the third the generation 
time was 25-30 min. During growth small portions of the cultures were taken and then

Fig. 3. Development of competence in MGY medium inoculated with spore suspension.
Chain formation expressed in per cent. • ------ • ,  Number of transformants; H----------b,
generation time; O------O, uncorrected viable counts; • ------ • ,  corrected viable counts.
S =  spores. N  =  not tested.

competence assayed. Figure 2 shows that competence increased or decreased as a 
function of the generation time. In balanced growth, competence remained at the 
same level during cultivation.

Relation between competence and cell division. It is an open question how the cell- 
division rate influences competence. To investigate this problem it is best to syn­
chronize the culture from the time when competence appears (when the shortest 
generation time begins to increase). This is not easy to do and therefore a spore sus­
pensions of Bacillus subtilis 168 try- was inoculated into MGY medium and incubated 
as usual. During growth, the competence, viable count, generation time and chain 
formation were determined (Fig. 3).



Figure 3 shows that competence developed when the generation time began to increase 
(after 2-5 hr), and its peak appeared after 3 hr 20 min.

Spores took a long time to germinate and so a synchronized culture could not be 
obtained. During growth the bacteria remained attached to each other after division 
and formed chains. After 2 hr 20 min., 5 % of the cells divided at least 3 times. During 
this period no competent bacilli were seen, but the generation time was then at a 
minimum. After 2-5 hr incubation cell division was asynchronous and we could not 
demonstrate a step like growth curve.

Viable counts were made on MGY agar. According to the unccrrected values, the 
bacteria began to multiply after 2-5 hr. When correction was made for chain formation, 
the corrected curve was obtained. According to this, the bacteria began to divide after 
1 hr 45 min. incubation.
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Fig. 4. Waves of competence in MGY media inoculated with different numbers of B . subtilis 
168 try* . The inoculum size: I, 2-95 x io8/ml.; II, 1-18 x io5/ml.; Ill, 7-45 x io3/ml.

Waves often appeared in the main curve of competence. In the following experiment 
three competence curves were determined at different occasions. MGY media were 
inoculated with different numbers of organisms and the number of transformants was 
determined from 5 replicate measurements (Fig. 4).

Figure 4 shows that the bigger the inoculum of bacteria, the bigger the waves of 
competence. When a small number of organisms was inoculated into the medium very 
small waves were seen. Three waves could be distinguished in curve I. The differences 
between the highest and lowest values of the waves were significant (P < 0-02).

The waves were bigger when the MGY media contained less yeast extract or when 
minima! media were used.

An extremely marked wave of competence was demonstrated in the following 
experiment: 3-6 x io6 bacilli/ml. were inoculated into MGY medium and grown 
only to 0-33 OD in order to keep the generation time short (1-9 x io8 bacteria/ml.). 
After centrifugation at 1600 g  for 5 min., the packed organisms were resuspended in 
5 ml. supernatant at 1 -95 OD, and incubation continued until the OD rose to 2-4. 
During growth samples were taken for transformation to prototrophy and chain 
disruption was controlled (Fig. 5). During growth the bacteria divided very slowly. 
The short chains split up to give individual bacteria.

When a large number of organisms is inoculated into the medium cell division is 
nearly synchronous thereafter, it may be supposed that the waves were caused by the 
last cell division, before the development of sporulation.
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Development and changes in competence under different conditions 
The effect of differing amounts of yeast extract in MGY liquid media was tested. 

An overnight culture was used as an inoculum to give at the beginning of the experi­
ment an OD value of o-i. The numbers of transformants at the peaks of competence 
are shown in Fig. 6.
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Fig. 5. Waves of competence in MGY medium inoculated with 1-15 x 109 organisms/ml.
of a well-grown B. subtilus 168 try- suspension. • ------ • ,  Number of transformants;
-1-------- 1- , generation time. N  =  not tested.

Fig. 6. Peaks of competence in MGY media containing different amounts of yeast extract.
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Earlier the peak of competence was obtained with the smaller quantity of yeast 
extract. In Fig. 6 it is clearly seen that the peaks of competence are higher when larger 
amounts of yeast extract are used.

Bacillus subtilis 168 try~ was inoculated into three flasks of MGY medium. The first 
was shaken during incubation, the second one shaken only for 3 hr, and the third 
one incubated without shaking. The results are shown in Fig. 7.
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Fig. 7 Fig. 8

Fig. 7. Development of competence in MGY medium in different amounts of oxygen.
O---- O, competence; • -----• ,  optical density; H------ 1-, generation time.
Fig. 8. Development of competence in MGY medium inoculated with spore suspension and
precultivated organisms. O---- O, optical density; • -----•, competence; H------ 1-,
generation time.

In Fig. 7, I. Competence developed when the bacterial cells were shaken. During 
incubation competence decreased and after 3 hr increased quickly again up to a high 
degree.

In Fig. 7, II, shaking was stopped after 3 hr. For this reason competence could not 
develop as in Fig. 7 ,1. After an interval of 2 hr, competence rose slowly to a low level.
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In Fig. 7, III, the low oxygen tension had a stimulatory effect on glycolysis (Pasteur 
reaction) serving to increase the efficiency of an anaerobic supply of energy. In this 
case competence decreased to a low level and increased again after 5 hr 30 min. The 
peak of competence was lower than in the first case.

When shaking the bacteria was stopped during the development of competence 
the competence began to decrease at once.

When the bacterial cells were shaken after 5 hr incubation, competence developed 
at once and its peak was the same as that found in the shaken culture.

Different quantities of spores (OD, o-i and 0-5) and 17 hr cultures (OD 0-5) of 
Bacillus subtilis 168 try- were cultivated in MGY medium in the usual way. During 
growth samples were taken for the transformation (Fig. 8).
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Fig. 9. Changes of competence in media containing different compositions.---- , Optical
density; ---- , competence; • • • ,  values in medium 1; + + +, values in medium 2;
| | | I, values in medium 3; OOO, values in MGY liquid medium.
Fig. 10. Changes of competence in balanced growth cultures at 370 and o°. •  —  • ,
Optical density; • ---- •, the number of transformants at 370; O---- O, the number of
transformants at o°.

With an initial count of 2-46 x io7 spores/ml. competence developed after 3 hr 
30 min., quickly rose, and then decreased gradually (Fig. 8 ,1).

In Fig. 8, II. the initial spore count was 1-23 x io8/ml. Competence rose after 2 hr 
30 min. but the peak was lower than in Fig. 8 ,1.

The inoculum of bacterial cells (2-95 x io8/ml.) was competent when they were 
taken from the agar slope, the peak of competence was high (Fig. 8. III).

The smaller the inoculum of spores, the later the time of the development of com­
petence.

In the next experiment, bacteria were transferred from an overnight agar slope into 
MGY liquid medium to give an initial count of io6/ml. After 5 hr incubation the cells 
became highly competent and were then sedimented at 1600 g for 5 min. The packed 
organisms were resuspended in three media of the following compositions: (1) M/15 
phosphate buffer (pH 7), 5 /¿g/ml. L-tryptophan, 0-5 % glucose, o-i % casein hydroly­
sate and 0-2% yeast extract: (2) the first without yeast extract; (3) the second with 
0-02 % casein hydrolysate.

The OD was adjusted to 0-2. The curves of competence determined by the usual 
procedure, using T-medium (Fig. 9).



The decrease of competence was lower in minimal medium than in the complete 
one.

In the following experiment bacteria were inoculated into 10 ml. MGY medium at 
an initial count of 5 x io6/ml. and incubated. When the bacteria showed maximal 
competence with a generation time of 55-60 min., balanced growth was initiated. A 
small portion of the organisms was taken after 5 hr 20 min. and put into an ice bath. 
The changes of competence were also followed in this bacterial suspension (Fig. 10).

When the organisms were kept at o° the competence decreased by i -i log. units 
after 1 hr.
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D IS C U S S IO N

Genetic transformation by free DNA is possible only when the bacterial cells 
become competent. But, despite many reports, this property of bacteria has not been 
well defined (Ravin, 1956; Jensen & Haas, 1963; Spizizen, Reilly & Evans, 1966). The 
development of competence is influenced by both endogenous and exogenous factors 
which affect one another during growth.

One of the problems in the transformation procedure is that Bacillus subtilis strains 
which can be easily transformed contain organisms differing in competence so that 
the frequency of transformation is variable (Young & Spizizen, 1961). In B. subtilis 
168 try~, competence develops in late logarithmic growth when the bacteria multiply 
at a certain rate and it seems that this state may be associated with certain processes 
leading to sporulation (Young & Spizizen, 1961; Spizizen, 1965; Young, 1967). 
Asporogenous mutants of B. subtilis which remained competent have been isolated 
(Schaeffer, 1964).

In 1963 a lytic factor was demonstrated in the wall in those strains of Bacillus 
subtilis which can be easily transformed (Young & Spizizen, 1963; Young, Tipper & 
Strominger, 1964). In B. subtilis strains (168 try~, 168 m , SB-25, etc.) we have also 
found that the good transformable strains had a high autolytic effect, while others 
which could hardly be transformed showed a very low lytic effect. We could not find 
any definitive proof that this factor (extract of the bacteria, or competent bacterial 
culture filtrate) facilitated the transformation.

Charpak & Dedonder (1965) demonstrated a substance in the supernatant of 
competent Bacillus subtilis 168 try~ culture, and in the cell extract, which permitted 
transformation in a non-competent B. subtilis strain.

Exogenous factors, such as, the composition of the media, the temperature, and the 
inoculum size are also very important in the development of competence.

Many investigators use minimal media for transformation experiments (Anagnosto- 
poulos & Spizizen, 1961; Young & Spizizen, 1961) but it was found here that if the 
bacteria are cultivated in MGY medium, the peak of competence is higher. There is 
no contradiction between these results. In a certain period of time competence is 
higher in a minimal medium and lower in a supplemented one; but the peak of com­
petence is higher in the supplemented media when cultivation is continued. Competence 
also develops in MGY liquid media inoculated with spores of Bacillus subtilis 168 try~ 
and in precultivated bacteria too. It also appears in bacteria cultivated on agar slope.

Other factors are also of importance. Aeration facilitates the development of com­
petence, and when the supply of oxygen is decreased competence stops developing. In a 
previous paper (Horvath, 1967) we showed how the inoculum size influenced the
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development of competence. The smaller the bacterial inoculum, the shorter the time 
required for the rise phase of competence

The OD value of a bacterial suspension is a valuable guide to competence although 
its optimal value depends upon the inoculum size (Horvath, 1967), the medium, the 
strains used in the experiment.

One of the important factors is the generation time which is determined by a lot of 
factors. The optimal generation time for competence varies according to the strains 
and the cultural conditions. Its average value is 45-60 min. which shows that most of 
the organisms are actively growing. In the pneumococcus transformation system, 
Tomasz (1965) also demonstrated that the competent cocci grew actively. Protein 
synthesis appears to be required for the maintenance of competence. Once organisms 
have an optimal level of competence, it is kept for some hours or decreases slowly. In 
this case the organisms might have a long generation time and it seems to be ‘ non­
growth’ competent bacteria.

Singh & Pitale (1967) could separate competent bacilli from actively dividing in­
competent ones by zonal centrifugation of a culture of Bacillus subtilis in a sucrose 
gradient. Their results showed that competent bacilli were lighter than the incompetent.

In a closed culture competence appears when the growth medium becomes exhausted 
of some nutrients, and then increases very much faster than the growth rate of the 
bacteria. During cultivation, competence begins to decrease.

Competent bacteria are relatively resistant to penicillin, actinomycin D, and puro- 
mycin. They appear to be non-dividing organisms (Nester & Stocker, 1963; Nester, 
1964; Singh & Pitale, 1967).

Hotchkiss (1954) obtained evidence in a pneumococcus transformation system that 
cell division played a role in the development of competence. With Bacillus subtilis 
no evidence was found that the division-synchrony of bacilli played such a role.

When the medium becomes exhausted the competence develops after the last cell 
division, and for that reason cell division plays a role in the development of com­
petence. Because cell division is partly synchronous, waves of competence can be 
seen.

I should like to express my gratitude to Director Dr B. Gyorffy for his valuable 
instruction and to I. Kallay for her expert technical assistance.
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SU M M A RY

The process whereby bacterial cultures are alternately grown and then 
irradiated (7-radiation) through several ‘cycles’ has been studied as a means 
of developing radioresistant cultures of Escherichia coli 1. The nature of the 
environment at the time of irradiation influenced the extent of development 
of radioresistance. Radioresistance development was higher when the 
bacteria were irradiated in an organic environment than in an inorganic 
environment. It is not thought that radioresistant mutants would be pro­
duced in high numbers by this type of process during a dose-fractionation 
procedure of food irradiation.

IN T R O D U C T IO N

The development of radiation-resistant strains of micro-organisms may play an 
important role in determining the effectiveness of the radiation-processing of foods. 
The work of Gunter & Kohn (1956) suggested that when a cell population consists of a 
mixture of comparatively sensitive and resistant cells, radiation can be expected to 
select the more resistant cells. Several authors have shown that radiation-resistance 
may be induced in microbial populations where radiation survivors are repeatedly 
grown and exposed to further doses of radiation. Erdman, Thatcher & MacQueen
(1961) reported that specific bacteria of public-health significance could be induced to 
develop radiation-resistance by the repeated y-irradiation of radiation survivors in 
cultures when using doses which destroyed a high proportion of the population. 
Erdman et al. (1961) developed radioresistance in Escherichia coli and Streptococcus 
faecalis cultures, but not in Clostridium botulinum type E or Salmonella gallinarum. 
Gaden & Henley (1953) obtained an increase in resistance of E. coli strains b  and 
b / r  by repeated y-irradiation of survivors (although the same workers obtained an 
increased radiation-sensitivity with E. coli strain 15). Increased radioresistance, which 
was a stable character, was developed in Saccharomyces cerevisiae by Maisin, Lambert 
& van Duyse (1955) by repeated exposure of survivors of X-irradiation. Luckiesh & 
Knowles (1948) with E. coli, showed an increase in resistance to ultraviolet (u.v.) 
radiation among u.v.-irradiation survivors. Both Erdman et al. (1961) and Maisin et al.
(1955) found that the development of radioresistance in cultures occurred in a step­
wise fashion; and Erdman et al. (1961) and Gaden & Henley (1953) showed that 
during the course of resistance-development a plateau was attained beyond which no 
further increase in resistance to a constant dose could be obtained.

* Present address: Microbiology Section, School of Biological Sciences, Bath University of 
Technology, Bath, Somerset.
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Erdman et al. (1961) showed that the radioresistance developed in cultures of 
Streptococcus faecalis and Escherichia coli was a ‘true’ radiation-resistance, and not a 
resistance to the possible toxic effects of reaction products from free radicals produced 
during the irradiation. Following the attainment of resistance-development plateaus, 
the S. faecalis and E. coli cultures were 1 -6 times and 1 -9 times more resistant than 
the respective parent cultures. Subsequently, Dr I. E. Erdman (1962; personal com­
munication) showed that it was possible to extend the degree of radioresistance in such 
cultures by increasing the radiation doses at each plateau level. The development of 
the ‘y ’ series of radioresistant E. coli strains by Erdman (cited by Idziak & Thatcher,
1964) was based on this procedure, the dose being increased at each ‘y ’ level (or 
plateau) during multiple cycles of growth and irradiation to produce several distinct 
radioresistant cultures showing a progression in increased radioresistance. The details 
of the experimental procedure published by Erdman et al. (1961) were limited and 
were not in total agreement with those given in the personal communication from 
Dr I. E. Erdman. The purpose of the experiments described in the present paper was 
to establish a reproducible procedure for carrying out a series of growth-irradiation 
cycles on cultures of E. coli; and also to investigate the effect of growth medium and 
irradiation environment on radioresistance development. The work was not concerned 
with obtaining a maximal resistant development, but rather to compare radioresistance 
development in three well-defined series of experiments using the same radiation dose 
and the same limited number of cycles in each series. No attempt was made to repro­
duce the extreme radioresistance found by Erdman.

Growth-irradiation cycle. A growth-irradiation cycle is defined as the process ini­
tiated by the inoculation of the medium, the subsequent growth of the culture, the 
irradiation, followed by the immediate inoculation of fresh medium with the irradiated 
bacteria. It may be represented thus :

Inoculation

Organisms. The test organism used for these studies was the strain of Escherichia 
coli 1 used by Erdman et al. (1961) and later by Dr I. E. Erdman (personal communica­
tion). This culture had been isolated from food, and was kindly supplied by Dr I. E. 
Erdman of the Food and Drug Directorate, Department of National Health and 
Welfare, Ottawa, Canada, in 1962. Stock cultures of the organism were maintained on 
TGY (Tryptone-glucose-yeast extract) agar slopes, stored at 4°, and subcultured 
monthly.

Growth media and culture method. Cultures were grown in 60 ml. medium in 500 ml. 
Erlenmeyer flasks incubated at 370, with aeration provided by shaking the flasks on 
reciprocating-shaker water baths (The Mickle Laboratory Engineering Co., Gomshall, 
Surrey) at 100 oscillations/min. Growth media used were: (a) nutrient broth (Difco



Bacto)+0-3 % (w/v) yeast extract (YE; Difco Bacto, dehydrated); (b) mineral salts 
medium, M 63, + 0-4 % (w/v) D-glucose (AnalaR). The composition of M 63 mineral 
salts medium (all chemicals'AnalaR grade) was: KH2P0 4, o-i m ; (NH4)2S0 4, 0-02 m ; 
MgS04-7H20, o-ooi m ; FeS04.7H20, o-ooooi M, in de-ionized water, adjusted to 
pH 7-0 with 6 n-KOH. The above media were solidified, when required, by the addi­
tion of 1-5 % (w/v) Ion Agar No. 2 (Oxoid).

Colony-counting medium, Tryptone-glucose-yeast extract agar (TGY). Bacto 
tryptone (Difco) 5-0 g.; dehydrated Bacto yeast extract (Difco) 3-0 g.; D-glucose 
1 -o g. ; de-ionized water to 1 1. ; pH 6-8.

Irradiation, and growth-irradiation cycle procedures. Gamma-radiation was provided 
by a 60Co source. A laboratory unit (the ‘Hotspot’ Mk IV, U.K.A.E.A. design no. 
0497) of nominal activity 1084 Ci. was supplied by the U.K.A.E.A.

Samples (30 ml.) of cultures grown to the stationary phase were irradiated in a 
specially constructed glass vessel. The vessel, 5 cm. diam. and 7-5 cm. high, was 
equipped with gassing inlet and outlet ports in the removable lid. Irradiations were 
performed at room temperature under aerobic conditions, oxygen (British Oxygen 
Co. Ltd.) being bubbled into the suspension before and during the irradiation at the 
rate of 0-4 l./min.

A dose of 15 krads was selected for use in the cycling procedure, and 1 ml. samples 
were removed aseptically from the irradiation vessel before and after the radiation 
dose was given. These samples were transferred to 60 ml. fresh medium, and the 
cultures (which became the control (c) and test (t) cultures) were incubated in the 
standard manner. The test culture had now undergone one growth-irradiation cycle. 
After incubation for 12 hr the irradiation process was repeated on the test culture and 
a 1 ml. sample removed to fresh medium ; the control culture was also sampled into 
fresh medium. The cycling process was repeated until 7 growth-irradiation cycles had 
been completed. Cultures were stored on plates of the appropriate solid medium, and 
test and control cultures at this stage were designated 17 and c 7, respectively.

It was found essential to adopt rigorous aseptic techniques throughout each series 
of cycles to avoid contamination of master cultures. All procedures, apart from 
irradiations, were done in a previously fumigated laboratory.

Estimation o f growth. Growth was measured as the increase in extinction at 600 m/t 
by using a Unicam S.P. 600 spectrophotometer and 1 cm. glass cells, reading against a 
sterile medium blank. For growth estimations during the cycling procedures, duplicate 
cultures were used to eliminate the chance of contaminating master cultures of the 
control and test by repeated sampling during the incubation.

Radiosensitivity estimates, by colony counts. Suspensions of organisms were ir­
radiated at a population density corresponding to an Emi of 1-5. Colony counts were 
made by the pour-plate method, with TGY agar as the recovery medium. Plates were 
incubated at 37° and colonies counted after 24 hr, and checked after further incubation. 
Counts were made in triplicate.

Radioresistance development in E. coli 99
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Growth-irradiation cycle procedures were designed in three series so that growth 
medium and irradiation environment could be varied.
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Series A
Growth medium: nutrient broth+0-3 % (w/v) yeast extract. Irradiation environ­

ment: bacteria irradiated in the growth medium.
Establishment o f the radiation dose to be used during the process. Figure 1 shows the 

results of the radiosensitivity estimate made on 30 ml. of a culture in the stationary 
phase of growth. Survival (%) is plotted on a log10 scale against the dose. The D10 
value (decimal reduction dose) for bacteria under these conditions was 4-8 krads,

0 2 4 6 8 10 12
Time (hr)

Fig. 1 Fig. 2
Fig. 1. Dose-survival relationship for Escherichia coli 1 (the parent strain). Bacteria were 
grown to the final stationary phase, with shaking at 370, in nutrient broth +0-3% (w/v) 
yeast extract, and irradiated in the growth medium. Survivors were estimated by the pour- 
plate method with TGY agar as recovery medium and incubated at 37° for 24 hr. Each point 
represents the mean value of counts in triplicate.
Fig. 2. Post-irradiation growth of the parent strain of Escherichia coli 1. Bacteria were grown 
to final stationary phase in nutrient broth+o-3 % (w/v) yeast extract, then irradiated in the 
medium. Samples (1 ml.) were removed from unirradiated (control) and irradiated (15 krads) 
suspensions and transferred to 60 ml. nutrient broth + o-3 % (w/v) yeast extract in 500 ml. 
Erlenmeyer flasks. Flasks were incubated, with shaking, at 370. Samples were removed 
aseptically at intervals for E m  determination against a medium blank. O, Control; • ,  
irradiated—15 krads.

and a dose of 15 krads inactivated slightly over 99-9% of the original population; 
this dose was selected as the radiation dose to be used during subsequent growth- 
irradiation cycle procedures. Erdman et al. (1961) irradiated cultures at doses giving 
over 99 % mortality in parent cultures.



Figure 2 shows the effect of 15 krads on the bacteria under the conditions of series A, 
assessed by post-irradiation growth. This was done to establish at what time the 
bacteria again approached the stationary phase of growth so that they could be re­
irradiated. After incubation for 12 hr bacteria surviving irradiation had passed through 
the exponential growth phase and approached the stationary phase. It was decided 
that cultures could be re-irradiated 12 hr after the initial irradiation and subculture. 
Throughout subsequent cycling procedures, irradiations were done after incubation 
for 12 hr.

Radioresistance development in E. coli i o i
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Fig. 3. Dose-survival relationships for control and test cultures of Escherichia coli 1 following 
7 complete growth-irradiation cycles (series A). Bacteria were grown to final stationary phase 
in nutrient broth+o-3% (w/v) yeast extract and irradiated in the growth medium. Sur­
vivors were estimated by the pour-plate method with TGY agar as recovery medium, in­
cubated at 370 for 24 hr. Each point represents the mean value of counts in triplicate. 
O, Control culture; •, test culture.
Fig. 4. Escherichia coli 1. Development of radioresistance during the growth-irradiation cycle 
process, as demonstrated by post-irradiation growth (series A). Samples (1 ml.) were re­
moved from the cultures immediately following the 1st, 3rd and 7th irradiations (15 krads), 
and also from the unirradiated controls. Samples were transferred to 60 ml. nutrient 
broth+ 0-3 % (w/v) yeast extract and flasks were incubated, with shaking, at 37°. During the 
incubation, samples were removed for the determination of E em against a sterile medium 
blank. O, • ,  1st cycle; □,■, 3rd cycle; A, A, 7th cycle. Open symbols, irradiated; closed 
symbols, unirradiated controls.

Growth-irradiation cycle procedure in series A. The established growth-irradiation 
cycle procedure was done for 7 complete cycles. The control (c 7) and test (t 7) cultures 
were subcultured on TGY agar and stored at 40. The two cultures were visually pure, 
and did not differ from each other in colonial or cellular morphology. The dose survival
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curves in Fig. 3 show a marked development in radioresistance in the t 7 culture com­
pared with the c 7 culture. D10 values were, respectively, 7-3 krads and 5-3 krads, and 
according to the difference in these values the increase in radioresistance was 38 % 
after 7 cycles. The control D10 value was found to be increased from 4-8 to 5-3 krads 
following 7 cycles without irradiation. No real explanation can be suggested for this 
phenomenon, and the increase did not affect the result since % increase in radio­
resistance was derived from test and control D10 values after 7 complete cycles.

The progressive development of radioresistance with increasing number of cycles was 
also apparent in the post-irradiation growth curves plotted during various cycles. 
Figure 4 shows that while the curves for the test culture are gradually displaced in 
time towards the j  axis with increasing number of cycles, the curves for control cul­
tures are not displaced. This provides a clear indication of the development of resistance, 
for it is to be expected that the more resistant cultures will be less affected by the 
same dose of radiation, and hence grow more quickly than the initial irradiated cul­
ture. The method also indicates that the development of radioresistance is progressive 
(though irregular) and suggests a process of selection. The time required for the test 
culture to reach a log10ii6oo value of T5 was 10 hr after the first irradiation, but only 
5-5 hr after the seventh irradiation.

Series B
Growth medium: nutrient broth + 0 -3 %  (w/v) yeast extract. Irradiation environ­

ment: M / 1 5  phosphate buffer (pH 7 -0 ).

This series of experiments was done as a control for series A, to determine the 
effect on radioresistance-development of irradiating bacteria in the presence of the 
organic medium and metabolic products. The experimental procedure was as in 
series A, except that before irradiation, the bacteria were harvested from the medium 
by centrifugation (6000 g for xo min.), washed and suspended in the buffer to the 
original volume. Control cultures were similarly treated. Cultures were again taken 
through 7 complete cycles, and were then stored on TGY agar at 4°. Both c j  and t j  
cultures appeared pure when examined by microscope, and were morphologically the 
same. D10 values calculated from the dose-survival curves for these cultures (Fig. 5) 
were 5-7 krads and 6-8 krads for the c 7 and 17 cultures, respectively. The % in­
crease in radioresistance according to these values was 19%. The post-irradiation 
growth curves obtained during cycling in this series (Fig. 6) are comparable to those 
obtained in series A (Fig. 4); however, according to colony-count estimations the 
development of resistance in series B was in fact only half that in series A for the same 
number of cycles. This appreciably lower development of resistance in series B suggests 
that in series A there was an effect of the medium which resulted in an enhancement of 
resistance development when the bacteria were irradiated in the presence of the 
medium or metabolic products.

Series C
This series of growth-irradiation cycles was made with a medium lacking yeast 

extract (YE), to determine whether or not this supplement had any effect on resistance 
development. Haas & Doudney (1957) showed that cultivation in the presence of YE 
could increase the mutational response of Escherichia coli to u.v. radiation. The 
medium also lacked nutrient broth.



Growth medium: mineral salts medium M 63+0-4% (w/v) glucose. Irradiation 
environment: bacteria irradiated in the growth medium.

Growth-irradiation cycles were done in the standard way, and after seven com­
pleted cycles c 7 and t 7 cultures were subcultured on medium M 63-glucose agar and 
stored at 40.
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Fig. 5. E sch erich ia  c o li 1. D ose-survival relationships for contro l and  test cultures following 
7 com plete grow th-irradiation cycles, (series B). Bacteria were grown to  final stationary  phase 
in nu trien t b ro th + o -3  %  (w/v) yeast extract, harvested from  the  m edium  by centrifugation 
and  resuspended to  the sam e cell density in M/15 phosphate buffer (pH  7-0) before irradiation. 
O ther details as in  Fig. 3. O , C ontro l culture; • ,  test culture.
Fig. 6. E sch erich ia  c o li  i. D evelopm ent o f radioresistance during the  grow th-irradiation cycle 
process, as dem onstrated by  post-irradiation  grow th (series B). Samples (1 ml.) were re­
m oved from  the bacterial suspensions in  buffer imm ediately following irrad iation  (15 krads) 
in the 1st, 5th and  7th cycles. Samples were also taken  from  the  corresponding unirradiated 
controls. The sam ples were transferred to  60 ml. nu trien t b ro th + o -3  %  (w/v) yeast extract, 
which was incubated, w ith shaking, a t 370. Samples were rem oved a t intervals during the 
incubation  fo r determ ination o f  E eoo against a  sterile m edium  blank. C ,  • ,  1st cycle; □ ,
■ , 5th cycle; A, A, 7th cycle. O pen symbols, irrad iated ; closed symbols, unirradiated 
contro ls.

Survival curves plotted in Fig. 7 show that D10 values for c 7 and 17 cultures were
6-5 krads and 8-8 krads, respectively, representing an increase in radioresistance of 
35 %. Figure 8 illustrates the progressive development of radioresistance during the 
cycling procedure as seen by post-irradiation growth measurement. The survival 
curves for c 7 and 17 cultures in Fig. 7 exhibit marked shoulders over the first part of 
the curves. The concentration of glucose in the growth medium was relatively high
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(0-4% w/v), so the shoulders in both curves may represent the established glucose-
effect (Hollaender, Stapleton & Martin, 1 95 1).

D IS C U SS IO N

The radiation doses used throughout the cycling procedures were comparatively 
high (initially inactivating over 99 % of the population in each series), and it seems 
likely that the process of radioresistance development was one of selection rather

Fig. 7. E sch erich ia  c o li 1. D ose-survival relationships for contro l and  test cultures following 
7 com plete grow th-irradiation cycles (series C). Bacteria were grown to  final stationary phase 
in m ineral salts m edium  M 6 3 +  0-4%  (w/v) glucose, and irradiated  in the growth m edium . 
O ther details as in Fig. 3. O , C ontrol culture; • ,  test culture.
Fig. 8. E sch erich ia  c o li 1. Developm ent o f  radioresistance during the grow th-irradiation cycle 
process, as shown by post-irradiation  growth (series C). Samples (1 ml.) were rem oved from  
cultures in m ineral salts m edium  M  6 3 +  0-4%  (w/v) glucose immediately following the 
15 krads dose in the  1st, 3rd and 7th cycles. The sam ples were inoculated into 60 ml. fresh 
medium , which was incubated with shaking a t 370. Samples from  corresponding unirradiated 
controls were similarly treated. E eoo values were determ ined against sterile medium  blanks 
a t intervals during the incubation. O , • ,  1st cycle; □ , ■, 3rd cycle; A, A , 7th cycle. 
Open symbols, irrad iated ; closed symbols, unirradiated controls.

than one of progressive radio-adaptation. It is proposed that variations in experi­
mental technique (particularly radiation doses, growth media, irradiation environ­
ment, growth phase of cultures) may partly explain the variable findings of other 
workers; and further that this explanation may allay scepticism about the process of 
repeated irradiation of survivors as a method of obtaining increased and stable 
radioresistance. The progressive development in radioresistance (particularly in 
series A and C) appears to be step-wise, though irregular. The post-irradiation growth 
curves obtained during various growth-irradiation cycles suggest that there might be a



threshold number of cycles after which resistance development becomes more rapid. 
This is indicated by the fact that growth curves in the 3rd cycle were not far removed 
from those of the 1st cycle, while the positions of the curves during the 7th cycle in 
these cases showed a very marked resistance development between the 3rd and 7th 
cycles. Post-irradiation growth curves provided further evidence for the development of 
radioresistance as, in each case, a dose of 15 krads in the 1st cycle caused a phase of 
post-irradiation cell lysis, whereas in the 7th cycle the bacteria were not affected to the 
extent that a lytic phase was observed. The eifect of 15 krads in the 7th cycle was 
merely to introduce an apparent post-irradiation lag phase before exponential growth 
proceeded. The post-irradiation growth curves also suggest that a plateau in resistance 
development was being approached for the constant dose of 15 krads after 7 cycles. 
Post-irradiation growth curves after 7 cycles approach the control curves (representing 
the growth of unirradiated cells), and it is unlikely that under such experimental 
conditions (immediately following a dose of 15 krads) post-irradiation growth curves 
would show a displacement past the unirradiated control growth curves.

The varying reports in the literature on the radiosensitivity of a particular species of 
micro-organism can often be accounted for by variation in factors such as the strain 
of organism, growth phase, and conditions before, during, and after irradiation. How­
ever, the results presented in the present paper show that there was a definite increase 
in radioresistance in each test culture, and that the radioresistance developed was 
genuine as in each case the radioresistance of the test culture was compared with that 
of the corresponding control culture (taken through the same cycling procedure, 
without irradiation). Thus % increase in radioresistance in each series, obtained after a 
limited number of cycles, was shown for the experimental conditions of each series. 
Variations in conditions among experimental series were kept to a minimum by 
establishing, and adhering to, an experimental procedure which was repeated in each 
series. In this way any differences between each series of experiments were purposely 
designed, and thus differences in results from one series to the next were assumed to 
be due to imposed experimental differences.

The % increase in radioresistance following 7 growth-irradiation cycles was com­
parable in series C to that in series A. This indicates that the development of radio­
resistance in these experiments did not necessarily require the presence of yeast 
extract in the growth medium or irradiation environment. It would seem that the 
presence of organic metabolites and metabolic products, not necessarily from yeast 
extract, in the irradiation environment of series A and C may have influenced a 
greater development in radioresistance than in series B, where the irradiation environ­
ment was inorganic. This is supported by the fact that radioresistance developed in 
series A and C was approximately twice that developed in series B. The effect of 
enrichment of pre-irradiation culture media, particularly with glucose, leading to in­
creased radioresistance has been widely reported (Hollaender et al. 1951; Stapleton 
& Engel, i960). The results presented in the present paper, however, suggest that the 
nature of the environment at the time of irradiation becomes a contributing factor in 
radioresistance development by the process described. It is conceivable that the two 
organic environments (in series A and C), by virtue of their relative complexity, 
might be more mutagenic under irradiation than the inorganic buffer environment 
(series B).

The development of radioresistance by the growth-irradiation cycle process is
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dependent on the growth of radiation survivors such that a large population density is 
reached before the next irradiation. The population attained might be expected to 
consist of bacteria representing a range in radiosensitivity. A progressive increase in 
radioresistance, obtained with increasing number of cycles, would require that this 
population should contain a high proportion of radioresistant bacteria which might 
be further selected by irradiation.

With the increased application of dose-fractionation processing in the irradiation of 
commercial goods, there arises the possibility that the repeated irradiation of the 
survivors of the initial dose might lead to the development of radiation-resistant 
micro-organisms through a mechanism analogous to that in the growth-irradiation 
cycle procedure. However, the results of the investigations reported in this paper 
suggest that it is unlikely that such a problem of resistance development will be en­
countered for two reasons: (a) development of resistance is dependent on several 
cycles: fractionation processes would rarely attain the number of irradiations war­
ranted; (b) radioresistance development is dependent upon a substantial period of 
growth and multiplication of surviving bacteria between each irradiation. It is unlikely 
that a dose fractionation process would permit such growth of surviving bacteria, at 
least not to a high concentration, since inter-irradiation growth would require suitable 
conditions of temperature, pH value, nutrient supply and time. If dose-fractionation 
radiation-processing is applied to food products where it is conceivable that radio­
resistant development might be encouraged in radiation-survivors, particularly in 
unpackaged products, the danger could easily be averted by holding the products at 
low temperatures between successive radiation doses.

This work was done during the tenure of an A.E.R.E. contract (Agreement no. 
EMR/1200), and the authors wish to acknowledge the interest and co-operation of 
Mr F. J. Ley of the A.E.R.E. Wantage Laboratory.
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SUM M ARY

Salmonella typhimurium tolerated the replacement of about 70 % of the 
thymine in the DNA by 5-bromouracil (BU). In phage PLT-22 transduction, 
the presence of BU in the donor DNA had no effect on the linkage relationship 
of two contransduced markers and did not conclusively alter the ratio of com­
plete transductants to abortive transductants. The yield of transductants per 
plaque-forming unit was more than doubled by the treatment of the donor 
bacteria and phage with BU. However, more than half of the BU-treated phage 
particles, detected by electron microscopy, did not form plaques; when the 
multiplicity of infection was calculated from the titre of physical particles, the 
frequency of transductants was normal. It is concluded that recombination 
was not affected by the substantial incorporation of BU into the donor DNA. 
Treatment of the recipient bacteria with BU slightly modified recombination 
by decreasing the frequency of transductants by about 40 % and the linkage 
of the cotransduced markers by about 5 %. Because comparable results were 
not obtained when the donor DNA contained BU, it is suggested that these 
effects resulted indirectly from the treatment of the recipient bacteria.

IN T R O D U C T IO N

5-Bromouracil (BU) can be incorporated into bacterial DNA in place of thymine 
(Dunn & Smith, 1954). No consistent pattern of results has been established in studies 
investigating the effect of base-analogue substitution on genetic recombination in 
bacteria. Low concentrations of unifilar and bifilar BU-labeled DNA did not influence 
the efficiency of transformation in Bacillus subtilis (Szybalski et al. i960; Gimlin et al.
1966) although earlier experiments suggested that the number of recombinants was 
depressed by treatment (Ephrati-Elizur & Zamenhof, 1959). In contrast, in Escherichia 
coli k  12 conjugation, the treatment of the Hfr parent with BU decreased the amount of 
the transmitted DNA which was integrated into the recombinant molecule (Folsome, 
i960; Shchipkov & Samoylenko, 1966). The present paper, involving the Salmonella 
typhimurium phage PLT-22 transduction system, was designed to investigate further 
whether genetic recombination is affected by BU incorporation. The results show that 
recombination was apparently normal when the donor DNA contained BU but was 
slightly affected when the recipient bacteria had been treated with BU.
* Present address: Radiobiology L aboratories, Yale U niversity School o f M edicine, N ew  Haven, 
C onnecticut, U .S.A .
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M ETHODS

Organisms. The wild type and leu-3 araB9 mutant (requiring leucine, unable to 
utilize arabinose) of the LT2 strain of Salmonella typhimurium were given by Dr P. F. 
Smith-Keary. The two markers are transduced on the same fragment by the temperate 
phage PLT-22. The tryB4 mutant (requiring) tryptophan was obtained from the 
collection of Dr R. C. Clowes.

Media. Bacteria were grown in basal minimal medium M-26 and enriched M-26 
(EM-26) medium, which were based on those of Folsome (i960). M-26 medium con­
tained per litre: K2HP0 4, 8 7  g.; KH2P0 4, 6-8 g.; NH4C1, i-og; Na2S0 4, o-i g.; 
MgCl5, 0-075 g- i CaCl2, 1 -5 mg.; FeCl3, 1 -2 mg.; thiamine, 1 mg.; glucose, 4-0 g. EM-26 
contained, per litre, in addition: Ca pantothenate, 1 mg.; pyridoxine HC1., 1 mg.; 
thiamine, 1 mg.; uracil, 1 mg.; xanthine, 25 mg.; hypoxanthine, 25 mg.; Difco 
vitamin-free Casamino acids, 1 g. Plating media (Smith-Keary, i960) included 
minimal medium enriched with 1 % (v/v) reconstituted Difco nutrient broth (EMM) 
and EMB arabinose agar. Enriched arabinose minimal medium (EAMM) had the 
same composition as EMM except that arabinose was substituted for glucose.

Preparation of bacteria. A sample (o-i ml.) of a culture in medium M-26 was inocu­
lated into 10 ml. of treatment medium composed of medium EM-26 supplemented 
with 100 pg.lml. of aminopterin (to render the bacteria thymine-requiring) + either 
thymine (Thy) or 5-bromouracil (BU) according to the treatment required. The 
culture was incubated with aeration for 12 hr at 370 before use in transduction.

Extent o f 5-bromouracil incorporation. The extent of BU incorporation into the 
DNA was estimated as follows. The nucleic acids were isolated by the technique of 
Marmur (1961). The RNA was removed by hydrolysis with 0-5 N-NaOH, the DNA 
was hydrolysed in 72 % (w/v) perchloric acid and the bases separated by chromato­
graphy in isopropanoL+hydrochloric acid (Dunn & Smith, 1 9 5 4 , 1 9 5 7 ; Wyatt, 1 9 5 1 ). 

BU and thymine run as a common spot in this solvent and the amounts of the two 
bases in the eluate were calculated by the method of Loring ( 1 9 5 5 ) from the extinctions 
at 260 and 280 m/t.

Phage stocks and transduction. The procedures were based on those of Smith-Keary
(i960). Phages were prepared by the soft-agar technique. The adsorption mixture was 
composed of equal volumes of a 12 hr Thy- or BU-containing wild type bacterial 
culture and a phage suspension of 1-5 x io7 plaque-forming units (p.f.u.)/ml. The top 
layer agar and plate agar were made up of the relevant treatment medium (EM-26+ 
aminopterin + Thy or BU) with o-6 % and 1-2 % (w/v) agar, respectively.

For transduction experiments, the recipient leu-39 araB9 bacteria were washed and 
resuspended in buffer at 3 x io9 bacteria/ml. Equal volumes of this and a phage sus­
pension containing 3X io10 p.f.u./ml. were mixed, maintained at 370 for 9 min., and 
then plated on the selective medium. The number of bacteria surviving phage infection 
was assayed on EMM + leucine. After 48 hr at 370, the Leu+ and Ara+ recombinants, 
selected on EMM and EAMM + leucine, were characterized for the second pheno­
type by replica plating on EMB arabinose and unenriched EAMM media, respectively.

Ultraviolet irradiation. The samples in buffer were exposed 35 cm. below a Hanovia 
11 low-pressure mercury discharge tube. All manipulations were done in subdued 
lighting to avoid photoreactivation.

Preparation of electron micrographs. Electron micrographs of phage preparations
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were kindly prepared by Dr D. Kay. The particles were negatively stained (Brenner & 
Horne, 1959) by mixing 07 ml. of undiluted phage preparation with an equal volume 
of 2% (w/v) phosphotungstic acid (pH 6-2); 01 ml. of a suspension of polystyrene 
latex spheres of average diameter 880 A  (Dow Chemical Company) was added and the 
mixture sprayed on a grid. A series of electron micrographs was then prepared at a 
magnification of about x 45,500 by using a Philips 200 electron microscope. The latex 
spheres and phage particles, of head diameter about 470 A  (Bertani, 1958), were 
identified by their relative sizes and the numbers of two components thus determined.

R ESU LTS

The extent o f 5-bromouracil incorporation
The base composition of the Thy- and BU-grown leu-39 araBg bacteria was estimated 

as 55-0 and 54-5 mole % of guanine + cytosine respectively (each value derived from 
two experiments). The extent of the replacement of thymine by BU was found to be 
70 % in each of two experiments, demonstrating that the base analogue was extensively 
taken into the bacterial DNA. The growth rate of the bacteria in treatment medium was 
not affected by BU and the viability of the harvested 12 hr bacteria, estimated by 
comparing extinctions and colony-forming ability, was normal.

The incorporation of BU-DNA into the transducing particles in high-titre phage 
stocks, grown on BU-labelled bacteria in media containing BU, was investigated

Fig. 1 Fig. 2

Fig. 1. Survival a fter ultraviolet irrad iation  of the  colony-form ing ability o f  the  leu -39  a ra B 9  
m utan t o f  S a lm o n e lla  typ h im u riu m  which h ad  been grow n in  the presence o f either B U (O ) o r 
thym ine ( • ) .  Sim ilar survival curves were obtained for the  wild-type strain.
Fig. 2. Inactivation  by ultraviolet irrad iation  o f the  transduction  potential ( • ,  O) and  the 
phage infectivity (A , A ) o f  a  thym ine (continuous lines) and  B U  (broken lines) PLT- 
22 phage preparation . The transduction  m ixture for each assay was com posed o f 0-4 ml. 
volumes of washed S a lm o n e lla  typh im u riu m  leu -39  a ra B 9  a t 2-5 x io 9/ml. and irradiated 
phage o f  initial titre  5X 109 p.f.u./m l. Values on  the  ordinates refer to  L eu+ trans- 
ductions/m l.transduction m ixture, and  the surviving fraction o f p.f.u./m l. phage suspension.
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indirectly. The presence of BU in DNA increases the sensitivity of bacteria to the 
lethal effects of ultraviolet radiation (Greer, i960; Fig. 1). Thus, the kinetics of u.v.- 
inactivation of the transducing potential of Thy- and BU-treated phage were compared 
to examine whether the yield of transductants derived from the latter preparation was 
more effectively reduced by u.v. irradiation.

Each phage preparation was exposed to a series of doses of u.v. radiation. The 
ability of the phage to form Leu+ transductants in the transduction leu-39 araBç 
(recipient) x ± ± (donor) was determined after each dose; the results are shown in 
Fig. 2. The more rapid loss of the transduction potential of the BU-treated phage 
lysate suggests that BU-DNA was included in the transducing particles. Similarly, the 
increased u.v. sensitivity of the plaque-forming units in this lysate suggests that the 
analogue was also incorporated into the phage DNA.

The frequency of transductants
The frequency of Leu+ transductants arising in the transduction leu-39 araB9 x + + 

was measured when one or both parents had been treated with BU. Although the 
yield of transductants can be influenced by the addition of small amounts of nutrient 
broth to the minimal plating medium (Witkin, 1956), the degree of enrichment in 
EMM, the standard plating medium, was found to be more than sufficient to allow the 
maximum expression of transductants in all of the experimental classes.

Table 1. The numbers o f Leu+ transductants 110s bacteria surviving phage infection 
arising in the Salmonella typhimurium transduction leu-39 araB9 x ± ± , classed 
according to : la. the treatment of the recipient and donor bacteria with thymine or BU, 
and ib. the treatment o f the recipient bacteria and the multiplicity o f infection.

All multiplicities o f infection (m.o.i.) are  in term s o f  plaque-form ing units per bacterium .
E ach num ber is the  m ean o f values obtained in 3 o r 4 replicate experiments.

T reatm ent N o  of
-------------------- *---- ■\ M ean experi-

Recipient D onor no. S.E. ments M.O.I.
I a Thy Thy 871 l 6 l 4 10

Thy B U 1837 214 3 10
BU Thy 514 14 4 10
BU BU IIIO 138 3 10

l b Thy Thy 1401 93 3 10
Thy Thy 3112 353 3 27
BU Thy 863 135 3 10
BU Thy 1814 147 3 27

The estimated frequency of transductants for each of the four combinations of 
treatment, expressed as the number of Leu+ transductants/108 bacteria surviving phage 
infection, is given in Table 1 a. Two trends are apparent from the data. BU treatment 
of the recipient decreased the frequency of transductants by about 40 %. However, the 
frequency was more than doubled when BU-treated phage, grown on BU-containing 
bacteria, were used in the transduction. There is no evidence of any interaction 
between treatments in the BU x BU class.

The increase in transductants detected when the donor bacteria and phage had been 
treated with BU was further examined. The efficiency of the formation of a complete
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transductant can be influenced at two stages: transfer of donor DNA into the recipient 
bacterium and the following process of its structural integration into the resident DNA. 
The efficiency of the second stage (genetic recombination) will be reflected in the ratio 
of complete transductants to abortive transductants (Ozeki, 1956), if these are the 
alternative fates of the transduced DNA. Thus it might be expected that the increased 
frequency of complete transductants would be associated with a compensatory de­
crease in the frequency of abortive transductants if the efficiency of recombination was 
increased when the donor DNA contained BU. Experiments were made to test this 
hypothesis.

To facilitate the detection of abortive transductants, the tryB4 (recipient) x ± (donor) 
transduction system was used and the experimental procedure modified. The transduc­
tion mixture was composed of 1 ml. of an overnight broth culture of the recipient 
bacteria and o-i ml. phage suspension to give a multiplicity of infect: on of 07. Bacteria 
(4 x io7) were spread on each selective plate of minimal medium+0-02 % (w/v) Difco 
vitamin-free Casamino acids. The results are shown in Table 2 and include the numbers 
of complete Try+ transductants/109 phage particles for the two experimental classes 
involving the Thy- and BU-treated donor DNA and phage. All the complete and 
abortive transductants on a minimum of two plates in each experiment were scored 
and the ratio of the two types of transductant derived from the totals. The ratio for the 
BU-treated donor class was lower than that for the control but this probably reflected 
the fact that the abortive transductants were less easily identifiable. The total number 
of complete and abortive transductants/io9 phage particles, calculated from these two 
sets of data, was 2734 for the control experiments and 4242 for the class involving the 
BU-treated donor bacteria. The lack of agreement between these totals suggests that 
the increased frequency of transductants, detected when the donor bacteria and phage 
had been grown in BU, primarily resulted from a raised frequency of genetic transfer 
and not from a greater efficiency of integration of BU-containing transduced DNA.

Table 2. The ratio of complete to abortive Try+ transductants and the number of com­
plete Try+ transductants!io9 phage particles arising in the Salmonella typhimurium 
trasduction tryB4 x +, classed according to the treatment o f the donor bacteria with 
thymine or BU (multiplicity of infection: 0-7)

T reatm ent R atio Com plete
A > com plete : abortive transductan ts/io9

R ecipient D onor transductants phage particles

B roth Thy 199:1211 385
(1:6-1)

Broth BU 293:1470 707
(1:5-0)

A large proportion of the BU-grown phage did not produce plaques on indicator 
bacteria (see Dunn & Smith, 1954, 1957). If it be assumed that all the particles could 
adsorb to the bacteria and inject their DNA, the effective multiplicity of infection in 
transduction mixtures involving this component should have been calculated from the 
titre of particles and not that of plaque-forming units. Thus it is proposed that the 
increased frequency of transductants in the experiments involving BU donor material 
in Table 1 a was caused by the multiplicity of infection being greater than the selected 
value of 10.
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This hypothesis was examined with Thy- and BU-grown phage lysates prepared 
under parallel conditions and having titres of 4-3 x io 11 and 9-0 x io 10 p.f.u./ml., 
respectively. These preparations gave similar numbers of Leu+ transductants/108 
bacteria surviving infection to those given in Table 1 a. The counts of particles were 
determined by electron microscopy. The ratio of particles to latex spheres for the Thy 
and BU preparations was 37:414 and 32:653, respectively. Therefore, the relative 
titre of particles in the BU-grown phage lysate was 0-55 that of the control preparation. 
If the latter had an efficiency of plating of about one, the titre of the BU-treated 
preparation can be estimated as 2-4 x io11 phage particles/ml. Thus, it is argued that 
the effective multiplicity of infection in the BU-treated phage transductions in Table 1 a 
approximated to 27 and not 10.

When the multiplicity of infection in the two transductions Thy and BU leu-39 
araB9x Thy± ± was raised from 10 to 27 p.f.u./bacterium, the numbers of Leu+ 
transductants per io8 bacteria surviving infection were increased by about 115% 
(Table 1 b). This increase corresponds with the trend established in Table 1 a, and 
supports the concept that the treatment of the donor DNA with BU did not effectively 
alter the efficiency of transduction.

Table 3. The percentage of the selected transductants jointly transduced for the second 
marker in the Salmonella typhimurium transduction leu-39 araB9 x ± ± , classed 
according to the treatment of the parental strains with thymine or BU

The to ta l for each class was derived from  the  accum ulated da ta  o f a t least two replicate 
experiments. E ach set o f data , tested by a x 2 test, was judged to  be hom ogeneous (P  always 
greater than  20 %).

T reatm ent Leu+ selection A ra+ selection

Recipient D o n o r Total Leu+ %  +  + T otal A ra+ % +  +

Thy Thy 1375 67-1 1591 71-3
Thy BU 1707 6 7 0 1919 71-0
BU Thy 2576 6 1 0 2930 66-4
BU BU 1622 628 1776 65-2

The linkage relationship o f cotransduced markers 
The effect of BU treatments on recombination was also assessed from the linkage 

relationship of the two contransduced markers, leu-39 and araB9. The results of these 
experiments are given in Table 3 and show the total numbers of the selected Leu+ and 
Ara+ transductants scored, and the percentages of these which were also recombinant for 
the unselected marker. The various percentages, compared by the normal approxi­
mation to the binomial distribution, show that linkage was normal when the trans­
duced donor DNA contained BU, but was slightly decreased by about 5 % when the 
recipient bacteria had been treated with BU (P ranging from i -i % to 0-02 %).

D I S C US S IO N

Transducing particles containing BU-substituted DNA were prepared by growing 
phage PLT-22 on BU-treated donor bacteria in media supplemented with BU. The 
presence of BU in the transduced DNA did not affect such parameters of recombina­
tion in transduction as the linkage of cotransduced markers and the ratio of complete



transductants (recombinants) to abortive transductants (non-integrated DNA). The 
frequency of transductants per plaque-forming unit was increased by the growth of the 
donor bacteria and phage in the presence of BU; but when non-viable phage particles 
detected by electron microscopy, were included in calculations of the multiplicity|of 
infection, the yield of transductants was normal. Thus recombination was not affected 
when the transduced DNA contained BU. Although the transductions were carried out 
in media lacking BU, it is unlikely that the transduced fragments were replicated in the 
recipient bacteria prior to recombination, thus reducing the extent of BU substitution 
in the exogenotes. The following evidence suggests that the transduced DNA cannot 
be replicated as a fragment in the recipient bacterium. First, the transduced fragment 
in an abortive transductant is not integrated and it does not mukiply (Ozeki, 1956). 
Secondly, fragments of bacterial DNA, transferred by conjugation and transformation, 
cannot multiply in the recipient bacteria if they are not part of a phage or sex factor 
(Jacob, Brenner & Cuzin, 1963). In generalised transduction by phage P i, a system 
which resembles that mediated by phage PLT-22, the transduced DNA is not associated 
with any phage DNA (Ikeda & Tomizawa, 1965).

BU treatment of the recipient bacteria decreased the frequency of transductants 
by 40 % and the linkage of two cotransduced markers by about 5 %. These effects, 
which were small and were not matched by comparable effects in transductions 
involving BU-containing donor DNA, most likely resulted indirectly from treatment 
which disturbed the physiology of the recipient bacteria in which recombination 
occurred. It is concluded that Salmonella typhimuriuni tolerated extensive BU in­
corporation and that the presence of BU in the DNA did not affec-. the molecular pro­
cesses in recombination in phage PLT-22 transduction.

The extent of BU incorporation obtained in these experiments was greater than that 
achieved in investigations of the effect of BU on recombination in transformation and 
conjugation. The normal recombination of BU-containing DNA reported here is con­
sistent with the observations that transformation in Bacillus subtilis was unaffected by 
the presence of BU in the transforming DNA, when the latter was used at concentra­
tions which did not grossly exceed those required to saturate transformation (Szybalski 
et al. i960; Gimlin et al. 1966). Thus conjugation in Escherichia coli K12 is the only 
bacterial genetic system in which BU-substituted donor DNA has been found to 
affect recombination; Folsome (i960) and Shchipkov & Samoylenko (1966) showed 
that, following BU treatment of the Hfr, the viable recombinants contained less of the 
transmitted DNA. Since E. coli is susceptible to growth retardation and killing when 
grown in BU (Dunn & Smith, 1954) and the genetic studies indicated that BU affected 
the viability of the Hfr and the kinetics of transfer of markers, the effect of BU on 
recombination in conjugation may reflect the sensitivity of the F~ bacteria to large 
segments of transmitted BU-containing Hfr DNA rather than a direct effect of the base 
analogue on the molecular interactions involved in recombination.

I am very grateful to Professor E. A. Bevan for his advice and encouragement 
during this work and thank Dr K. A. Stacey for interesting discussions. This investiga­
tion was partly supported by a Christopher Welch Scholarship from Oxford University.
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SUMMARY

Killer strains of yeast, Saccharomyces cerevisiae, liberate a killer factor into 
the medium which kills senstive yeast strains. The growth conditions necessary 
for the production of stable high-titre killer solutions and a biological assay 
for the killer factor are described. Purification was achieved by fractional pre­
cipitation with (NH,|)2S0 4, dialysis, gel filtration and ultrafiltration. The 
fractionated killer factor is an unstable macromolecular protein which is 
inactivated by papain. The death of sensitive cells is not coincident with 
absorption of the killer factor, but can be delayed or prevented by variations 
in the environmental conditions. Sensitive cells are most susceptible to the 
action of the killer factor when in log phase. Treated resting cells on entering 
log phase are killed immediately.

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

The killer reaction in yeast, Saccharomyces cerevisiae, was discovered by Bevan & 
Makower (1963), who described how certain strains could be classified into one of 
three phenotypes which they termed ‘killer ’, ‘sensitive’, and ‘neutral’. When killer and 
sensitive cells are grown together in the same culture medium, a high proportion of the 
latter are killed. Neutral cells neither kill sensitive cells nor are they killed by killer 
cells. Killing can occur without cell contact between killer and sensitive cells. The agent 
released by the killer cells which causes the death of the sensitive cells has been called 
the ‘killer factor’. Studies described here show it to be a proteinaceous substance with 
a highly specific action spectrum, dependent on specific pH, temperature and aeration 
conditions.

The action of the killer factor resembles that of bacteriocins which do not cause 
lysis of the sensitive organisms and whose action is thus bactericidal, not bacteriolytic 
(Jacob & Wollman, 1959).

METHODS

Strains. Three haploid strains of Saccharomyces cerevisiae possessing the same 
mating type a ,  were used in the experiments: d  1, a wild-type killer strain was used for 
the production of the killer factor; D2, a wild-type sensitive strain for the sensitive 
control experiments; and D3, a marked ad1 mutant sensitive strain which produces a 
red pigment (Reaume & Tatum, 1949), as the sensitive strain in the tests performed 
to detect killing.

* Present address: D epartm ent o f M icrobiology, R hodes University, G raham stow n, South  Africa.
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Seeded agar phenotype test. The phenotypes of the strains were checked by replica 
plating (Lederberg & Lederberg, 1952) colonies derived from single cells onto buffered 
complete agar medium containing 0-003 % methylene blue and killer or sensitive cells 
(io5 cells/ml.). Killer colonies were identified by zones of inhibition on the agar plates 
seeded with sensitive cells. Since methylene blue is a specific stain for dead yeast cells 
(Lindegren, 1949), the sensitive colonies were identified by a dark zone of dead cells on 
the agar plates seeded with killer cells. Neutral colonies showed no reaction on either 
killer or sensitive agar plates.

High-titre killer solutions. Stable high-titre killer solutions were obtained by incu­
bating killer cells in buffered yeast complete or minimal medium (Bevan, 1955) at 
22-240 for 3 days. The liquid minimal medium was supplemented with 0-05 % gelatine, 
and for agar media a 2 % (w/v) concentration of agar was utilized. All media were 
buffered at pH 4-8 with a 0-077M citrate/phosphate buffer (Gomori, 1959). The 
solutions were sterilized by filtration through Oxoid membrane filters

Well test. The Wilkins technique (1949) for obtaining inhibition zones in seeded agar 
was used for the assay of the killer factor in liquid media. 0-05-0-1 ml. aliquots of the 
solutions to be assayed were added to 4 holes 13 mm. diam. in 10 ml. seeded agar 
plates (io3 acly sensitive cells/ml.). The plates were kept for 0-2 hr at room temperature 
before being incubated overnight at 28°.

Agar-layer technique. The technique of assaying for the killer factor in agar medium 
was evolved by Makower (1964). Plates spread with a lawn of wild-type killer or 
sensitive (control) cells were incubated for 5-7 hr at 28° before a 10 ml. cooled agar 
layer was placed on top of the background cells. The plates were then incubated for
6-9 hr before spreading the marked (adt red) sensitive cells (150 cells/plate) on the 
surface. After a further 18 hr incubation the plates were replicated onto fresh agar 
medium, and the % of marked sensitive cells killed was obtained by comparing the 
number of red colonies arising on treated (killer background) and control (sensitive 
background) plates.

Purification. The killer factor was precipitated from minimal medium solutions 
supplemented with 0-05 % (w/v) gelatine by 30 % (NH4)2S0 4 saturation. The sediments 
were washed and resuspended in 0-077 M-citrate/phosphate buffer at pH 4-8 before 
being dialysed against the buffer. The killer factor was further fractionated by gel 
filtration at 0-4° with 1-5 x 30 cm Sephadex G-150 gel columns prepared by the method 
of Andrews (1965). The columns were equilibrated and eluted at a flow rate of 20 ml. /hr 
with 0-0853 M-citrate/phosphate buffer (pH 4-8) containing 0-008 M-MgS0 4: 2 ml. 
starting samples were applied to the columns, and the effluents collected in 5 ml. 
fractions. The effluent volume containing the purified killer factor was concentrated by 
the pressure dialysis method of Hofsten & Falkbring (i960), using Visking tubing 
8/32 at 0-40.

Examination of column effluents. The killer factor was assayed by the Well test; and 
the proteins and nucleic acids by light-extinction measurements at 280 and 260 my. 
Proteins were also measured by the colorimetric method of Lowry, Rosebrough, Farr 
& Randall (1951) as modified by Eggstein & Kreutz (1955).

Sucrose density-gradient centrifugation. 0-5 ml. killer factor samples were layered on 
a 4-18 % sucrose gradient and the tubes centrifuged at 107,000 g for 6 hr at 0-40 in an 
M.S.E. Super 40 swing-out rotor. The contents of the tubes were collected and assayed 
as 8-10 drop fractions after the bottoms of the tubes had been punctured.



Agar-gel electrophoresis. The electrophoresis was carried out using microscope 
slides covered by a buffered homogeneous 1 % (w/v) Oxoid Ionagar layer 2 mm. in 
thickness, at a constant current|of 2 mA per inch width of agar and at a potential of 
30 V for 15-20 hr. After the electrophoresis the agar slides were cut in half longitudinally 
and each half was characterized for proteins and killer activity respectively. Proteins 
were stained by the nigrosin method of Weime (1965). The killer factor was identified 
by pipetting in a line down the centre of the agar strip, 0-075 ml- of a fourfold-strength 
buffered complete medium containing 0-06 % methylene blue and io4 sensitive cells/ml. 
After overnight incubation at 28° the slides were examined for zones of inhibition.

Electron Microscopy. Serial dilutions of the fractionated killer factor were shadowed 
with chromium and then examined under a Siemens Elmiskop 1A electron microscope.
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RES ULTS

Well-test assay technique. Although subject to the effect of well-known variables like 
duration of incubation (Kavanagh, 1963), type of medium or genotype of the seeded 
sensitive cells (Woods, 1966), the Well test under standardized conditions was a 
reliable quantitative assay for the killer factor. The results in Fig. 1 show that at high 
concentrations of the killer factor there was a linear relationship between the square of 
the diameter of the inhibition zone and the log of the killer factor concentration.

Effects o f physical and chemical agents on the production 
and stability of the killer factor

Effect o f pH. The optimum pH for the production and stability of the killer factor 
was determined by incubating killer cells at 22° for 2 days in media buffered at different 
pH values between 3-0 and 5-4. The cells were removed by filtration and the filtrates 
retained at 28°, 220, 12° and 40 for 1 hr and 24 hr, before the killer activity was estimated 
by the Well test.

The results shown in Table 1 indicate that the optimum pH for the production and 
stability of the killer factor in liquid medium lies within the narrow range pH 4-6-4-8.

Effect o f temperature. To determine the effect of temperature on the killer factor in 
liquid medium, aliquots of a killer solution were kept at 180, 23% 250, 28° and 370 
respectively for different time intervals between 0 and 4 hr before estimating the killer 
activity by the Well test.

The results expressed in Fig. 2 illustrate that in buffered liquid medium the killer 
factor was inactivated by temperatures above 250. Such inactivation may be due to a 
protease derived from the yeast cells and the temperature effect may reflect the Q10 for 
digestion.

In agar medium, on the other hand, the killer factor was markedly more stable and 
was only inactivated by temperatures above 42° (Fig. 3). This was shown using the 
agar-layer technique and comparing the percentage killing on killer plates incubated at 
28°, 370, 420, 430, 440 and 450 respectively for 5 hr after the addition of the top agar 
layers and also an initial incubation period for 7 hr at 28°. Makower (1964) showed that 
the length of this initial period at 28° between the addition of the top agar layers and 
the spreading of the sensitive cells greatly affected the percentage killing. Thus, a 
decrease in the percentage killing between the killer plates incubated throughout the 
experiment at 28° and those incubated at different temperatures following the initial
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Log killer factor concentration Time (hr)
Fig. i Fig. 2

Fig. i. Dilution of the killer factor: Well test.
Fig. 2. Effect of temperature on the killer factor in liquid complete medium. 
O, 18° and 23°; x , 250; A, 28°; • , 38°.

Table 1. Effect o f pH  on the stability o f the killer factor
Relative concentrations of active killer (log killer concentrations)

ohr
pH of (cultures I hr 24 hr 24 hr 24 hr

medium harvested) 28° 22° 12° 4°
5 4 0 0 0 0 0
5'2 0 0 0 0 0
5 0 o-53 0 o-53 0*53 0*53
4-8 1*40 0-53 1-40 1-40 1-40
4-6 1-40 o-53 1-40 1*40 1-40
4’4 1-40 0 o*75 1-40 1-40
40 1-40 0 0 1-40 1-40
3-6 o-53 0 0 0*10 o*53
3‘4 030 0 0 0 0*30
3-2 0 0 0 0 0
30 0 0 0 0 0

incubation period, would indicate that the killer factor produced at 28° was being 
inactivated.

It can be concluded from these experiments that the inactivation of the killer factor 
by temperature depends upon the composition of the medium.

Surface inactivation. It was observed that the killer activity of a minimal medium 
solution disappeared on sterilization by filtration. To determine whether or not the 
inactivation was due to surface inactivation caused by aeration, the effect of vigorously 
shaking aliquots of killer complete medium and minimal medium containing increasing 
quantities of gelatine for o, 2, 4 and 8 min. at 220 was studied.

It can be seen from Fig. 4 that the killer factor was rapidly inactivated when



vigorously aerated and, like many physiologically active proteins and bacteriophages, 
this surface inactivation was prevented by gelatine (Adams, 1948).

Effect o f yeast extract. The results in Table 2 show that yeast extract enhanced the 
production of the factor by killer cells. A similar effect of yeast extract on the produc­
tion of maltases by Saccharomyces oviformis was reported by Lewis (personal com­
munication).
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Fig. 3. Effect of temperature on the killer factor in agar complete medium.
Fig. 4. Effect of vigorous aeration on the killer factor, (a) Inactivation of the killer factor in 
complete medium by shaking. (¿>) Inactivation of the killer factor in minimal medium by 
shaking in the presence of increasing quantities of gelatine. 0 , 0-25 % (w/v); x , 0-05 %  (w/v); 
A, 0 -0 0 5 %  (w/v); • , 0 %  (w/v) gelatine.

Table 2. Effect o f various growth media on the production o f 
the killer factor by killer cells

Type of killer medium

No. of 
yeast/ml. at 
harvesting

Relative 
concentrations 
of active killer 

(log killer 
concentration)

CM*+gelatine 1 4  X I 0 7 2-3
MMf+gelatine+yeast extract 1 2  X I 0 7 2-3
MM+gelatine+peptone 1 4  X IO 7 1 -5 9

MM+gelatine+casein hydrolysate 1 4 -5  X IO7 I 4 0

MM+gelatine 10  X IO 7 I 0 5

Complete medium. t  Minimal medium.
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P U R IF I C A T I O N

(NH4)2SOi fractionation. The results of the fractionation of the killer factor from 
chemically defined media, summarised in Table 3, indicate that it was precipitated by 
70-81 % saturation with (NH^SC^ from complete and minimal media. However, 
when 0-05 % (w/v) gelatine was added to the minimal medium the factor was pre­
cipitated with the gelatine at 25-30 % saturation with (NH4)2S0 4 and yielded a stable 
killer sediment with the highest specific activity. Agar-gel electrophoresis studies 
confirmed that only the killer factor and gelatine were precipitated (Fig. 6). The results

Table 3. Fractionation o f the killer factor by (NHfl^SOi 
from complete and minimal media

%  saturation
with (NH4)2S04 Stability resuspended

required to sediment Specific
precipitate

killer
A

Complete ' activity
sediments

Killer factor solution factor medium Buffer in buffer
Killer factor+complete medium 70-81 + + 100
Killer factor+minimal medium 70-81 + — 0
Killer factor+minimal medium+ 
0-05 % (w/v) gelatine

25-30 + + 850

+ , Stable. —, Unstable.

Table 4. Concentration by ultrafiltration o f the purified-killer-factor peak and a sensi­
tive control sample (effluent volume 75-100 ml.) after gel filtration with Sephadex G-150

Relative
concentrations Absorption Folin test:

of active , A -----------T absorption
Samples killer 280 /I 260 fi 750

Killer a o-io OOI5 0-025 001
Killer b 0-53 0155 01875 0-03
Killer c 0 — OOO5 0 0-0125
Sensitive a 0 — 002 -0-03 0-0075
Sensitive b 0 -0-015 -002 0-0075
Sensitive c 0 -0-025 -00375 0-0075

a, Effluent volume 75-100 ml. before concentration by ultrafiltration.
b, Sample concentrated by ultrafiltration.
c, Buffer removed during ultrafiltration.

also show that the fractionated killer factor was not stable but could be stabilized by 
resuspension in a diluent containing gelatine or the other proteins present in complete 
medium.

Gel filtration. The gel-filtration elution profiles of the dialysed killer factor plus 
gelatine (Fig. 5) illustrated that the factor was eluted at two peaks: a sharp peak 
between 15 and 30 ml. effluent volume coinciding with the gelatine peak which was 
excluded by Sephadex G-150 and was eluted at the void volume; and a second 
fractionated peak eluted between 70 and nom i. The fractionated killer factor was 
unstable and became inactive after retention at 0-40 for 34 hr. It can also be seen from 
Fig. 5 that there was no correlation between the second killer peak and the absorption 
at 260 and 280 m/t. The considerable degree of killer activity of this fraction as indi-
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cated by the Well test illustrated the high sensitivity of this biological assay as com­
pared with the physical and chemical methods employed. It was found possible to 
estimate the killer factor, by physical and chemical tests, only after the fractionated 
factor had been concentrated by ultrafiltration (Table 4).

The elution of the killer factor in two peaks suggested that either there were two 
different factors, or polymers capable of causing the killer reaction. Alternatively the 
fractionation by gel filtration resulted in the separation of only some of the killer
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Fig. 5. E lu tion  profiles o f  the  killer factor and gelatine sam ple after gel filtration with 
Sephadex G-150. (a )  K iller activity a t different tim e intervals between o and 34 hr. after gel 
filtration. O , o h r ; x , 12 h r ; • ,  34 hr. ( b )  A bsorption  a t ( x ) 260 m / i  and  (O )  280 m/¿. (c) 
Folin-C iocalteu  test for pro teins (absorption a t 750 m/t).
Fig. 6. Agar-gel electrophoresis, (a) Killer factor-)-gelatine sam ple after 3 0 %  (NH JsSO« 
fractionation. (b ) Sensitive contro l so lu tion+ gelatine sam ple after 30 %  (N H i)2S0 4 fractiona­
tion. (c) G elatine sample, (d)  Purified killer factor sam ple after concentration by ultrafiltration. 
i  , origin, Eh protein  stain  (gelatine); ■ , purple stain  (gelatine a t o rig in+ m ethylene blue); 
lOD, zone o f inhibition (killer factor).

factor from the gelatine. To distinguish between these possibilities an attempt was made 
to separate the killer factor and gelatine by sucrose density-gradient centrifugation 
prior to gel filtration. Although the killer factor was dispersed throughout the gradient 
(Woods, 1966), it was possible to separate the bulk of it from the gelatine, since the 
latter was confined to a sharp peak at the top of the gradient.

After gel filtration this gelatine-free factor was eluted between 65 and 100 ml. 
effluent volume only. It was therefore concluded that the killer factor eluted at the
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void volume was attached to the gelatine, and was thus not fractionated by gel 
filtration with Sephadex G-150.

It is interesting to note that the killer factor was hetero-dispersed after centrifugation 
in a sucrose gradient and also following ultracentrifugation in complete medium for 
3 hr at 107,000 g.

The killer factor and gelatine sample eluted at the void volume were recycled but the 
killer factor was again only eluted at the void volume along with the gelatine. Re­
cycling the fractionated killer factor failed to yield an effluent with any killer activity, 
presumably due to its instability in the absence of gelatine and to dilution effects.

In fractionations by gel filtration where the separation is governed entirely by the 
molecular-sieve effect, the distribution coefficient (Kd) cannot be greater than unity, 
and it is possible to estimate the molecular weights of proteins from the elution 
volume (Granath & Flodin, 1961; Andrews, 1965). However, the Kd for the separation 
of the killer factor was 2-59. This indicates that adsorption was also taking place, and 
it was therefore impossible to estimate the molecular weight of the killer factor by 
this method.

Agar-gel electrophoresis. This technique was used to demonstrate the fractionation 
of the killer factor during the purification process. The pherograms of the experiments 
illustrated in Fig. 6 show that the killer factor remained at the origin and was not 
affected by electrophoresis at pH 4-6. The purified killer sample, which contained no 
detectable contaminant proteins, was only identifiable by a zone of inhibition at the 
origin. The dialysed killer sample, which had not been further purified, contained only 
the killer factor and gelatine (Fig. 6).

Electrophoresis was carried out at different pH values between pH 4-0 and 5-0 and 
several conclusions can be made from the results. First, the killer factor was only 
identifiable by zones of inhibition at the origin between pH 4-6 and 4-8; this was 
expected as it is unstable at other pH values. Secondly, there was no other migrating 
protein band at any of the pH values besides that formed by gelatine.

Degree of purification. The results given in Table 4 show that a 40-fold purification 
of the killer factor was achieved by the procedures described. It should be pointed out, 
however, that this estimate is a conservative one due to the fact that the killer factor was 
gradually inactivated once it had separated from the stabilizing gelatine. Thus a cer­
tain amount of inactivation always occurred before the assay procedure could be 
performed.

Electron microscopy. Serial dilutions of the purified killer factor were examined under 
the electron microscope but it was not detected by the technique adopted.

Effect o f papain. Evidence for the proteinaceous nature of the killer factor was 
obtained by the study of the effect of the plant protease enzyme, papain, which has a 
maximum enzymic activity between pH 5 and 7-5 (Kimmel & Smith, 1954): 0-2 ml. 
aliquots of a minimal-medium killer solution and a purified-killer-factor solution were 
added to 0-2 ml. aliquots of an activated papain (crystalline B.D.H.) solution con­
taining 0-025 M-cysteine and 0-005 M-versene; an inactive papain solution (papain 
alone); and a solution containing cysteine and versene. The solutions were incubated 
at 200 and the killer activity determined after 0, 4, 6 and 20 hr.

The results shown in Table 5 indicate that only the killer factor was inactivated by 
papain. Since it was inactivated by papain only in the presence of the reducing agents 
it is concluded that the proteolytic action of the enzyme was responsible. The eventual



loss of killer activity by the purified killer control sample was due to the unstable nature 
of the fractionated killer factor.

Mode o f action of the killer factor. The susceptibility of the sensitive cells was 
studied by comparing the % killing at different stages in the growth cycle. The sensitive 
cells were most susceptible during active growth but were completely resistant during 
stationary phase (Woods, 1966). Similar effects associated with changes in growth rate 
are well known in bacteria (Topley & Wilsons Principles 1964).
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Table 5. Effect o f the protease enzyme, papain, on the killer factor
Relative concentrations 

of active killer 
(log killer concentration)

Sample 0 hr 6 hr 20 hr
Killer factor+MM*+gelatine I 40 1-40 1-40
Killer factor+ MM—gelatine+cysteine+ 1-40 i*4C I 05
versene

Killer factor + MM—gelatine+papain 1-40 I#4C 1*40
Killer factor + MM+gelatine+cysteine+ 1-40 0-3C 0
versene+papain

Purified killer factor 0-53 o*3C 0
Purified killer factor+papain 0-53 0-30 0
Purified killer factor+cysteine+ 0-53 0 0
versene+papain

* Minimal medium.

Table 6. Effect o f temperature and pH on the post-absorption 
action of the killer factor

Post-absorption
treatment

Type of medium pH Temp.° (%) Killing
Sensitive 4-8 22 3

5-8 38 D
Killer 4-8 22 57-5

5-8 22 43'0
48 28 51-2
5-8 28 313
4-8 38 25-2
5-8 38 18-7

Sensitive 4-8 18 D

4-8 38 0
Killer 4-8 18 780

4-8 2 4 72-7
4-8 28 685
4-8 38 60-4

The action of the killer factor was investigated under different pH and temperature 
conditions. Sensitive cells were added to samples of killer and control solutions. The 
cells were plated on media buffered at pH 4-8 and/or 5-8 and incubated at 180, 22° 240 
28° or 38°. The % of sensitive cells killed was estimated by comparing the number 
of colonies arising on killer and control plates.
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The results (Table 6) show that the post-absorption action of the killer depended on 
the growth conditions, and was not necessarily fatal unless the organisms were exposed 
to the optium conditions for the stability of the killer factor. It is interesting to note 
that the effect of temperature on the post-absorption action of the killer factor, con­
trasts with that on the action of megacin where post-adsorption death was proportional 
to the incubation temperature (Holland, 1962).

Treated sensitive yeast cells kept at o° for 0-72 hr on agar plates buffered at pH 4-8 
did not subsequently recover when the cells were allowed to grow at 220 (Woods, 1966).

Preliminary experiments indicated that the action of the killer factor was not reversed 
by exposing treated cells to papain. Further, washing and shaking treated cells did not 
affect the post-absorption action of the killer factor. This contrasts with the action of 
colicins, which is reversed by trypsin, suggesting that they are adsorbed on the cell 
surface (Nomura, 1964).
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DISCUSSION

The killer factor in yeast, Saccharomyces cerevisiae, may be compared with any 
other agents involving killing and heredity, but the analogy between the killer factor 
and bacteriocins is particularly striking. Both act on strains of the same or closely 
related species and are proteinaceous in nature. The production and stability of the 
killer factor and some bacteriocins is very dependent on growth conditions, which must 
be carefully controlled for optimal titres. The killer factor is markedly more stable in 
agar medium than in broth. Similarly, many colicinogenic strains which produce good 
zones of inhibition on agar may show little or no activity in broth (Reeves, 1965).

The proteinaceous nature of the purified killer factor is indicated by its inactivation 
by papain, its absorption at 260 and 280 m/i, and the Folin-Ciocalteu test (1927) for 
proteins described here. The presence of aromatic moieties in the killer factor is suggested 
by both the significant absorption observed at 280 m/i (Layne, 1957) and the adsorp­
tion of the factor by Sephadex. It is well known that Sephadex adsorbs predominantly 
aromatic and heterocyclic compounds (Gelotte, i960).

The size of the killer factor is at present unknown but the dialysis experiments suggest 
that it is a macromolecular protein.

The bactericidal action of the killer factor and that of megacin are very similar in 
many respects. First, growth of the treated sensitive organisms is required before death 
occurs. Secondly, the physiological state of the sensitive cells affects the amount of 
killing, and, thirdly, absorption and death of the organisms are separated into two 
distinct processes. Holland (1962) reported that the decrease in sensitivity, with age, of 
Bacillus megaierium strains to megacin is concurrent with the progressive development 
of an extensive slime layer. He suggested that the slime layer prevented or retarded the 
penetration of megacin to those structures where it exerted its lethal activity. At 
present the reason for the increased sensitivity of the sensitive yeast cells to the action 
of the killer factor during log phase is not known.

The post-absorption action of both the killer factor and megacin is affected by the 
growth conditions. The former requires that the organisms be exposed to the optimum 
conditions for the stability of the killer factor during growth, but the latter is not 
necessarily fatal unless the organisms are exposed to optimum growth conditions. 
Holland (1962) suggested the possible involvement of an enzymic system since the post­
absorption death rate is proportional to the incubation temperature, and the



Q10 (27-37°) for the loss of viability is close to 2. The effect of temperature between 28° 
and 38° on the action of the killer factor has the opposite effect resulting in a decrease 
in the % killing.

Another example of the effect of the physiological state of the sensitive and tempera­
ture organisms on the activity of the bacteriocin, pesticin, produced by Pasteurella 
pseudotuberculosis was reported by Ben-Gurion & Hertman (1958). They indicated 
that the activity of pesticin is 20 times greater when tested at 37° than at 30°. However, 
it should be noted that the sensitive organism P. pseudotuberculosis grows more 
abundantly at 37° than at 30°.

The authors wish to thank Mr J. Kirkham, who carried out the electron microscopy, 
and the Science Research Council for financial support of this work. One of us 
(D. R. W.) wishes to acknowledge a Rhodes Scholarship.
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SUMMARY

The formation of chlorophyll in non-proliferating etiolated cells of Euglena 
gracilis var. bacillaris is inhibited by some antimetabolite analogues of 
vitamins. The cell size and cell mass of light-grown euglenas is considerably 
increased in vitamin B 12 deficiency. The inhibitory effect of 2,6-diamino- 
purine on chlorophyll formation in non-proliferating euglenas was not 
annulled by vitamin B 12; 6-mercaptopurine, sulphanilamide and benzimi­
dazole were without effect. Isoniazide inhibition is not reversed by niacin; 
surprisingly, the vitamin itself is markedly inhibitory. The inhibitory effect of 
niacin, however, is prevented by pyridine-3-sulphonate. Niacin and its 
analogues were more inhibitory to growth in the dark than in the light. The 
inhibition of growth by niacin in the light is annulled appreciably by either 
glucose or pyruvate, or an overwhelming concentration of vitamin B 12. 
Aminopterin, desoxypyridoxine and 2-chloro-p-aminobenzoic acid do not 
have any effect on chlorophyll synthesis in non-proliferating euglenas; the 
last mentioned inhibits the growth of the alga more in the dark than in the 
light. Thiamine deficiency inhibits growth; such sub-optimally grown 
euglenas also synthesize less chlorophyll per cell on subsequent illumina­
tion under non-proliferation conditions.

The negative growth response of light-grown Euglena gracilis var. bacil­
laris to niacin suggests a microbiological method of estimating this vitamin 
in biological materials and pharmaceutical preparations up to concentra­
tions of 70 //g./ml. in the growth medium. The 50 % inhibition level of niacin 
in the light is 46 //g./ml.

IN T R O D U C T I O N

Exposure of dark-grown euglenas to light in a non-proliferation medium brings 
about the synthesis of chlorophyll with several associated changes. The formation of 
chlorophyll is inhibited by antimetabolite analogues of purines, pyrimidines and 
amino acids (Dubash & Rege, 1967a). No direct evidence of the involvement of 
vitamins during the pigment formation in dark-grown non-proliferating euglenas is 
available; such an apparent independence may mean synthesis of these during growth 
irrespective of illumination. The effect of antimetabolite analogues of vitamins was 
therefore studied with a view to explore the possible association of vitamins with the 
synthesis of chlorophyll.

METHODS

Euglena gracilis var. bacillaris was grown, harvested and illuminated under non­
proliferating conditions as described earlier (Dubash & Rege, 1967 a, b). Measurement
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of growth, chlorophyll and cell numbers and all other experimental details have already 
been described. Dry weights of euglenas were determined by drying samples of the 
washed cell suspensions at 50-60° for 12-14 hr.

R E SU L T S

Requirement o f  vitamin B 12 and the effect o f its antimetabolite analogues on growth and 
chlorophyll synthesis

Euglena gracilis var. bacillaris exhibits a unique requirement of an exogenous 
supply of vitamin B 12 (Hutner & Provasoli, 1964); it was of interest to check whether 
this vitamin is required for chlorophyll synthesis or for other metabolic purposes.

Organisms grown under conditions varied with respect to vitamin B 12 showed 
variations in their chlorophyll content; sub-optimally grown organisms had a lower 
chlorophyll index per mg. dry wt. However, when the chlorophyll index was measured 
per organism, a slight enhancement was observed in the case of sub-optimally grown

Table 1. Effect o f vitamin B 12 deficiency on the synthesis o f chlorophyll 
in Euglena gracilis var. bacillaris grown in the light

Vitamin B 12
Dry wt 

cell
Cell count 

of sus-
O.D. at 660 m/i of 10 ml. of methanol extract

r
in medium suspension pension Per ml. of Per mg. Per io6
(ftitg./ml.) (mg./ml.) (x io6/ml.) suspension cells cells

50
(Optimal)

436 4-42 0298 0068 0067

5
(Sub-optimal)

3'23 1-25 0-096 0*029 0-077

Table 2. Comparison o f dry weights o f Euglena gracilis var. bacillaris grown 
under different conditions o f stress

Stress condition

Dry weight of 
to6 cells 
(mg.)

Dry wt of 
treated cells 
Dry wt of 

control cells
Control*
Vitamin B 12 deficiency* 
Controlf
Grown at 13-3-17 °C.t

0-99 I
2-58 2-6i
1-54 I
3-78 2-46

* Euglena gracilis var. bacillaris grown in light in the glutamate-malate medium of Hutner, Pro­
vasoli, Schatz & Haskins (1950).

t  Readings of Buetow (1962): Euglena gracilis var. bacillaris (sm -l i) , a streptomycin bleached 
mutant, grown in the dark with acetate as the sole carbon source in the medium of Cramer & Myers
(1952).

euglenas (Table 1). This indicated an increase in size and cellular mass in vitamin B 12 
deficiency. Buetow (1962) observed a similar decrease in the growth rate and in­
crease in cellular mass of euglenas at lower incubation temperatures. Table 2 shows a 
comparison of the growth characteristics of the euglenas grown under different con­
ditions of stress.

Although vitamin B 12 deficiency distorts cell metabolism and brings about these 
characteristic biochemical lesions during growth, results in Table 3 show that the



vitamin plays no significant role during chlorophyll synthesis in non-proliferating 
organisms. The 2,6-diaminopurine inhibition of chlorophyll synthesis was not annulled 
to any extent by the presence of vitamin B 12. 6-Mercaptopurine, sulphanilamide and 
benzimidazole do not inhibit pigment synthesis.

Table 3. Effect o f anti-metabolite analogues o f vitamin B 12 on chlorophyll synthesis 
in non-proliferating etiolated organisms o f Euglena gracilis var. bacillaris

Chlorophyll synthesized/cell/
72 hr (%)

,---------------------*-------------------- .
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Analogue Control +1 m/ig./ml.
None 100 100
2,6-Diammopurine 639 65-0
6-Mercaptopurine 1140 102-8
Sulphanilamide 102-8 95-2
Benzimidazole 97-2 80-5

All analogues were added at a concentration of 1 x  10 3 m  in the non-proliferation medium.

Table 4. Effect o f antimetabolite analogues o f vitamins on chlorophyll synthesis 
in non-proliferating etiolated organisms of Euglena gracilis var. bacillaris

Analogue

Concentration 
in the non­

proliferation 
medium 
Og./ml.)

Inhibition of 
greening 

(%)
None 0
Isoniazide 2000 65-5
3-Acetylpyridine 200 — 11-5
Pyridine-3-sulphonic acid 200 - I 7 -I
Aminopterin 20 10-7
2-Chloro-p-amino benzoic acid 25 0
Desoxypyridoxine 100 4 9

Table 5. Effect o f anti-metabolite analogues o f vitamins on the growth 
of Euglena gracilis var. bacillaris

Concentration
in the growth Inhibition of growth (%)

medium ,-------------- A---
Analogue (/¿g./ml.) Light Dark

None 0 0
Niacinamide 50 14-0 68-5
Isoniazide 50 — 60 146
3-Acetylpyridine 50 44'5 760
Pyridine-3-sulphonic acid 50 0 22‘4
Niacin 50 62 0 75'4
Aminopterin 20 3-i 1-5
2-Chloro-p-amino benzoic acid 25 54-0 63-8

Effect o f antimetabolite analogues o f vitamins on chlorophyll synthesis and growth of 
Euglena gracilis var. bacillaris

Several other antimetabolite analogues of vitamins were tested for their effect on 
chlorophyll synthesis (Table 4) and growth (Table 5) of Euglena gracilis var. bacillaris. 
Aminopterin and desoxypyridoxine had little effect on chlorophyll synthesis in non-

q G. Microb. 51
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proliferating euglenas. Among the niacin derivatives tried, only isoniazide was in­
hibitory, whereas 3-acetylpyridine and pyridine-3-sulphonate were, in fact, stimula­
tory. However, these had varying effects on the growth of the euglenas. 2-Chloro-p- 
aminobenzoic acid and 3-acetyl pyridine were quite inhibitory to growth (Table 5) and 
more so in the dark, whereas pyridine-3-sulphonate and isoniazide were only inhibi­
tory in the dark; aminopterin was ineffective. 2-Chloro-p-aminobenzoic acid and 
sulphanilamide had no effect on chlorophyll synthesis in non-proliferating euglenas 
although both inhibited growth.

Effect o f  niacin derivatives
In an attempt to study the possible annulment by the vitamin of the inhibition of 

chlorophyll synthesis by the antimetabolite analogues of niacin it was observed that 
200 /ig./ml. niacin was itself inhibitory to the synthesis of chlorophyll in non-proliferat­
ing euglenas. The effects of the various antimetabolite analogues of niacin along with 
this vitamin were therefore studied (Table 6). Figure x shows the negative growth- 
response relationship between niacin concentration and growth of Euglena gracilis 
var. bacillaris.

Table 6. Effect o f  niacin and its anti-metabolite analogues on chlorophyll synthesis 
in non-proliferating etiolated organisms o f  Euglena gracilis var. bacillaris

130

Analogue

Concentration 
in the non­

proliferation 
medium 
(/ig./ml.)

Inhibition of 
greening 

(%)
None 0
Niacin 200 95-6
Niacinamide 2000 100
Isoniazide 2000 656
3-Acetylpyridine 200 - n -5
Pyridine-3-sulphonic acid 200 - I 7-I
Niacin+ 3-acetylpyridine 100
Niacin+pyridine-3-sulphonic acid - 54-1

Both niacin and its amide were inhibitory to growth as well as chlorophyll synthesis 
(Tables 5, 6). The growth inhibition with niacin was more marked in the dark than in 
the light as with other antimetabolite analogues of this vitamin. The inhibition of 
chlorophyll synthesis by niacin was completely overcome by pyridine-3-sulphonate 
(Table 6). Attempts to reverse this anomalous inhibition of growth by niacin have been 
met with only partial success. Table 7 shows a 50 % annulment of the inhibition in the 
light by glucose or by a hundredfold increase in vitamin B 12 in the growth medium. 
There was, however, no annulment by these supplements in the dark.

Among the several Krebs-cycle intermediates tested for their effect on the niacin 
inhibition of growth, only pyruvate annulled the inhibition completely in light and 
partially in the dark. /?-Glycerolphosphate and a-ketoglutarate, however, could par­
tially annul the niacin inhibition in the light but not in the dark. Succinate, citrate, 
malate and fumarate all aggravated the inhibition, particularly in the light. These 
results are given in Table 8.
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Effect o f  thiamine
The effect of thiamine deficiency on growth and chlorophyll synthesis in Euglena 

gracilis var. bacillaris is shown in Table 9. Thiamine-deficient organisms had a 15 % 
lower potential for chlorophyll synthesis than normal organisms when they were 
illuminated under non-proliferating conditions.

Niacin concentration in the growth medium (/tg./ml.)
Fig. 1. Effect of niacin on the growth of Euglena gracilis var. bacillaris in the 

light (---- •) and in the dark (------).

Table 7. Annulment o f  niacin growth inhibition o f Euglena gracilis var. 
bacillaris with glucose and vitamin B 12

Growth in Inhibition of
Vitamin B 12 Niacin in ( ' I growth (%)
in medium medium Glucose Light Dark t
(/i/ig./ml.) (46 //g./ml.) 1% (Klett) Light Dark

50 (normal) - - 179 0
— + 182 24O 0 0
+ — 90 50
+ + 133 17 26 93

5000 (ioo-fold) - - 186 0
+ — 135 27
— + 276 0
+ + 14 98

Assay o f  niacin with Euglena gracilis var. baccillaris 
The Euglena gracilis assay of vitamin B 12 (Hutner, Bach & Ross, 1956) owes its 

world-wide acceptance to its extreme sensitivity and its specificity for vitamin B 12 
(Hutner, 1961; Hutner & Provasoli, 1964). The inhibitory effect of niacin on the 
photosynthetic growth of the euglenas was striking and offered an elegant method for

9-2
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assaying th is v itam in  m icrob io log ica lly , tak ing  advantage o f  the typical negative-  
grow th  response curve w hich  is show n  in  F ig . 1. A  linearity o f  response w as sh ow n  for  
niacin  concentrations up  to  70 /¿g./m l. in  the basal m ed ium  w ith  a 50 % in h ib ition  
level o f  the v itam in  correspond ing to  46  /¿g./m l.

T ab le 8. Effect of Krebs cycle intermediates on the niacin inhibition of 
growth of Euglena gracilis var. bacillaris

Inhibition of growth with 
50 /<g./ml. niacin (%)

Krebs’ cycle r-------------'---------------->

132

acid added* (1 %) Light Dark
None 6 5 0 83-5
Glucose 3 3 0 9 6 8
Pyruvate 0 45-8
Lactate 59-0 8 7 0
Succinate 84-0 84-0
Malate 78-0 895
a-Ketoglutarate 43’5 9 2 6
fi-G 1 yccro phosphate 37'5 87-0
Fumarate 78-8 92-3
Citrate 82-2 83-1

* Additions of Krebs’ intermediates were to the basal medium containing 
glutamate (1 %) and malate (0'2 %) but without glucose.

T able 9. Thiamine requirement for growth and greening of Euglena 
gracilis var. bacillaris

Thiamine in growth Inhibition of growth (%)
Inhibition of chloro­

phyll synthesis in
medium

O/'g./ml.)
A non-proliferating 

cells (%)Light Dark
0 4 6 0 l6 0 1 5 0

1000 (basal) 0 0 0

D IS C U S S IO N

A lthou gh  V enkataram an, N etraw ali & Sreenivasan (1965) suggested  on  the basis 
o f  incorporation  o f  labelled  u C -form ate that in  D N A  synthesis in  Euglena gracilis var. 
bacillaris v itam in  B 12 has a greater role in  the reduction  o f  ribotides to  d eoxyribotides  
than  in  the reduction  o f  form ate to  thym ine m ethyl and that the vitam in  B 12-depen­
d ent con version  o f  g lu tam ate to  //-m ethyl aspartate a lso  contributed  to  thym ine syn ­
thesis, its exact fun ction  in  this organism  still rem ains obscure. T h e role o f  v itam in  
B 12 in  ch lorophyll synthesis in  euglena has n o t been  explored . T h e dry w eigh t o f  
euglenas grow n under con d itions o f  vitam in  B 12 deficiency (T able 2) increased nearly
2-2-fold as w as the case o f  cultures grow n at lo w  tem peratures (B uetow , 1962). G igantism  
w as a lso  apparent from  results given in  T ab le 1 on  the basis o f  the ch lorophyll index  o f  
the euglenas grow n under sub-optim al vitam in  B 12 con d itions. B oth  higher op tim al 
tem peratures and  adequate v itam in  B 12 favour cell m ultip lication  w ith a con stan t frag­
m en tation  o f  cellu lar m aterial w hich  prevents cell g igantism  due to  ‘ sta g n a tio n ’. C ell 
en largem ent has a lso  been  observed in  the z  strain o f  Euglena gracilis (E pstein , W eiss, 
C auseley & B ush, 1962) grow n under sub-optim al vitam in B 12 con d ition s. T he occur­
rence o f  a  w ide variation  in  cell size in  response to  an ti-m etabolites or m etabolite



deficiency has been  reported  by  several w orkers (B eck, H u rlock  & L evin , i9 6 0 ; D ub ash  
& R ege, 19676; E pstein  &  W eiss, 1960a; F ord  & G ou ld en , 1959; R ueckert & M ueller,
i960 ). Such varied size d ifferentiation, a lon g  w ith  the cellu lar accum ulation  o f  
m aterials w hich  render the organism s m ore opaque, m ust throw  d ou b t on  turbidi- 
m etric grow th  m easurem ents. T h e v itam in  B 12 assay  w ith  E uglena (H utner et al.
1956) w ould , in  the ligh t o f  these experim ents, be m uch  m ore reliable i f  ch lorophyll 
w ere taken  as the index  o f  grow th  rather than turbidity. T he ch loroph yll con ten t o f  
vitam in  B 12-deficient organism s did n o t sh ow  such a w ide variation  (T ab le 1). T he  
strong in h ib ition  by acetate and  n iacin  (see C oelh o , D u b ash  & R ege, 1964) b oth  o f  
com m on  occurrence in  b io log ica l m aterials and  pharm aceutical preparations and  o f  
grow th  stim ulation  by various K reb’s in term ediates (C oelh o  et al. 1964) suggests need  
for cau tion  w hen  assaying  v itam in  B 12 or n iacin  w ith  th is alga. T h e graded negative  
grow th  response o f  photosynth etica lly  grow ing Euglena gracilis var. bacillaris to  the  
presence o f  n iacin  m ay p rove usefu l for the assay  o f  this v itam in  in  b io log ica l m aterials 
and pharm aceutical preparations.

V itam in  B 12, h ow ever, d oes n o t seem  to  have any significant role in  ch lorophyll 
synthesis in  n on-proliferating euglenas as is sh ow n  by the inab ility  o f  v itam in  B 12 to  
annul the in h ib ition  by 2,6-d iam inopurine. A lth ou gh  in  grow ing euglenas, 6-m ercapto- 
purine com p etes w ith  v itam in  B 12 presum ably by  interfering w ith  d im ethylbenzim i-  
d azo l fun ction  rather than inducing purine deficiency (E pstein  & T im m is, 1963; E pstein  
&  W eiss, 1960 a, b), n o  in h ib ition  o f  ch loroph yll synthesis by this an tim etabolite ana­
logu e w as observed  (T able 3). S im ilarly, b en zim id azole  (E pstein  & T im m is, 1963) and  
su lphanim ide (C oelh o , 1966), reported to  have an  a n ti-B i2  activ ity  for  grow th  o f  
E uglena, had n o  appreciable effect on  greening. E pstein  & T im m is (1963) have show n  
b oth  am inopterin  and  am ethopterin  to  be in active for E uglena. A m inop terin  and  
d esoxypyridoxine have a lso  n o  effect on  ch loroph yll synthesis in  non-proliferating  
etio lated  euglenas on  illum in ation  (T ables 4 , 5).

B oth  n iacin  and its am ide are in h ib itory  for grow th  as w ell as ch loroph yll synthesis  
in  E uglena (T ables 5, 6) and these as w ell as the other an ti-m etabolite analogues o f  
vitam ins are m ore inh ib itory  in  the dark than  in  the light. T his ind icates that these  
inh ib it som e system  o f  general m etabo lic  significance and d o  n o t obstruct som e step  
in  ch loroph yll b iosynthesis. T he in h ib ition  o f  ch loroph yll synthesis by n iacin  is com ­
pletely  annulled  by pyrid ine-3-su lphonate. It is clear from  T ables 5 and  6 that other  
su bstitu tion s in  the //-p osition  o f  the pyrid ine ring low er the tox ic ity  o f  the com p oun d . 
A  p robable site o f  action  o f  n iacin  and n iacinam ide w ou ld  be for the T P N -requiring  
glyceraldehyde-3-phosphate dehydrogenase form ed during ch loroph yll synthesis  
(F u ller & G ib b s, 1959; Braw erm an & K ön igsberg, i9 6 0 ). H ow ever, the n iacin  in ­
h ib ition  is exerted  even  in  the dark w hen  the euglenas are grow n heterotrophically . 
Schöpfer & K eller (1951) have reversed the grow th  inh ib ition  o f  Euglena gracilis 
caused  by v itam in  K  3 w ith  n iacin  or n iacinam ide and F rank  et al. (1963) have over­
com e the th a lid om id e grow th  in h ib ition  in  this a lga by n iacin , n iacinam ide, N A D  
and v itam in  K  1. A lth ou gh  the latter authors have used  a level o f  10 /tg ./m l. n iacin , 
they fa il to  report any in h ib ition  o f  grow th , w hereas from  F ig . 1 it is apparent that 
a 10%  grow th  in h ib ition  d oes occur at such  a level. Frank  et al. (1963), how ever, 
did find 6 -am ino-n iacinam ide to  inh ib it the grow th  o f  euglenas and reversed this  
effect w ith  n iacin . In the present case it is n o t on ly  that a usual m etabolite  for  
other organism s is acting as an inhib itor, bu t that a norm al an tim etabolite ana­
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logu e, pyrid ine-3-su lphonate, annuls th is in h ib ition . T h e reversal, thou gh  partial, 
o f  n iacin  tox ic ity  to  th e  p h otosyn th etic  grow th  o f  euglenas b y  overw helm ing c o n ­
centrations o f  v itam in  B 12 m ay suggest that the form er interferes in  the u tilization  
o f  the latter. It is a lso  p ossib le  that v itam in  B 12 is rendered unstable in  the  
presence o f  n iacin , particu larly during sterilization  o f  the m ed ium  at h igh  tem pera­
tures; such  exam ples o f  non-com patib ility  are k now n  to  occur in  pharm aceutical 
preparations. T h e reversal by  g lu cose o f  th is n iacin  in h ib ition  (T able 7) in  the ligh t  
m ay suggest th a t th e  in h ib itor obstructs th e  p h otosyn th etic  p ath w ay for  elic itin g  
energy; how ever, the m ore pron oun ced  in h ib ition  in  the dark is  in con sisten t w ith  th is. 
T h e extrem ely h igh  activity o f  pyruvate and  a-ketoglu tarate, particularly in  the ligh t to  
prevent n iacin  in h ib ition  (T ab le 7), m ay suggest that n iacin  interferes in  som e m anner  
w ith  the pyrid ine n ucleotid e m etabolism . B oth  these a -k eto  acids n orm ally  serve to  
produce the reduced N A D H . It is quite p ossib le  that v itam in  B 12 m ay act by  ach iev ing  
the sam e end-results, as it  is  k n ow n  that th is v itam in  serves in  m aintain ing su lphydryl 
groups in  the reduced form  (D u b n o ff & B arton , 1956). A  sim ilar exp lan ation  had  been  
given  for the inh ib itory  effect o f  thalidom id e (Frank  et al. 1963), w hich  is c la im ed  to  
interfere at a  p o in t w here n iacin  is converted  to  N A D  or w ith  the u tilization  o f  N A D  
an d  v itam in  K  in  cellu lar ox id ations. M en tion  m ust a lso  b e m ade at th is p o in t o f  
another observation  o f  C oelh o  (1966) that m any g lu cose m etabolites, particularly  
a-ketoglu tarate, spare the requirem ent o f  v itam in  B 12 in  this alga.
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SUM M ARY

C holestero l p rom oted  oosp ore form ation  in  Phytophthora cactorum', very  
few  oosp ores were form ed w hen ch o lestan o l w as incorporated  in the m edium  
instead . A b o v e  a critical concentration  o f  ch olestero l, ch o lestan o l com petiti­
vely  inhib ited  oosp ore form ation  by ch olestero l w hen  b oth  were added  to  the 
m edium  together. A t lo w  ch olestero l concentrations, the ad c itio n  o f  som e  
ch o lestan o l increased the num ber o f  oosp ores; further addition  o f  ch o les­
tano l w as inhibitory. C holestero l and ch o lestan o l stim ulated  vegetative grow th  
to  a sim ilar extent.

IN T R O D U C T IO N

T he fungus Phytophthora cactorum (L eb. &  C ohn) Schroet. grow s vegetatively  
on  an  agar m ed ium  con ta in ing  sucrose, asparagine, m ineral salts and th iam ine (basal 
m ed iu m ); but for  sexual reproduction  and oosp ore form ation  sterols m ust be added  
to  the m edium . D ifferent sterols vary greatly in  their effectiveness in  prom otin g  
reproduction . Som e, classified by  E lliott, H endrie & K nights (1966) as ‘a c t iv e ’, 
p rom ote oosp ore form ation , but w ith  others, called  ‘partially  a c tiv e ’, on ly  oog o n ia  
and antheridia are form ed: the con ten ts o f  the oog o n ia  degenerate and  no oosp ores  
are form ed.

T he q uestion  arises as to  w hether a partially  active substance added to  the m edium  
together w ith  an active on e suppresses or enhances the action  o f  the active substance  
in  p rom otin g  oosp ore form ation . T his paper reports the effect o f  m ixtures o f  the  
active substance, ch olestero l, and  the partially  active substance, ch olestan ol.

M ETH O D S

T he strain  im i 21168 o f  Phytophthora cactorum w as used . T h e basal m edium  w as  
that described  by  E llio tt et al. (1966); it  w as solidified  w ith  1 % (w /v) D ifco  B acto -  
agar. C holestero l and ch o lestan o l were d isso lved  in  d iethyl ether and added  to  the  
m edium  after it had  been  au toclaved .

T he ch olestero l and  ch o lestan o l w ere exam ined  by  g as-liq u id  chrom atography  
(G L C ) (see K nights, 1967, for  details), and each  appeared to  b e at least 99 % pure. T o  
test further for  the presence o f  ch o lestan o l in  the ch olestero l, the sam ple w as ox id ized  
w ith Jon es’s reagent (B ow den  et al. 1946) so  that the ch olestero l w as converted  to  
A4-ch o lesten -3 ,6 -d ione and  ch o lestan o l to  ch o lestan -3 -on e. A  trace o f  m aterial w as 
detected  by  G L C  w hich  m ight have been  ch o lestan -3 -on e (F ig . 1), but again  the
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m axim um  p ossib le  am ou n t w as under 1 %. T h e presence o f  cho lestero l in  the choles-  
ta n o l w as tested  for b y  the L ieberm ann-B urchard  reaction . T h e in tensity  o f  co lour  
d evelop ed  in d icated  a m axim um  ch o lestero l con ten t in  the sam ple o f  1-65% . H o w ­
ever, u ltrav io let spectra o f  the co lou r reactions o f  the ch o lestan o l sam ple and  o f  pure 
ch olestero l w ere n o t iden tical, a llow an ce for  d ilu tion  being  m ade (F ig . 2). C holesterol 
show s a p eak  at 415 m/£ (absent from  the ch o lestan o l sam ple) and the spectrum  changes  
w ith  tim e (w hich  did n o t occur w ith  the ch o lestan o l sam ple) ; m oreover th e  ch o lestan o l 
sam ple sh ow ed  a  w eak  p eak  at 455 mji, absen t from  ch o lestero l. T h us ch olestero l 
con ten t o f  the ch o lestan o l is  lik ely  to  be w ell under 1 %.

138

Retention time (min.) Wavelength (m/t)
Fig. 1 Fig. 2

Fig. 1. GLC analysis (on 1 % SE-30 at 250°) of oxidation product of cholesterol sample.
Peak A, cholest-4-ene-3,6-dione; B, cholest-4-ene-3-one; C, cholestan-3-one ?+unreacted 
cholesterol.
Fig. 2 . Spectra of Liebermann-Burchard reaction mixtures of A, cholesterol (i-6 mg./2  ml.);
B, same after about 30 min.; C, cholesterol, diluted i -6 in 100; D, cholestanol (6-87 mg./
2 ml.).

T he fungus w as grow n  in  sm all ‘M o n a x ’ P etri d ishes, 5 cm . d iam . (nom in al), co n ­
ta in ing  5 m l. m ed ium . T h e in ocu lu m  w as a d isc 4  m m . diam eter cu t from  a culture  
grow ing on  basal m ed ium . In cu bation  w as at 240 in  the dark.

O osp ore cou n ts w ere m ade in  cultures 3 w eeks o ld . B y  th is tim e o o g o n ia  either 
conta ined  oosp ores, or their con ten ts had  degenerated. F or  cou n tin g , the Petri d ishes 
w ere inverted  on  the m icroscop e stage and  a con ven ien t p lane o f  focu s w as selected  
(generally ju st in sid e th e  g lass). T he P etri d ish  w as traversed under the low -pow er  
objective from  the outer edge o f  the co lo n y  to  the centre, the fine-focus k n ob  being  
con tin u ou sly  adjusted  through  on e quarter o f  a  turn on ly .

F or  statistical tests, the in d iv idu al oosp ore  cou n ts, x , w ere transform ed to  ( x + £ ) l .  
It is these transform ed va lu es w h ich  are p lo tted  in  F ig . 3 and  4.
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R E SU L T S

In  th e  first three experim ents (F ig . 3) the con centration  o f  ch o lestan o l w as arranged  
to  b e 0, i ,  1, 2 , . . . ,  64 tim es that o f  ch o lestero l (w /w ), the am oun ts o f  ch olestero l 
added  being  10, 1 and  0-2 m g ./l. in  the different experim ents. A t  ch olestero l 10 m g ./l., 
th e  ad d ition  o f  even  a sm all p rop ortion  o f  ch o lestan o l decreased  the oosp ore cou n t. 
A t ch o lestero l o-2 m g ./l ., the ad d ition  o f  som e ch o lestan o l p rom oted  o osp ore for­
m ation ; there w as a m axim um  at a ratio  2 :1  ch o le s ta n o l:cholestero l, ab ove w hich  the  
oosp ore cou n t decreased . A t cho lestero l 1 m g ./l. n o  prom otin g  effect o f  ch o lestan o l w as 
observed , b u t there w as on ly  a sm all decrease in  the o osp ore cou n t u ntil the ratio  
ch o le s ta n o l: cho lestero l exceeded  2 :1 .

Ratio: concentrations Cholesterol concentration (mg./l.)
cholestanol/cholesterol

Fig. 3 Fig. 4

Fig. 3 - Effect on oospore numbers in Phytophthora cactorum of adding cholestanol to 
medium containing cholesterol: x -----x , 10 mg./l. cholesterol; • ----- • ,  1 0  mg./l. choles­
terol; A-----A, o-2 mg./l. cholesterol.
Fig. 4 . Oospore numbers of Phytophthora cactorum in relation to concentration of choles­
terol (O---- O), cholesterol+ cholestanol 1:2  (x ------x) and cholestanol ( • ----- •). The
figures on the scale are to be doubled to give the cholestanol concentration appropriate to 
each point.

In  the n ext experim ent (F ig . 4) the ratio  o f  the am oun ts o f  ch o lestan o l and  ch o les­
terol w as fixed  at 2 :1 , but th e  actual am oun ts varied. C ontro l cu ltures w ere grow n w ith  
the sam e am oun ts o f  ch olestero l and ch o lestan o l separately, and  in  th is experim ent the  
effect o f  h igh  con centration s o f  ch o lestero l on  o osp ore form ation  w as a lso  tested . 
F rom  F ig . 4  it  can  b e seen  that the num ber o f  oosp ores increased  w ith  increasing  
ch o lestero l con centration  up  to  ab ou t 10 m g./l. Further increase in  the am ou n t brought 
ab o u t n o  significant change in  the num ber o f  spores. A t  the low er con centration s  
(less than  2 m g ./l.)  the oosp ores w ere confined  to  the ou term ost part o f  th e  co lon y . A t  
higher concentrations th ey  occurred in  increasing num bers in  the central region . T he  
curves fo r  o o sp o re  num ber for ch olestero l a lon e and  fo r  the ch o le stero l+ ch o lestan o l
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m ixture intersected  at ab ou t ch olestero l 0-9 m g./l. A b o v e  th is con centration  the  
addition  o f  tw ice as m uch  ch o lestan o l decreased  the num ber o f  o o sp o r e s ; b elow  it, the  
ad d ition  o f  tw ice as m uch  ch o lestan o l increased  it.

In  these experim ents a very few  oosp ores were foun d  in  the ch o lestan o l con tro ls, 
contrary to  our previous experience (E llio tt et al. 1966). T h e use o f  M on ax  glassw are  
rather than  Pyrex as in  our previous w ork  w as foun d  n o t to  be the exp lan ation  o f  the  
difference. T he curve relating oosp ore num ber to  ch o lestan o l con centration  (F ig . 4) 
did  appear to  have a m axim um , but the num bers o f  spores d id  n o t vary significantly  
betw een  concentrations, and  w ere in  all cases very sm all indeed . N o  oosp ores were 
seen  in  the con tro ls w ith ou t either sterol.

T able 1. Phytophthora cactorum: mean oospore counts in media with 
different concentrations o f cholesterol and cholestanol

Each value is the mean of four counts in each of eight Petri dishes; 
untransformed data.

Concen­
tration

of choles- Concentration of cholesterol (mg./l.)
tanol ,---------------------------------- '---------------------------------- ,
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(mg./l.) o-5 I 2 5 10

0 6-78 i8’75 27-31 42-59 56-81
I 119 7 13-78 2 6 0 3 27-97 48-22
5 4-00 994 12-72 26-31 38-78

Analysis of variance (data transformed, [x+1/2]*)

D .F.
Mean
square F

Between cholesterol concentrations 4 230-99 49-5 6**
Between cholesterol concentrations 2 67-49 13-9 4 **
Interaction 1 2 16-53 3-41*
Interaction 2 6 4-17 —
Between replicate Petri dishes 105 4-84 4 -2 2**
Within dishes 360 1 1 5 —

Interaction 1 compares the effect of cholestanol concentration at 0-5 mg./l. cholesterol with its
average effect at the other cholesterol concentrations. Interaction 2 compares the responses to choles­
tanol at the four higher cholesterol concentrations.

* P 0 -05-0 -01 . ** P very small.

T he m ethods o f  enzym e k inetics have been  applied  to  the grow th  o f  higher p lants  
in  response to  auxins (F oster, M cR ae &  B onner, 1952; M cR ae, F oster & B onner, 
1953)- T h ese authors substituted  the rate o f  e lon gation  for the rate o f  the reaction  in  
th e  enzym e system , and the concentrations o f  auxin and anti-auxin  for the concentra­
tion s o f  enzym e substrate and inhib itor. It seem ed appropriate to  treat the present 
case sim ilarly, using the oosp ore cou n t in  p lace o f  the rate o f  reaction  (v) and  c o n ­
centrations o f  ch olestero l and ch o lestan o l for the concentration  o f  substrate (?) and  
inhib itor (/), respectively, a lthough  the oosp ore cou n t itse lf is n o t strictly a  rate.

T he data  o f  T ab le 1 have been  p lo tted  in  tw o  w ays w hich  are con ven ien t for d is­
tingu ish ing com p etitive from  n on-com petitive in h ib ition  (D ix o n  &  W ebb, 1964), 
nam ely i /v  against i/s (F ig . 5) and s[v against s (F ig . 6). T he untransform ed m eans  
w ere used  for th e  v values. In F ig . 5 the p o in ts a t w hich  the fines for ch o lestan o l co n ­
centrations 0 and  5 m g./l. cu t the vertical axis d o  n o t differ significantly. In  F ig . 6 the



lines for  these tw o  concentrations d o  n o t differ significantly in  slope. T hese are the  
results expected  in  the case o f  com p etitive in h ib ition . F o r  ch o lestan o l 1 m g ./l ., the  
line w ou ld  appear to  lie  betw een  the lines for  the other tw o  ch o lestan o l concentrations  
(i.e . 0  and  5 m g ./l.) , but to  cross the n o -ch o lestan o l line at lo w  ch olestero l concentra­
tion s w here the effect o f  adding  ch o lestan o l to  the ch olestero l is to  increase the oosp ore  
count.

V egetative grow th (dry w eigh t o f  m ycelium ) in  m ed ia  w ith  ch o lestero l or ch o les­
tan o l is com pared  in  T ab le 2. T he results w ere sim ilar, bu t ch o lestan o l appeared to  be  
slightly  less effective in  prom otin g  grow th  at lo w  concentrations.
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Fig. 5 Fig. 6

Fig. 5 . Relationship between reciprocal of mean oospore count (i/v) and reciprocal of
cholesterol concentration (1/5): H------- 1-, 5 mg./l. cholestanol (calculated line); A -----A,
1 mg./l. cholestanol (line drawn by eye); • -----• ,  no cholestanol (calculated line).
Fig. 6 . Relationship between ratio of cholesterol concentrations (s) to mean oospore count 
(v) and cholesterol concentration: symbols as in Fig. 3 .

T able 2. Effects o f cholesterol and cholestanol on vegetative 
growth of Phytophthora cactorum

Values given are dry weights (mg.) of mycelium harvested after incubation for 16 days 
(Exp. 1) or 13 days (Exp. 2) at 24° in 100 ml. flasks containing 25 ml. liquid medium.

Concentration of sterol (mg./l.)

Experiment 0 2-5 10 40

1 Cholesterol
Cholestanol J- 44 + 4-0 -f 97 ±6-7 

l 73 ±4’9
i i8±5‘7 

92 ± 7-5
i i o ± 4 - i 
h i  ± 3-9

2 Cholesterol
Cholestanol }■ 5°±8-5 -f 74 ±5-2 

l 75 ±4-5
92 + 6-1 
79 ±7’7

92 + 59 
95 + 4-9
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DISCUSSION
The results described above for the interaction of cholesterol and cholestanol in 

oospore formation in Phytophthora cactorum have many points of resemblance with the 
interactions between auxins and anti-auxins in higher plants. The results are, essen­
tially, that at high concentrations of cholesterol the addition of cholestanol decreases 
the number of oospores; at low concentrations of cholesterol the addition of some 
cholestanol increases the oospore number, but larger amounts of cholestanol decrease 
the number again. For the interaction of indolylacetic acid (LA.A) and phenylbutyric 
acid (PBA) in oat coleoptile segments, Skoog, Schneider & Malan (1942) found that at 
the lowest 1AA concentration tested (0-005 mg./l.) the addition of some PBA resulted 
in an increase in length greater than that obtained with LAA alone, but adding more 
PBA was inhibitory. At higher IAA concentrations (0-05 mg./l. and above) the growth 
with added PBA was always less than with IAA alone. Thimann & Bonner (1948) 
found that high concentrations of tri-iodobenzoic acid inhibited, but low concentra­
tions stimulated, growth induced by IAA. McRae et al. (1953) found that above a 
certain concentration of IAA the effect of adding 2,4-dichlorophenoxyacetic acid 
(2,4-D) was inhibitory to elongation of coleoptile segments; below that concentration 
of IAA, adding 2,4-D was stimulatory.

By analogy with the model proposed by McRae et al. (1953), it may be supposed 
that there are a number of sites in the cellular structure of Phytophthora which can be 
occupied by cholesterol or cholestanol, and at which these sterols perform their 
function in controlling oospore development. Above a certain critical concentration 
of cholesterol the addition of cholestanol displaces cholesterol from these functional 
sites and the oospore number is decreased. Below the critical cholesterol concentration 
the addition of cholestanol first results in more sites being occupied. (For this to lead 
to more oospores being formed, cholestanol must have some real, though low, activity 
in promoting the reactions concerned.) Addition of more cholestanol, however, again 
results in the displacement of cholesterol from the functional sites and its replacement 
with the much less active cholestanol, with concomitant decrease in spore number.

The promotion of oospore development is not the only effect sterols have on 
Phytophthora; indeed the results of adding sterols to Phytophthora closely resemble 
those found on adding a vitamin to a fungus which has a partial deficiency for it. It 
would appear, however, that Phytophthora cannot synthesize any sterol at all (Elliott, 
Hendrie, Knights & Parker, 1964; Hendrix, 1966). In Phytophthora sterols are re­
quired in the medium for normal development of sporangia and zoospores (Hendrix, 
1965; Chee & Turner, 1965), and they also increase vegetative growth. The results 
reported in the present paper are consistent with the idea that there is only one kind of 
site occupiable by sterols and affecting oospore development, and different but related 
molecules can compete for these sites. However, it is possible that there is more than one 
kind of site which sterols can occupy. Cholestanol promotes vegetative growth only 
slightly less efficiently than cholesterol (Table 2; Elliott et al. 1966, Table 2), and both 
promote oogonium development, but they differ in their ability to promote the later 
oospore stages of the sexual process. The different specificities in molecular structure 
required for activity at these different stages suggest that sterols might exert their effect 
on them from different kinds of sites. The sterol requirement of insects can be met by a 
small amount of an essential sterol (cholesterol or 22-dehydrocholesterol) and a much



larger amount of a sparing sterol (cholestanol and many other substances; Clark & 
Bloch, 1959; Clayton & Bloch, 1963). The essential and sparing sterols would appear to 
have different functions, and they occur in the tissues in states differing in the degree 
of esterification and in the ease with which they turn over with excess sterol in the diet 
(Lasser, Edwards & Clayton, 1966). This clearly suggests that in insects sterols occupy 
more than one kind of site, a similar situation to that suggested for Phytophthora.

If in fact there are at least two kinds of sites, the increase in oospore numbers 
effected by cholestanol at low cholesterol concentrations is more readily explained than 
if there were only one kind of site. It may also be that any one kind of site has a 
higher affinity for more active molecules than for less active ones, so that the sites 
controlling oospore development will be occupied by cholesterol rather than choles­
tanol, except when cholestanol is in great excess. Further, during growth of the fungus 
the oospore sites may be synthesized or become functional after those which control 
oogonium formation. Thus with cholesterol alone and at low concentration many 
oospore sites will be unoccupied, but with addition of cholestanol, cholesterol will 
be displaced from the sites concerned with vegetative growth and oogonium develop­
ment, and the number of oospore sites occupied by cholesterol increased.

I am indebted to Dr B. A. Knights for analysis of the samples of cholesterol and 
cholestanol.
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SUMMARY
Purified cell walls were isolated from hyphae of Pénicillium digitatum Sacc. 

and P. italicum Whem. Electron micrographs showed microfibrils 
in the walls. The walls are composed chiefly of carbohydrate material, 
mainly D-glucose, together with D-galactose, glucosamine and mannose.
Only small amounts of protein were found. Fractionation with alkali and 
acid indicated that the walls contain several glycans.

INTRODUCTION
The composition, structure and biosynthesis of fungal cell walls have been investi­

gated only to a limited extent (Aronson, 1965). It is known that the chemical and 
physical structure of these walls is complex, and that they are composed mainly of 
carbohydrate material, in the form of polymers of glucose, galactose, mannose and 
glucosamine (the latter as chitin) (Aronson, 1965; Sharon, 1965), but the various 
polymeric components have been isolated from the walls and characterized in a few 
cases only. The walls of two species of the genus Pénicillium have been studied. Crook 
& Johnston (1962) analysed qualitatively the wall of Pénicillium notatum and found 
glucose to be the major component; small amounts of galactose, glucosamine and 
mannose were also found. With walls of P. chrysogenum, Hamilton & Knight
(1962) found mannose, galactose, glucosamine, glucose, xylose and rhamnose in the 
approximate molar ratios of 1:3 :4-5:9:0-5:0-5. Fractionation with alkali and acid 
indicated that these walls had at least two chemically distinct polysaccharide layers.

Pénicillium digitatum and P. italicum are the main pathogenic fungi which 
cause serious spoilage to stored citrus fruit in Israel, and improved methods for the 
control of these fungi are required. Since several antibacterial substances, notably 
penicillin, kill bacteria by specifically inhibiting cell-wall biosynthesis (Martin, 1966), 
it might be possible to develop antifungal agents which act in a similar way. For this 
purpose, a detailed knowledge of the chemical structure and biosynthesis of fungal 
walls may be necessary; as a first step we have examined the chemical composition of 
the walls of P. digitatum and P. italicum.

METHODS
Culture conditions. Spores of Pénicillium digitatum Sacc. and of P. italicum Whem. 

were collected from 10-day single-spore cultures on potato glucose agar incubated at 
250. Spore suspensions in distilled water (io6 spores/ml.) were used as inocula. Fern-
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bach bottles containing 250 ml. potato glucose broth were inoculated with 2 ml. of 
spore suspension. After 20 hr of incubation at 250 the hyphae were harvested by 
filtration through cheesecloth and washed four times with cold distilled water. To get 
sufficient quantities of hyphae, 30 bottles were inoculated with P. digitatum spores and 
6 bottles with those of P. italicum. The same culture media and techniques were used for 
growth of P. chrysogenum.

Preparation of cell walls. In a typical experiment, 1-2 g. of vacuum-dried Pénicillium 
digitatum hyphae, 15 g. glass beads (Minnesota Mining and Manuf. Co., Type 130-5005) 
and 50 ml. water were stirred at top speed in a Servall Omnimixer cooled in an ice- 
water bath (Hamilton & Knight, 1962; Sharon & Jeanloz, 1964) for 1 hr. Disintegra­
tion was complete since no whole cells could be observed in samples examined under 
the microscope (x  1200). The mixture was then centrifuged in a Clay Adams Safe­
guard centrifuge at low speed (80 g) for 5 min. and the precipitate (glass beads and 
intact cells) discarded. The supernatant fluid was centrifuged in the same centrifuge at 
high speed (800 g) for 20 min. The precipitate was suspended in water (24 ml.) and 
washed by differential centrifugation, first at low speed and then at high speed. Wash­
ing was repeated ten times ; in the last few washes, no precipitate formed at low-speed 
centrifugation, and the supernatant fluid did not absorb at 260 rap. The washed cell 
walls were then freeze-dried, yielding 213 mg. of a slightly grey fluffy material (18 % of 
the dry weight of hyphae used). P. italicum gave a similar yield.

Before freeze-drying, the walls were examined with the electron microscope. Electron 
micrographs were taken with an RCA EMU-2 A electron microscope. Specimens 
were prepared on Formvar and carbon-coated grids. Shadow casting was with Pt at 
an angle of 1:4.

Fractionation of cell-wall components. The procedure used was based on the work of 
Hamilton & Knight (1962). Lipids were removed from the cell walls (200 mg.) by 
extraction with ether (50 ml.) for 2 hr in a Soxhlet extractor. The ether-extracted walls 
were dried in air at room temperature, suspended in N-NaOH (10 ml.) and the sus­
pension stirred for 3 hr at room temperature. The walls were removed by centrifuga­
tion, and extracted again with alkali as before. The alkali extracts were pooled, 
ethanol (96 %, v/v, in water, 40 ml.) was added, and the mixture allowed to stand 
overnight at 2-40. The precipitate which formed was collected by centrifugation, 
washed with ethanol (96 %, v/v, in water) in the centrifuge until neutral, and dried in 
vacuum over KOH and CaCl2.

The residue which remained after alkali extraction was washed with water in the 
centrifuge until neutral, dried in vacuum, suspended in H2S0 4 (72%, v/v, cone. 
H2S0 4 in water, 1 ml.) and the suspension allowed to stand at room temperature for 
48 hr. The insoluble residue was collected by centrifugation and washed with water till 
neutral; the first water wash (12 ml.) was added to the 72 % H2S0 4 extract. The com­
bined extract was diluted to give a final concentration of n-H2S0 4, and heated at ioo° 
or 6 hr. The hydrolysis mixture was neutralized with solid BaC0 3, the precipitate 

removed by filtration and washed with a small volume of boiling water. The com­
bined filtrates were freeze-dried.

For analysis of sugars, the ether-extracted walls and the various cell fractions were 
also hydrolysed as above (n-H2S0 4, 6 hr, ioo°) and neutralized in the same way.

Nitrogen was estimated by the procedure of Dumas (Steyermark, 1961) and phos­
phorus by the method of King (1932). Ash was estimated in samples which were oxi-
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dized with fuming HN0 3 and then heated at 6oo° to constant weight. Neutral sugar 
was determined by the phenol method of Dubois et al. (1956), and reducing sugar 
by the method of Park & Johnson (1949), with glucose as standard.

Acid hydrolysates were analysed qualitatively by descending paper chromatography 
on Whatman No. 1 paper with the following solvent systems: (a) «-butanol+ acetic 
acid + water (25 + 6 + 25 by vol.; upper phase); (b) isoamyl alcohol+ pyridine + water 
(3 + 3 + 0'9 by vol.); (c) «-butanol+ ethanol+ water (4 +1 +1 by vol.); (d) «-butanol+ 
pyridine+ water (6+4 + 3 by vol.). Chromatograms were run for 18 hr. Reducing 
compounds were detected by the silver nitrate reagent (Sharon & Jeanloz, i960) and 
amino sugars and amino acids by ninhydrin (0-5 % in acetone). The nature of the 
various sugars present was inferred from experiments with appropriate authentic 
compounds as markers, and in the case of glucose and galactose this was substantiated 
by enzymic experiments (see below).

Glucosamine was estimated by the colorimetric Elson-Morgan method as modified 
by Gardell (1953) with D-glucosamine hydrochloride (Pfanstiehl) as standard. In 
some of the experiments, the glucosamine was separated from the neutral sugars with 
the aid of Dowex 50 (Boas, 1953). It was further identified by ion-exchange chromato­
graphy on the Beckman-Spinco amino acid analyser (Spackman, Stein & Moore,
1958). D-Glucose and D-galactose were estimated enzymically by the glucose oxidase 
(Glucostat) and galactose oxidase (Galactostat) reagents (Worthington Biochemical 
Corporation, Freehold, New Jersey), respectively. Amino acids were determined on 
the Beckman-Spinco amino acid analyser after samples had been hydrolysed for 
20 hr in 6 n-HCI at ioo° in sealed ampoules (Spackman et al. 1958).
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RESULTS
The electron micrographs of the walls (PI. 1, fig. 1, 2) indicate that they are rod­

shaped, in accord with the typical morphology of hyphae of Penicillium digitatum and 
P. italicum. They exhibit a micro-fibrillar structure (cf. Aronson, 1965) which can 
clearly be seen in the internal part of the wall (PI. 1, fig. 2). No distinct fibrillar 
structure was seen on the external surface of the walls. The gross structure of the 
wall and the fibrils was not affected by prolonged treatment with alkali (N-NaOH, 
6 hr, room temperature).

The walls of both organisms were composed mainly of carbohydrates. Glucose, 
galactose, mannose and glucosamine were identified by paper chromatography of 
acid hydrolysates of cell walls; trace amounts of rhamnose and xylose were also present. 
Quantitative analysis showed (Table 1) that the major sugar was D-glucose, which 
comprised about one half of the weight of the walls. The other neutral sugars, D-galac- 
tose and mannose, accounted together for 12-14% of the weight. The proportions of 
these sugars, as well as those of glucosamine, did not differ markedly in the two 
organisms analysed. The main difference was in the quantity of ash. Whereas no ash 
was found in the walls of Penicillium italicum, the ash content of the walls of P. digita­
tum was consistently very high. A small part of this ash was accounted for by the 
presence of phosphate, but we have no explanation for the source of the bulk of the 
ash. It was not an artifact of the experimental procedure used, since no ash was found 
in the walls of P. italicum. Furthermore, we did not find any ash in walls of P. chryso- 
genum which we prepared.
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The protein content of the walls appeared to be rather low, as could be inferred 
from the percentage of non-amino sugar nitrogen (total N minus amino sugar N) in 
the walls. This figure was 0-82 % for Pénicillium digitatum and 0-20 % for P. italicum ; 
using the factor 6-25, this corresponds to 5-1 % and 1-25 % protein in the walls of the 
two organisms, respectively. Analysis of acid hydrolysates (20 hr, 6n-HC1, ioo°) of the 
walls on the amino acid analyser showed the presence of the typical protein amino 
acids, which amounted to 3 % of the weight of the walls of P. digitatum and to 1-5 % 
of those of P. italicum. A comparison of our results with those of Hamilton & Knight
(1962) for walls of P. chrysogenum shows that, qualitatively, the composition of the 
walls of the three Pénicillium species is similar. There were, however, some quantita­
tive differences, notably in glucose, which was lower in P. chrysogenum, and in the 
content of galactose and glucosamine, which was significantly higher (up to 3 times) in 
the walls of this organism than in those of P. digitatum and P. italicum.

Table 1. Analyses of freeze-dried cell walls o f Pénicillium digitatum and 
P. italicum after lipid extraction

Total reducing sugar, D-glucose, D-galactose and glucosamine were estimated in the walls after 
hydrolysis (n-H2S0 4, 6 hr, ioo°) and neutralization of the hydrolysate with BaC0 3.

1 4 8  V. GRISARO, N. SH A R O N  A N D  R. B A R K A I-G O L A N

P . digitatum  P . italicum  
%  (w/v) of walls

Reducing sugar (as glucose) 65 4 72-5
D-Glucose 45'4 516
D-Galactose 3'8 3'8
Glucosamine 57 90
Total nitrogen 1-27 090
Amino sugar N (calculated) 0-45 0-70
Phosphorus 1-8 013
Ash 29-5 < 0-5

Table 2. Fractionation of cell-wall material from Pénicillium digitatum and P. italicum
% in fraction

Wall (------------- A

fraction Neutral
(%) sugar Glucose Galactose Glucosamine

P. digitatum  (130 mg.)
Alkali-soluble 22-5 88 6l 7 I
Acid-soluble 36 98 60 6-1 7'5
Residue 27 I —

Total recovery 86
P . italicum  (69-3 mg.)

Alkali-soluble 30-3 90 65 4 0
Acid-soluble 53 71 58 5 16-5Residue 2-9 18 4

Total recovery 86

Extraction of the cell walls of Pénicillium digitatum and of P. italicum with ether and 
evaporation of the solvent from the extract gave a small amount of solid residue 
(about 4 % of the weight of the walls), indicating a low lipid content. The cell walls 
were also fractioned with alkali and acid. Table 2 shows that alkali (n , two treat­
ments of 3 hr each at 230) extracted a fraction which comprised 22 % of the weight of



P. digitatum walls and 30 % of the walls of P. italicum. This fraction, composed mainly 
of glucose, might be a mixture of homo- or hetero-polymers.

Treatment with alkali did not affect the gross structure of the walls as seen with the 
electron microscope. This may indicate that the soluble polysaccharide(s) are not 
essential components of the rigid structure of the wall. When the fraction of the wall 
which was insoluble in alkali was put in 72 % (v/v) cone. H2S0 4 in water for 2 days 
another portion went into solution—36% for Penicillium digitatum and 52% for 
P. italicum. A similar figure was found by Hamilton & Knight (1962) for walls of 
P. chrysogenum. Quantitative analysis of acid hydrolysates of this fraction revealed 
that it was composed mainly of glucose, with small amounts of galactose. It also con­
tained glucosamine; it is possible that part of this glucosamine was in the form of 
chitin, since chitin is known to be soluble in concentrated sulphuric acid. This is in 
agreement with previous findings that Penicillium belongs to the group of fungi which 
contain chitin in their walls (Aronson, 1965). The part of the wall w hich was insoluble 
in 72 % (v/v) cone. H2S0 4 in water did not contain any appreciable amount of carbo­
hydrate; its amount in the case of P. digitatum was 27 % of the walls, and this fraction 
may have contained the bulk of the material corresponding to the ash. Only a small 
amount of acid-insoluble residue was found in the walls of P. italicum in accord with 
the absence of ash from these walls.

We wish to thank the members of the Section of Biological Ultrastructure for the 
electron micrographs.
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EXPLANATION OF PLATE
Electron micrographs of cell walls of Penicillium  digitatum  hyphae.

Fig. i, magnification, x 5000. Fig. 2, magnification x 20,000: note the fibrous structure of the 
internal part of the cell wall.
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SUMMARY
An immunological method based on the specificity of delayed-type skin 

reactions on guinea-pigs has been used for comparing 17 Nocardia strains.
By this method, 4 isolates labelled Nocardia farcinica, four labelled N. 
asteroides and 1 strain labelled N. blackwellii could be grouped together 
with the type strain of N. farcinica. Three other strains labelled N. farcinica 
were clearly distinct from this group of 10 strains. A strain of N. asteroides 
used previously as reference strain for this species was clearly distinct from the
N. farcinica strains, and this applied also to a recently proposed reference 
strain of N. asteroides. A strain of N. brasiliensis was clearly distinct from 
all the other strains, while the results obtained with a strain received without 
species designation were inconclusive. On this basis, the authors consider 
that all the 10 strains, which form a homogeneous group, should be classi­
fied as N. far cínica. The 3 other strains labelled N. farcinica should be classified 
into 2 other species. Nocardia asteroides would seem to be a separate species.

INTRODUCTION
In 1888 Nocard reported the isolation of a micro-organism which caused farcy in 

cattle in Guadeloupe (Nocard, 1888). The following year Trevisan described this 
organism under the name Nocardia farcinica (Trevisan, 1889). Based on a study of a 
culture (laboratory no. 752; see Table 1) believed to be Nocard’s original and a 
similar strain (753) isolated and identified by Dr C. P. Fitch (New York) Waksman
(I957) gave a more recent description of this species. Strain 752 is the type strain of 
N. farcinica (Sneath & Skerman, 1966).

Eppinger in 1891 described a new pathogenic micro-organism Cladothrix asteroides 
which was isolated from a man and which caused ‘pseudotuberculosis’ (Eppinger, 
1891): this organism was named Nocardia asteroides by Blanchard (1896). A more 
recent description of N. asteroides is given by Waksman (1957). As an ad hoc reference 
strain of N. asteroides, strain 809 has recently been proposed (Sneath & Skerman,
1966).

0 rskov (1923) found differences between Nocardia farcinica (one isolate) and N. 
asteroides (three isolates) in morphology, and Erikson (1935), studying the same strain 
of N. farcinica as did 0 rskov but two other strains of N. asteroides, later confirmed those 
observations. According to Waksman (1957), N. farcinica and N. asteroides can be 
distinguished by the colour of the vegetative mycelium. Mariat (1963) found some 
differences between N. farcinica and N. asteroides as regards capacity for synthesizing 
urease. On the other hand, in 1962 Gordon & Mihm published an expanded des-
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cription of N. asteroides based on 142 strains, in which the 2 strains of N. far cínica 
mentioned above (752 and 753) could not be distinguished from those of N. asteroides 
by any of the observations or tests used.

Silvestri, Turri, Hill & Gilardi (1962) also referred Nocardia far cínica 752 to the 
same cluster ( ‘sphere XI’) as some strains of N. asteroides, including strain 809 
mentioned above. However, this sphere XI also contained strains of several other 
species of Nocardia and one strain of Mycobacterium phlei (nctc 8151). It is therefore 
probable that this sphere does not represent a single species in the sense in which this 
term has been used previously by other authors but is rather a taxon at a higher level. 
Thus it is not quite clear from previous studies whether N. farcínica and N. asteroides 
are, in fact, one or two species.

An immunological method, based on the specificity of the delayed type of skin re­
action in guinea pigs, has been useful for classification of mycobacteria, and parti­
cularly for identification of species within this genus (Magnusson, 1961, 1965, Mag- 
nusson, Engbaek & Bentzon, 1961). By further application of this method on eight 
strains, it was found that distinction between Nocardia asteroides and N. brasiliensis 
was possible (Magnusson, 1962). The purpose of the present work was to see whether 
strains classified by other laboratories as N. farcinica and N. asteroides can be dis­
tinguished in the same way.

METHODS
Organisms. Strains classified as Nocardia farcinica or N. asteroides in various 

bacteriological laboratories or hospitals were included in the study, together with a 
strain of N. brasiliensis for comparison purposes. The origin and source of all the 
organisms used are shown in Table 1. Strain 752 is the type strain of N. farcinica, 
authentic co-type (Sneath & Skerman, 1966).

The cultures were maintained on Sauton medium in 250 ml. flasks at 38o and 
subcultured monthly.

Condition for growth and harvest. Cultures were inoculated by loop into 180 ml. 
Sauton medium in a 250 ml. flask and incubated at 38o. The cultures were incubated 
for 3-10 weeks, depending on the growth rate, and sterilized by heating in flowing 
steam for 1 hr. The organisms were harvested by paper filtration.

Immunological method. The experimental procedure was the same as that described 
previously (Magnusson, 1961; Magnusson et al. 1961), except for an amended method 
of sensitizing the guinea pigs and, in some cases culture filtrates instead of purified 
sensitins were used for the skin tests.

Sensitization of guinea pigs. One hundred and forty-eight albino guinea pigs 
(350-600 g.) were sensitized by intradermal injection of dried heat-killed organisms in 
liquid paraffin (Bayol 55). Each animal was given four simultaneous injections, each 
of o-i ml., of a suspension containing 0-4 mg. dried bacteria/ml.

Skin tests. Intradermal tests were done 3-4 weeks after sensitization, by using dilu­
tions of filtrates of heat-sterilized cultures (cf) or purified sensitins (rs) prepared by a 
procedure similar to that used for tuberculin purified protein derivative. The culture 
filtrates were diluted 1/50 and 1/500 with isotonic phosphate-buffered saline (pH 7-38) 
containing o-oi % chinosol and 0-005% Tween 80 (Magnusson et al. 1958). Purified 
sensitins were used in doses of 2 /ig. and o-2/íg./o-i ml. of the same diluent. Each 
injection consisted of o-i ml.
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Table 1. Strains studied
Laboratory

no. Name when received, source* and culture collection numbers
80 N ocardia  sp. ssc 261. Originally isolated from a Danish patient by Dr P. Holm,

Statens Seruminstitut, Copenhagen, p h  184/45-46
81 N ocardia asteroides ssc 262. Originally isolated from a chicken by Dr O. J.

Mayfield, D.V.M., Charles City, Iowa, U.S.A. EM9935. M0CL93. R G 4 0 4

84 N. asteroides p h  598/51-52. Originally isolated from placenta of a cow, see
Case II in Fey e t al. (1954)

85 N . asteroides p h  599/51-52. Originally isolated from a dog, see Case I in Fey
e t  al. (1954)

117 N . brasiliensis r g  774 A. Originally isolated from a submandibular abscess
(Gordon & Mihm, 1959). mccl 254

650 N . asteroides r g  784. Received at the NCTC, London, in June 1944 from N. F.
Conant, Duke University Medical Center, Durham, North Carolina, U.S.A. 
n c t c  6761

677 N . farcin ica  G 396. i p  396
678 N . farcin ica  G 397. i p  397
745 N . asteroides e . Originally isolated from a Swedish patient (Bergstrom e t al.

1966)
746 N . farcin ica  378. Originally isolated from cattle at the Laboratoire élevage

Curasson, Dakar, a t c c  13781. i p  378
749 N . farcin ica  736. Originally isolated from cattle with farcy at the Farcha

Laboratory, Fort-Lamy, Chad, i p  736.
750 N . farcin ica  740. Originally isolated from cattle with farcy at the Farcha

Laboratory, Fort-Lamy, Chad. n> 740
751 N . farc in ica  744. Originally isolated from cattle with farcy at the Farcha

Laboratory, Fort-Lamy, Chad, i p  744
752 N . asteroides r g  3318. Originally isolated from cattle with farcy by Nocard

(Waksman, 1957). Type strain of N . farcinica, authentic co-type, see Sneath & 
Skerman (1966). a t c c  3318. n c t c  4524

753 N . asteroides r g  3399. Originally isolated by Dr C. P. Fitch, New York, U.S.A.
(Waksman, 1957). a t c c  3399

787 N . blackw ellii m ccl  81. Originally isolated from a foal (Erikson, 1935). a t c c

6846. n c t c  630. r g  503
809 N. asteroides r g  727. Originally isolated from sputum from a patient named

Jackson by Dr W. M. Bowman, Georgia State Department of Public Health. 
Proposed as reference strain of N. asteroides (Sneath & Skerman, 1966).

* Cultures labelled SSC were received from Dr H. C. Engbæk, Statens Seruminstitut, Copenhagen, 
Denmark; those labelled PH were received from Dr P. Holm, Statens Seruminstitut, Copenhagen, 
Denmark; those labelled RG were received from Dr Ruth Gordon, Institute of Microbiology, Rut­
ger’s State University, New Brunswick, New Jersey, U.S.A.; those labelled G were received from 
Dr Guilhon, Ecole Vétérinaire, Alfort, France; the one labelled E was received from Dr L. Edebo, 
Department of Bacteriology, University of Uppsala, Sweden, and the one labelled McCl from Dr 
N. M. McClung, Department of Bacteriology, University of Georgia, Athens, Georgia, U.S.A.

ATCC, American Type Culture Collection, Rockville, Md., U.S.A.; EM, Dr C. W. Emmons, 
National Institute of Allergy and Infectious Diseases, Bethesda, Md., U.S.A.; IP, Institut Pasteur, 
Paris, France; NCTC National Collection of Type Cultures, London, England.

Experimental design. The data presented here were drawn from a series of 16 studies. 
In most cases the experimental design of the single studies was one of those described 
previously (Magnusson et al. 1961), 5 strains being compared with each other, or each 
of 4 strains compared with each of 4 other strains. However, results were also drawn 
from one study in which 10 strains were compared with each other, and from another 
in which each of 9 strains was compared with each of 9 other strains. In the two latter 
studies only the highest concentration of each sensitin was used.



Reading of reactions. The reactions were read after 24 hr and the longitudinal and 
transverse diameters of erythema recorded in millimetres. Each reaction was read by 
two readers. To avoid bias in reading the reactions, the dilutions were labelled by code.

Calculation of specificity differences (spd). Using averages of the reading of both 
readers, the difference in specificity of two sensitins was calculated as the difference 
between the homologous and the heterologous reactions as follows: spd = (Aa+Bb) — 
(At + Ba), where Aa is the average homologous reaction obtained with sensitin A in 
animals sensitized with strain a. Ab is the average heterologous reaction obtained with 
sensitin A in animals sensitized with strain b, Bb and B„ denote the average homo­
logous and heterologous reactions with B sensitin. Examples of the calculation have 
been published previously (Magnusson, 1961).

Each spd value reported below is the average of four determinations. In previous 
studies (Magnusson, 1961, Magnusson et al. 1961) where the same technique has been 
used, the standard deviation was I-I-I-4 mm. for spd < 3 mm. and 2-0-2-2 mm. for 
spd > 3 mm.
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RESULTS
The results of calculation of the specificity differences (spd) are shown in Table 2; 

sensitins showing spd < 3 mm are grouped together. The largest group contains 
10 sensitins, including preparations from strain 752, which presumably originates from 
Nocard, and four other strains (749, 750, 751, 753) designated Nocardia farcinica as 
received. Sensitins from three strains (84, 85, 787), isolated from a cow, a dog and a

Table 2. Specificity differences of sensitins
The table shows the differences (in mm.) between homologous and heterologous reactions to 

intradermal tests in guinea pigs sensitized with the strains used for preparation of the sensitins. Italicized 
figures were published previously (Magnusson, 1962).

Sensitin
Strain ,-------------------------------------------------- *-----

'TT «0 rr) ov O O r-~
00 O 00

r -
VO r-*r-> >—< ov0

t"-
r - r - r - VO f - u- vo r - vo 00

no 03 go CO CO
V. PC O 0 0 0 O 0 0 PC 0 0 0 PS 0 PC

* r s  8 4  N o ca rd ia  a s te ro id es — 0 2 I 0 — I 0 3 3 2 4 12 15 1 3 13 3 14
r s  85  N . a ste ro id es 0 — 2 3 — — — — 2 2 — 5 — — — I I — —

t c f  7 5 2  N . fa rc in ica 2 2 — 3 0 I 3 — 3 I 2 I I — 6 I I 6 —
c f  7 5 3  N . fa rc in ica I 3 3 — I 0 0 — — 2 3 14 — I I 13 6 —
c f  7 4 9  N . fa rc in ica 0 — 0 I — — 2 I — — 2 3 14 — I I 10 7 —
c f  7 5 0  N . fa rc in ica — I — I 0 — 2 — 2 — — 3 3 l 6 — 1 4 12 I I —
c f  751  N . fa rc in ica 0 — 3 0 I 2 — — — — 2 — — — 10 9 —
c f  6 5 0  N . a ste ro id e s 3 — 2 — — — — — — — — 4 — — — 10 — —
c f  7 4 5  N . a ste ro id es 3 2 3 — — — — — — — 2 — — — 12 — —
c f  7 8 7  N . b la ck w e llii 2 — I 2 2 3
r s  8 0  N o ca rd ia  s p . 4 5 2 3 3 3 2 4 2 — — 13 —- 28 17 9 18
c f  6 7 8  N . fa rc in ica 12 — I I 14 14 l 6 — — — — 13 — — 2 9 10 1 4 n
c f  7 4 6  N . fa rc in ica 15
c f  6 7 7  N . fa rc in ica 13 — 6 I I I I 14 — — — — 2 8 9 10 — 21 12 14
RS 81 N . a ste ro id es 13 I I I I 13 10 12 10 10 12 — 17 10 — 21 — 9 13
c f  8 0 9  N . a ste ro id es 3 — 6 6 7 I I 9 — — — 9 14 — 12 9 9

r s  1 17  N . brasiiien sis 14 18 I I — 14 1 3 9

* rs =  purified sensitin. f  cf =  heat-sterilized culture filtrate.



foal respectively, are also included in this group. This also applies to the sensitin of 
strain 745, isolated from man, and to strain 650, of unknown source.

Sensitins from three other strains (678, 746, 677) designated Nocardia farcinica on 
receipt cannot be included in this group (spd = 6-16 mm), but two of them (cf 678, 
cf 746) can be grouped together (spd = — 2 mm).

Sensitin from strain 80 shows spd < 3 mm. when compared with 6 of the sensitins 
in the main group and spd = 4-5 mm. when compared with the sensitins of three 
strains in this group. (The spd between r s  80 and r s  84 reported previously (Magnus- 
son, 1962) is not correct, because of an error in calculation.) Therefore this sensitin 80 
cannot be included in the main group by the criterion mentioned above.

Sensitins from all 14 strains show spd values varying from 3 to 21 mm. when com­
pared with sensitins of Nocardia asteroides strain 81, N. asteroides strain 809 and 
N. brasiliensis strain 117, and therefore none of these preparations are grouped 
together.

The spd between sensitins of Nocardia aster oides strain 81 and N. aster oides strain 
809 is 9 mm.
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Classification of the strains on the basis o f sensitin specificity
On the basis of the specificity differences of the sensitins and with the criteria for 

their utilization in classification used earlier (Magnusson et al. 1961; Magnusson,
1962), the strains can be classified as follows: strains 84, 85, 650, 745, 749, 750, 751, 
752, 753, 787 as Nocardia farcinica ; strains 678 and 746 as Nocardia sp.; strain 677 as 
Nocardia sp. and strain 80 as Nocardia sp.

DISCUSSION
The relationship between the strains found in this work by an immunological 

method can be supported by only a few results obtained by other methods. However, 
the method used here has given reproducible and reliable results in studies of more 
than 250 strains of mycobacteria. The relationships found between mycobacteria by 
this method have been confirmed by observations of the cultural, physiological and 
biochemical characteristics of those strains made in other laboratories. Identification 
at species level of a test strain by this method has been possible when an spd value of 
< 3 mm. between sensitin of a reference strain belonging to a kncwn species and the 
test strain has been found. SPD values of 3 or 4 mm. have generally been considered 
inconclusive. These observations with mycobacteria have contributed to the following 
evaluation of the present results.

With one exception (strain 80) clear results have been obtained with all the 17 
strains. Strain 80 has been classified as Nocardia asteroides (Dr Ruth Gordon, per­
sonal communication).

Ten of the strains, including the type strain of Nocardia farcinica (752) and 4 other 
strains (749, 750, 751, 753) previously identified as N. farcinica, form one group. 
Strains 749, 750, 751 were isolated from cattle with farcy and identified on the basis of 
their morphology and biochemical properties (Perpezat, Mariat, Destombes & Thome,
1963). The five other members of this group are strains 84, 85, 650, 745, 787.

Strains 84 and 85 were identified as Nocardia asteroides when originally isolated from 
the placenta of a cow and from a dog, respectively (Fey, Holm & Teuscher, 1954).
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Strain 650 was given by Professor N. F. Conant, North Carolina, U.S.A. Although 
its original source could not be traced, it cannot be the same isolate as any of the 
strains labelled Nocardiafarcinica, since these strains were not kept in Conant’s lab­
oratory at the time when strain 650 was sent to the National Collection of Type 
Cultures, London (Professor N. F. Conant, personal communication).

Strain 745 originated from a human patient (Bergstrom, Edebo, Fors & Tegner,
1966). In the report describing its isolation, the strain was repeatedly referred to as 
Nocardia asteroides, although it was also mentioned that it had been identified as
N. farcinica by the present writers.

Strain 787 has been classified as Actinomyces blackwellii by Erikson (1935); it is 
characterized by its medium growth consistency, good formation of aerial mycelium 
with frequent angular branching, no soluble pigment on protein media, no lique­
faction of gelatine and no action on milk (Erikson, 1935). This description is based on 
the study of the properties of a single strain (787). Schneidau & Shaffer could neither 
distinguish this strain from 6 strains designated Nocardia asteroides in cultural 
studies (1957) nor by use of a slide agglutination test (i960).

Strains 650 and 787 have been classified as Nocardia asteroides by Gordon & Mihm
(1957). The same applies to strains 84 and 85 (Dr Ruth Gordon, personal com­
munication). As mentioned in the Introduction, Gordon & Mihm (1959) could dis­
tinguish neither the type strain of N. farcinica (strain 752) nor strain 753 from a series 
of strains which those authors called N. asteroides. In addition to strains 81 and 809 
which were clearly distinguishable in the present work from the group of 10 strains 
(spd = 3-13 mm.) and from each other (spd = 9), the latter also included others 
which can be distinguished from this group, represented by strain 84 (unpublished 
data). These observations definitely do not support the opinion expressed by Gordon 
& Mihm (1962) that N. farcinica and N. asteroides are two different names for the 
same species.

It would appear justifiable to classify the 10 strains in the largest group only as 
Nocardia farcinica. In consequence, N. blackwellii and Actinomyces blackwellii are 
subjective synonyms of N. farcinica. The three remaining strains labelled N. farcinica 
(677, 678, 746) are quite distinct from the group of 10 strains in the present study. 
On the basis of the present findings, the writers consider strains 678 and 746 form 
one separate species and 677 another.

Six strains classified in this work as Nocardia farcinica (84, 85, 650, 752, 753, 787) 
have been examined by the methods described by Gordon & Mihm (1962). All of them 
grew at 50° and four (84, 85, 650, 787) were able to ferment rhamnose (Dr Ruth 
Gordon, personal communication). Among 8 other strains which were classified as 
N. asteroides according to Gordon & Mihm’s criteria and which, according to the 
present method, are distinguishable from N. farcinica (unpublished data), none showed 
both the above-mentioned characteristics (Dr Ruth Gordon, personal communica­
tion). Of 142 strains classified as N. asteroides, only 21 % grew at 50° (Gordon & 
Mihm, 1962). The strains classified as N. farcinica in the present work (except strain 
749) have a higher growth rate at 450 than other strains classified as N. asteroides by 
Gordon & Mihm’s criteria. It may thus be possible to demonstrate characteristic 
physiological and biochemical features of N. farcinica strains and to differentiate 
between that species and N. asteroides by conventional methods also. However, 
further studies are required.
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It was reported earlier that 29 out of 30 strains of Nocardia asteroides were urease­
positive, in contrast to 14 strains of N. fa r  cínica, including 749,750 and 751 which were 
urease-negative (Mariat, 1963). Strains 752 (the type strain of N. farcinica) and 753 
are both urease-positive (unpublished observation). Thus the urease reaction may not 
always be of help in the distinction between N. farcinica and N. asteroides.
According to Waksman (1957), strains of Nocardia farcinica are transmissible to 

guinea pigs, cattle and sheep but not to rabbit, dogs or horses. However, two of the strains 
identified as N. farcinica in the present work (84, 85) were reported to be transmissible 
to rabbits (Fey et al. 1954). As mentioned earlier, one of these two strains was isolated 
from a dog, and strain 787, which has also been identified as N. farcinica in the present 
work, was originally isolated from a foal (Erikson, 1935). Therefore, according to the 
present findings, the description of N. farcinica given by Waksman (1957) and based 
on two strains only, should apparently be revised as regards the pathogenicity of the 
species. It is remarkable that strain 745, identified as N. farcinica in the present work, 
was isolated from a human patient (Bergstrom, et al. 1966). This is apparently the 
first known case of human infection caused by N. farcinica. Other such cases may be 
found, particularly where the causal agent has been identified as N. asteroides and 
where the isolate has been rhamnose-positive and able to multiply at 50o. Strains of 
N. farcinica isolated from human patients may also be identified among the strains 
which could not be distinguished from N. blackwellii in the study reported by Schneidau 
&  Shaffer (i960).

The writers are most grateful to Dr L. Edebo, Department of Bacteriology, Univer­
sity of Uppsala, Sweden; Dr Ruth Gordon, Institute of Microbiology, Rutgers 
University, New Brunswick, New Jersey, U.S.A.; and Dr N. M. McClung, Depart­
ment of Bacteriology, University of Georgia, Athens, Georgia, U.S.A., for providing 
cultures.
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