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The History 
of Difco

Quality Control...

a n d  w h a t  i t  m e a n s  t o  y o u  t o d a y

Difco was developed by producing better products through control of quality. 

Now there is a history of more than seventy years of dedication to accuracy and 

dependability, specialized equipment, exacting materials control.
It's a history of a unique kind of control. Difco tests each ingredient before it is 

accepted for use. Testing throughout preparation assures compatibility.
The finished product is then tested for dependable performance under the 

conditions for which the product is intended. Result ? Perfectly standardized 

products that give reproducible results every time.

What does it mean to you ?
Assured reliability. Savings in time and money.
Dependable microbiological results in your laboratory.

DIFCO
B&T are the sole concessionaire for DIFCO products. A complete line of microbiological reagents and media.

Baird and Tatlock (London) Ltd.,
Postal Address: P.O. Box 1, Romford, RM1 1 HA. 
S i t u a t e d  a t:  Freshwater Road, Chadwell Heath, Essex. 

T e l e p h o n e  N o :  01 -590 7700 (25 lines). T e le x :  24225 Bairhop. C a b le s :  Burette Romford.
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MATERIALS 
AND METHODS 
IN
FERMENTATION
G.  L. S o lo m o n s

December 1969, viii+332 pp., 90s.
SBN 12.613325.5

This book is concerned mainly w ith equ ip 
m ent, rather than ferm entation processes. It 
is  intended as a practical reference for 
stu d en ts  and researchers, bringing together 
w idely-dispersed information and relating it 
to  practical experience gained in many 
laboratories.
T he book deals mainly w ith the  design and 
operation of ferm entation and auxiliary 
•equipment, instrum entation, sterilization, 
m aterials; and w ith the com position of cu l
tu re  media. It includes com prehensive com 
mercial references to  equipm ent and com 
ponen t parts, and, in m any cases, the 
inform ation needed for the fabrication of 
com ponents. It will be of value to  students 
of biochemical engineering and industrial 
microbiology, as well as academ ic and in
dustrial researchers.

C o n t e n t s :

T he Design and O peration of Ferm entation 
Equipment. Sterilization of G ases and Cul
tu re  Medium. C onstituents of Fermentation 
and  Culture M edium. Antifoaming Devices 
and  Chemical Antifoam A gents. M aterials of 
C onstruction. Auxiliary Equipment. Instru
m entation. Recovery Equipment. Author 
Index. Subject Index.
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MARY F. LYON AND R. MERIDITH M u te d ,  
a new mutant affecting coat colour and 
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. . . t h e  b i o l o g i s t ’s  e l e c t r o n  m i c r o s c o p e  w i t h  t h e  
m o s t  a d v a n c e d  s p e c i m e n  h a n d l i n g  f a c i l i t i e s

he ability to change specimen holders 
vith ease and speed is a significant benefit 
juilt into the AEI EM801.

fo il can  c h o o se  fro m :
a) A specimen holder to carry six specimens 

at once.
b) A specimen holder to tilt specimens t-20"
c) Aspecimen holdertotiltspecimens 1-30"
d) Aspecimen holderto examine a string 

of up to 250 serial sections.

Ml holders are of the plug-in type, directly 
nterchangeable, and are electrically driven at

a controlled speed. The objective focal 
length and resolution of the microscope does 
not alter with change of specimen holders. 
These advanced and versatile specimen 
handling facilities, coupled with a genuine 
5A point-to-point resolution, are but some of 
the outstanding features of the AEI EM801.
L ead ersh ip  th ro u g h  c h o ic e
AEl's strength in electron microscopy lies in 
long term development, the results of which 
enable them to offer a range of six other 
electron microscopes to meet most budget 
requirements and research applications.

EM7—The European million volt electron 
microscope.
EM8—3A resolution tor ultimate resolution 
research.
EM802—Full goniometer facilities for 
crystallography.
EM6B—Long established and well tried 
high resolution instrument for biologists. 
EM6G—A general purpose instrument for 
all research.
EM6M—A high quality medium-priced 
instrumentfor small budgets.

É  SCIENTIFIC 
W  APPARATUS

For information contact
AEI Scientific Apparatus Limited, P.O. Box 1, Harlow, Essex.
Tel: Harlow 26761 And in the U.S.A. contact :
Picker Nuclear, 1275 Mamaroneck Avenue, White Plains, New York. 10605
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J O U R N A L  O F  G E N E R A L  M I C R O B I O L O G Y

THE PREPARATION OF PAPERS
‘ T he m ore w ords there are, the m ore w ords there are about w hich doubts m ay be entertained.’

JEREMY BENTHAM (1748-1832)

‘W hat can be said  at all can be said  clearly; and  w hereof one cannot speak thereof one m ust be s ilen t.’
l u d w ig  Wit t g e n s t e in : Tractatus Logico-philosophicus (tr. C. K . O gden)

T he E ditors w ish to  em phasize w ays in  w hich contributors can help to  avoid  delays in publication .
(1) Papers shou ld  be w ritten w ith the utm ost conciseness consistent w ith  clarity. T he best E nglish  for the  

purpose o f  the Journal is that w hich gives the sense in the few est short w ords, spelt according to  the Shorter 
Oxford English Dictionary,

(2) A  paper should  be w ritten on ly w hen a  p iece o f  w ork is rounded off. A uthors shou ld  not be seduced  
in to  w riting a series o f  papers on  the sam e subject as results com e to  hand. It is better to  w ait until a 
com prehensive paper can be written.

(3) A uthors shou ld  state the objective w hen the w ork was undertaken, how  they did it and  the con clu sion s  
they draw. A  section  labelled  ‘D iscu ss io n ’ should  be strictly lim ited  to  discussing the results if  th is is 
necessary, and not to  recapitulation.

(4) F igures and  tables sh ou ld  be selected to  illustrate the points m ade if  they cannot be described in  the  
text, to sum m arize, or to  record im portant quantitative results.

(5) A uthors shou ld  rem em ber that in  preparing their typescript they are g iv ing instructions to  the printer 
(about layout, etc.) as w ell as attem pting to  convey their m eaning to  their readers.

(6) E ditors d o  n o t alter author’s typescripts except to  increase clarity and conciseness. I f  an editorial 
alteration changes an author’s m eaning one im plication  is that it w as expressed am biguously . W hen an 
ed itor can grasp the m eaning o f  a sentence unequ ivocally  it m ay be assum ed that anyone can.

DIRECTIONS TO
Com m unications. M a n u sc rip ts  sh o u ld  be  sen t to  A . F . B. 
S tan d fast (T h e  J o u r n a l o f  G en era l M ic ro b io lo g y ) , L ister 
In s titu te  o f  P reven tive  M edic ine , E lstree, H ertfo rd sh ire , 
E ng land . C o m m u n ica tio n s a b o u t o ffp rin ts sh o u ld  be 
ad d ressed  to  T h e  U n iv ersity  P ress , C am bridge .

G eneral. M a n u sc rip ts  a re  accep ted  o n  th e  u n d e rs tan d in g  
th a t  th ey  re p o rt u n p u b lish ed  w o rk  th a t  is n o t u n d e r  co n 
s id e ra tio n  fo r  p u b lica tio n  elsew here, a n d  th a t  if  accep ted  
fo r th e  J o u r n a l  it w ill n o t  be  pub lish ed  again  in th e  sam e 
form , in  an y  lang u ag e , w ith o u t th e  co n sen t o f  th e  E d ito rs .

F orm  o f  P ap ers  Subm itted  fo r Publication . A u th o rs  sh o u ld  
co n su lt a  cu rre n t issue in  o rd e r  to  m a k e  them selves 
fam iliar w ith  th e  J o u r n a l’s  con v en tio n s , use  o f  cro ss
head ings, lay o u t o f  tab les , etc.

M an u sc rip ts  sh o u ld  be  h ead ed  w ith  th e  title  o f  th e  
p aper, th e  nam es o f  th e  a u th o rs  (fem ale a u th o rs  shou ld  
p u t o n e  o f  th e ir  g iven n am es in  full) a n d  th e  n am e  an d  
ad dress o f  th e  la b o ra to ry  w here  th e  w o rk  w as done.

A  m an u sc rip t sh o u ld  be  su b m itted  in  doub le-spaced  
typ ing  w ith  w ide m arg ins, an d  o n  p ap e r su itab le  fo r ink  
co rrec tions . T h e  p ap e r m u st be w ritten  in  E nglish  an d  
shou ld , in  general, be  d iv ided  in to  (a) S um m ary  ; (b) In 
tro d u c tio n ; (c) M e th o d s ; id )  R e su lts ; (e ) D iscussion  (if 
a ry )  a n d  general con c lu s io n s: ( / )  A cknow ledgem en ts; 
( g )  R eferences.

CONTRIBUTORS
T y p escrip ts sh o u ld  ca rry  a  sh o rten ed  version  o f  th e  

p a p e r ’s title , n o t  exceeding forty-five le tte rs  a n d  spaces in 
leng th , su itab le  fo r  a  ru n n in g  title.

S h o rt Com m unications. S h o rt C o m m u n ica tio n s  w ill also  
be p ub lished . T hese will re p o rt w o rk  o f  tw o  k in d s : (i) 
resu lts o f  sufficient m o m en t to  m erit p u b lica tio n  in 
ad v an ce  o f  a  m o re  com prehensive  p ap e r, a n d  (ii) w ork  
w h ich  su b stan tia lly  confirm s o r  ex tends existing  k n o w 
ledge, b u t  w hich  does n o t  ju s tify  a n  ex tensive p ap er. 
C a teg o ry  (i) will be given p rio rity  fo r  pu b lica tio n .

S h o rt C o m m u n ica tio n s sh o u ld  occupy  n o t  m o re  th a n  
fo u r  pages o f  p rin te d  tex t inc lud ing  title  a n d  su m m ary , 
a n d  n o t m o re  th a n  2,000 w ords, o n e  figure o r  tab le ; 
p la tes  sh o u ld  be avo ided . S h o rt C o m m u n ica tio n s  sh o u ld  
be  com plete  in  th e ir  ow n  r ig h t a n d  su itab le  fo r c ita tio n ; 
th e  m a tte r  so p ub lished  w ould  au to m atica lly  be o m itted  
from  an y  la te r  p u b lica tio n  ex ten d in g  th e  w ork .

R eferences. R eferences in  th e  tex t a re  c ited  t h u s : B rew er 
& S tew er ( 1942), (B rew er & S tew er, 1942). W h ere  a  p ap e r 
to  be c ited  h as m o re  th a n  tw o  a u th o rs , th e  n am es o f  all 
th e  a u th o rs  sh o u ld  be given w hen reference is firs t m ad e  
in  th e  tex t, e.g. (B rew er, S tew er & G u rn ey , 1944), an d  
su bsequen tly  as (B rew er e t a l. 1944). W here  m o re  th a n  
o n e  p ap e r by th e  sam e au th o r(s) has a p p ea red  in one 
year th e  references sh ou ld  be d istingu ished  in th e  tex t an d
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the bibliography by the letters a, b, etc., following the 
citation o f the year (e.g. 1914a, 1914¿, or 1914a, b).

References at the enc o f the paper should be given in 
alphabetical order according to the name o f the first 
author o f each publication, and should include the title 
o f the paper. Titles o f journals must be abbreviated in 
accordance with the Abbreviated Titles o f Biological 
Journals, issued by the Biological Council. Journals which 
are not in this list, and all books, reports and monographs, 
should be set out in full, not abbreviated. Authors who do 
not have Abbreviated Titles o f Biological Journals handy 
should set out titles in full. References to books should 
include year o f publication, title, edition, town of publica
tion and publisher, in that order. When the reference refers 
to a particular page or chapter in a book, this should be 
given after the edition.

It is the duty o f the author to check his references and to 
see that the correct abbreviations are used.
Figures and Tables. These must be selected to illustrate 
specific points. Figures should be drawn with letters, 
numbers, etc. written in pencil. Legends should be typed 
on separate sheets numbered to correspond to the figure. 
Tables should be comprehensible without reference to the 
text and each table must be typed on a separate sheet. 
Plates. Photographs should be well-contrasted prints on 
glossy paper, and should be chosen for size and number 
bearing in mind that the finished plate is approximately 
5^ in. by in. (14 cm. x  18-5 cm.). Photographs should 
not be mounted; a layout should be given on a separate 
piece o f paper. Figures are numbered continuously 
through two or more plates.
Symbols and Abbreviations. Where relevant Letter Symbo Is 
Signs and Abbreviations, British Standard 1991: pt 1 
General (British Standards Institution), and Policy o f the 
Journal and Instructions to Authors (The Biochemical 
Society) should be followed. The pamphlet General Notes 
on the Preparation o f Scientific Papers published by the 
Royal Society, Burlington House, London, (5s.), will be 
found useful.
Chemical Formulae. These should be written as far as 
possible on one line. The chemical nomenclature adopted 
is that followed by the Chemical Society (J. chem. Soc. 
1936, p. 1067). With a few exceptions the symbols and 
abbreviations are those adopted by a committee o f the 
Chemical, Faraday, and Physical Societies in 1937 (see 
J. chem. Soc. 1944, p. 717). Care should be taken to specify 
exactly whether anhydrous or hydrated compounds were 
used, i.e. the correct molecular formula should t e  used, 
e.g. CuSOj, C uS04. H20  or C uS04. 5H20 .
Description o f Solutions. The concentrations o f solutions 
are preferably defined in terms o f normality (n ) or 
molarity (m ). The term ‘ %’ must be used in its correct 
sense, i.e. g ./100g. o f solution; otherwise ‘ %(v/v)’ and 
‘ %(w/v)’ must be used when the figure is larger than 1 %. 
Proprietary Substances and Materials. At first mention, 
the correct designation and the manufacturer’s address 
should be given in the text.

Chemical Nomenclature. Follow the 1969 revision of 
Policy o f the Journal and Instructions to Authors, The 
Biochemical Society, 7 Warwick Court, London, W.C. 1.
Nomenclature of Enzymes. The system published in 
Report o f the Commission o f Enzymes o f the International 
Union o f Biochemistry, Oxford: Pergamon Press, 50s., 
is used.
Nomenclature in Bacterial Genetics. The proposal by M. 
Demerec, E. A. Adelberg, A. J. Clark and P. E. Hartman 
published in Genetics (1966), 54, 61 has been reprinted 
in J. gen. Microbiol. (1968), 50, 1 as a useful guide to 
authors. The general principles laid down should be 
followed wherever practicable.
Nomenclature and Description of Micro-organisms. The
correct name o f the organisms, conforming with inter
national rules o f  nomenclature, must be used; if  desired, 
synonyms may be added in brackets when the name is 
first mentioned. Names o f bacteria must conform with the 
Bacteriological Code and the opinions issued by the Inter
national Committee on Bacteriological Nomenclature. 
Names o f algae and fungi must conform with the Inter
national Rules o f Botanical Nomenclature. Nam es o f  
protozoa must conform with the International Code o f  
Zoological Nomenclature. Bacteriological Code, Iowa 
State College Press, Ames, Iowa, U .S.A. (1958); Botanical 
Code, International Bureau o f Plant Taxonomy and 
Nomenclature, 106 Lange Nieuwstraat, Utrecht, Nether
lands (1952); Zoological Code, International Trust for 
Zoological Nomenclature, London (1961). One or two 
small changes have been made to these rules at later 
International Congresses.
The following books may be found useful:
Bergey’s Manual o f Determinative Bacteriology, 7th ed. 

(1957), edited by R. S. Breed, E. G. D . Murray and 
A . P. Hitchens. London: Balliere, Tindall and Cox.

V. B. D . Skerman, A Guide to the Identification o f the 
Genera o f Bacteria with Methods and Digest o f Genetic 
Characteristics (1959). Baltimore, Maryland, U .S .A .: 
The Williams and Wilkins Company.

S. T. Cowan, A Dictionary o f Microbial Taxonomic Usage 
(1968). Edinburgh: Oliver and Boyd.

Ainsworth and Bisby's Dictionary o f the Fungi, 5th ed. 
(1961). Kew: Commonwealth Mycological Institute.

Latin Names. The species name is in italics (underlined 
once in typescript) and is used in full at first mention 
in each paragraph, but in subsequent mention with the 
name o f the genus abbreviated, single letter abbreviations 
being used where they are not ambiguous. The genus 
name is in italic when the whole genus is referred to. 
When used trivially, genus names are in Roman (not 
underlined). Anglicized versions are not underlined and 
are used without capitals. Strain names or numbers are 
in small capitals (underlined twice in the typescript).

Descriptions o f new species should not be submitted 
unless an authentic specimen has been deposited in a 
recognized culture collection.
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S U M M A R Y
The lipids of soil micro-organisms harvested from  simple and complex 

media varied from  2 to 20% in bacteria, 10 to  20% in fungi, 2-5 to 15% 
(w/w) in algae. The bulk o f the lipid usually consisted o f polar com pounds; 
paraffinic hydrocarbons comprised 0-008 to 27 % in bacteria, 0-04 to  07 % 
in fungi, 0-08 to 2-9 % (w/w) in algae. Lipid contents o f algae were more 
affected by growth medium composition than were those o f the bacteria and 
fungi. G as-liquid chrom atography showed that the hydrocarbons were 
paraffins in the range C16_36. The hydrocarbon patterns varied with species 
and growth medium. A  peak in the range C27-3i was usual in bacteria with 
sometimes a m inor peak in the range C18_22. The fungi exhibited slightly more 
stable hydrocarbon patterns (except Trichoderma viride) than bacteria and 
m ost showed m ajor and m inor paraffin peaks in similar regions.

The algae showed a peak at C17 regardless of the growth medium but Tetra- 
spora gelatinosa showed an increase in C25 and C27 paraffin content when 
grown with acetate. The ratio of paraffin chains consisting of odd numbers of 
carbon atoms to those containing even numbers of carbon atoms was around 
unity for bacteria and fungi, also for T. gelatinosa when it was grown on COa 
as sole carbon source. The Nostoc sp. and T. gelatinosa (grown with C 0 2 plus 
acetate) contained predom inantly Codd paraffins.

I N T R O D U C T I O N
The first report o f the isolation of hydrocarbons from  microbes was by Jankowskii 

& ZoBell (1944). Oppenheimer (1965) reported the production of ‘hydrocarbon-like’ 
materials in Desulfovibrio desulfuricans and in mixed cultures o f micro-organisms. 
O ther investigations of microbial hydrocarbons have been reported by Albro & 
H uston, 1964; Oro, Tornabene, N ooner & Gelpi, 1967; Tornabene, Gelpi & Oro, 
1967; Tornabene, Bennet & Oro, 1967; Tornabene & Oro, 1967; H an  et al., 1968.

The range o f «-paraffins isolated from  fungi is very similar to  tha t in bacteria 
although, as with bacteria, the composition o f  the mixture varied with the species 
investigated. M erdinger & Devine (1965) and M erdinger & Frye (1966) dem onstrated 
«-alkanes in the range C16_39 with a peak at C 22 in Debaryomyces hansenii; glucose 
carbon was incorporated into these hydrocarbons. Oro, Laseter & W eber (1966) 
isolated a similar range o f hydrocarbons from  fungal spores and noted a Codd pre
dominance with peaks at C27, C 29 and C36. M ost investigations o f algal paraffins

* P re sen t a d d re ss : F re sh w a te r  B io log ica l A sso c ia tio n , W in d erm ere  L a b o ra to ry , T h e  F e r ry  F louse, 
F a r  Saw rey, A m bleside , W estm o rlan d .
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indicate a carbon preference index (ratio of C0(W to Ceven compounds) of unity. 
Patterson (1967), however, noted an increase in concentration of the C26 and C27 
paraffins in Chlorella vulgaris when it was grown chemo-organotrophically. O ther 
workers have noted a lower boiling point range (C15_25) of 72-paraffins in certain algae 
(Oro et al. 1967; H an et al. 1908), sometimes with peaks around C17. The present 
study reports patterns of alkanes produced by soil micro-organisms to  determine 
what role if any these alkanes played in the hydrocarbon spectrum of the soil.
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M E T H O D S
Bacteria. These were dom inant species isolated from  an upland m oorland soil. 

M ethods o f isolation and details of the site have been reported previously (Jones & 
Edington, 1968). The species were Arthrobacter sp. n c i b  10407, Micrococcus sp. n c i b  
10405, Corynebacterium sp. NCI3  10406, Bacillus sp. n c i b  10404, Mycobacterium sp. 
n c i b  10403, and a Gram-negative rod, n c i b  10408.

Fungi and algae were isolated from  the same soil samples and so were Penicillium 
sp., Aspergillus sp., Trichoderma viride, Saccharomyces sp., Tetraspora gelatinosa and 
Nostoc sp.

Preparation of material. The basal succinate medium (BSM) for the fungi or bacteria 
contained (g./l. distilled H aO): N a  succinate, io-o; K 2H P 0 4, 1-5; K H 2P 0 4, 0-5 ; 
MgS0 4-7H 20 , 0-2; (N H 4)2S 0 4, 2-0; K N 0 3, 2-0; NaCl, o - i ; FeCl3, o -o i; yeast extract 
(oxoid), i-o ; pH  7-2 for bacteria, 5-0 for fungi. K N 0 3 was omitted for Mycobacterium 
sp. The complex medium used was tryptone soya broth  (oxoid) (TSB) adjusted to 
pH  5-0 for fungi. Slope cultures o f bacteria and fungi were subcultured into 20 ml. 
starter cultures o f BSM which were inoculated into 500 ml. BSM or TSB and subse
quently into 9 1. batches of the respective media. The micro-organisms were harvested 
when they entered the stationary phase. The basal medium for Tetraspora gelatinosa 
was K nop solution (g./l. dist. H 20 ) :  K N 0 3, i-o; Ca(NC»3),, o -i; K 2H P 0 4, 0-2; 
MgS04.7H 20 , o - i ; FeCl3, o-ooi, pH  7-0 (code 1 in Tables). The Nostoc sp. was grown 
on the medium (code 3 in Tables) o f van Baalen (1965), pH  7-0, which also contained 
6 ml. o f van Baalen’s ‘H 5’ trace element solution. N a2C 0 3 (0-020 g./l.) was added to  
both media. The algae were also grown with io ~2 M-Na acetate (Hoare, H oare & 
M oore, 1967) added (code 2 and 4 in Tables).

The cultures were grown under conditions of forced aeration, bacteria and fungi 
at 250 in the dark and algae at c. 2 0 °, 6 in. from  3-ft. fluorescent lamps (c. 800 ft. candles). 
Bacteria were harvested in the 6 1. swing-out head of the M is:ral 6 L centrifuge (MSE 
Ltd.) a t 1570g  for 30 min., the filamentous fungi were harvested by filtration, and the 
algae by using the continuous head attachm ent on the M SE 17 centrifuge a t 3000 
rev./min. They were washed twice and dried overnight under vacuum over P 2Os. The 
dried m aterial was ground in a pestle and mortar.

Extraction procedures. The ground samples in fat-free thimbles were extracted with 
a 2 +  1 (v/v) chloroform  +  methanol mixture for 8 hr in a Soxhlet-type extractor 
(ASTM  D 297, G allenkam p & Co. Ltd.). Solvent was removed in vacuo a t 40° to give 
the ‘total lipid fraction’.

Column chromatography. The methods used were based on those o f Evans, Kenny, 
Meinschein & Bray (1957), Meinschein & Kenny (1957), K olattukudy (1966), Oro 
et al. (1967). The total lipid fraction on a silica gel column (prewet with 72-hexane) was



successively eluted with «-hexane, benzene and m ethanol to  give paraffinic, arom atic 
and polar lipid fractions respectively. The adsorbents were washed with chloroform +  
m ethanol (2 +  1), before activation a t u o °  overnight for silica gel (100 to 200 mesh) 
and 48 hr at 165° for alumina. I f  it was no t used immediately the adsorbent was stored 
in the vacuum  oven over P 20 5 a t 50°.

The adsorbent:to tal lipid ratio was never less than 300:1 (w/w) and the adsorbent: 
paraffin ratio  never less than  1000: 1. The paraffins were recovered from  the eluate, 
then purified by further elution with «-hexane through a column of alumina. The 
column heigh t: diameter ratios were never less than 10: 1. All columns were surrounded 
by water jackets a t 40°, and the rate of elution was always 8 ml ./min.

The solvents were partially removed in a ro tary evaporator a t 40°. and completely 
in a vacuum  oven a t the same tem perature over a dessicant.

Gas chromatography. A  Pye ‘Series 104’ C hrom atograph (M odel 24) was used 
fitted w ith stainless steel columns packed with Phasecarb L on Universal support B, 
85-100 mesh (Phase Separations L td., Cheshire). Columns were purged with argon 
a t 3250 for 48 h r before use. Samples were run  a t 300° isothermally also programmed 
from  230° to  280° a t 8°/min., then m aintained a t the higher tem perature. Carrier gas 
flowed a t 5om l./m in. (45 lb./in.2), hydrogen, 50 m l./min. (18 lb./in.2) and  air, 500 ml./ 
min. (30 lb. /in.2) were supplied to a flame ionization detector. Samples, dissolved in 
«-hexane, were injected with a 1 ¡A. syringe (S.G.E. M elbourne) fitted with a Chaney 
adapter. All columns were plugged with glass wool, since stainless steel colum n plugs 
caused spread of the sample. The recorder was a K ent M ark 3 Instrum ent (George 
K ent Ltd., Beds.; range — o-i to  i-o mV).

The retention volumes o f the «-alkanes were com pared w ith tha t o f «-eicosane 
which was added to  the samples on their second test run. A t regular intervals a mixture 
o f know n «-alkanes (C16_36) was injected for further comparisons. The relative con
centrations o f the hydrocarbons were calculated from  the peak areas.

Reagents. Solvents used in extraction and chrom atographic procedures were of 
A nalar grade or o f higher purity. Solvents of insufficient purity were redistilled. 
Storage was over anhydrous N a2S 0 4.

R E S U L T S
Analysis of lipid fractions. Table 1 shows tha t the average fungal lipid contents 

were generally higher than  those in bacteria. The fungi, Aspergillus sp., Trichoderma 
viride, and the bacteria, Bacillus sp., Mycobacterium sp. and the Gram-negative rod, 
had  higher lipid contents when grown on TSB. The algae, however, contained less 
lipid when acetate was added to the salts media. In  nearly all the microbial lipids the 
smallest fraction was paraffinic and the largest contained polar compounds.

Gas chromatographic analyses of microbial hydrocarbons. These are presented in 
Table 2; unidentified peaks bear the symbol *?’. The carbon preference indices o f the 
paraffins are given in Table 3; in  the fungi and bacteria they tended to unity. The 
Trichoderma viride paraffins showed a slight C evm predom inance especially when the 
fungus was grown on TSB. Algal paraffins showed a strong Codd predominance except 
Tetraspora gelatinosa grown on K nop’s medium with no added acetate. There was a 
slight tendency for bacterial paraffins from  BSM to exhibit greater Codd predominance, 
but this was no t considered significant. Arthrobacter sp. contained the highest p ropor
tion o f «-alkanes in the range C16_s2, especially if grown on TSB. The m ost even distri
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bution o f «-alkanes (C16_32) was in the Gram-negative rod, grown on both  media, 
and in Corynebacterium sp. grown on TSB. The simplest pattern was in the Micrococcus 
sp., which consisted almost entirely of «-alkanes in the range C25_29. There was no 
clear trend in the patterns o f bacterial paraffins bu t m ost species showed a peak in 
the region C26_31 which was m ost evident in the Bacillus sp. and the Mycobacterium sp. 
regardless of growth medium. A m inor peak was sometimes noted in the region C18.22.

Table 1. Microbial lipids
L ip ids w ere ex trac ted  fro m  m icro -o rg an ism s (fo r m ed ia  see ‘ M e th o d s ’) w ith  ch lo ro fo rm  +  
m e th an o l (2 +  1) fo r  8 h r  a n d  e lu ted  th ro u g h  silica gel co lu m n  w ith  n -hexane, benzene a n d  
m e th an o l. A ll so lven ts rem oved  u n d e r  v acu u m  a t 40°. C o n ten ts  expressed  a s  m g. h y d ro c a rb o n / 
g. d ry  w t organ ism .
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M edium L ip id Paraffins A ro m atics
P o la r

co m p o u n d s

A r th ro b a c te r  sp. B SM 41 9-3 i -9 10-4
TSB 22 3'5 0-8 8-3

M ic ro c o c c u s  sp. B SM 100 6-8 33'4 45 '4
TSB 30 3-8 o -9 io -i

G ram -n eg a tiv e  ro d B SM 28 0-08 2-7 1 3 9
TSB 126 2-4 1-2 105-4

C o ryn eb a c te r iu m  sp . B SM 178 ’ ■7 6-2 Ö2-I
TSB 49 10-9 2-5 22-3

B a c illu s  sp. B SM 64 3.3 32-0 18-9
TSB 92 o -5 0-9 35'4

M y c o b a c te r iu m  sp. B SM 151 26-9 10-4 61-5
TSB 193 21-4 3-2 9 7 -i

P é n ic illiu m  sp. B SM 145 o-8 i-6 140
TSB 158 0-5 i -9 95 '7

A sp erg illu s  sp. B SM IOI o-6 r i 46-2
TSB 190 o -4 9 ‘9 87-7

T rich o d e rm a  viride B SM 4 3 ’5 7 -o 3'7 29-3
TSB 112 o-6 9 '8 84-4

S a c c h a r o m y c e s  sp. B SM 178 o-4 o-8 3 '5
TSB 170 i i 3 ’9 5 4 7

T e tra sp o ra  g e la tin o sa i 144 28-8 23-8 81 -1
2 96 6-6 8-3 48-7

N o s to c  sp. 3 104 5'9 • 30-7 88-4
4 26 o-8 4-8 29-1

Fungal hydrocarbons showed a more stable pattern  than bacteria, with a m ajor 
peak at around C 29 and a m inor one in the range C17, 20. The exception was Trichoderma 
viride grown on BSM, which had peaks at C30 and C34. These disappeared on TSB and 
an  increase of an  unidentified com ponent around C16 and a slight peak at C 24 were 
noted. These components make a m ajor contribution towards the slight Ceven pre
dominance of the paraffins of this species when grown on TSB.

The algal paraffins showed a large peak at C17 regardless of the growth medium 
used. Acetate in the medium increased the C25 and C27 paraffins in Tetraspora gelatinosa 
bu t no t Ncstoc sp. The blue-green alga contained a simpler pattern o f hydrocarbons 
than  any of the other micro-organisms, and this did no t include a peak a t C29.

A  few hydrocarbons rem ained unidentified and other «-alkane peaks were thought, 
because of their shape, to be impure. These are considered in m ore detail in the 
discussion.
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Table 3. Carbon preference indices derived from chromatographic analysis of
microbial hydrocarbons

G ro w th C a rb o n  preference
m ed ium index

G ram -n eg a tiv e  ro d B SM 1-38
TSB 1-20

Arthrobacter sp. B SM IU 7
TSB 0-67

Micrococcus sp. B SM 1-33
T SB 0 7 9

Corynebacterium sp. B SM 1-34
TSB 1-24

Bacillus sp. B SM i-6c
TSB 1-09

Mycobacterium sp. B SM 0-70
TSB 1-18

Pénicillium sp. B S M 1-02
TSB I I I

Aspergillus sp. B SM r  12
TSB i • 12

Trichoderma viride B SM 0-76
TSB o -54Saccharomyces sp. B SM 1-03
TSB 1-25

Tetraspora gelatinosa I 1-61
2 10-70

Nostoc sp . 3 11-56
4 18-17

D I S C U S S I O N
Lipids m ade up between 2 and 20 %  of the bacterial dry weights, the highest levels 

being found in  Mycobacterium sp. The levels were similar to  those reported by Albro 
& H uston (1964), Davis ( 1967) and Davis (1968). There was good correlation between 
published data and the paraffin contents of the bacteria (H an et al. 1968; Tornabene, 
Bennet & Oro, 1967).

A variety o f bacterial hydrocarbon patterns was noted and only certain general 
trends will be discussed here. The range of «-alkanes (C16 3fi) was similar to  those 
reported by authors mentioned below. The minimum a t C18_21 reported by C la rk e .
(1966) was only evident in the Bacillus sp. grown on BSM ; indeed a m inor peak at 
this range was noted in some species. A  modest maximum was almost always present 
at C 27-3o (Albro & H uston, 1964; Davis, 1968). Tornabene, Bennet & Oro (1967) 
reported a m ore even hydrocarbon distribution when Sarcina lutea was grown on 
complex rather than simple medium and although this was true of the Gram-negative 
rod in this study, it was not observed in the other species. The same authors reported 
a Codd predominance on a simple medium but not on Trypticase Soy B ro th ; this trend 
was not observed in the organisms used in this investigation.

Higher carbon preference indices were sometimes obtained when bacteria were 
grown on BSM but the values were no t considered to  be significantly different from 
those on TSB.

The lipid and hydrocarbon contents o f the fungal and algal species were similar to 
those reported by H an et al. ( 1968) and Davis ( 1967) and so was the range of paraffins.



The patterns were less variable than  those in bacteria bu t were not always similar to 
those reported by these authors. The Saccharomyces sp. did no t have a peak at C22 
unlike Debaryomyces hansenii (M erdinger & Devine, 1965). The patterns o f hydro
carbons in three o f the fungi (peaks at C27_29) were similar to  those reported in the 
spores of Ustilago sp. and Sphacelotheca sp. (Oro et al. 1966).

The increase in C 25 and C27 components of Tetraspora gelatinosa in the presence of 
acetate was similar to  tha t reported by Patterson (1967) in Chlorella vulgaris, grown 
chemo-organotrophically, although in the latter organism the hydrocarbons were 
monoenes. The predom inant C17 paraffin was present in both  algae, being thus in 
agreement with H an et al. (1968) and Oro et al. (1967). The suspect purity o f the C17 
paraffin in T. gelatinosa suggests the presence of the corresponding alkenes.

The carbon preference indices in fungi agreed with those in the literature. A value 
of around unity was also obtained when Tetraspora gelatinosa was grown on COa as 
sole carbon source as with Chlorella vulgaris (Patterson, 1967) but no t when acetate 
was added to  the medium. Nostoc sp. hydrocarbons exhibited a strong Codd pre
dominance on both media.

The hydrocarbons labelled *?’ in the tables were thought to  be impure. F rom  the 
retention volume data  (Albro & Huston, 1964) with a similar column and published 
results (Oro et al. 1967; H an et al. 1968; Patterson, 1967; Tornabene, Gelpi & Oro,
1967), some com ponents detected immediately before or with the n-alkane may be 
the corresponding «-alkanes.

The analyses of microbial hydrocarbons are in general agreement with those of 
H an et al. (i 968). In  algae the m ajor com ponent is a C17 hydrocarbon and the majority 
have chain lengths shorter than C20. In bacteria and fungi the greater proportion  have 
chain lengths greater than  C 20. This does not, however, agree with the results 
o f  Oro et al. (1967) and Tornabene, Gelpi & Oro (1967), who reported lower hydro
carbons in certain bacteria ( Vibrio marinus) and unsaturated, methylbranched 
paraffins in Sarcina lutea atcc 535. A lbro & H uston (1964) and Tornabene, 
Gelpi & Oro (1967) obtained differing results with S. lutea. Obviously microbial 
hydrocarbon patterns depend on growth media, growth conditions and analytical 
methods. Standardized procedures for growth, extraction and analysis o f microbial 
hydrocarbons should be adopted. Since the growth medium used influences the hydro
carbons produced any attem pt to correlate such results with possible geological roles 
o f  micro-organisms (H an et al. 1968) should take account of the substrates available 
in the field.

Thanks are due to British Petroleum  for the gift of standard «-alkane samples, and 
to  Miss Susan Jenkins for able technical assistance. This work was carried out during 
the tenure of an S.R.C. Studentship.
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S U M M A R Y
Tem perature, salinity and pH  optim a o f the marine bacterium Leucothrix 

mucor were determ ined directly in nature by use of tritiated thymidine auto
radiography and com pared with the same characteristics o f laboratory 
cultures. Field studies were done in Puget Sound, W ashington, U.S.A., and 
Loch Ewe, Scotland. The tem perature optim a o f cultures isolated from  
various sea-coast areas around the world were 28°, irrespective of the tem
perature of the habitat from  which the culture was derived. In contrast, the 
tem perature optim a in the natural environm ent were significantly lower, 
ranging from  6-5° to  250, depending on the habitat studied. Attem pts to 
obtain physiological adaptation o f laboratory cultures to low tem perature 
failed. The results emphasize the danger o f inferring the response to tem pera
ture o f natural populations from  the characteristics of laboratory cultures.
In  contrast, responses to salinity and pH  optim a in natural environments 
were the same as those of laboratory cultures.

I N T R O D U C T I O N
The development o f an autoradiographic technique using tritiated thymidine for 

measuring growth rates of the marine bacterium  Leucothrix mucor directly in its 
natural environm ent (Brock, 1967) opened up the possibility o f studying the 
physiological ecology o f natural populations o f this organism. In  previous work in 
marine bacteriology, the behaviour of natural populations was inferred from  the 
characteristics o f laboratory cultures. Because o f the widespread ability of bacteria 
to adapt to changing environments, it is possible that the characteristics o f laboratory 
cultures do no t reflect those of the same organism in nature. W e were especially inter
ested in studying the tem perature optim a o f L. mucor directly in the sea because this 
organism was generally found in cool tem perate waters, but the tem perature optim a of 
all pure cultures isolated were considerably higher than the tem peratures o f the 
habitats in which the organism lives.

The present paper reports studies carried out in two tem perate sea-coast regions 
which are geographically distant from  each other but which are ecologically similar, 
namely the west coast o f Scotland and Puget Sound in the region o f Friday H arbor, 
W ashington, U.S.A. Leucothrix mucor is a bacterial epiphyte o f  seaweeds and is 
especially com m on on filamentous red and green algae living in habitats where water 
flow and aeration are good due to extensive wave action or tidal current (Brock, 1966). 
In such habitats, L. mucor is often virtually the only epiphyte present, and because o f 
its large size and distinctive morphology it can easily be recognized microscopically. 
The plan o f the experiments was to  remove algal fronds containing L. mucor from  a 
variety o f habitats o f  known characteristics, place them at a num ber of different
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temperatures, salinities and pH  values and w ithout preadaptation measure the growth 
rates by tritiated thymidine autoradiography. A t the same time, a num ber of pure 
cultures o f L. mucor were isolated and the tem perature, salinity and pH  optim a of 
these cultures determined in the laboratory. The results showed that the tem perature 
optim a of the natural material varies markedly but was usually lower than the optim a 
of pure cultures. The m anner in which ecological adaptation to low tem peratures 
might occur is discussed, especially in relation to the absence of similar adaptation 
to low tem peratures by laboratory cultures. On the other hand, salinity and pH  optim a 
determined in the natural environment are quite similar to those of laboratory cultures.

J5 4

M E T H O D S
Habitats. M ost o f the experiments were done in the waters around San Juan  Island, 

Puget Sound, W ashington, U.S.A. The experiments were done in the summer of 
1967, and the water tem peratures o f the habitats selected remained relatively 
constant throughout this time (except as noted). The area is characterized by gen
erally cold waters (12 to 130) and rocky shorelines with abundant algal growth 
and ample wave action. There are however shallow-water areas where the water, 
warmed by sunlight, reaches tem peratures as high as 20 to 2 2 °. There are other areas 
where a sandy shoreline with m oderate wave action exists. Therefore the area where 
these studies were done presented a wide variety o f habitats, and the tem perature 
adaptation of Leucothrix mucor could be studied in several different types of 
environment. The habitats and their characteristics are described below, and for 
clarity the habitats will be referred to henceforth by their designated letters. H abitat A : 
South Beach; tem perature, 120; tidal range, low intertidal; terrain, pebble beach with 
large boulders; aeration, strong wave action; algal substrate, a branched rhodophyte 
(Pterosiphonia and Polysiphonia spp.); habitat rarely exposed to drying. H abitat B: 
location, Eagle Cove; tem perature, 12-5°; tidal range, low intertidal; terrain, sandy 
beach with large boulders; aeration, m oderate wave ac tion ; algal substrate, branched 
rhodophyte (Pterosiphonia and Polysiphonia spp .); habitat rarely exposed to drying. 
H abitat C: location, Argyle Lagoon Channel; tem perature, 13 to  20°; tidal conditions, 
tidal creek connecting open water ( 130 water) with a lagoon (20° water) (at high tide 
water flows into the lagoon while a t low tide water flows out o f the lagoon, and therefore 
the tem perature fluctuates between 130 and 20° due to changes in the direction of flow 
of the tidal creek); terrain, pebbles and rocks up to  12 in. diam eter; aeration, m oderate 
due to flowing water; algal substrate, branched rhodophyte (Pterosiphonia and Poly
siphonia spp.). H abitat D : location, shoreline north  o f Friday H arbor, W ashington,
U .S .A .; tem perature, 130; tidal range, middle intertidal; terrain, large boulders on 
shelf rock; aeration, m oderate wave action; algal substrate, unbranched rhodophyte 
(Bangia fuscopurpurea); habitat sometimes exposed to drying at low tide. H abita t E : 
location, shoreline north  of Friday H arbor, W ashington, U .S.A .; tem perature, 150; 
tidal range, high intertidal; terrain, flat shelf rock; aeration, m oderate wave action; 
algal substrate, unbranched rhodophyte (Bangia fuscopurpurea)-, habitat frequently 
exposed to  drying at low tide. H abitat F : location, South Beach; tem perature, 130; 
tidal range, middle intertidal; terrain, pebble beach with large boulders; aeration, 
moderate wave action; algal substrate, unbranched chlorophyte; habitat sometimes 
exposed to drying a t low tide.



One series o f experiments was done a t Firemore, Loch Ewe, Scotland, an  area of 
this large sea loch which is relatively exposed to  the open ocean. The oceanographic 
characteristics o f this area were presented by Steele & Baird ( 1968]. The present work 
was done with m aterial collected at low tide from  a rocky headland adjacent to  the 
sandy bay studied by Steele & Baird (1968), and the incubations were done within 
one half-hour o f collection a t a small field laboratory m ade available a t the site by the 
M arine Laboratory, D epartm ent of Agriculture and Fisheries, Aberdeen, Scotland. 
The samples were collected in  locations which were submerged even at low tide. The 
experiments were done in April 1966 when the water tem perature was 6-5°. The 
tem perature o f this same habitat in midsummer rarely exceeds 14°.

Experimental techniques. The relative rate o f incorporation of tritiated thymidine at 
various tem peratures, salinities and pH  values was used to determine the optim a for 
these factors for D N A  synthesis in Leucothrix mucor taken directly from  nature. The 
assumptions and justification for the use of tritiated thymidine incorporation to 
measure the growth rate o f L. mucor in nature were presented by Brock (1967).

In  a typical tem perature adaptation experiment, samples o f algae known to contain 
Leucothrix mucor were taken from  the sea and placed in  large plastic bags. The samples 
were then returned to the laboratory within one hour, and were kept as close to the 
environm ental tem perature as possible. Small samples o f algal fronds were transferred 
to  5 ml. screw-capped vials containing 0-9 ml. o f  seawater from  the area o f sample 
collection. The vials were then equilibrated in water baths and incubators at six or 
seven tem peratures for 15 min. Tritiated thymidine was added by injecting o-i ml. 
o f a 10 /¿c./ml. stock solution w ithout removing the vials from  the incubators. After 
1 hr, o-i ml. o f form alin was injected into each vial to  term inate the experiment. For 
studies on the effect o f  salinity and pH  value, a tem perature o f 250 was used. The 
experiments were done using samples taken from  H abitat B. pH  Values ranging from
2-4 to  107 were obtained by addition o f concentrated HC1 or N aO H  to natural sea
water. A  range o f  salinities was obtained by use o f seawater concentrated by 
evaporation.

A  detailed description o f the preparation o f autoradiogram s has been presented by 
Brock & Brock (1968), and the procedure will be described only briefly here. A n algal 
frond from  each incubation vial was placed on a microscope slide which had been 
coated with U llrich’s adhesive. The frond was spread out and allowed to dry overnight 
at 40°. The slides were then washed five times for 1 min. in distilled water and dried. 
They were then coated w ith emulsion by dipping into Eastm an K odak N BT-2 nuclear 
track emulsion (diluted 1/ 2-5) and dried. The slides were left in  the dark for 5 days and 
then developed. The num ber of labelled and unlabelled cells was determined using a 
40 x (N .A. 0-75) phase-contrast water-immersion lens on a Zeiss microscope equipped 
with 12-5 x eyepieces.

In  counting the autoradiogram s, ten filaments were chosen at random  and the 
num ber o f labelled and unlabelled cells determined. A  m inimum of 250 cells was 
counted for each autoradiogram , and the results are expressed as per cent labelled cells.

Laboratory studies. The strains o f Leucothrix mucor used in these studies were 
isolated from  various areas around the world, and their sources were given by Brock 
& M andel (1966) and by Kelly (1969). One strain (no. 19) isolated from  warmer 
waters in the F lorida Keys had  tem perature relations different from  the others 
(Kelly & Brock, 1969). Tem perature optim a o f laboratory cultures were determined
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roughly by estimating the am ount of growth o f liquid cultures incubated at different 
tem peratures for a standard period of time. M ore detailed tem perature optim a were 
determ ined for some strains either by measuring the rate of increase of turbidity and 
protein content in shaken liquid cultures or by measuring the rate o f increase of 
diam eter o f colonies growing cn  agar plates incubated at various temperatures. The 
latter procedure perm itted m easurement o f growth rates on a num ber o f strains simul
taneously. The agar plates were inoculated with appropriate dilutions o f suspensions 
o f gonidia (obtained by the filtration m ethod of H arold & Stanier, 1955) so that about 
100 colonies developed on each plate. The colony diameters were m easured daily or 
less frequently depending on growth rate and, from these measurements, the relative 
growth rates at various tem peratures were estimated. The defined medium o f Brock
( 1966) was used for these studies, with r o %  (w/v) or o-i % (w/v) m onosodium  
glutam ate as sole source of carbon, nitrogen and energy.

To determine tem perature optim a for laboratory cultures previously grown for at 
least 15 generations a t 2°, 10°, 250 or 30°, 5-0 ml. samples of early exponential-phase 
cultures were removed and incubated with aeration at tem peratures ranging from  o° 
to 35  ̂ for 5 min. to  allow equilibration. Tritiated thymidine (i-o/¿c./m l.) was then 
added, and the incorporation was term inated by addition of form alin (final concentra
tion 4 %) after 1 hr. This technique made it possible to  determine whether there was 
any transitory adaptation to various temperatures. In a preliminary experiment, it was 
shown that incorporation o f tritiated thymidine as followed by autoradiography 
closely paralleled that measured by liquid scintillation counting (Fig. 1). Therefore, 
the samples were supplemented with cold 5 % trichloroacetic acid, filtered, and the 
precipitate washed and counted in a Packard Tri-Carb liquid scintillation system 
using a toluene-PPO- POPOP scintillation liquid. The strains were grown at various 
pH values and salinities in a synthetic seawater-salts medium supplemented with 
o -1 % (w/v) m ono-sodium glutam ate (Brock & M andel, 1966), and growth was 
estim ated visually. A lthough the synthetic seawater had a salinity less than natural 
seawater, addition o f o-i % m ono-sodium glutam ate brought the medium to a salinity 
the same as natural seawater.

1 5 6

RESULTS
Response to temperature

Temperature optima of laboratory cultures. The tem perature optim a o f all strains 
tested were around 25 to 28°, irrespective of the habitat from  which the strain was 
isolated. The tem perature range over which growth occurred was wide, all except 
three strains growing at 2 to  30, and m ost strains growing at 30 to  320. One strain 
isolated from warmer waters in the Florida Keys was more stenothermal, and was 
unable to  grow at tem peratures below 12 to 130, although still showing an optim um  
a t about 28° and a maximum between 320 and 350. The characteristics of this strain 
are reported in greater detail elsewhere (Kelly & Brock, 1969). For strain no. 1, 
generation times have been determined in liquid cultures o f o-i % glutam ate medium, 
and the doubling time at the optim um  tem perature o f 28° was about 205 min. A t 180, 
this strain had a  doubling time of 230 min., and at io° it was 410 min. In  a medium 
with o - i %  tryptone +  o-i % yeast extract instead o f glutamate, strain no. 1 had a 
generation time of 185 min. a t 28°.

Temperature optima in natural environments. Figures 2 to 4 give representative data
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from  the extensive series of experiments done a t Friday H arbor, W ashington, U.S.A. 
In  m ost experiments, a relatively sharp tem perature optim um  was found, although the 
optim um  varied from  one habitat to another. In  Fig. 2 data are presented fo r two 
experiments where tem perature optim a of 130 were obtained, which in both cases 
was also the habitat tem perature. N ote that, although the tem perature optim a were 
the same, the grow th rate (as indicated by the percentage o f labelled cells) was m ore
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T e m p e ra tu re  of incubation  (°)

F ig . 1 F ig . 2

F ig . 1. R a d io a c tiv ity  o f  L e u c o th r ix  m u c o r  as m easu red  b y  liq u id  sc in tilla tion  co u n tin g  an d  
a u to ra d io g ra p h y . Sam ples o f  a  suspen sio n  o f  o rg an ism s w h ich  h a d  been  cu ltu red  a t  io °  
w ere in c u b a te d  a t  v ario u s tem p era tu res  in  a  so lu tio n  c o n ta in in g  1 juc. tr it ia te d  thym id in e  
p e r  m l. fo r  1 h r  a n d  th e n  assayed . C u rv e  1 show s resu lts fo r sc in tilla tion  co u n tin g ; curve  2 
fo r  a u to ra d io g ra p h y  (per cen t labelled  cells p e r  6 m in . in cu b a tio n ).

F ig . 2. T e m p e ra tu re  o p tim a  fo r g ro w th  o f  n a tu ra l  p o p u la tio n s  o f  L e u c o th r ix  m u c o r  fro m  
h a b ita ts  D  a n d  F  as m easu red  by a u to ra d io g ra p h y . T em p era tu res o f  h a b ita ts :  D , 130; 
F , 13°.

rapid at one o f these habitats than a t the other. In  contrast, Fig. 3 presents data from  
two separate experiments a t a habitat where the tem perature optim um  was 250. N ote 
also tha t the optim um  in Fig. 3 is much sharper than  that o f Fig. 2. The seawater 
tem perature at the habitat where the experiments shown in Fig. 3 were done was only 
slightly higher than  those o f Fig. 2, bu t a m ajor difference was tha t the habita t o f the 
experiments in Fig. 3 was in the high intertidal range and the algae were frequently 
exposed to  drying at low tide. U nder such conditions, the seaweeds became considerably 
warmed by sunlight and hence the L. mucor populations were exposed to  higher 
temperatures.

Figure 4 presents results o f two experiments done in the tidal creek connecting 
Argyle Lagoon with the sea. As noted in M aterials and M ethods, the tem perature of 
this creek fluctuated through the tidal cycle from  13° to  20°. In  one experiment, two 
distinct tem perature optim a a t io° and 250 were found, whereas in the second experi
ment there was an optim um  at 250 and a shoulder a t io°.
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Five experiments were done with samples from  habitats A  and B where the water 
tem perature was about 1 2 °, and the algae were rarely exposed to  drying. All these 
experiments showed optim a of about 20°. The data for the one experiment done at 
Loch Ewe, Scotland, are presented in Fig. 5. The maximum growth rate was found 
at the lowest tem perature used, 6-5°, which was the tem perature o f the habitat. H ow 
ever, the growth rate was no t much slower at tem peratures o f 13-5° and 180, suggesting 
that at this habitat there was a fairly broad tem perature optimum. The experiment 
at Loch Ewe was done in April, and the seaweeds even at low tide would have been

1 5 8

Temperature of incubation i°) Temperature of incubation (°)

F ig . 3 F ig . 4

F ig . 3. T em p e ra tu re  o p tim u m  fo r  g row th  o f  n a tu ra l p o p u la tio n s  o f  L e u c o th r ix  m u co r  from  
h a b ita t E  as m easu red  by  a u to ra d io g ra p h y . E x p erim en ts 1 a n d  2 w ere d o n e  w ith  d ifferent 
sam ples c f  algae. T em p e ra tu re  o f  h a b ita t :  150 b u t w arm in g  d u rin g  d ry ing  a t low  tide.
F ig . 4. T em p e ra tu re  o p tim u m  fo r  g ro w th  o f  n a tu ra l p o p u la tio n s  o f  L e u c o th r ix  m u c o r  from  
h a b ita t C  as m easu red  by  a u to ra d io g ra p h y . E x p erim en t 1 w as d o n e  o n  8 Ju ly  1967 an d  
E x p t. 2 do n e  o n  10 A u g u st 1967. T e m p e ra tu re  o f  h a b ita t :  va riab le  fro m  13° to  20 '.

subjected to only fairly low tem peratures because of the cool cloudy weather over 
the previous winter m onths. A nother experiment was done at Loch Ewe in late July, 
1967, but unfortunately the L. mucor populations on the algae were too  low.

Temperature adaptation in laboratory cultures. Because many o f the tem perature 
optim a found in natural populations were considerably lower than those o f laboratory 
cultures, it was considered o f interest to  see if L. mucor cultures would show short-term  
adaptation to  low tem peratures. Consequently a series o f experiments was done in 
which L. mucor was grown for at least 15 generations a t low temperatures, and the 
immediate response o f these cultures to  warming was studied. To make these studies 
analogous to those done in nature, and to  make possible the m easurement o f only 
transient adaptation  to  low tem perature, the rate o f incorporation o f tritiated 
thymidine was m easured by liquid scintillation counting. In  these studies the samples 
were incubated at the various tem peratures for only 5 min. before tritiated thymidine 
was added. The data from  one experiment are summarized in Fig. 6.
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It can be seen that the optim um  tem perature for tritiated thymidine incorporation 
was about 26° regardless of whether the cultures were grown at 2, 10, 25 or 30°. In 
three other experiments in which cultures were grown at io° and in two in which 
cultures were grown at 2 °, optim a of 25 to 30° were found. Thus, there was no 
adaptation to growth at low tem peratures under the conditions used in the laboratory.
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Fig. 5 Fig. 6
Fig. 5. Effect o f temperature on incorporation o f tritiated thymidine as measured by auto
radiography for populations of Leucothrix mucor from Loch Ewe, Scotland. Temperature of 
habitat : 6-5°.
Fig. 6. Effect o f temperature on incorporation o f tritiated thymidine as measured by liquid 
scintillation counting for cultures o f Leucothrix mucor strain no. 1 grown for many generations 
at the stated temperatures.

Response to pH value and salinity
The optim um  pH  value for L. mucor was 7-6 in culture, and the results o f an experi

ment done under natural conditions are presented in Fig. 7. The optim um  pH  value 
of L. mucor in the natural environm ent was between 7-0 and 8-0 and thus corresponds 
well with the pH  optim um  in culture. Results obtained in the salinity studies are 
presented in Fig. 8. The salinity optim um  in culture was found to  be around 31 p.p.t. 
for the 27 strains analysed, and the optimum in the natural environment was almost 
exactly the same.

D IS C U S S IO N

The difficulty which existed in attem pting to determine the characteristics of an 
organism in nature from  its characteristics in culture was pointed out by ZoBell ( 1946). 
He noted tha t marine bacteria often grew best in the laboratory at tem peratures 10 
to 200 higher than those of their natural habitats. Similarly, H aight & M orita ( 1966) 
stressed the im portance o f correlating the results of laboratory and field studies
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involving marine bacteria. They dem onstrated tha t Vibrio marinus differed physio
logically when grown under the conditions o f the natural environment or under 
conditions which were optimal for its growth in the laboratory.

In the present study a com parison o f the tem perature optima of Leucothrix mucor 
in nature with those obtained in culture emphasized this problem. The tem perature 
optim um  o f L. mucor in culture was found to be about 28°, and all the strains had 
the same tem perature characteristics regardless of their original locations. In  contrast,

pH value of suspension 

Fig. 7

X

Fig. 8
Fig. 7. Effect o f pH value on the incorporation o f tritiated thymidine in natural populations 
of Leucothrix mucor. An algal sample was removed from the sea and incubated with 1 -o fig. 
of tritiated thymidine/ml. seawater at various pH values. The incorporation was measured 
by autoradiography.
Fig. 8. Effect o f salinity on incorporation o f tritiated thymidine in natural populations o f  
Leucothrix mucor. An algal sample was removed from the sea and incubated with 1 -o fig. 
o f tritiated thymidine/ml. sea water at various salinities. The incorporation was measured 
by autoradiography.

the tem perature optim a determined for L. mucor in its natural environment by au to
radiography ranged from  6-5 to 250 depending on the habitat used, and the optim a 
in all the experiments were lower than the optim a in culture. In general, optim a in 
nature were higher in warmer habitats, although this relationship did no t always hold.

This discrepancy could be due to  a physiological adaptation to the low tem peratures 
o f the natural environment. However, efforts to duplicate this adaptation in culture 
were no t successful, suggesting that there may be differences between the conditions 
in culture and in nature. I t must be remembered that L. mucor grows in nature as an 
algal epiphyte and thus probably has a very complex nutritional supply in addition 
to interactions with other micro-organisms, and such conditions are no t duplicated 
in laboratory cultures.

An alternative explanation for the different optim a in culture and in nature could 
be tha t since the strains were isolated at tem peratures of 20 to 250, only strains with 
high tem perature optim a were obtained. These organisms could be strains which 
occur in very small num bers in the low-temperature environments but are able to



grow better than  the m ajority of the organisms at higher temperatures. Evidence that 
such strains exist has been presented by Sieburth (1967), who was able to show that 
the tem perature optim a o f the various types of bacteria in N arragansett Bay change 
as a function o f the water tem perature. The tem perature optim a lag two m onths 
behind the fluctuations in water tem perature suggesting a selection o f different tem
perature strains o f each type o f organism rather than  a physiological adaptation which 
would require only a few generations to  achieve. These strains could arise by random  
m utation, since it has been shown by Olsen & M etcalf (1968) that a small num ber of 
genetic loci may control the tem perature characteristics o f an organism. A  factor 
which argued in favour o f this interpretation was tha t only a small percentage o f the
L. mucor filaments on the plates during isolation actually formed colonies. However, 
since m ost o f the filaments in each autoradiogram  were labelled to  the same extent, 
the num ber o f organisms in the population with optim a at 25 to 30° would have to be 
quite small.

In  contrast to  the tem perature studies, a good correlation was found between the 
optim a determined in culture and those determined in the natural environm ent for 
salinity and pH  value. However, it should be noted that, although the optim um  in 
terms o f to tal salinity was the same in culture and in nature, the concentrations of 
individual ions were no t the same. For example the medium which gave optim al 
growth had a salinity o f 31 p.p.t. and contained 0-42 M-Na+ (0-28 m  as N aC l and 
0-14 m  as m onosodium  glutamate), 0-027 M-Mg2+, and 0-005 v-C a2+ while seawater 
has a salinity o f 32 p .p.t. and 0-45 M-Na+, 0-05 M-Mg2+, o-oi m-K+ and o-oi M-Ca2+. 
I t  appears therefore th a t the total salinity may be more im portant for the grow th of
L. mucor than  the concentrations of individual ions.

The effects o f individual ions on marine bacteria have been analysed by M acLeod
(1965) and by K orngold & K ushner (1968), but little work has been done on the effects 
o f the over-all salinity on these organisms. K orngold & K ushner (1968) noted the 
stabilizing effect o f divalent cations on a marine bacterium, and M acLeod emphasized 
the im portance o f Na+ concentration for grow th o f marine bacteria. He found that 
the optim um  Na+ concentration for several marine bacteria was 0-2 to  0-3 m , and the 
results presented here for the cultural studies of L. mucor were in agreement with these 
findings. A lthough these results indicate tha t cultural studies may correlate with 
studies o f an organism in its natural environment, it is clear tha t micro-organisms 
should be analysed under natural conditions before any conclusions about their 
activities in the natural environment are made. I t  should be possible in many cases to 
carry out these studies through the use of the tritiated thymidine autoradiography 
technique.
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Energetics of Growth of Azotobacter vinelandii in 
a Glucose-limited Chemostat Culture

By S. N A G A I, Y. N I S H I Z A W A  a n d  S. A I B A
Institute o f Applied Microbiology, University of Tokyo, Tokyo, Japan
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S U M M A R Y
W ith a glucose-limited chem ostat culture o f Azotobacter vinelandii 

i a m  1078 the yield factor, Y f ,  for glucose increased from  0-3 to o -12 following 
an increase in the dilution rate from  o-i to  0-35 h r-1. However, even when 
growing at the faster rate the value o f Y f still was extremely small com pared 
to  those found with other micro-organisms. This low yield value was no t due 
to  an incomplete oxidation o f glucose, since m ost o f the glucose carbon 
utilized (83 to 97 %) could be accounted for as carbon dioxide, the percentage 
conversion depending on the dilution rate. The specific respiration rate 
(Q0J  of the growing culture was determined in situ and found to  remain 
nearly constant over the range o f dilution rates. However, the value of Yf 
diminished progressively from  0-12 to 0-03 when the dissolved oxygen 
concentration in a chem ostat culture was increased from  3-3 to  5-7 p.p.m. 
The yield factor, YATP (evaluated by m aking certain assumptions) was much 
smaller than the value o f 10 found with other microbial culture, even though 
the value of YATP increased appreciably with the increase of dilution rate. 
These results are discussed with reference to some o f the known physio
logical characteristics o f A. vinelandii.

I N T R O D U C T I O N
W ith several species of bacteria, a linear relationship has been found between the 

reciprocal o f the overall yield factor Y f and the reciprocal o f the specific growth rate 
y x (Pirt, 1965). Similarly, a glucose-limited chem ostat culture of Azotobacter vinelandii 
(dilution rate =  o-i to  0-25 h r“1) showed the same general pattern  (Aiba, Nagai, 
N ishizawa & Onodera, 1967). In  order to  understand the physiological implications 
of this variation in Y f with growth rate, we have examined the effects o f varying the 
dilution rate on the fate o f the glucose substrate.

W ith various microbial cultures, m any workers have observed an ‘ATP-yield value’ 
(Yatp =  mg. bacteria synthesized/mmole ATP consumed) of about 10 (see Bauchop 
& Elsden, i 960; Stoutham er, 1962; H adjipetrou et al. 1964). But since all these workers 
grew their organisms in uncontrolled environments (i.e. batch cultures) the influence 
o f specific nutritional conditions, as realized in a chem ostat culture, remained to  be 
investigated. The effect o f growth rate on the YATP value o f a glucose-limited culture 
of Azotobacter vinelandii is also reported here.
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METHODS
Organism and cultural conditions. The bacterium used was Azotobacter vinelandii 

iam 1078 (atcc 9046). The medium com position was (g./l.): glucose, 5; K H 2P 0 4, 0-2; 
K 2HPC*4, o-8; M gS0 4.7H 20 , 0-2; NaCl, 0-2; sodium citrate, 005; FeS0 4.7H 20 , 
0-005; Fe2(S0 4)3. 3H 20 , 0-005; N a2M o 0 4.2H aO, o-ooi; CaCl2.2H 20 , o-oi;  pH  7-0-  
7-2. I t was confirmed by preliminary experiments tha t sodium citrate in the medium 
did not serve as a carbon source; glucose was the sole utilizable carbon source.

The reactor vessel (working volume =  13- 181., nom inal volume =  29 1.) was 
equipped with a standard flat-blade turbine (780 r.p.m .). The aeration from  a ring 
sparger below the impeller was kept at 0-5 to  1-5 v.v.m. Each continuous culture run 
(dilution rate =  0-05- 0-35 h r^1) was assumed to  be in a steady state if  the optical 
density value (at 610 mft) for the culture rem ained unchanged for about 24 hr. The 
residual glucose concentration in the effluent from  the vessel was of the order of 
2 /ig./ml. The reactor was run a t 30° ± 0-5°.

Determination of cell mass and glucose concentration. Bacterial mass was m easured 
as a freeze-dried powder (Aiba et al. 1967). W ater content o f this m aterial was around 
15 %. Residual glucose was measured either by the m ethod o f Somogyi (1952) or with 
a G lucostat reagent (W orthington Biochemical Corporation).

Measurement of the oxygen uptake rate. A eration rate was carefully controlled to 
determine the oxygen uptake of bacteria in the chemostat. A reducing valve and a 
rotam eter were installed on the air line. Oxygen in the air flow, before entering and 
after leaving the chemostat, was determined using a Beckman oxygen electrode 
(Beckman-Toshiba Type 777).

Measurement of rate of carbon dioxide evolution. W ater, 5-5 1., in a conical flask was 
replaced by the exhaust air from  the chemostat. A n aqueous solution (100 ml.) of 
o-2-n  barium  hydroxide was then carefully added and the flask shaken mechanically 
for about 30 min. After standing for 3 hr, the solution was back titrated with oxalic 
acid (o-i n) and the concentration o f carbon dioxide in the exhaust air calculated from 
these data. The concentration of carbon dioxide in the ambient air was measured, as 
control, by the same procedure. The rate of carbon dioxide evolution in the chem ostat 
was calculated from  the difference in C 0 2 content between the am bient and exhaust air 
(duplicate measurement), and the air flow rate. Tem peratures of the air entering and 
leaving the ferm entor were m easured and the rates o f oxygen uptake and carbon 
dioxide evolution corrected to  o°,i atm.

RESULTS
Experimental data from  a typical chem ostat culture experiment are shown in 

Table 1. Clearly the maximum dilution rate under these conditions was about 0-34 h r-1. 
Since the glucose concentration m  the extracellular fluid was insignificant com pared 
with that of fresh medium (S0 =  5 + 0-2 mg./ml.), the value T f  could be determined 
merely from  the concentration ratio o f cultured bacterial mass to glucose in the input 
medium.

Assimilation-dissimilation ratio o f glucose
The metabolic activities, as represented by the specific rates of glucose consum ption, 

assimilation to  cell carbon and dissimilation to  COa, are plotted against the dilution



rate in Fig. 1. A n average of carbon content (45% ) determined by elemental analysis 
o f the bacteria from  the chem ostat culture was used to  assess the specific rate o f the 
assimilation.

The recovery ratio, defined by the ratio o f a sum o f the assimilated and dissimilated 
carbon to  the glucose carbon consumed, is also shown in this figure. Despite the data
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F ig . 1. Specific ra te s  (c a rb o n  basis) o f  ce llu lar assim ila tio n , C 0 2 ev o lu tio n  a n d  g lucose co n 
su m p tio n  o f  A z o to b a c te r  v in e la n d ii as v a ried  w ith  d ilu tio n  ra te  o f  g lucose-lim ited  ch em o sta t 
cu ltu re . G lu co se  c o n c e n tra tio n  in  fresh  m ed iu m , So =  5 ± 0 -2  m g. fail. • — • .  ce llu lar 
a ss im ila tio n ; A — A , C 0 2 e v o lu tio n ; ■ — ■ ,  g lucose co n su m p tio n ; + — + .  recovery  ra tio .

Table 1. Bacterial mass and glucose concentrations in a glucose-limited 
chemostat culture of Azotobacter vinelandii

G lu co se  c o n c e n tra tio n  in  fresh  m ed iu m  =  5 ±  0-2 (m g /m l.); a g ita tio n  speed  =  7 8 o r .p .m .;  
a e ra tio n  ra te  =  0-7 ~  1 0  v .v.m .

D ilu tio n  ra te  
( h r - 1)

B ac te ria l m ass G lucose  
c o n c e n tra tio n  co n c e n tra tio n
(m g. cell/m l.) (/tg . g lucose/m l.)

o -io o  0-150 0-8
0-149 0-192 1-2
0-224 0-331 i ’°
0-253 0-384 2-0
0-304 0-470 1-5
0-316 0-509 3 '0
0-340 0-536 27-0



scattering, the recovery ratio was invariably nearly one. Therefore in this chem ostat 
culture, Azotobacter vinelandii obviously produced no metabolites other than  bacterial 
cells and carbon dioxide.

Experimental data o f yield factor for glucose (F f) , the ratio o f assimilation to 
dissimilation (A T/A C 02), and the ratio of dissimilation to  glucose consum ption 
(ACOa/ — AS) are shown in Fig. 2. Clearly growth of this micro-organism in a chem o
stat culture was characterized by a very small value of F f  compared with the data 
reported by other workers (for example, F f  is 0-5 for Aerobacter cloacae (Herbert,
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Fig. 2. Yield factor for glucose, ratio o f assimilation to dissimilation and that o f glucose 
consumption for Azotobacter vinelandii (glucose-limited chemostat culture). These ratios 
are on the carbon bases. A — A , yield factor for glucose; ■ — ■ , ratio o f dissimilation to 
glucose consumption; A — ▲, ratio o f assimilation to dissimilation.

Elsworth & Telling, 1956), Escherichia coli (Schulze & Lipe, 1964) and Aerobacter 
aerogenes (Baidya, W ebb & Lilly, 1967), and 0-3 to  0-4 in Aerobacter cloacae (Pirt,
1965) in carbohydrate-lim ited chem ostat cultures). Furtherm ore, as this dilution was 
increased progressively, so F f  and A F/A C 02 increased appreciably and AGO,/ — A.S' 
diminished.

Oxygen uptake rate
The influence of dilution rate on the specific rate o f oxygen uptake (Q0 J, glucose 

consum ption, the dissolved oxygen concentration and yield factor for oxygen (F f )



are plotted in Fig. 3. Values o f the respiratory quotient (r .q .) were approxim ately unity, 
and the specific rate o f oxygen uptake was nearly o-i m-mole 0 2/mg. bacterium /hr 
( — 2,000 ¡A. O s/mg. bacterium /hr), irrespective of the dilution rate. This large Qc,2 

value is in agreement with tha t published by Tissieres, Hovenkam p & Slater (1957) on 
the same species. Indeed, Azotobacter vinelandii is characterized by the large value o f 
Qo2-

The dissolved oxygen concentration decreased with an increase in dilution rate 
(see Fig. 3), whereas the values o f T |  increased appreciably. The same trend was
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Fig. 3. Yield factor for oxygen, specific rate o f 0 2 uptake and dissolved oxygen concentration 
in glucose-limited chemostat culture o f Azotobacter vinelandii. Specific rate o f glucose con
sumption reproduced from Fig. i and r.q. values are included. Specific rate in glucose-carbon 
basis formerly is converted here to molar unit. r.q. values are duly calculated referring to 
Fig. 1. Dissolved oxygen concentration is measured at agitation speed =  780 r.p.m. and 
aeration rate =  o-6v .v .m .O — O, yield factor for oxygen; A— A, specific rate o f O» uptake;
• —• ,  dissolved oxygen concentration; ■ —■.specific rate of glucose consumption; <>—O, 
respiratory quotient, r.q.

apparent between F f  (see Fig. 2) and dissolved oxygen. This fact suggests the possi
bility tha t high levels of dissolved oxygen inhibit the cell synthesis and energy m etabol
ism. In  this connection, Parker & Scutt ( i 960) found an inhibitory effect of oxygen on 
the growth of Azotobacter.
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7 ATI, defined by the ratio of the bacterial mass synthesis to  ATP, can be repre
sented by the following equation,

Y = -________ —________ _ ( i t
ATP 2( P /0 ) g o 2 +  ( a - l K ’ U ;

where 7 ATP =  (mg. dry m ass/mmole ATP), D  =  dilution rate (specific growth 
rate, h r-1), ac =  A TP synthesized by the substrate level phosphorylation per glucose 
consumed (mmole ATP/m m ole glucose), vx =  specific glucose consum ption rate 
(mmole glucose/mg. bacterium hr).

The term  2 (P /0 )g o2 implies the specific rate of production of ATP by the oxidative 
phosphorylation, whereas another term, (ct—i)v'x signifies the specific rate of produc
tion of ATP by the substrate level phosphorylation. The second term  ( a — j)Vx gen
erally is insignificant com pared with the first term , particularly in this strictly aerobic 
organism.

Table 2. Values o f YATP (from equation (2 )) for a glucose-limited 
chemostat culture o f Azotobacter vinelandii

I t  w as assum ed  th a t  th e  ra tio  P /O  =  1:. F ATP fro m  eq u a tio n  (2) w as m u ltip lied  by 
0-85 to  be  co n sisten t w ith  d ry  m ass basis (see th e  text).

Tatp i f  i f
D ilu tio n  ra te  (m g. d ry  w t/ (m g. b a c te r ia / (m g. b a c te ria /

(h r -1) m m o le  A T P ) m m o le  0 2) m g. glucose)

o-i 0-425 i-o  0-03
o-2 0-77 i-8  0-06
0-3 1-27 3-0 o -io

The P/O  ratio o f Azotobacter vinelandii changes m ost likely if the branched electron 
transport pathway (Jones & Recfearn, 1967) is acceptable. Here the P /O  ratio  was 
assumed unity, referring to  the data (P/O =  0-2 to  o-8) published by Tissieres et al.
(1957) and H ovenkam p (1959), because the previous data in vitro seemed to  justify 
the assum ption.

Thus, the value of 7 ATP is estimated approximately by the following equation,

7 atp = - J - .  (2)

The result of this calculation is shown in Table 2, in which the values o f 7 f  and 7 f  
are cited from  Fig. 2 and 3.

A lthough with m any organisms the 7ATP value was found to be approxim ately 10 
(Bauchop & Elsden, i 960; Stoutham er, 1962; H adjipetrou et al. 1964), Hernandez & 
Johnson (1967) pointed out the possibility that the value o f 7 ATP may become 
smaller than 10 if some substances other than ATP are limiting the synthesis o f cellular 
material. We therefore conclude that the value o f 7 ATP for Azotobacter vinelandii was 
rem arkably small (Table 2) since, although they had an abundance of ATP, they 
lacked m aterials for growth in this glucose-limited environment. Thus the increase o f 
7 f  found when the dilution rate was increased was accompanied by the increase of 
the value of 7 AIP (and 7 f).

Thanks are due to M. Onodera, for his technical assistance.
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S U M M A R Y
The stability o f penicillinase messenger R N A  has been assessed from  the 

kinetics o f enzyme production after inhibition o f R N A  synthesis with actino- 
mycin or rifampicin. A n average messenger half-life of 4-7 min. is indicated, 
both  for induced Bacillus licheniformis 749, and the constitutive m utant 749/c. 
A lthough this value is twice that estimated for average total m -RN A  by simi
lar techniques, there is no indication o f a ‘ long-lived messenger ’ as previously 
implicated in other reports. A n attem pt was made to estimate the content of 
penicillinase messenger from  data  on the level o f penicillinase made per 
bacterium, the polysome size, the messenger half-life and the total level of 
unstable R N A  per bacterium . It is suggested tha t a t the maximum induced 
rate o f enzyme form ation there are approxim ately n o  penicillinase messen
gers per bacterium , and in the constitutive about twice this number.

I N T R O D U C T I O N
The concept o f unstable bacterial messenger R N A  (m -RNA) is generally accepted 

and is im plicated in the inducer-repressor enzyme control model as suggested by 
Jacob & M onod (1961). While it is feasible tha t some structural proteins such as 
flagellin (see M artinez, 1966) might be exceptions, and tha t higher organisms may have 
relatively stable messengers (Revel & H iatt, 1964; Gayler & Glasziou, 1968), it is not 
easy to  accept, w ithout strong evidence, tha t inducible bacterial enzymes have rela
tively stable messengers. Penicillinase is sometimes quoted as an example o f inducible 
bacterial enzyme with a relatively stable messenger (for example, Forchham m er & 
Kjeldgaard, 1967; R ichm ond, 1969) referring to  the work o f Pollock (1963) and Yud- 
kin (1966). Y udkin (1966) reported that penicillinase messenger in the constitutive 
strain 749/c  is m ore stable than  in the inducible strain. Several other constitutive 
strains were later investigated (Yudkin, 1968) but similar results were no t obtained, 
and quantitative m easurement o f messenger half-life was not presented.

In  order to  determine whether penicillinase is more stable than  other bacterial 
messengers an  attem pt is made to  estimate the half-life o f in vivo messenger decay. 
A n alternative explanation of high (‘m agno’) levels o f enzyme production is tha t 
m ore m -R N A  is transcribed. A  direct m ethod for measuring intracellular levels o f 
penicillinase m -R N A  is no t yet available, but some prelim inary indirect estimations 
can be made.
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M E T H O D S
Organisms. Bacillus licheniformis strain 749 inducible for penicillinase, and the con

stitutive m utant 749/c  (see Pollock, 1963), were used in the experiments.
Growth conditions. Spores (see Collins, 1964) were germinated, and incubated for 

12 hr, when the exponentially growing culture contained about 0-75 mg. dry weight 
organism/ml. A portion 1 ml. o f  this seed culture was used to inoculate the experimen
tal culture, in medium consisting o f sodium L-glutamate (10 mg./ml.), casein hydro
lysate (1 mg./'ml.), maltose (0-25 mg./ml.), thiam ine (1 /ig./ml.), FeCl2.6H 20 ( o - i  mg./ 
ml.), M n S 0 4.H 20  (2 mg./ml.) and minimal basal salts (‘M B S’) consisting finally of 
(N H 4)2 S 0 4 (2 mg./ml.), K H 2P 0 4 (5-5 mg./ml.), K 2H P 0 4 (14-65 mg./ml.), sodium 
citrate (3 mg./ml.) and M gS047H 20  (0-22 mg./ml.). Usually, 50 ml. cultures were 
incubated in 250 ml. conical flasks, aerated on a ro tary shaker (at 280 revs/min.) at 
370. U nder these conditions, a doubling time o f about 70 min. was obtained. G row th 
was measured by optical density a t 650 nm  (o .d .650 ( i  cm. path) i - o  =  0-3 mg. dry 
weight/ml. s  3 x io 8 bacteria).

Induction. Strain 749 was induced with either 1 unit (o-6 pg.) benzylpenicillin or 
1 jug. cephalosporin C (Glaxo Laboratories Ltd) /ml. unless otherwise stated. Penicil
linase synthesis was still being induced 60 min. after addition of inducer, the maximum 
differential rate not being reached until after one doubling time after induction (Fig. 1). 
In the experiments designed to determine messenger half-life, inducer was added 40 
or 60 min. before sampling or resuspending organisms. Bacteria for resuspension were 
collected by centrifugation at room  tem perature and resuspended in fresh warm  m ed
ium, also containing the inducer; 10 min. shaking was allowed before sampling. 
G row th continued a t the same rate as before harvesting.

Sampling and enzyme assay. Samples (2 ml.) were transferred at intervals o f 2 or 
5 min. to  tubes containing o-i ml. (1 mg./ml.) o f chloramphenicol solution (Parke 
Davis and Co.), kept at o°. Except when total enzyme was to be assayed, bacteria were 
pelleted and resuspended in 2 ml. of 10 m M  potassium  or sodium phosphate buffer, 
pH  6-9. Usually, these samples were frozen and thawed before assay. Triplicate por
tions were taken for penicillinase assay by the m ethod o f Perret (1954). One unit o f 
enzyme is that am ount o f enzyme which hydrolyses 1 /¿mole of benzylpenicillin in one 
hour at pH  7-0 and 30°, with an enzyme-saturating concentration of substrate. One 
unit of enzyme is equivalent to 5-5 x io 10 molecules (based on 440 units///g. protein, the 
specific activity of purified 749/c  exoenzyme: R. J. M eadway, personal communication).

Incorporation of amino acid and nucleotide. Samples from  cultures containing 14C-l- 
phenylalanine for 14C-uracil were added direct to an equal volume of 20% (w/v) 
trichloroacetic acid containing unlabelled phenylalanine or uracil accordingly. These 
suspensions were left overnight at 40. Precipitates were collected on glass-fibre filters 
(W hatm an G F/A ), and washed with cold 10% trichloroacetic acid containing uracil 
(1 mg./ml.), or hot 10% trichloroacetic acid containing phenylalanine (1 mg./ml.). 
The filters were subsequently washed with 95 %  (v/v) ethanol containing 1 %  (w/v) 
potassium  acetate, absolute ethanol, ethanol +  ether (1 + 1) and twice with ethyl ether. 
Dried filters were counted by liquid scintillation techniques (Davies & Hall, 1969).

Cell lysates and polysome preparations. W ashed bacteria were resuspended in cold 
10 mM-tris-HCl (pH  7-8) containing 10 mM-magnesium acetate, 50 mM-KCl and 5 miu- 
dithiothreitol, and treated with lysozyme ( 150- 400/ig./ml.) for 20 min. a t 10- 15°,



before cooling again in ice. Lysis was prom oted by addition of the nonionic detergent 
Brij 58 (final concentration 0-25% ) and sodium deoxycholate (final concentration 
0-02%). Deoxyribonuclease (Sigma : ribonucléase free) 1- 3 /tg./ml. was also added. 
Polysomes were obtained from  this crude lysate by differential centrifugation 
(see Davies, 1969). Chloram phenicol (100 /tg./ml.) was added to  cultures before 
harvesting, and to  buffer solutions to prevent translation ‘run o ff’ o f ribosomes from  
polysomes.

Sucrose gradient analysis. Lysozyme cell lysates or isolated polysome/ribosome 
preparations were analysed on linear 5% -20% sucrose gradients, containing iom M - 
tris-H Cl (pH  7-8; 50), 10 mM-magnesium acetate, 50 mM-KCl, 5 mM-dithiothreitol and 
0-02% (w/v) sodium deoxycholate. Samples (1 ml.) were applied and centrifuged for 
3I -5 hr a t 30,000 revs/min. in a 3 x 23 ml. swing-out ro to r (m se  superspeed 50). 
Fractions (1 ml.) were collected from  the bottom  of the tube through a hypodermic 
needle. M ost gradients had a 1 ml. 20% sucrose ‘cushion’ a t the bottom . A bsorption 
a t  260 or 280 nm  was recorded for each fraction.

RN A and protein determinations. R N A  and protein were precipitated with cold 10% 
trichloroacetic acid. In  some assays cell wall m aterial was partially removed by lyso
zyme digestion. The precipitates were washed with ethanol and ethyl ether (see above) 
by centrifugation and resuspension. W ashed precipitates were dissolved in  o-i n - 
N aO H  at 6o°. Samples in which the R N A  was extracted with hot perchloric acid were 
also assayed. R N A  was estimated by an orcinol m ethod, based on tha t o f Schneider 
( 1957), using yeast total R N A  as standard. Protein was assayed by the m ethod of 
Lowry, Rosebrough, F a rr & Randall (1951) using ovalbumin or bovine serum album in 
as standards. Results given for R N A  and protein per cell are mean values from  several 
separate determinations.
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Inhibition o f growth by inhibitors o f  RNA synthesis 
Concentrations o f actinomycin D (M erck, Sharp and Dohm e Ltd) and rifampicin 

(CIBA Laboratories Ltd) were required which would prevent synthesis of the m ajority 
o f  the proteins of the cell and therefore growth. Both antibiotics (1 mg./ml.) rapidly 
inhibited exponential growth (Fig. 2), there being no m ultiplication for the next 10-  
15 min. Some recovery of growth was then evident for a few minutes, resulting in 
slight stepwise growth. The critical period of m -R N A  decay after inhibition o f R N A  
synthesis occurred during the 10-15 min. when there was no growth.

Inhibition o f RNA synthesis, average cell messenger half-life, 
and total messenger content

Both actinomycin D  and rifampicin inhibited R N A  synthesis almost immediately, as 
m easured by incorporation o f 14C uracil into cold trichloroacetic acid-insoluble preci
pitates. The average cell messenger half-life was estimated from  the kinetics of 
labelled R N A  decay, and the bacterial content by the am ount of rapidly decaying 
R N A  com pared with the concentration o f stable R N A  (Levinthal, Fan, H iga & 
Zim m erm ann, 1963; Zim m erm ann & Levinthal, 1967). Initially, decay kinetics were 
m easured after pulse-labelling for 1 min bu t little difference in the decay rate was 
observed even after twenty minutes of labelling. The half-life was also calculated from
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F ig . i .  K in e tics  o f  in d u c tio n  a n d  d ifferen tia l r a te  o f  syn thesis o f  pen icillinase by  B a c illu s  
lic h e n ifo rm is  749. In d u c e r  (5 u n its  benzy lpen icillin /m l.) w as ad d ed  w hen  th e  cu ltu re  h a d  
reach ed  0 1  m g  d ry  w eigh t/m l. (d o u b lin g  tim e  75 m in .). T o ta l enzym e w as assayed a lth o u g h  
m o s t enzym e w as ce ll-b o u n d  d u rin g  th is  t im e .#  show s k inetics o f  in d u c tio n  u n its  o f  (enzym e/ 
m l. vs. tim e  a f te r  in d u c tio n ); O  d ifferen tia l ra te  o f  syn thesis (un its o f  enzym e/m l.vs. g row th ).
F ig . 2. E ffect o f  ac tin o m y c in  D  a n d  r ifam p ic in  o n  g ro w th  o f  B a c illu s  lic h e n ifo rm is  749. O  
ind ica tes 5 f ig . a c tin o m y cin  D /m l.; A, 1 f ig . a c tin o m y cin  D /m l.; # ,  5 fig . r ifa m p ic in /m l.;
A , i ft.g. rifam picin /'m l. T h e  a rro w  in d ica tes  th e  tim e  o f  ad d itio n .

the protein-synthesizing capacity, m easured by 14C am ino acid incorporation. Both 
m ethods gave half-lives between 2 and 3 min., averaging 2-5 min. from  eight deter
minations. Some results are given in Fig. 3. The m -R N A  content, measured by the 
type o f experiment shown in Fig. 3 (a) bu t allowing two generations o f labelling first, 
was estimated to  be around 7- 10%  o f the cellular R N A . Slightly higher contents were 
apparent in rifampicin experiments (see Fig. 3 (e)).

Penicillinase mRNA half-life
Enzyme-forming capacity after actinomycin D treatment. The increase in induced 

penicillinase synthesis was m easured after addition o f actinomycin D  to exponentially 
growing cultures. Results were obtained for cephalosporin and benzylpenicillin induced 
organisms in fresh m edia and also w ithout a medium change. Initially, bound, exo- 
and to tal enzyme was m easured (Fig. 4). ‘Enzyme form ing capacity’ was calculated as 
the final (maximum) yield o f enzyme minus the enzyme level at time t .  Semi-log plots 
gave the half-life o f the decay rate. Similar experiments were carried out with strain 
749/c  (Fig. 5). The estim ated half-life was com parable to  tha t for induced 749 (about
4-5 min.). Occasionally, a decrease in enzyme activity was observed. This atypical 
phenom enon is no t yet understood, but may involve a reversible inhibition o f enzyme 
activity by actinomycin D. In  some experiments, therefore, the antibiotic was also 
added to the pre-20 min. samples such tha t all samples assayed contained the same 
concentration of actinomycin.
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F ig . 3. In c o rp o ra tio n  o f  14C u racil a n d  14C p h en y la lan in e  in to  tric h lo ro ace tic  ac id -in so lub le  
m a te ria l d u rin g  ex p o n en tia l g ro w th , a n d  th e  decay  o f  to ta l  p ro te in -fo rm in g  cap ac ity  an d  
u n s ta b le  R N A  in  B a c illu s  lich en ifo rm is . 14C  U rac il (50 /« //¿m o le) a n d  14C -L -phenylalan ine 
(25 /¿c/,«mole) w ere a d d ed  to  give 0-5 /¿c/ml. (n). •  in d ica tes  am in o -ac id  in c o rp o ra tio n  
( ‘to ta l p ro te in ’ synthesis) ; O , u rac il in c o rp o ra tio n  (R N A  synthesis). A cfinom ycin  (1 /¿g./m l.) 
a d d e d  w h en  ind ica ted  (arrow ). (b ) Sem i-log  p lo t o f  to ta l m -R N A  decay  (14C  u rac il co u n ts), 
c a lc u la te d  as co u n ts /m in . a t  t im e /m in u s  c o u n ts /m in . finally . (e )S em i-lo g p lo t o f  to ta l p ro te in 
fo rm in g  capac ity , ca lcu la ted  as co u n ts /m in . fina lly  m in u s co u n ts /m in . a t  tim e /. (d ) a n d  (e) 
sh o w  decay  o : u n sta b le  R N A  a f te r  lo n g -p erio d  a n d  sh o r t  pu lse  labelling . In  (d )  o rgan ism s 
w ere p u lse -labelled  w ith  14C  u rac il fo r 1 m in . ; ac tin o m y cin  5 /¿g./m l. In  (e ) cells w ere 
lab e lled  fo r  2  g en era tio n s (14C  u racil 1 /¿c (5 /¿m oles/m l.) r ifam p ic in  5 /tg ./m l.). C urve  
a sy m p to te  4400 co u n ts /m in .
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actinomycin addition
F ig . 4. A ctin o m y cin  in h ib itio n  o f  induced  p en ic illinase  syn thesis, an d  decay o f  th e  enzym e
fo rm ing  cap ac ity  by  B a c illu s  lic h e n ifo rm is  749. (a )  B a c te ria  w ere n o t resuspended  (o p tica l 
d ensity  a t  650 n m  a t  zero  tim e  =  0-15), b u t  w ere in d u ced  w ith  1 f ig . c ep h a lo sp o rin /m l. 
35 m in . b efo re  assay ing . A ctin o m y cin  D  1 f ig ./m l. fina lly  (arrow ). • ,  ind ica tes to ta l enzym e; 
O , ce ll-b o u n d  enzym e. T h e  a rro w  in d ica tes  th e  tim e o f  a d d itio n  o f  ac tin o m y cin  D  to  give 
a  final c o n c e n tra tio n  o f  1 //. g ./m l. (5) Sem i-log p lo t o f  enzym e-form ing  cap ac ity  a f te r  a d d itio n  
o f  ac tinom ycin . S im ila r re su lts  w ere o b ta in e d  fo r pen ic illin -induced  cells resuspended  in  fresh  
m edium .

actinomycin
addition

F ig . 5. A ctinom ycin  in h ib itio n  o f  co n s titu tiv e  pen ic illinase  fo rm a tio n , a n d  th e  decay  o f  
enzym e fo rm in g  cap ac ity  by  B a c illu s  l ic h e n ifo rm is  749 /c . B ac te ria  w ere re su sp en d ed  in  fresh  
m ed iu m  10 m in . b efo re  th e  zero -tim e sam ple  (o p tica l d en s ity  a t  650 n m  =  r o ) .  (a) •  to ta l 
enzym e; O  cell b o u n d  enzym e. T h e  a rro w  ind ica tes th e  tim e  o f  ad d itio n  o f  ac tinom ycin  
D , to  give a  final c o n c e n tra tio n  o f  1 f i  g ./m l. A, ind ica tes a n  a typ ica l effect o b ta in ed  in  a  
se p a ra te  ex p erim en t in  w hich  m a lto se  w as o m itted  a n d  ac tin o m y cin  w as ad d ed  to  give a  
final co n c e n tra tio n  o f  5 /¿g./m l. (6) S em i-log  p lo ts  o f  enzym e-fo rm ing  capac ity .



Enzyme-forming capacity after rifampicin treatment. In  view o f the possibility that 
actinomycin D  may have a preferential effect on some cistrons, or tha t it could in
fluence messenger decay, experiments were performed with rifampicin, which inhibits
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rifampicin

F ig . 6. R ifam p ic in  in h ib itio n  o f  in d u ced  a n d  co n s titu tiv e  pen ic illinase  fo rm a tio n  by  B a c illu s  
lich en ifo rm is , a n d  decay  o f  th e  enzym e-fo rm ing  capac ity , (a )  S tra in  749, in d u ced  w ith  1 //g. 
cep h a lo sp o rin /m l. 60 m in . b efo re  resu sp en d in g  in  fresh  m ed iu m  zero  tim e  10 m in . before . 
O p tica l d ensity  a t  650 n m  =  0-15. T h e  a rro w  ind ica tes th e  tim e  o f  a d d itio n  o f  r ifam p ic in  to  
give a  final co n c e n tra tio n  o f  1 /tg ./m l. (b ) S em i-log  p lo t o f  enzym e-fo rm ing  cap ac ity  by  stra in  
749. (c) S tra in  7 49 /c . T h e  in itia l o p tica l d en s ity  a t  650 n m  =  0-4. •  in d ica tes  sam p lin g  
s ta r te d  im m ed ia te ly  (n o t resu sp en d ed ); O , cells re su sp en d ed  in  fresh  m ed ium . R esu lts  a re  
fo r  ce ll-b o u n d  enzym e on ly . R ifam p ic in  1 /¿g./m l. (d )  Sem i-log p lo t o f  enzym e fo rm in g  
cap ac ity  b y  s tra in  749 /c .
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action o f R N A  polymerase, thus stopping transcription generally. The kinetics of 
enzyme-forming capacity after rifampicin addition suggested messenger decay w ith a 
half-life around 4-5 min., both  for the inducible and constitutive strains (Fig. 6). 
Results o f actinomycin and rifampicin experiments are summarized in Table 1.

Cell contents o f RNA, protein and penicillinase
Cell contents o f  protein and R N A  were estimated, and the average cell content during 

exponential growth was calculated (Table 2). The level o f  penicillinase was also esti
m ated from  a large num ber o f  determ inations, m ade a t least 80-120 min. after induc
tion, when the bacteria were close to  or a t the maximum differential rate o f synthesis. 
I t  is emphasised tha t these results are a population average during exponential growth 
only. The figure o f  107,000 molecules o f  penicillinase is the average cell content and 
corresponds to  2340 units o f enzy me per mg. dry weight o f organism. The am ount o f 
penicillinase to  be synthesized by a  single bacterium  per division cycle, is in  2 x average

I78

Table 1. Stability o f penicillinase messenger RNA in Bacillus licheniformis
Penicillinase m essenger half-life w as estim ated  fro m  sem i-log p lo ts  o f  th e  enzym e-form ing 

capac ity , fro m  several experim en ts o f  th e  ty p e  show n  in  F ig . 4 , 5 a n d  6

S tra in  749 S tra in  74 9 / c

In h ib ito r  o f M e an N o . o f M ean N o . o f '
R N A  syn thesis half-life  (m in.) d e te rm in a tio n s half-life  (m in .) d e te rm in a tio n s

A ctin o m y cin  D 5-0 ± r o 4 4-2 ±0 -2 5 2
(1 /¿g./m l.) 

A ctin o m y cin  D _ _ 4-0 ± 0 2
(2 /ig ./m l.)  

A c tin o m y cin  D 5 '0 ± o I 5 -o ± o I
(5 /ig ./m l.) 

R ifam p ic in 4 '5  ± 0-5 2 5 '9  ± 0-5 5
(1 /tg ./m l.) 

R ifam p ic in 4-4 ± 0 -4 2 4 -0 +  i-o 2
(5 /tg ./m l.) 

M e an  half-life* 4 ‘7 — 4 '7 ____

* T h e  m ean  half-life  w as ca lcu la ted  fro m  a n  eq u a l n u m b e r  o f  d e te rm in a tio n s  fo r  each  c o n c e n tra tio n  
o f  th e  in h ib ito rs .

Table 2. Cell content o f total protein, RNA, unstable RNA and 
penicillinase in Bacillus licheniformis

C o m p o n e n t
%  o f  d ry  w eigh t

A verage  cell c o n te n t o f  b ac te riu m

P ro te in  ( to ta l)
R N A  (to ta l)  
m -R N A *
P enicillinase f  

(m o lecu les/genera tion )

6 -5 ( ±  r o ) x  i o - 7 /ig. 
i ’5( ± ° ’5) x  io ~ 7 fig . 

0-I2(±0’04) x  10-7 /tg. 
107,000 ± 16,000

55-75 
10-20 

0-2- 1-6 
0-44-0-60

B a c illu s  l ic h e n ifo rm is  749 w as in d u ced  w ith  1 /tg ./m l. (ap p ro x . 1 u n it/m l.)  c e p h a lo sp o rin  C . S im ila r 
va lues, w ith in  th e  v a r ia tio n  ran g e  show n, a re  o b ta in e d  fo r  cu ltu res in d u ced  w ith  u p  to  5 /tg . cep h a lo 
sp o r in  C  o r  p en ic illin /m l. G ro w th  co n d itio n s a n d  m ed iu m  as d escribed  in  M e th o d s. G e n e ra tio n  tim e  
(d o u b lin g  tim e) v a ried  f ro m  65 to  75 m in .

* m -R N A  is assu m ed  to  be  th a t  w h ich  is ra p id ly  labelled , a n d  w hich  decays q u ick ly  a f te r  ad d itio n  
o f  ac tin o m y cin  D . T o ta l av erage  c o n ten ts  a re  ca lcu la ted  f ro m  experim en ts o f  th e  ty p e  sh o w n  in  F ig . 3. 

f  T o ta l enzym e: s tr ic tly  speak in g  n e t  ‘cell c o n te n t’ since a b o u t 2 0 %  is re leased  as exoenzym e.



cell content o f  penicillinase (107,000x 0-693 =  74,150 molecules/bacteria/division 
cycle). The constitutive strain (749/c) produced about twice tha t am ount of enzyme 
under the same conditions.
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Number o f nascent polypeptide chains per bacterium
The average num ber o f  nascent chains per bacterium  (equivalent to the num bers of 

ribosom es synthesizing penicillinase) can be calculated directly from  the num ber o f 
molecules synthesized per bacterium  per generation, if the rate o f peptide bond syn
thesis is known (J. Imsande, personal communication) :

nascent chains/bacterium  = molecules/bacterium/division cycle x am ino acids/molecule 
generation time (sec.) x peptide bond rate

Kepes & Beguin (1966) suggest an average ‘step tim e’ for peptide bond form ation o f 
65 msec, a t 37°. This corresponds to  a rate o f 15-16 am ino acids/sec., the rate quoted 
by M aaloe &Kjeldgaard (1966) for Escherichia coli growing at a rate of 1-2 generations/ 
hour at 370. This figure is assumed for B. licheniformis. Exopenicillinase has 265 am ino 
acids/molecule (Ambler & Meadway, 1969); the newly synthesized cell-bound enzyme 
is assumed in  this w ork to  have 270 am ino acids (it is thought tha t during release o f 
the enzyme, some term inal am ino acids are removed). Thus, if  74,150 molecules are 
synthesized in a generation time o f 70 m in., a t a  rate o f 16 am ino acids/sec. and 270 
am ino acids/molecule, then there are about 300 nascent chains of penicillinase per 
bacterium  when induced to  the maximum rate o f synthesis. The constitutive strain has 
about 700 nascent chains per bacterium.

Penicillinase polysome size
A ttem pts were made to  measure the size o f the penicillinase polysome on sucrose 

gradients. T hat the enzyme activity peaks in the polysome region mainly represented 
nascent chains, ra ther than  free enzyme absorbed or otherwise associated with other 
ribosomes, was suggested by the following evidence. Polysome-ribosome preparations 
incubated in vitro (see Davies, 1969) showed penicillinase activity associated with the 
labelled polysome region, and no t associated or bound to inactive monosomes, al
though these were in excess (Fig. 7 a). A  separate peak was identified in the polysome 
region for non-induced bacteria, high levels o f enzyme which might obscure the true 
picture being absent (Fig. 7 c). Uracil pulse-labelling and  electron microscopy were 
used to  ascertain tha t the fractions were polysomes. Experiments were also carried out 
only 60 min. after induction, when the enzyme was no t released as free exoenzyme and 
could no t therefore absorb onto ribosomes. The m ajority o f cell-bound enzyme is 
associated w ith particles o f  large molecular weight (see Lampen, 1967; Davies, 1969) 
thought to  be bacterial membrane, and therefore probably no t free to  absorb easily 
onto ribosomes. Penicillinase released from  these washed polysome preparations was 
found to  be about the same size and charge as the m ain exoenzyme fraction. Penicil
linase peaks were routinely identified, and corresponded to  a polysome size o f 2-3 
ribosomes (estimated from  distance moved from  the meniscus relative to  70s ribo
somes; see M artin  & Ames, 1961). Some results are shown in Fig. 7. Polysome sizes 
ranging from  2 to  5 ribosomes were obtained, bu t mostly a size of 2 to  3 ribosomes was 
indicated. The figure o f 3 ribosomes per message (for a doubling time o f 70 min.) was 
assumed for further calculations.
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Tube num ber (1 ml. fractions) Tube num ber(1 ml. fractions)

Fig. 7. S ucro se-g rad ien t analysis o f  cell lysa tes an d  po lysom e p re p a ra tio n s  fro m  B a c illu s  
l ic h sn ifo rm is . (a) A nalysis o f  po lysom es fro m  s tra in  7 4 9 /c  in cu b a ted  fo r 20 m in . u n d e r  cell- 
free p ro te in  syn thesizing  co n d itio n s (D avies, 1969) to  in c o rp o ra te  14C -L-leucine in to  n ascen t 
p o ly p ep tid e  chains. R e -iso la ted  po lysom es a n d  rib o so m es w ere th en  cen trifu g ed  fo r 5 h r  on  
a  su crose  g rad ien t. P en icillinase (arrow ) a n d  rad io ac tiv ity  a re  asso c ia ted  w ith  po lysom es 
(100 s), n o t w ith  th e  large 7 0 -80  s m o n o so m e  peak . £  ind ica tes o p tica l density  280 n m ; 
O , pen ic illinase  ac tiv ity ; A , rad io ac tiv ity . (b ) P o lysom es iso la ted  fro m  s tra in  7 4 9 /c  p re 
tre a te d  w ith  ch lo ram p h en ico l ( io o /tg ./m l.) :  n o te  absence  o f  th e  7 0 s  peak . B acteria  w ere 
g row n  in  n u tr ie n t b ro th  (do u b lin g  tim e ap p ro x im a te ly  60 m in .). G ra d ie n t w as cen trifuged  
fo r 3 h r. •  ind ica tes o p tica l d ensity  280 nm . ; O , pen icillinase activ ity . T h e  m a in  penicillinase 
peak  a ro u n d  tub es 4 a n d  5 (arrow ) co rre sp o n d s  to  a  p o lysom e o f  a b o u t 3 -5  ribosom es. T he 
sm aller p eak , co rre sp o n d in g  to  a b o u t 80 -100  s is th o u g h t to  be d u e  to  ‘m o n o m e rs ’ a n d  
‘d im e rs ’ f ro m  b reak d o w n  o f  th e  larger po lysom es, (c) C ru d e  lysates fro m  s tra in  749 n o n - 
induced . D o u b lin g  tim e  w as 70 m in . A p p ro x im a te ly  9 0 %  lysis w as o b ta in ed . T u bes 1-2 
co n ta in ed  som e cells a n d  cell-w all deb ris. A  40-sec. pu lse  o f  14C  u racil w as given im m edia te ly  
befo re  h arvesting . G ra d ie n t w as cen trifuged  fo r 3-5 h r. A  large p ro p o rtio n  o f  th e  u rac il label, 
rep re sen tin g  m -R N A , w as in  th e  po lysom e reg ion . T h e  pen icillinase p eak  in  th e  po lysom e 
reg io n  (arrow ) co rre sp o n d s  to  3 to  4 r ibosom es. P en icillinase ac tiv ity  (basal) w as assayed by 
th e  P ardee  assay  (see Im san d e  &  G erb e r, 1967). A  ind ica tes rad io ac tiv ity ; O , pen icillinase 
ac tiv ity ; • ,  o p tica l d ensity  a t  260 nm . (d )  I so la ted  po lysom es fro m  s tra in  749 in d u ced  fo r 
60 m in . an d  ch lo ram p h en ico l trea ted . D o u b lin g  tim e w as 75 m in . G ra d ie n t cen trifu g ed  fo r
3-5 h r. T h e  suggested  pen icillinase po lysom e p o s itio n  (see F ig . 7 c) co rre sp o n d in g  to  2 -3  
rib o so m es is ind ica ted . • ,  ind ica tes op tica l d en sity  a t  260 nm . ; O , pen ic illinase  activ ity . 
P o lysom e sizes w ere ca lcu la ted  fro m  d 1jd z =  ( N J N ^  w here  d  is th e  d is tan ce  m o v ed  (ap p ro x 
im ated  by  tu b e  num b er) a n d  N  is th e  n u m b e r  o f  ribosom es. C a lc u la tio n s w ere  re lative to  
N x =  1 fo r 70 s rib o so m es (fo r th eo ry  an d  d iscussion , see M a rtin  & A m es, 1961).
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Cell content of penicillinase messenger
Three approaches have been taken to  estimate the average cell content o f penicillin

ase messenger RN A .
From the numbers of nascent chains and polysome size. The num ber o f  nascent chains 

per bacterium  m ust b e :

polysome size (ribosomes/message) x messages/bacterium.

Thus, under the growth conditions used in these experiments when the num ber of 
nascent chains per bacterium  is about 300 for induced strain 749, the num bers of 
messages per bacterium  would be 100, taking a polysome size of 3 ribosomes/message. 
The polysome size in the constitutive is the same as in the inducible but the num ber of 
nascent chains is higher, thus the num ber of messages is also higher (230).

From messenger stability. The cell content o f penicillinase messenger can be estimated 
from  the average life-time (T) o f the molecules, and the am ount of enzyme made in a 
generation. I f  t \  is the half-life of a population o f molecules, then since T =  ¡¡A 
where A is the decay constant, then T  =  1-443^ .  Thus, the half-l:fe of 4-7 min. (Table 
1) corresponds to  an average life-time for individual molecules of 6-78 min. The rate 
of synthesis of penicillinase is about 3-5 molecules per ribosome per minute (equivalent 
to 270 amino acids polymerized at 16 amino acids/sec.). The num ber o f times a messen
ger is read (protein molecules made per message) =  messenger life x ribosomes/ 
message x rate o f synthesis, giving a value of 71 (6-78 x 3-0 x 3-5). This, divided into 
the num ber o f enzyme molecules made by a single bacterium  in a generation (74,150) 
gives the num ber of messages used in a generation. For a 70 min, generation time, this 
is 1059. I f  the messenger life time is 6-64 min., then at any one time there are 1059 x
6-64/70 =  100 penicillinase messenger molecules/cell.

From the level of penicillinase protein and total messenger RNA per bacterium. Since 
one unit o f enzyme is equivalent to 2-27 x io -3 fig. o f protein, the specific activity o f 
2340 units/mg. dry weight is equivalent to 5-3 fig. of penicillinase protein/mg. dry 
weight. However, the average total protein content is about 65% of the dry weight 
(Table 2) or 650 fig. to tal protein/mg. dry weight. Thus penicillinase is equivalent to 
o-8% of the total protein (in 749/c, 1-6- 2%). The average to tal messenger R N A  
content is 1-2% of the dry weight (Table 2).

Thus, if this quantity of messenger is responsible for the total cell protein, then 
0-0096% (m -R N A %  o f dry weight) would be required to  m ake o-8% of the total 
protein. Penicillinase messenger could therefore account for 0-0096 % dry weight, or 
0-96 x i o 10 fig. (dry weight o f one bacterium  approximately io~6 //g .; 1 mg. =  io 9 
bacteria). Penicillinase m -R N A  is assumed to  have 810 nucleotides (triplets for 270 
amino acids). F rom  the genetic code and amino-acid composition o f penicillinase, an 
approxim ation o f the likely GC content o f the messenger can be m ade; this is estimated 
to  be 50% , which indeed m ight be expected as an ‘average’ composition. Thus, with 
equal am ounts of the four bases, an average nucleotide molecular weight (340) can be 
used to  estimate the molecular weight o f penicillinase messenger as 340 x 810 =  275,400. 
The level o f 0-96 x io ~10 //g. penicillinase m -R N A  =  6-03 x io 2! x 0-96 x io_10/2-75 x 
io 5 x io 6 =  210 molecules/induced bacterium. This figure represents the average num 
ber o f penicillinase messengers per bacterium  in the exponential growing population. 
The num ber o f messengers a single bacterium  synthesizes during its division cycle is
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210 x In 2, which is 145. Taking into account the errors indicated in Table 2, there is an 
overall error in this figure of about ± 40% . A  figure o f 145 penicillinase messenger 
molecules/bacterium agrees closely with the values calculated by the first two methods, 
the overall average being approximately n o  penicillinase messages/bacterium for 
induced 749, and approximately twice this num ber for the constitutive strain.

D IS C U S S IO N

Recent work has provided good arguments for the reliability o f the techniques used 
in this work. First the results o f F an  (1966) indicate that, after repression of m -RN A  
synthesis, subsequent form ation o f  enzymes is largely due to  translation o f intact 
messengers, no t com pletion of partially translated messengers. Second, although Acs, 
Reich & Valanju ( 1963) suggested tha t actinomycin D  caused some breakdow n of 
RN A , it is now considered tha t this effect is negligible (see Leive, 1965; Salser, Janin 
& Levinthal, 1968). Results for enzyme messenger stability using actinomycin D 
(Hartwell & M agasanik, 1963, 1964; Leive & Kollin, 1967) are com parable to results 
obtained by inducer removal (see Kepes, 1963; N akada & M agasanik, 1964). Third, 
an independent technique involving the effects o f turnover rate and quantity o f un
stable R N A  on the labelling kinetics o f the G TP pool has been developed (Salser et al.
1968), which gives results com parable with those observed for actinomycin experiments.

Rifampicin, unlike actinomycin, binds to R N A  polymerase (Wehrli, Kniisel, 
Schmid & Staehelin, 1968), and only to polymerase free from  the transcription com 
plex (see von H artm ann, Behr, Beissner, Honikel & Sippel, 1968). F o r messengers of 
average size around 1000 bases, like penicillinase, transcription takes 20-30 sec. 
During this time, rifampicin may no t exert its full effect, but this does no t alter the 
decay rate significantly. The gene for a very large protein, or more so, a polycistronic 
messenger, may have several or many R N A  polymerase molecules transcribing at 
once. Thus, after addition o f rifampicin, a considerable num ber of intact messengers 
can be formed. F o r penicillinase, however, the rifam picin results confirmed those 
obtained with actinomycin (Table 1).

The value for the penicillinase messenger R N A  half-life o f  4-7 min. seems contra
dictory to previous reports (Pollock, 1963; Yudkin, 1966, 1968). However, several 
points should be taken into consideration. Firstly, messenger decay is a function of 
the rate o f translation and can be protected by lower tem peratures or decreased aera
tion conditions (Levinthal et al. 1963). The rapid ro tary  shaking used in the experi
ments reported here may afford higher aeration com pared to the conditions employed 
by Yudkin, who also performed experiments a t 30o and 250, no t 370. Secondly, samples 
taken at, say, 10 min. intervals miss the early kinetics, and show results for recovered 
growing cells (see Fig. 2). If  bacteria are still growing (as in the experiments o f Pollock,
1963), the proteins required for growth are being synthesized; thus continued synthesis 
of penicillinase need not imply a messenger any m ore stable than tha t o f the average cell 
protein.

A  short-lived penicillinase messenger (t\ =  2 min.) has been suggested by similar 
actinomycin and rifampicin experiments with Bacillus cereus 569 (J. Im sande and 
J. W. Davies, unpublished results).

Two o f the approaches taken to estimate contents o f penicillinase m -R N A  in bac
teria involved the polysome size. A recent model for tryp m -RN A  translation in



Escherichia coli a t 370 is that ribosomes occupy 20- 40% of the outstretched tryp 
polycistronic messenger (M orse, Baker & Yanofsky, 1968). For the penicillinase 
messenger o f only 5000 A, 5 ribosomes per message (20 % , assuming that one ribosome 
occupied 200 A) would still be consistent with the model. Zim m erm ann & Levinthal
( 1967) calculate that, in Bacillus subtilis (in which unstable R N A  accounts for 8% of 
the total RN A ), there may be about 500 nucleotides of m -R N A  per 70s ribosome. On 
this reckoning, penicillinase messenger would be expected to have about 2 ribosomes. 
The size o f 3 ribosomes per message used in the calculations o f contents of penicillinase 
messenger in bacteria is therefore thought to  be o f the right order, bu t with a possible 
error o f about ± 60 % . Thus, the estim ation of the content o f penicillinase messenger in 
bacteria also cannot be expected to be better than ± 60% on overall average. T hat all 
the data  used in the three approaches to  estimate messenger content including the 
messenger half-life can be integrated and show consistency, is to some extent a test o f 
the validity o f the figures.

The technique o f hybridization o f specific bacteriophage R N A  may afford a more 
direct approach, although assumptions concerning the specific activity and percentage 
o f hybridization are necessary. Using that technique, Stubbs & Hall (1968) estimate 
tha t wild-type Escherichia coli has about 2 tryp m -R N A  molecules per bacterium, while 
a constitutive m utant has 25. Edlin, Stent, Baker & Yanofsky (1968) estimate 4-8 tryp 
m -R N A  molecules per bacterium  (corrected values) when fully derepressed. It seems 
likely that the levels o f penicillinase messenger in non-induced and constitutive bacteria 
also vary, rather than stabilization o f the messenger (H arris & Sabath, 1964; Yudkin,
1966) accounting for higher levels o f enzyme.
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SU M M A R Y

The effect o f irradiating donor cells, immediately before mating, upon the 
yield o f recom binants has been investigated for male (F+ +  Hfr) strains of 
Escherichia coli, which, owing to a m utational block (uvr), are unable to excise 
pyrimidine photoproducts. Despite the extreme sensitivity of the uvr~~ strains 
employed, as judged by colony form ation, the yield o f recom binants was 
surprisingly little affected by u.v. In  particular, using an H fr uvr], strain it 
was found that, after an initial fall to about 30- 40% o f tha t given by the 
unirradiated control, the yield of recom binants for both  early and late 
m arkers declined with increasing dose at about the same rate as for the 
parent uvr+ strain. There was evidence of damage in the D N A  transferred 
from  irradiated males in that norm al linkage of unselected m arkers was 
reduced, bu t the decline in linkage with increasing dose was the same for 
bo th  uvr+ and uvr~ strains. The yield o f recom binants was nearly independent 
o f the uvr phenotype o f the F~~ parent. Thus although fertility and survival 
are closely correlated in the uvr+ Hfr, this correlation disappears in the uvr~ 
male. Instead the u.v. sensitivity of the processes involved in chromosome 
transfer appears only slightly altered in these m utants despite the consider
able change in sensitivity as judged by colony-formation.

IN T R O D U C T IO N

Irradiation  o f F+ cultures of Escherichia coli K12 with small doses o f u.v. light 
stimulates the transfer o f chrom osom al m aterial to F -  recipients, increasing the yield 
of recom binants 10 to  100 fold (Hayes, 1952). In  the course o f experiments exploring 
the requirements for this stim ulation o f fertility we examined the effect o f u.v. upon 
F+ donors which carried m utational defects (uvr~) in the repair mechanisms for u.v. 
and other form s o f damage to  D N A  (Evenchik, Stacey & Hayes, 1969). Surprisingly, 
the yield o f recom binants remained similar to  th a t o f the unirradiated control even 
when the survival o f the donor population, as judged by colony form ation, had fallen 
to io~3. Because a num ber o f observations concerning the effects of u.v. on the fertility 
o f  H fr strains had shown tha t fertility and the capacity to  form  colonies are lost more 
or less in parallel (Joset & W ood, 1966; D oudney & Bruce, 1966; Evenchik, Stacey 
& Hayes, 1969), we investigated the fertility o f H fr strains defective in one o f the 
genes governing the excision repair process, in particular an H fr H  strain carrying
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an  uvr'i m utation. These experiments showed that, as for the F+ strains, fertility was 
lost m uch m ore slowly than viability; the yield of recom binants fell only to  40% of 
the unirradiated control for a colony-forming fraction less than  io -3.

This paper reports our prelim inary observations on this system. They are very 
similar to  the results obtained by Wilkins & How ard-Flanders (1968).

EXPERIMENTAL
Strains. All strains were derivatives o f Escherichia coli K 12.

W 1655 F+ met~ Sm6 A~ AE (Scaife & Gross, 1963).
w  1655 F+ uvr- isolated by us using the technique o f How ard-Flanders & Theriot

(1962).
kmbl 49 F~ thr~ leu~ thi- lac~ thy- ura-  SmE (van de Putte et al. 1965).
kmbl 49 F+ isolated by us after conjugation with w  1655.
kmbl 90 F~ uvr a m utant of kmbl 49 (van de Putte et al. 1965).
kmbl90F+ isolated by us after conjugation with W 1655.
H fr H  Sm6 (Evenchik et al. 1969).
H fr Z 48 (H fr H  gal+ u v r made by transduction o f H fr H  gal~) using phage P 1 

grown upon ab 1885 gal+ uvrj  and selected from  am ong the gal+ recom binants 
for the co-transduction o f uvr^.

F~ W945 pro-  Sm E (Evenchik et al. 1969).
F _ ABI157 thr~ leu~ pro~ his-  arg~ thi~ arar SmE (Adelberg & Burns, i 960).

F  AB1884 uvr a | ¿ erjvatjves 0f  ab x 157, isolated by How ard-Flanders, Boyce 
ab 1885 uvr^ l & Theri0t (i966). 7
A B 1886  uvr0 )

Irradiations. B roth cultures of F+ and H fr strains were grown, from  1 in 20 dilutions 
o f saturated over-night cultures in minimal media, to i x i o 8 bacferia/ml., filtered and 
resuspended in buffer a t 5 x io8 bacteria/m l., and irradiated 50 cm. from  a H anovia 
lam p at dose rates of approximately 2 ergs/mm.2/sec.

Crosses. A fter irradiation the bacteria were diluted with broth, mixed with an equal 
volume of a culture o f the appropriate F _ strain and incubated for 45 min. Recom
binants were, in m ost cases, scored on minimal m edia containing all but one o f  the 
requirements of the F~ strain and 200 /¿g./ml. o f streptomycin. In  the crosses involving 
the F+ kmbl strains which are streptomycin resistant, the males were counter-selected 
by omission o f their several requirements. In  the analysis of the unselected m arkers 
recom binants were picked onto the same selective medium and these plates used as 
m aster plates for replica plating. The inheritance o f arabinose ferm entation was scored 
on EM B-arabinose plates.

RESULTS 
F+ x F~ crosses

Com parisons o f recom binants by the F+ derivatives o f strains kmbl 49 and 90 before 
and after doses of u.v. which reduced their survival to  between 1 and o-i % , showed 
little dim inution in the yield o f recom binants. Since this yield was in any case small, we 
isolated a uvr- strain o f the relatively fertile F+ used in previous studies (Evenchik 
et al. 1969). The loss with increasing u.v. dose o f the capacity of this m utant, W 1655 
F~ uvr-, to  form  colonies, and its ability to  reactivate u.v. irradiated phage were com
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parable with those o f the m ost sensitive o f the known uvr~ strains available to us for 
comparison. Again, after u.v. irradiation its capacity to transfer chrom osom al m aterial 
was still 40% o f the control value even when its colony forming ability had been 
reduced to io -3. There was, however, none of the stim ulation o f chrom osom al transfer 
a t low doses (50 % survival) which is shown by the parent, uvr+, strain (Evenchik et al.
1969). This apparent u.v. resistance o f the transfer capacity prom pted us to examine 
the effect of u.v. on the transfer of chrom osom al m aterial by a uvr~ m utant o f an H fr 
strain.

D N A  d a m a g e  a n d  c h ro m o so m a l tra n s fe r  187

u.v. dose (sec.) u.v. dose (sec.)
F ig . I Fig. 2

F ig . 1. T h e  effect o f  u .v . ligh t o n  th e  surv ival o f  H fr  H  u v r + x  —  x , a n d  on  th e  yield o f  recom 
b in an ts  in  a  s ta n d a rd  cro ss (see M e th o d s) w ith  ab 1157 F -  selected fo r th e  in h erita n ce  o f  th e  
d o n o r  m a rk e rs  th reo n in e  a n d  leucine A — A , p ro lin e  O — O , an d  arg in ine  □ — □ .

F ig . 2. T h e  effect o f  u .v . ligh t o n  th e  surv ival o f  H fr  H  uvr~  (Z48) x  —  x a n d  o n  th e  yield o f  
reco m b in an ts  in  a  s ta n d a rd  cross (see M e th o d s) w ith  ab 1157 F ^  selected fo r th e  in h eritan ce  
o f  th e  d o n o r  m a rk e rs  th reo n in e  a n d  leucine A — A , p ro lin e  O — O , an d  a rg in in e  □ — □ .

Hfr  x  F~ crosses
We had already repeated some o f the observations o f Joset & W ood ( 19 6 6 ), which 

showed th a t survival and the transfer o f early m arkers by an H fr uvr+ strain were 
affected by u.v. to about the same extent, in the course of the earlier experiments on the 
effect of u.v. on chrom osom al transfer (Evenchik et al. 19 6 9 ). These experiments were 
repeated over a wider range o f doses and for a greater num ber o f m arkers using as 
F~ recipients A B I 1 5 7  and three uvr~ strains derived from  it (A B 1884  A - , A B 18 85  B  
and  a b  1886  C_) all kindly given by D r P. How ard-Flanders. The results in 
Fig. 1 for the crosses with A B I 1 5 7  (confirming our earlier results) show tha t u.v. 
irradiation had a very similar effect on both viability and fertility even for the late
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m arker (arg). These results differ in detail from  those o f Joset & W ood, who reported 
th a t the yield of recom binants was m ore sensitive to  irradiation, the further the 
selected m arker from  the origin. I t is possible tha t this discrepancy may be explained 
by differences between the strains used, since Jacob & W ollm an (1958) obtained results 
very similar to  ours. The F  ~ uvr+ parent and its three uvr~ derivatives were equally good 
recipients irrespective o f the irradiation dosage to  the H fr strain.

Table 1. Effect o f  u.v. irradiation o f Hfr H  uvr~ upon the yield o f recombinants
Recombinants

K. A. S T A C E Y ,  Z.  E V E N C H I K  A N D  W. H A Y E S

r 1 ■ ■ " ----- Y
u.v . dose Survival % of % o f % 0 f

(sec.) (% ) F _ th r + leu + control p r o + control arg" control
io6/ml. lo5/ml. io4/ml.

0 100 1884 u v r y  17 100 3'7 100 4-o 100
5 12-3 12 69 3-2 86 i-8 45

10 I ’2 6-i 36 r6 43 i-4 35
0 100 1885 HWj 25 100 7'4 100 17 100
5 I4’6 13-6 54 4'9 66 — —

10 2-1 13 52 4-8 65 10 59
0 100 1886 u v r ô  26 100 8-2 100 7’4 100
5 11 23 88 5'7 70 6t 82

IO 0-94 12 46 3T 58 — —
20 o-4 5'2 20 1-5 18 — —

Crosses under the same conditions with the same four recipients were then made 
with the u.v. sensitive strain H fr Z 48 carrying the uvry, m utation, transferred by P i  
transduction from  a b  1885. Some of the results with A B 1157 as recipient are shown in 
Fig. 2: com parable results were obtained with the uvr~ recipients (Table 1). Despite 
the great difference in sensitivity between the two H fr strains, the only striking dif
ference between the recom bination data in Figs. 1 and 2 is that quite low doses cause 
about a halving in the num ber of recom binant given by the uvr~ donor. I t seems 
possible tha t there might be two populations, one very sensitive to  u.v. and the other 
no more so, with respect to  chromosome transfer, than a uvr+ strain, bu t this is not 
reflectad in the survival curve. In  many uvr+ strains there is a 3- to  20-fold increase in 
survival if, after irradiation, bacteria are incubated in a growth medium before plating. 
(Barner & Cohen, 1956 and Stacey & Atkinson, unpublished observations). To check 
th a t the 45 min. incubation with the F -  did no t ‘ rescue ’ any substantial fraction o f the 
irradiated donor bacteria, the survival o f the H fr uvr~ strain was m easured in control 
cultures both before and after a period o f incubation equivalent to  those used for 
mating. There was no increase in viable count for periods up to an hour.

The m ost obvious explanation o f these results is tha t damaged D N A  can be trans
ferred and integrated into the chrom osom e o f the F _ although neither donor nor 
recipient carry the full set of functional genes necessary for excision repair. By analogy 
w ith ‘m arker rescue’ one might anticipate tha t crossing-over is m ore frequent in 
recom bination involving damaged chromosomes. Such an effect has been observed in 
the region o f the chromosome carrying the closely linked loci thr, ara, and leu. The 
recom binants selected for the distal m arker, pro, were examined for the inheritance o f 
both  thr+ and leu+ and am ong these the inheritance o f the interjacent ara+ locus was 
about 98 % in the control crosses; in a cross after a dose o f 40 ergs/mm .2 which reduced 
the survival o f H fr Z 48 to  o-i % , the percentage of thr+ leu+ recom binants tha t were



also ara+ had been reduced to 78%. The linkage between pro and the thr and leu 
m arkers was also drastically reduced (Table 2). However, just such a breakdown in 
linkage was reported by Jacob & W ollman (1958) and confirmed by Joset & W ood
( 1966) in normal, uvr+ H fr strains. We therefore com pared the linkage o f unselected 
m arkers in the two types of cross at the same absolute doses. Table 2 shows that the 
difference between the two strains was very small.

These observations confirm a more extensive study by Wilkins & Howard-Flanders
(1968) who propose that the explanation lies in the transfer of D N A  which has been 
replicated with gaps opposite some of the D N A  lesions, which in a uvr+ strain would 
have been repaired by excision (Rupp & Howard-Flanders, 1968). A lthough our data 
do not perm it any very direct com m ent on this idea, we have not observed any marked 
differences in the time o f entry of early markers, which implies that if D N A  synthesis 
is impeded under these conditions then this is not the rate-limiting step. Com parable 
experiments in which the uvr~ F~ parent has been irradiated, have, in a limited num ber 
o f observations, shown that zygotes are m ore resistant than the survival curve would 
lead one to  expect.

D N A  d a m a g e  a n d  ch ro m o so m a l tra n s fe r  189

Table 2. Effect of u.v. irradiation of the donor upon linkage
u.v . dose Surv ival %  L inkage o f %  L in k ag e  o f

C ross (sec.) (% ) le u + to  pro+ a r a + to  th r~  le u +

H fr H  u v r+ x ABH57 0 100 73 96
10 80 47 88
80 5 19 78

H fr  H  u v r ~ x  ABI157 0 100 70 96
10 1 69 89
80 <  o-i 36 74

H fr  H  uvr~  x  ab 1886 0 100 86 98
10 1 22 63

DISCUSSION
Irradiation of normal Hfr strains with ultra-violet light reduces their fertility to  much 

the same extent as it renders them incapable of forming colonies. In contrast an H fr 
strain which is incapable o f excision-repair as a result o f a m utation in the uvrB 
locus, continues to yield recom binants at a high rate at doses of u.v. which have 
reduced viability to a low level, even when the recipient is also uvr~. However, it is 
clear from  analysis o f the unselected m arkers in these recom binants that the trans
ferred chrom osom e fragm ent is damaged because it appears tc be involved in more 
frequent recom bination, but the magnitude o f this effect is the same am ong recom 
binants from  crosses with the uvr+ H fr strain at the same dose.

There seem to be two tenable hypotheses to explain these effects. The first is that 
D N A  synthesis is possible even when there are many pyrimidine dimers present in the 
chrom osom e involved in transfer. This is the suggestion of Wilkins & Howard- 
Flanders (1968) based on the observations of Rupp & How ard-Flanders (1968) that 
D N A  synthesis in irradiated uvr~ bacteria leads to  the form ation of D N A  which, when 
examined by the alkaline sucrose gradient technique of M cG rath & Williams (1966), 
appears to  contain many single strand breaks. This, they suggest, is due to in terrup
tions in the newly synthesized strand caused by pyrimidine dimers in the template 
strand.



I f  this view is correct the transferred D N A  contains gaps opposite d im ers: since this 
damage cannot be repaired by the excision mechanism it would explain why the 
presence o f uvr+ genes in the recipient is irrelevant. I t is then not clear why the D N A  
transferred by the H fr uvr+ seems to  contain an equal am ount of damage as judged 
by the linkage data.

The second hypothesis is that after irradiation D N A  can be transferred w ithout 
synthesis. I f  this occurred by transfer o f the double strand then the capacity o f the 
female to  repair should be manifest, bu t if  the transfer were o f only one strand then 
again excision repair would be impossible. This idea, too, does not explain why the 
excision repair system does no t reduce the degree o f damage to D N A  before transfer 
by the uvr+ donor, and one is led to  enquire whether conjugation in some way inter
feres with the norm al process o f repair. Experiments on this point are being made.

A n attem pt is also being m ade 10 investigate the nature o f the D N A  transferred by 
irradiated H fr bacteria, but the experiments of Vielmetter, Bonhoeffer & Shiitte (1968) 
appear to  support very strongly the idea tha t only one D N A  strand is transferred in 
the norm al course o f bacterial conjugation. They interpret their observations on the 
segregation o f  recom binants containing m utations generated in the H fr parent im 
mediately prior to  transfer as being m ost consistent with single strand transfer (see also 
Kunicki-Goldfinger, Piekarowicz & W lodarczyk, 1968). I t  is clear from  the results of 
R upp & Ihler (1968) tha t a particular strand in the H fr chromosome is transferred, 
although their technique does not perm it them  to determine whether a complementary 
strand m ust be synthesized in  the donor for transfer to take place.

One test of the hypothesis tha t u.v. dam age is no t repaired in the female because the 
D N A  is transferred as a single strand, would seem at first sight to be a study o f the 
effect o f the uvr loci on transduction by u.v.-irradiated phage, because there is good 
evidence tha t the D N A  of the transducing particle is double-stranded (Ikeda & 
Tomizawa, 1965). However the effect of u.v. on generalized transduction by phages 
P 22 (Garen & Zinder, 1955) and P i  (Arber, i 960), and on specialized transduction 
by phage A (Arber, 1958) is first to  increase the efficiency of transduction, presumably 
by increasing the efficiency o f recom bination, well above the level obtained with un
irradiated phage. In  an uvr~ recipient the efficiency o f transduction by phage P 22 falls 
with increasing irradiation (Takebe, 1968), so tha t a direct com parison is impossible. 
One can perhaps draw  a  parallel between the effects o f u.v. on chromosomal mobiliza
tion by the F  episome and transduction, for in both cases in uvr+ strains there is an 
increase in recom bination which is not seen in wvr~ strains, and argue as we have 
previously (Evenchik et al. 1969), that the increase in recom bination is the result o f 
excision giving rise to single-stranded regions, which facilitate the pairing necessary to 
initiate recom bination. This seems to be different from  the situation studied here, 
where the recovery o f recom binants fell with increasing u.v. dose, regardless o f the 
possession by donor or recipient o f the excision-repair system.

We wish particularly to  thank Miss Carole A tkinson for her assistance and D r 
P . H ow ard-Flanders for many of the m utan t strains used in this work. We are grateful 
to  him and to  D r B. W ilkins for a copy o f their m anuscript prior to  publication. We 
are also grateful to D r P. van de Putte for the kmbl strains.
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Serological Specificity o f Yeast Mannan
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SUMMARY

Soluble serologically active preparations extracted by various methods 
from  Saccharomyces spp. showed the group specificity previously detected 
by agglutination tests with whole cells. The antigenic properties o f the four 
serological groups of the genus Saccharomyces are probably determined by the 
cell wall m annan.

INTRODUCTION

Antigenic analyses o f yeast species have depended mainly on agglutination tests with 
whole cells (Tsuchiya, Fukazaw a & Kawakita, 1961; Campbell, 1968) but water- 
soluble polysaccharide material, presumably from  the cell wall, has also shown anti
genic differences between species o f the genera Saccharomyces and Candida (Summers, 
Grollm an & Hasenclever, 1964; Suzuki, Suzuki, Y okota, Sunayama & Sakaguchi,
1967). Gel-diffusion m ethods have been used successfully with saline extracts (Sandula, 
Kockova-K ratochvilova & Zamecnikova, 1964), phenol extracts (Campbell, Robson 
& Hough, 1968) and m annan preparations (Summers et al. 1964) against Saccharo
myces or C andida sera prepared by im m unisation o f rabbits with whole cells.

Campbell ( 1968), by means o f four suitably absorbed antisera, classified 19 species 
o f the genus Saccharomyces into four antigenic groups A, B, C and D. These results 
obtained by agglutination tests were consistent with the observations of Sandula et al.
(1964) in gel-diffusion experiments with various Saccharomyces species. Yeast m annan 
oligosaccharides were characteristic o f species (Stewart & Ballou, 1968) and reacted 
with yeast antisera, blocking the immune reaction against whole yeasts (Suzuki & 
Sunayama, 1968; Suzuki, Sunayama & Saito, 1968). W ith the exception o f Snider & 
M iller’s (1966) report suggesting protein as the m ajor cell wall antigen o f yeasts, all 
previous work has indicated that the polysaccharide fraction, and probably the m an
nan, is the determ inant o f antigenic activity o f Saccharomyces species.

Cell-wall m aterial was isolated from  typical strains of the four groups o f our anti
genic analysis scheme and the antigenic properties of these fractions are described 
below.

METHODS
Strains. Strains and routine m ethods of culture were as described by Campbell

(1968); cultures were identified and classified according to the system o f Lodder & 
Kreger-van Rij (1952). Two strains were chosen o f each of the antigenic groups A, B, 
C and D (Campbell, 1968) for serological tests. Saccharomyces microellipsodés 698, 
o f group D  (unpublished results), was chosen as the second strain o f tha t group. Large 
quantities o f yeasts were grown in 15 litres o f Sabouraud glucose broth  in 20-litre 
bottles for 3 days at 250. A eration at o-8 litres/min. through a sintered-glass diffuser at
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the base o f the bottle also served to agitate the culture. Yeasts were washed thrice with 
water, and the final centrifuged deposit was stored at —150.

Extracts. Isolated cell walls were prepared by the m ethod o f Trevelyan ( 1966). 
Phenol extracts were prepared by the method o f W estphal, Liideritz & Bister (1952); 
only the water phase was retained as antigen (Campbell et al. 1968). H o t water 
extracts were prepared by shaking approx. io 9yeasts/ml. at 68- 70° for 1 hr. M annans 
were prepared by the m ethod o f Peat, W helan & Edwards ( 1961). Also, antigenic 
m aterial was recovered from  the cell-free supernatant fluid o f a 3-day culture a t 25° 
in Difco yeast carbon medium plus glucose. All preparations were dialysed overnight 
against running tap  water and freeze-dried.

Serological methods. Antisera were prepared and agglutination and gel-diffusion 
tests performed as described previously (Campbell, 1968; Campbell et al. 1968). A b
sorbed antisera used for gel-diffusion tests were freeze-dried and reconstituted, with 
distilled water, to  the volume required to  give hom ologous agglutination titres equal 
to  those o f the unabsorbed sera used in gel-diffusion tests with similar extracts.

Chromatography. Approximately 500 /ig. of each extract were hydrolysed with 3 ml. 
o f 2n-H 2S04 for 2 hr at ioo°. The hydrolysates were neutralised with B aC 0 3, deionised 
with mixed resin (Amberlite I R 120 and Amberlite I R 45, B .D.H. Ltd.), reduced in 
volume and chrom atographed on W hatm an no. 1 paper. Descending chrom atography 
was used with ethyl acetate +  pyridine +  water (10 +  4 +  3 v/v) as the solvent. Reducing 
sugars were detected with alkaline A g N 0 3 (Trevelyan, Procter & H arrison, 1950) or 
aniline oxalate (Partridge, 1949). Glucose, mannose and ribose were used as standards.

1 9 4

RESULTS
Reducing sugars. The cell-wall preparations on hydrolysis contained glucose, m an

nose and traces of ribose. Similar chrom atogram s were obtained from  hydrolysed 
phenol extracts and ho t water extracts o f whole yeasts, bu t the minimal medium 
preparations showed only glucose and mannose. M annan preparations yielded m an
nose with only traces o f glucose.

Protein content of extracts. All freeze-dried m annan preparations and phenol ex
tracts contained less than o-i % protein, measured by the m ethod of Opienska-Blauth, 
Charezinski & Berbec (1963) against a standard of bovine serum albumin (B.D.H. 
Ltd.). H o t water extracts contained 1- 2% protein, depending on the yeast species, 
and minimal medium extracts, up to 1 %.

Comparison of gel-diffusion and slide agglutination tests with unabsorbed antisera. 
Since previous reports from  various authors have dealt with soluble antigens prepared 
in different ways, gel-diffusion tests with m annan, ho t water and phenol extracts and 
antigenic m aterial recovered from  minimal medium were com pared with our previous 
results by agglutination tests. The two strains o f each antigenic group were tested with 
unabsorbed antisera to the following strains: group A—Saccharomyces carlsbergensis 
1116; group B—S. fragilis 100 and S. marxianus i n ;  group C—S. willianus 106; 
group D — S. fermentati 161. Saccharomyces marxianus antiserum  was added to the 
series as a result of prelim inary experiments in which certain discrepancies were noted 
between the standard group B S. fragilis antiserum  and the serum against A. marxianus, 
apparently group B but which on occasions reacted weakly in addition as a group C 
serum.



Gel-diffusion tests o f the various extracts against unabsorbed antisera showed 
general agreem ent with the agglutination tests as shown in Tables 1- 5. However, 
unabsorbed antiserum  to Saccharomyces carlsbergensis strain 1116 agglutinated S 
ellipsoideus y 4 and S. williams 106 (Table 1) but produced no precipitin reaction with 
any o f the extracts o f these two strains (Tables 2- 5). The same serum agglutinated 
S.fragilis 100 and S. marxianus h i  (Table 1), reacted with the m annans (Table 2), 
minimal medium  extracts (Table 4) and ho t water extracts (Table 5) o f these strains 
bu t showed no precipitin lines with their phenol extracts (Table 3). Antiserum  to

Table 1. Agglutination of Saccharomyces suspensions by 
unabsorbed anti-Saccharomyces sera

Agglutination by antiserum to :
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S .  ca r lsb erg -
Agglutinable en s is S . f r a g i l i s  S .  m a r x ia n u s  S .  w illia n u s S .  f e r m e n ta t i
suspensions 1116 IOO III 106 161

Group A:
S .  ca rlsb erg en sis 396 + - +
S .  r o u x i i I7O + +  + - +

Group B :
S .  fr a g i l i s IOO + +  + ± —

S .  m a r x ia n u s III + +  + + +
Group C:

S .  cerev is ia e  var.
e llip so id eu s Y4 + + + —

S .  w illianus 106 + + + —

Group D  :
S .  fe r m e n ta t i I6I — -  — — +
S .  m ic ro e llip so d es 698 — -  - - +

+ =  agglutination; — =  no reaction; ±  = variable.

Table 2. Precipitin tests of Saccharomyces mannans by unabsorbed 
anti-Saccharomyces sera

Precipitin bands formed by antiserum t o :

M annan
S .  ca r lsb erg 

en sis S .  fr a g i l i s S .  m a r x ia n u s S . w illia n u s S .  fe r m e n ta t i
solutions 1116 IOO h i 106 161

Group A  :
S .  ca r lsb erg en sis 396 + + + - -
S .  r o u x i i I7O + + + - +

Group B :
S .  f r a g i l i s 100 + + + + —
S .  m a r x ia n u s III + + + + -

Group C:
S .  c e rev is ia e  var.

e llip so id eu s Y4 - + + + -
S .  w illianus 106 - + + + —

Group D  :
S .  fe r m e n ta t i 161 — — — — +
S .  m ic ro e llip so d es  698 - - __ — +

+  =  bandfsl formed; — =  no reaction,
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S.fragilis  100 agglutinated S. carlsbergensis 396 and S. rouxii 170 (Table 1) and p ro 
duced precipitin bands with all except phenol extracts (Table 3). This antiserum  failed 
to  agglutinate S. ellipsoideus Y 4 or S. willianus 106 (Table 1) but gave precipitin lines 
with all extracts o f these strains (Tables 2- 5). A ntiserum  to the other group B yeast, 
S. marxianus strain i n ,  differed from  that against S.fragilis  100 in agglutinating 
S. willianus 106 and S. ellipsoideus Y 4 (Table 1). Antiserum  to S. willianus 106 did not 
react with the minimal medium extract o f S.fragilis  100 (Table 4) or with ho t water 
extracts of 100 or S. marxianus h i  (Table 5), but agglutinated these yeasts (Table 1)

196

Table 3. Precipitin tests o f Saccharomyces phenol extracts by 
unabsorbed anti-Saccharomyces sera

Precipitin bands formed by antiserum t o :

P h en o l ex trac t
S .  carlsberg 

en s is S .  f r a g i l i s S .  m a r x ia n u s S. w illianus S .  f e r m e n ta t i
so lu tio n s n r  6 100 i n 106 161

G ro u p  A :
S .  ca rlsb erg en sis 396 + — - — -
S .  r o u x ii I7O + — — — +

G ro u p  B :
S .  f r a g i l is 100 - + + + -
S .  m a r x ia n u s I I I — + + + —

G ro u p  C :
S .  cerev isiae  v a r.

e llip so id eu s Y4 - + + + -
S .  w illianus 106 - + + + _

G ro u p  D  :
S . fe r m e n ta t i 161 — — — — +
S .  m ic ro e llip so d es  698 - — — — +

+  =  bar_d(s) formed; — =  no reaction.

Table 4. Precipitin tests o f Saccharomyces minimal media by 
unabsorbed anti-Saccharomyces sera

Precipitin bands formed by antiserum to :

M in im al m ed iu m  ex trac t
S .  carlsberg 

en s is S .  fr a g i l is S .  m a r x ia n u s S .  w illianus

3

S .  f e r m e n ta t i
so lu tions 1116 100 I I I 106 I 6 I

G ro u p  A :
S .  ca r lsbergensis 396 + + + - +
S . r o u x ii I7O + + + — -

G ro u p  B :
S .  f r a g i l is 100 + + + - -
S .  m a r x ia n u s 111 + + + + -

G ro u p  C :
S .  cerev isia e  var.

e llip so id eu s Y4 - + + + —

S .  w illianus 106 - + + + —
G ro u p  D  ;

S .  f e r m e n ta t i 161 - - - - +
S .  m ic ro e llip so d es  698 - - - - +

+  =  band(s) formed; — =  no reaction.



and gave precipitin bands with m annan and phenol extracts (Tables 2 and 3). U n
absorbed antiserum  to  S. fermentati 161 agglutinated S. carlsbergensis 396, S. rouxii 
170 and S. marxianus h i  (Table 1), bu t gave consistent precipitin bands with only the 
m annan and phenol extracts o f S. rouxii 170 (Tables 2, 3) and the minimal medium 
preparation  o f S. carlsbergensis 396 (Table 4).

Since the m annan-containing enzyme invertase occurs in the yeast cell wall 
(N eum ann & Lampen, 1967), it was possibly implicated in these reactions. A  sample 
o f yeast invertase (B.D.H. Ltd.) was dialysed against distilled water a t 2 ° to remove 
glycerol, and lyophilised. The invertase was reconstituted at various concentrations for 
gel-diffusion tests against antisera to  Saccharomyces willianus 106 and S.fragilis 100, 
but no reaction was observed.

S p e c if ic i ty  o f  y e a s t  m an n an  197

Table 5. Precipitin tests of Saccharomyces hot water extracts 
by unabsorbed anti-Saccharomyces sera

Precipitin bands formed by antiserum t o :

H o t w a te r  ex trac t 
so lu tio n s

S. carlsberg
ensis 
1116

S. fragilis 
100

S . marxianus 
i n

S. willianus S. fermentati 
106 161

G ro u p  A  :S. carlsbergensis 396 + + + — —
S. rouxii HO + + + — —

G ro u p  B :
S. fragilis 100 + + + -  -
S. marxianus I I I + + + — —

G ro u p  C :
S. cerevisiae var.

ellipsoideus Y4 - + + +
S. willianus 106 — + + +

G ro u p  D  :
S. fermentati I6 I — — — +S. microellipsodes 698 - — — +

4- =  band(s) formed; —  =  no reaction.

Gel-diffusion and slide agglutination tests with absorbed antisera. Specific antisera 
were prepared by absorption with the species recommended previously (Campbell,
1968). In  addition, Saccharomyces marxianus antiserum  h i  was absorbed by S. rouxii 
170 to  produce an alternative group B antiserum, but despite extensive absorption 
retained a significant activity in agglutination tests against the group C strains S. 
ellipsoideus y 4 and S. willianus 106. A further absorption of S. marxianus i l l  an ti
serum by S. willianus 106 produced a group B-specific antiserum  suitable for agglu
tination tests but too  weak for gel-diffusion, even after concentration. The four 
standard group A, B, C and D  antisera showed the expected specific agglutination of 
their appropriate groups (Table 6).

In  gel-diffusion tests the group A  and D antisera and Saccharomyces fragilis an ti
serum absorbed by S. rouxii produced single or double bands o f identity strictly in 
accordance with group specificity with all four types o f extract, but the group B 
antiserum  prepared with S. marxianus antiserum  absorbed by S. rouxii 170 consistently 
reacted with both  group B and group C extracts, and the group antiserum  reacted with 
both  group B and group C extracts (Table 7). The am ount o f extract required for best
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precipitin reaction with an antiserum  varied with the type o f extract. Generally, with 
antiserum  o f agglutination titre 1 in 100, the required concentrations o f the hom olo
gous m annans, minimal medium or hot water extracts, and phenol extracts were 
o-i mg./ml., 2 mg./ml. and 5 mg./ml. respectively. A t these concentrations heterolo
gous extracts failed to  form  precipitin lines and the antisera were therefore group- 
specific.

Table 7. Precipitin tests of Saccharomyces mannans, phenol extracts, minimal media 
and hot water extracts by absorbed anti-Saccharomyces sera

P re c ip itin  b an d s  fo rm ed  by  an tise ru m  t o :
„__________________________________________________________ A___________________________________________________________

S. carlsberg-
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ensis 
1116

ab so rb e d  by

S. fragilis 
100

a b so rb e d  by

S. marxianus 
h i

ab so rb e d  by

S. willianus 
106

ab so rb e d  by

S. fermentati 
161

ab so rb e d  by
E x trac t S. willianus S. rouxii S. rouxii S. cerevisiae S. cerevisiae

so lu tio n s 106 170 170 1006 1006

G ro u p  A :S. carlsbergensis 396 + - - — -
S. rouxii 170 + — _ — -

G ro u p  B :
S. fragilis 100 — + + + -
S. marxianus I I I + + +

G ro u p  C :S. cerevisiae var.
ellipsoideus Y4 - - + + -

S. willianus 106 — — + + “
G ro u p  D  :

S. fermentati I6 I — “ — — +S. microellipsodes 698

+  =  band(s) fo rm ed ; — = n o  reac tio n .

+

DISCUSSION

M annans extracted from  yeasts are serologically active and give broad bands on 
immunodiffusion (Summers et al. 1964; Sandula et al. 1964). Suzuki et al. (1967) used 
yeast m annans prepared by autoclaving yeasts in citrate buffer to  absorb yeast anti
sera. These preparations contained less than 0-5% nitrogen, insufficient to account 
for the observed inhibition o f antibody activity. Suzuki et al. (1968) showed that oligo
saccharides prepared from  m annan o f Saccharomyces cerevisiae caused 100%  inhibi
tion o f the hom ologous antiserum. Thus, m annan alone can account for the observed 
antigenic activity.

N o t all m annan o f the cell wall is structural. Invertase (Neum ann & Lampen, 1967) 
and acid phosphatase (Boer & Steyn-Parve, 1966), both m annan-proteins, occurred 
in yeast cell walls. N eum ann & Lampen (1967) found that antiserum against Saccharo
myces cerevisiae invertase form ed a precipitin band with invertases from  S. cerevisiae 
and a Saccharomyces hybrid strain, but no precipitin reaction was observed with cell 
wall m annan from  S. cerevisiae. This agrees with the failure o f commercial invertase, 
shown to contain m annan, to  precipitate with our antisera to  S.fragilis  and S. willianus. 
Invertase may no t be present in sufficient am ount on the yeast cell surface to  cause 
significant production o f antibody.

The present paper shows tha t m annans, and preparations containing m annan, of



2 0 0 I. CAMPBELL AND R. H. GILMOUR

yeasts of different serological groups, contain the antigenic group determinants. Ex
tracts prepared by autoclaving in citrate buffer, shaking in hot water, shaking with 
phenol and directly from  minimal medium gave similar results in immunodiffusion 
tests. A lthough phenol, hot water and minimal media extracts contained glucose, which 
may indicate the presence o f a soluble glucan in the outer layers of the yeast cell wall, 
antigenic activity was approximately proportional to  m annan content. Phenol extracts 
were used in the strongest concentrations and gave the least num ber of positive reac
tions (Table 3). A part from  their lower content o f m annan, phenol extracts may be less 
specific due to their severe m ethod of preparation. Traces of ribose detected by chrom a
tography are thought to  be due to ribonucleic acid since phenol and hot water extracts 
gave absorption spectra with peaks at 260 m/t (unpublished results) as do purine/ 
pyrimidine bases. These absorption peaks could be removed by treatm ent o f the ex
tracts with trichloracetic acid ; the modified extracts gave the same immunodiffusion 
results as untreated material.

Agglutination tests were much more sensitive than gel-diffusion tests and it was not 
surprising tha t some gel-diffusion tests failed to show precipitin bands corresponding 
to positive agglutination results. This was shown by unabsorbed antiserum  to Saccharo- 
myces carlsbergensis 1116 in gel-diffusion tests with all extracts of the group C yeasts 
and the phenol extracts of the group B yeasts. Similarly, unabsorbed antiserum  to 
either o f the group B yeasts failed to  give precipitin reactions with group A  phenol 
extracts and unabsorbed antiserum  to S. willianus 106 failed to show a precipitin 
reaction with group B hot-w ater extracts.

I t  was more surprising to find positive gel-diffusion results for corresponding negative 
agglutination tests as with unabsorbed Saccharomyces fragilis  100 antiserum  and all 
group C extracts. These results suggested that both group B and C yeasts share an 
antigen but tha t S. fragilis has less o f this antigen in its outer layer than S. marxianus. 
This suggestion is supported by the absorbed S. marxianus i n  and S. williams 106 
antisera giving positive agglutination and gel-diffusion results with both group B and 
C yeasts and extracts (Tables 6 and 7). The failure o f absorbed S. fragilis 100 an ti
serum to react with group C extracts (Table 7) may be due to  the small am ount o f 
C-specific antibody present originally being further depleted by the absorptions ; other 
absorbed antisera had to be concentrated to obtain a visible precipitin reaction. It was 
possible to make absorbed S. marxianus i n  antiserum group-specific for agglutination 
tests by absorbing with a group C  yeast plus S. rouxii (Table 6), but it is more con
venient to  use S. fragilis  100 antiserum  absorbed by S. rouxii 170 as described pre
viously (Campbell, 1968). Similarly, the absorbed S. willianus 106 antiserum could be 
made group-specific for agglutination tests by absorbing with a mixed suspension of 
S. marxianus and S. cerevisiae 1006 (Table 6).

Campbell’s group C antiserum  was specific w ithout this further absorption, partly 
due to  the fact that for agglutination tests a standard titre was specified. U ndiluted 
absorbed group C antiserum  agglutinated Saccharomyces marxianus strongly and S. 
fragilis  weakly, but at the specified dilution, viz. hom ologous agglutination a t 1 in 5 
but not at 1 in 10, did not agglutinate either o f these suspensions.

The activity shown by the minimal medium preparation suggests tha t m annan is 
dissolved from  the cell surface as it is produced. This could have some role in yeast 
flocculence as the period o f deflocculence coincides with the synthesis o f m annan 
(Masschelein, Jeunehomme-Ramos, Castiau & Devreux, 1963) and inhibition o f man-



n a n  s y n t h e s i s  b y  s o d i u m  f l u o r i d e  ( C h u n g  &  N i c k e r s o n ,  1954)  r e s u l t s  i n  v e r y  f l o c c u l e n t  
y e a s t s .  I f ,  a s  M a s s c h e l e i n  &  D e v r e u x  ( 1957)  s u g g e s t ,  a n  e x t e r n a l  m a n n a n  ‘ m a s k s ’ t h e  
a c t i v e  g r o u p s  i t  i s  p o s s i b l e  t h a t ,  i n  f e r m e n t a t i o n ,  t h e  b a l a n c e  b e t w e e n  p r o d u c t i o n  a n d  
r e m o v a l  o f  t h e  ‘ m a s k i n g ’ m a n n a n  c o u l d  b e  c r i t i c a l .
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SUMMARY
Five streptomycins bleached the chloroplast system o f Euglena gracilis', 

the m ost effective were those which contained an  aldehyde group in the 
streptose m oiety: streptomycin and hydroxystreptomycin. Derivatives con
taining a secondary alcohol group in place o f the aldehyde (dihydro-, dihydro- 
desoxy-, dihydrohydroxystreptomycin) require higher concentrations to  elicit 
the same effect. Hydroxylamine reversed the bleaching effects o f streptomycin 
and hydroxystreptomycin bu t not of dihydro-, dihydrodesoxy- or dihydro
hydroxystreptomycin. These observations suggest tha t the aldehyde group of 
the streptomycins contributes to  the action of these antibiotics on Euglena 
chloroplasts; the action of hydroxylamine would be to  either remove the 
antibiotic from  its site o f action or to render it ineffective in vivo by reaction 
with the aldehyde group.

INTRODUCTION
A n interesting and as yet inadequately explained action o f streptomycin is the 

ability o f this antibiotic to  eliminate chloroplasts from  Euglena w ithout significantly 
inhibiting cell division or viability o f the cell. In  bacteria, streptomycin binds to  ribo
somes causing miscoding o f messenger R N A  and production o f faulty protein (Davies, 
G ilbert & Gorini, 1964). Accordingly, Schiff & Epstein (1965) suggested that bleaching 
agents may act by inhibiting protein synthesis in Euglena chloroplasts. However, Stern, 
Barner & Cohen (1966) dem onstrated that, in Escherichia coli, streptomycin lethality 
occurred in the absence o f protein synthesis. Since the Euglena chloroplast represents 
a different system in which to study the mechanism o f action o f antibiotics, further 
light may be shed on this im portant subject by the use o f this organism.

A ronson, Meyer & Brock (1964) proposed a mechanism of action for the strepto
mycins based on the ability o f the antibiotics to  cross-link nucleic acid. Streptomycin 
is a m ore effective cross-linking agent in vitro than  dihydrostreptom ycin, and the 
presence o f an aldehyde group in the streptose moiety may be responsible for the 
increased effectiveness. According to  A ronson et al. (1964), this aldehyde is capable 
o f form ing a second cationic attachm ent site by reacting with the secondary am ino 
group a t the N-m ethyl glucosamine moiety, resulting in a cyclic iminium salt. Since 
dihydrostreptom ycin cannot form  this cationic cyclic structure, it would be expected 
to  be a  less effective agent for precipitating nucleic acids. Streptomycin is know n to be 
m ore effective as a bleaching agent in Euglena than  dihydrostreptom ycin (Zahalsky,
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H utner, Keane & Burger, 1962), which supports the model o f A ronson et al. (1964) and 
suggests tha t the aldehyde group may play a role in chloroplast elimination. W e have 
observed tha t hydroxylamine reverses the action o f streptomycin in Euglena chloro- 
plasts if added before about 6 to 8 divisions have taken place in the presence of the 
antibiotic (Ebringer, Mego & Podova, 1967). In the studies reported in the present 
paper we com pared the actions o f five streptomycins as bleaching agents in Euglena. 
These antibiotics differ only in the streptose m oiety: some contain aldehyde groups and 
others have alcoholic groups. We also considered it o f interest to com pare the effect 
o f hydroxylamine as a reversing agent on the action o f these streptomycins particularly 
since hydroxylamine may react v/ith the aldehyde to  form  an oxime.
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METHODS
Euglena gracilis, strain z, was grown in a proteose peptone-tryptone medium (Mego,

1964). Cultivation conditions were described by Ebringer (1966). Antibiotics were 
dissolved in distilled water, sterilized by filtration and then added to the liquid media. 
After a period of growth with antibiotic, the organisms were washed, harvested by 
centrifugation and then plated. On the ninth day after plating about 300 to 600 colonies 
were counted and the num bers o f white and green colonies were recorded. Individual 
counts were made microscopically in a Burker counting chamber.

The final concentration of hydroxylamine sulphate was always io -1 m. Hydroxyl
amine was present for only 20 min. and was then removed by washing on the centri
fuge. The chlorophyll content was determined according to the m ethod o f A rnon 
(1949). Sulphates o f the streptomycins were obtained by the courtesy of the following: 
dihydrodesoxystreptomycin sulphate from  D r Kazuo Kagiwada, K aken Chemical 
Co. Ltd., Tokyo, Japan; hydroxy- and dihydrohydroxystreptom ycin sulphate from 
D r J. C. Sylvester, A bbott Laboratories, N orth  Chicago, Illinois, U .S.A ; dihydro
streptomycin sulphate, from  D r Alvaro Zugaza, Antibiotics, S.A. M adrid, Spain.

The following abbreviations will be used: SM, streptom ycin; OHSM , hydroxy- 
streptom ycin; D H SM , dihydrostreptom ycin; D H O H SM , dihydrohydroxystrepto
mycin; D H D SM , dihydrodesoxystreptomycin; HA, hydroxylamine.

RESULTS
Figure 1 shows that bleaching action of the various streptomycins depended on the 

concentration and duration  o f action. The m ost effective were SM and OHSM , which 
produced 100 % bleached colonies in 24 h r at 500 /ig./ml., in 3 days at 100 /ig./ml., only 
after 5 days at 10 /ig./ml. D HSM , D H O H SM  and D H D SM , however, required 4 days 
to  produce 100 % bleached colonies a t 500 /ig./ml. Even after 6 or more days these 
antibiotics did not produce total bleaching at 10 /ig./ml.

Table 1 shows tha t OHSM  inhibited growth slightly more than the other antibiotics. 
In order to  diminish this toxicity effect, we used 100 /ig./ml. in further experiments 
since this concentration produced total bleached colonies. SM was used in this con
centration, while D H SM , D H O H SM  and D H D SM  were used at 500 /ig./ml.

Hydroxylamine reversed only the effects o f SM and OHSM  (Table 2). The reversal 
was nearly complete when this agent was added before 4-5 divisions. After about 5 
divisions only a small percentage o f the organisms were reversed. Reversal effectiveness
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1 2 3  4 5 6
Time of cultivation (days)

1 2 3 4 5 6
Time of cultivation (days)

1 2 3 4 5 6
Time of cultivation (days)

F ig . 1. P ro p o r tio n s  o f  b leached  co lon ies o b ta in ed  a f te r  g ro w th  o f  E u g len a  g ra c ilis  in  v ario u s 
c o n cen tra tio n s  o f  s trep to m y cin s fo r  vary ing  leng ths o f  tim e, (a) 500 / tg ./m l .  (b) 100 /tg ./m l. 
(c) 10 /tg ./m l. A fte r  th e  in d ica ted  p e r io d  o f  cu ltiv a tio n  w ith  th e  strep to m y cin s, th e  o rgan ism s 
w ere  w ashed , p la te d  o n  an tib io tic -free  m ed ia  an d  b leach ed  a n d  green  co lon ies c o u n te d  a fte r  
9 days. A , S M ; B, O H S M ; C , D H S M ; D , D H O H S M ; E , D H D S M  (fo r ab b rev ia tio n s , see 
tex t).



was approxim ately the same for SM  and OHSM  bu t completely ineffective for the 
other antibiotics.

Table 3 shows the chlorophyll content o f the cultures during growth in the presence 
o f  the various antibiotics. A lthough 100% of bleached colonies were obtained after 
plating in many cases, the cultures contained considerable quantities o f chlorophyll. 
These results suggest th a t chlorophyll content o f the cultures does no t represent a  true  
measure o f the bleaching effectiveness o f these agents.
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Table 1. Effects of various streptomycins on growth of Euglena gracilis
A n tib io tic  (/tg ./m l.) ... 500 200 100 10

S M f 438* 440 53° 572
O H S M 355 398 446 485
D H S M 418 470 520 536
D H O H S M 460 497 510 560
D H D S M 400 468 55° 575

* T h e  n u m b ers  rep re sen t th o u sa n d s  o f  o rg an ism s/m l. m ed iu m  afte r  6 days a t  240. f  F o r  ab b rev ia 
tio n s  see tex t.

Table 2. Prevention of streptomycin-bleaching of  
Euglena gracilis by hydroxylamine

O rg an ism s in  m ed ia  c o n ta in in g  s trep to m y cin s w ere  a llow ed  to  g row  fo r ap p ro x im a te ly  th e  
n u m b ers  o f  d iv isions in  co lu m n  1. Sam ples w ere  rem o v ed , tre a te d  w ith  H A  fo r  20 m in ., 
w ashed  a n d  p la te d  o n  a g a r  (co lu m n  ‘ + H A ’). T h e  co lu m n  ‘ —H A ’ in d ica tes  th e  resu lts 
w ith o u t h y d ro x y lam in e  tre a tm e n t. C o lo n ies w ere co u n ted  a f te r  9 days g ro w th  o n  a g a r  a t  240.

%  p e rm an en tly  b leach ed  co lon ies

N u m b ers  o f  
d iv isions

SM O H S M D H S M D H O H S M D H D S M

- H A +  H A - H A +  H A - H A +  H A - H A +  H A - H A +  H A

1*0 87 8 93 4 25 26 40 48 52 49
2-5 100 I 100 7 40 39 64 63 57 62
3‘9 100 I 100 2 63 59 80 80 85 89
4 ‘5 100 2 100 2 84 86 91 92 91 95
4 ‘9 100 40 100 50 100 100 100 100 IOO IOO
5‘4 100 93 100 98 100 100 100 100 100 IOO
5 ‘9 100 100 100 100 100 100 100 100 IOO IOO

F o r  ab b rev ia tio n s  a n d  c o n cen tra tio n s  see text.

Table 3. Chlorophyll content {as % of a control culture without added antibiotic) of 
Euglena gracilis and the percent streptomycin-bleached colonies obtained 9 days after 
plating on agar

500 200 IOO 10
C h lo ro  C h lo ro  C h lo ro  C h lo ro 

A n tib io tic  (/ig ./m l.) phy ll C olon ies phy ll C olon ies phyll C olon ies phyll C o lon ies

SM 0 IOO 0 IOO 0 IOO 29 IOO
O H S M 0 IOO 0 IOO 0 IOO 69 100
D H S M 21 IOO 30 IOO 36 IOO 86 87
D H O H S M 26 IOO 35 IOO 43 IOO 55 85
D H D S M 31 IOO 32 IOO 33 IOO 61 79

F o r  d eta ils  a n d  ab b rev ia tio n s  see tex t.
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DISCUSSION

T h e  r e s u lt s  p r e s e n te d  i n  t h is  p a p e r  e s t a b l is h  t h a t  t h o s e  s t r e p t o m y c in s  c o n t a in in g  a n  

a ld e h y d e  g r o u p  o n  th e  s t r e p to s e  m o ie t y  w e re  th e  m o s t  e f f e c t iv e  b le a c h in g  a g e n ts  

( s e e  F ig .  2) a n d  s u p p o r t  th e  m o d e l  p r o p o s e d  b y  A r o n s o n  e t al. ( 1964) d is c u s s e d  i n  th e  

in t r o d u c t io n .  T h e r e  i s  n o  d i r e c t  e v id e n c e  y e t  t o  s u g g e s t  t h a t  th e s e  a n t ib io t i c s  b in d  

d i r e c t ly  t o  c h lo r o p la s t  D N A ;  h o w e v e r ,  s o m e  m e c h a n is m  m u s t  b e  p r o p o s e d  t o  a c c o u n t  

f o r  th e  a b i l i t y  o f  s t r e p t o m y c in  p e r m a n e n t ly  t o  e l im in a t e  c h lo r o p la s t s  f r o m  E u g le n a .  

Z im m e r ,  T r ie b e l  & T h r u m  ( 1967) h a v e  s h o w n  t h a t  c e r t a in  a n t ib io t ic s ,  in c lu d in g  s t r e p t o 

m y c in  a n d  d ih v d r o s t r e p t o m y c in ,  in t e r a c t  w i t h  D N A  in vitro  t o  in c r e a s e  th e  m e lt in g
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F ig . 2. T h e  s tru c tu res  o f  strep tom ycins.

p o in t  o f  t h is  n u c le ic  a c id .  T h e i r  e v id e n c e  su g g e s ts  t h a t  th e  a n t ib io t i c s  c r o s s - l in k  D N A  

b y  e le c t r o s t a t ic  in t e r a c t io n s .  I t  d o e s  n o t  se e m  u n r e a s o n a b le ,  t h e re fo r e ,  t o  p o s t u la t e  

t h a t  th e  a n t ib io t i c s  m a y  p r e v e n t  th e  s e p a r a t io n  o f  D N A  s t r a n d s  a f t e r  r e p l i c a t io n  i n  th e  

c h lo r o p la s t .  H y d r o x y la m in e  m a y  a c t  b y  r e le a s in g  th e  a n t ib io t i c s  f r o m  e le c t r o s t a t ic  

in t e r a c t io n  w i t h  c h lo r o p la s t  D N A  p e r h a p s  b y  r e a c t in g  w i t h  th e  a ld e h y d e  g r o u p .  T h i s  

h y p o t h e s is  w o u ld  r e q u ir e  e i t h e r  a  d i f f e r e n t  m e c h a n is m  o f  a c t io n  f o r  th e  n o n - a ld e h y d e -  

c o n t a in in g  a n t ib io t i c s  o r  a  le s s  e f f ic ie n t  b in d in g  t o  D N A .

A p p r o x im a t e ly  s ix  d iv i s io n s  w e re  r e q u ir e d  b e fo r e  t r e a tm e n t  w i t h  h y d r o x y la m in e  

b e c a m e  in e f f e c t iv e  a s  a  r e v e r s in g  a g e n t .  T h i s  c o r r e la t e s  w i t h  th e  o b s e r v a t io n  o f  M e g o  

&  B u e t o w  ( 1967) , w h o  f o u n d  t h a t  a p p r o x im a t e ly  t h is  n u m b e r  o f  d iv is io n s  w a s  r e q u ir e d  

f o r  i r r e v e r s ib le  c h lo r o p la s t  lo s s  in d u c e d  b y  g r o w t h  a t  e le v a te d  t e m p e r a tu re .  A g a in ,  i t  
d o e s  n o t  se e m  u n r e a s o n a b le  t o  p o s t u la t e  t h a t  in h ib i t i o n  o f  D N A  r e p l i c a t io n  m a y  

r e q u ir e  t h is  n u m b e r  o f  d iv i s io n s  t o  ‘ d i lu t e  o u t ’ t h e  r e le v a n t  n u c le ic  a c id .

O t h e r  i n h ib i t o r s  o f  D N A  s y n th e s is  a r e  a ls o  e f fe c t iv e  b le a c h in g  a g e n ts  in  E u g le n a .  

T h e s e  in c lu d e  n a l i d i x i c  a c id ,  p o r i i r o m y c in ,  s t r e p t o n ig r in ,  n o v o b io c in ,  r u b i f la v in ,  

s a r k o m y c in  ( E b r in g e r  &  M e g o ,  u n p u b l is h e d  o b s e r v a t io n s ) ,  s o m e  m u ta g e n s  ( M c C a l l a ,

1967) a n d  u l t r a v io le t  l ig h t  ( L y m a n ,  E p s t e in  &  S c h if f ,  1961; G i b o r  &  G r a n i c k ,  1962).

A n  a r g u m e n t  a g a in s t  th e  t h e o r y  t h a t  b le a c h in g  a g e n ts  a c t  b y  in h ib i t i o n  o f  p r o t e in



s y n th e s is  in  c h lo r o p la s t s  is  t h e  e f fe c t  o f  c h lo r a m p h e n ic o l .  T h i s  a n t ib io t i c  is  e f fe c t iv e  

o n ly  i n  o r g a n is m s  c o n t a in in g  70S  r ib o s o m e s  ( V a z q u e z  &  M o n r o ,  1967) in c lu d in g  

E u g le n a  c h lo r o p la s t s .  C h lo r a m p h e n ic o l  h a s  n o  e f fe c t  o n  p r o t e in  s y n th e s is  in  th e  c y t o 

p la s m  o f  E u g le n a  w h ic h  c o n t a in s  80S  r ib o s o m e s .  T h i s  s u b s ta n c e ,  th e re fo r e ,  s h o u ld  b e  

a n  id e a l  b le a c h in g  a g e n t ,  s in c e  r a p id  c e l l  d i v i s io n  c a n  p r o c e e d  w h i le  c h lo r o p la s t  p r o t e in  

s y n th e s is  is  in h ib i t e d .  C h lo r a m p h e n ic o l  is  n o t  a  b le a c h in g  a g e n t ,  h o w e v e r ,  a n d  o n ly  

p r o d u c e s  a  t e m p o r a r y  in h ib i t i o n  c f  c h lo r o p la s t  p r o t e in  f o r m a t io n  ( A n d e r s o n  &  S m i l l ie ,  

1966; P o g o  &  P o g o ,  1965) . O t h e r  in h ib i t o r s  o f  p r o t e in  s y n th e s is  s u c h  a s  th e  t e t r a 

c y c l in e s  a n d  p u r o m y c in  a re  a ls o  n o t  e f fe c t iv e  b le a c h in g  a g e n ts  ( S e ls k y ,  1967). A l t h o u g h  

a u r e o m y c in  h a s  b e e n  r e p o r t e d  t o  c a u s e  b le a c h in g  o f  E u g le n a  ( R o b b in s ,  H e r v e y  &  

S t e b b in s ,  1953), w e  h a v e  n o t  b e e n  a b le  t o  d e m o n s t r a t e  m o r e  t h a n  a  t e m p o r a r y  i n h i b i 
t io n  o f  c h lo r o p la s t  f o r m a t io n  u n d e r  a  v a r ie t y  o f  c o n d i t io n s .

W e  h a v e  a ls o  p r e s e n te d  e v id e n c e  t h a t  m e a s u r e m e n t  o f  c h lo r o p h y l l  m a y  n o t  a lw a y s  

b e  a  v a l id  in d e x  o f  p e r m a n e n t  b le a c h in g  e f fe c t iv e n e s s  o f  a n t ib io t ic s .  T h i s  m a y  a c c o u n t  

f o r  th e  o b s e r v a t io n s  o f  L in n a n e  &  S t e w a r d  ( 1967) i n  w h ic h  th e se  a u t h o r s  r e p o r t e d  t h a t  

m a c r o l id i c  a n t ib io t i c s  w e re  n o t  b le a c h in g  a g e n ts  in  E u g le n a .

D r  J .  L .  M e g o  is  a  p a r t i c ip a n t  i n  th e  U . S . A .  a n d  C z e c h o s lo v a k  A c a d e m ie s  o f  

S c ie n c e s  E x c h a n g e  P r o g r a m m e .  P r e s e n t  a d d r e s s :  D e p a r t m e n t  o f  B io lo g y ,  T h e  U n i 

v e r s i t y  o f  A la b a m a ,  A la b a m a  35486.

T h e  a u t h o r s  g r a t e f u l ly  a c k n o w le d g e  th e  a s s is t a n c e  o f  M i s s  G a b r i e l a  S m u tn a .
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SUMMARY

T h e  c o n c e n t r a t io n s  o f  th r e e  e n z y m e s  a c t iv e  in  a m m o n ia  a s s im i la t io n  b y  
R hizobium  japon icum  ( g lu t a m a te  d e h y d ro g e n a s e ,  a s p a r t a te  a m in o t r a n s f e r a s e ,  
a la n in e  a m in o t r a n s f e r a s e )  w e re  in f lu e n c e d  c o n s id e r a b ly  b y  th e  N - s o u r c e  
i n  th e  c u l t u r e  m e d iu m .  R e la t iv e ly  h ig h  c o n c e n t r a t io n s  o f  th e se  e n z y m e s  w e re  
p r e s e n t  w h e n  R . japon icum  w a s  g r o w n  in  a  m e d iu m  c o n t a in in g  N H 4C1 +
2- o x o g lu t a r a t e .  R e la t iv e ly  lo w  a m o u n t s  o f  th e se  e n z y m e s  w e re  f o u n d  in  b a c 
t e r ia  g r o w n  in  th e  p re s e n c e  o f  v a r io u s  a m in o  a c id s .  A c t i v e  p r o t e in  a n d  R N A  
s y n th e s is  w e re  n e c e s s a r y  f o r  th e  in d u c t io n  o f  th e  e n z y m e s  b y  N H 4C1  +
2- o x o g lu t a r a t e .

INTRODUCTION

I t  h a s  b e e n  k n o w n  f o r  s o m e  t im e  t h a t  a m m o n ia  f o r m e d  d u r in g  s y m b io t i c  n i t r o g e n  

f ix a t io n  is  r a p id ly  in c o r p o r a t e d  in t o  a m in o  a c id s  (e .g . g lu t a m a te ,  a s p a r ta te ,  a la n in e ;  

A p r i s o n ,  M a g e e  &  B u r r i s ,  1954), b u t  r e la t iv e ly  l i t t le  is  k n o w n  a b o u t  th e  e n z y m e s  w h ic h  

c a t a ly s e  th e se  r e a c t io n s  i n  s o y b e a n  n o d u le s .  W e  s h o w e d  ( F o t t r e l l  &  M o n t g o m e r y ,

1968) t h a t  s e v e r a l e n z y m e s  a c t iv e  in  a m m o n ia  a s s im i la t io n ,  in c lu d in g  g lu t a m a t e  d e 

h y d r o g e n a s e ,  a s p a r t a te  a m in o t r a n s f e r a s e  a n d  a la n in e  a m in o t r a n s f e r a s e  w e re  p r e s e n t  

in  th e  b a c t e r o id s  o f  s o y b e a n  n o d u le s .  I n  th e  p r e s e n t  r e p o r t  th e  m e c h a n is m  in v o lv e d  

i n  th e  r e g u la t io n  o f  th e se  e n z y m e s  w a s  in v e s t ig a te d  in  Rhizobium  japon icu m  ( s y m b io n t  

o f  s o y b e a n s ) .

METHODS

R hizobium  japon icum  s t r a in  392 ( o b t a in e d  f r o m  C .  L .  M a s t e r s o n ,  A g r i c u l t u r a l  I n s t i 

t u te ,  W e x f o r d ,  I r i s h  R e p u b l ic ) ,  w h ic h  is  a  s lo w - g r o w in g  s t r a in ,  w a s  g r o w n  in  a  d e f in e d  

m e d iu m  ( E v a n s  &  L o w e ,  1964) w i t h  d i f f e r e n t  N - s o u r c e s  a s  in d ic a t e d  in  T a b le  1. 

C u l t u r e s  w e re  g r o w n  in  4-I. E r le n m e y e r  f la s k s ,  f r o m  a n  in o c u lu m  o f  s t a n d a r d  s iz e ,  o n  

a n  o r b i t a l  s h a k e r  a t  28°. G r o w t h  w a s  e s t im a te d  b y  m e a s u r in g  th e  e x t in c t io n  a t  562 m / c  

A t  a  s u it a b le  s ta g e  o f  g r o w th ,  b a c t e r ia  w e re  h a r v e s t e d  b y  c e n t r i f u g a t io n ,  w a s h e d  
w it h  0-9 %  (w /v )  N a C l  a n d  s u s p e n d e d  (1 g . b a c t e r i a / i-5 m l.  b u f f e r )  in  0-06 M - p h o s p h a te  

b u f f e r  ( p H  7-2) c o n t a in in g  1 m M - g lu t a t h io n e  ( r e d u c e d )  +  o -1 %  (w /v )  T r i t o n  X - 100. 

T h e  b a c t e r ia  w e re  d is r u p t e d  w i t h  a n  M S E  60 W  u l t r a s o n ic  d is in t e g r a t o r  f o r  

1-5 m in .  a t  le s s  t h a n  50, th e n  c e n t r i f u g e d  a t  34,000 g  f o r  90 m in .  a n d  th e  c le a r  s u p e r 

n a t a n t  f l u i d  u s e d  f o r  th e  e n z y m e  a s sa y s . E n z y m e s  w e re  a s s a y e d  s p e c t r o p h o t o m e t r ic a l ly  
a t  340 mg, a s  d e s c r ib e d  b y  B e r g m e y e r  ( 1965). A s s a y s  w e re  a ls o  m a d e  f o r  g lu t a m in e  

s y n th e ta s e  a n d  c a r b a m y l  p h o s p h a t e  s y n th e ta s e  b y  th e  m e th o d s  o f  W o o l f o l k ,  S h a p i r o  

&  S t a d tm a n  ( 1966) a n d  M e t z e n b e r g  e t al. ( 1957), r e s p e c t iv e ly .  S p e c i f ic  e n z y m e  a c t iv i t y
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w a s  e x p re s s e d  in  I n t e r n a t io n a l  U n it s / g .  p r o t e in  ( B e rg m e y e r ,  1965). P r o t e in  w a s  

a s s a y e d  b y  a  m o d i f ie d  b iu r e t  r e a c t io n  ( G o r n a l l ,  B a r d a w i l l  &  D a v id ,  1949).

N e t  s y n th e s is  o f  g lu t a m a t e  a n d  a s p a r t a te  w a s  s h o w n  b y  u s in g  14C - 2- o x o g lu t a r a t e  

(3-2 /¿c//iM) ( R a d io c h e m ic a l  C e n t r e ,  A m e r s h a m ,  B u c k in g h a m s h ir e ,  E n g la n d )  a s  d e 

s c r ib e d  b y  W e is s  ( 1967). G lu t a m a t e  a n d  a s p a r t a te  w e re  s e p a ra te d  b y  t h in - la y e r  c h r o m 

a t o g r a p h y  o n  c e l lu lo s e  w i t h  i s o p r o p a n o l  +  f o r m ic  a c id  +  w a te r  (40 +  2+ 10, b y  v o l . )  f o r  

3 h r .  A u t o r a d io g r a p h s  w e re  p r e p a r e d  w it h  K o d a k  I n d u s t r e x  X - r a y  F i lm .

T a b le  1. The effect o f  various nitrogen sources in the 
m edium  on en zym es in R hizobium  japon icum

E nzym e

G lu ta m a te A sp a rta te A lan in e  am in o -
N itro g en  source C one , (itim) dehydro g en ase  am in o -tran sfe rase tra n sfe ra se

Specific ac tiv ity  (I. un its/g . p ro te in )

k n o 3 7 -o 20*1 22-0 18-6
35-o 22*4 32-3 20*7
70-0 35'5 48-7 40-2

n h 4c i 14-0 15-3 40-8 28-1
(N H 4) 2S0 4 4 -o 193 30-6 26-4
N H „C 1 + 1 i 4 "0 l

2 -oxog lu ta ra te 1 2-51
96-8 230-5 142-2

L -G lu tam ate 3 -o 0-0 98-2 37-o
L -G lutam ine 3-o 12-0 27*2 7-2
L -O m ith ine 5-o 8-2 15-8 5-6
L-A lanine 9 -o 26-4 58-2 i*o
L -A sparta te 3-0 o-o O'O 22’4

RESULTS

T h e  a m o u n t s  o f  g lu t a m a t e  d e h y d r o g e n a s e ,  a s p a r t a te  a m in o t r a n s f e r a s e  a n d  a la n in e  

a m in o t r a n s f e r a s e  w e re  in f lu e n c e d  b y  th e  N - s o u r c e  ( T a b le  1). O n e  o f  th e  m o s t  in t e r 

e s t in g  f in d in g s  w a s  th e  r e la t iv e ly  h ig h  a m o u n t s  o f  e n z y m e  in  b a c t e r ia  g r o w n  w i t h  

N H 4C1 +  2- o x o g lu t a r a t e .  I n  c o n t r a s t ,  g lu t a m a t e  d e h y d r o g e n a s e  w a s  n o t  d e te c te d  in  

b a c t e r ia  g r o w n  w it h  g lu t a m a t e  o r  a s p a r ta te .  A s p a r t a t e  a m in o t r a n s f e r a s e  w a s  a b s e n t  

w h e n  th e  m e d iu m  c o n t a in e d  a s p a r t a te  a n d  a la n in e  a m in o t r a n s f e r a s e  a c t iv i t y  w a s  n o t  

d e te c te d  in  b a c t e r ia  g r o w n  w i t h  a la n in e .  F u r t h e r  m e a s u r e m e n ts  s h o w e d  t h a t  g lu t 
a m in e  s y n th e ta s e  a c t iv i t y  w a s  v e r y  lo w  in  b a c t e r ia  g r o w n  w i t h  K N 0 3 (7 m M ) o r  N H 4C1 

(0-014 m ) , b u t  w a s  in c r e a s e d  o v e r  i o o - f o ld  in  b a c t e r ia  g r o w n  w i t h  g lu t a m a t e  (3 m M ). 
C a r b a m y l  p h o s p h a te  s y n th e ta s e  a c t iv i t y ,  in  c o n t r a s t ,  w a s  r e la t iv e ly  h ig h  in  b a c t e r ia  

g r o w n  w i t h  n it r a t e ,  b u t  w a s  a b s e n t  f r o m  b a c t e r ia  g r o w n  w i t h  o r n i t h in e  (5 m M ) o r  

a la n in e  (9 m M ).
T o  d e t e rm in e  th e  m e c h a n is m  in v o lv e d  in  th e  r e g u la t io n  o f  g lu t a m a t e  d e h y d r o g e n a s e  

a n d  a s p a r t a te  a m in o t r a n s f e r a s e ,  b a c t e r ia  w e re  g r o w n  in  a  m e d iu m  c o n t a in in g  a s p a r t 

a te  (3 m M ) f o r  48 h r .  T h e  b a c t e r ia  w e re  h a r v e s t e d  u n d e r  s t e r i le  c o n d i t io n s ,  w a s h e d  w i t h  

s t e r i le  0-9 %  (w /v )  N a C l  a n d  in o c u la t e d  in t o  n e w  m e d iu m  c o n t a in in g  2- o x o g lu t a r a t e  

(2-5 m M ) +  N H 4C l  (0-014 m ), in  p la c e  o f  a s p a r ta te .  V a r io u s  c o n c e n t r a t io n s  o f  a c t in o -  
m y c in  D ,  p u r o m y c in  o r  c y c lo h e x im id e  w e re  a d d e d  t o  r e p l ic a t e  c u lt u r e s  in  th e  n e w  

m e d iu m ;  c o n t r o l  c u lt u r e s  c o n t a in e d  n o  a n t ib io t ic .  T h e  r e s u lt s  ( T a b le  2) s h o w e d  t h a t  

e n z y m e  in d u c t io n  w a s  in h ib i t e d  w h e n  e it h e r  a n t ib io t i c  w a s  in c lu d e d  in  th e  m e d iu m .



W it h  th e  e x c e p t io n  o f  a c t in o m y c in  D ,  w h ic h  in h ib i t e d  g r o w t h  b y  22%  a t  1 / ¿g ./m l. 

m e d iu m ,  th e re  w a s  n o  in h ib i t i o n  o f  g r o w t h  b y  p u r o m y c in ,  c y c lo h e x im id e  o r  a c t in o 

m y c in  D  a t  th e  c o n c e n t r a t io n s  g iv e n  in  T a b le  2. A l a n in e  a m in o - t r a n s f e r a s e  a c t iv i t y  

w a s  in v e s t ig a t e d  o n ly  w i t h  a c t in o m y c in  D ;  th e  r e s u lt s  w e re  v e r y  l i k e  th o s e  o b t a in e d  

f o r  th e  o t h e r  tw o  e n z y m e s .  O n  th e  b a s is  o f  th e se  r e s u lt s  w e  c o n c lu d e d  t h a t  a c t iv e  

p r o t e in  a n d  R N A  s y n th e s is  w e re  n e c e s s a r y  f o r  th e  in d u c t io n  o f  a l l  th re e  e n z y m e s  in  
R hizobium  japon icum .
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T a b le  2. E ffects o f  inhibitors o f  R N A  an d  p ro te in  synthesis  
on en zym e induction in R hizobium  japonicum

C o n c e n tra tio n G lu ta m a te A sp a rta te
In h ib ito r O g ./m l.) d ehydrogenase am in o tran sfe ra se

E nzym e activ ity : %  o f  co n tro l
(w ith o u t an tib io tic )

ro -io 83-6 98-7
0-25 61-4 70-3

A ctin o m y cin  D { 0-50 43-2 58-5
0 7 5 o-o 3 1 0

' r o 0-0 o-o

/ 1-oo 91-5 102-2
P u ro m y c in j  2-00 4 9 -o 21*7

U *5o o-o 0*0
i r o o 20-8 97-8

C yclohex im ide 1 2*00 0-0 73-6
j 3*oo 0-0 27-3
\ 5*00 o-o 0*0

DISCUSSION

T h e  r e s u lt s  s h o w  t h a t  e n z y m e s  p r o b a b ly  a c t iv e  in  th e  a s s im i la t io n  o f  a m m o n ia  in  

s o y b e a n  n o d u le s ,  w e re  in f lu e n c e d  t o  a  c o n s id e r a b le  d e g re e  in  R hizobium  japon icum  b y  

th e  N - s o u r c e  i n  th e  g r o w t h  m e d iu m .  A s  r e g a rd s  a s s im i la t io n  o f  f ix e d  n i t r o g e n  b y  

le g u m e  n o d u le s  i t  w a s  in t e r e s t in g  t h a t  g lu t a m a t e  d e h y d ro g e n a s e ,  a s p a r t a te  a m in o 

t r a n s fe r a s e  a n d  a la n in e  a m in o t r a n s f e r a s e  w e re  in d u c e d  i n  c u lt u r e s  o f  R . japon icum  b y  

N H 4C1  +  2- o x o g lu t a r a t e .  A m m o n ia  is  th e  f i r s t  s t a b le  in t e rm e d ia t e  f o r m e d  in  s o y b e a n  

b a c t e r o id s  d u r in g  n i t r o g e n  f ix a t io n  ( B e rg e r s e n ,  1965) a n d  2- o x o g lu t a r a t e  w o u ld  p r o b 

a b ly  b e  s u p p l ie d  b y  th e  h o s t  le g u m e  s in c e  v e r y  l i t t l e  is o c i t r a t e  d e h y d r o g e n a s e  a c t iv i t y  

w a s  d e te c te d  in  th e  b a c t e r o id s  in  o u r  e x p e r im e n t s .  I t  s e e m s  t h a t  in  b a c t e r o id s  o f  s o y 

b e a n  n o d u le s ,  g lu t a m a t e ,  a s p a r t a te  a n d  a la n in e  a re  im p o r t a n t  in t e rm e d ia t e s  in  th e  

a s s im i la t io n  o f  f ix e d  n it r o g e n .

T h i s  w o r k  w a s  s u p p o r t e d  b y  a  r e s e a r c h  g r a n t  f r o m  A n  F o r a s  T a lu n t a is  ( T h e  A g r i 
c u l t u r a l  I n s t it u t e ) .  O n e  o f  u s  ( P . M . )  t h a n k s  th e  D e p a r t m e n t  o f  E d u c a t io n  ( D u b l in )  

f o r  a  r e s e a r c h  s c h o la r s h ip .  W e  a r e  g r a t e fu l  t o  D r  H .  J .  R o b in s o n  ( M e r c k  &  C o .  I n c . ,  

N e w  J e r s e y ,  U . S . A . )  f o r  a  g i f t  o f  a c t in o m y c in  D .
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The Fatty Acid
Composition of Sporangiospores and Vegetative Mycelium of 

Temperature-adapted Fungi in the Order Mucorales

B y  J .  L .  S U M N E R *  a n d  E .  D .  M O R G A N

B io logy an d  C h em istry  D epartm en ts, U niversity o f  K eele , S taffordsh ire , S T 5 5 B G

(.A ccep ted  f o r  pu blica tion  2 7  A u gu st 19 6 9 )

SUMMARY

T h e  l i p i d  c o n t e n t  a n d  f a t t y  a c id  c o m p o s i t io n  o f  s p o r a n g io s p o r e s  a n d  
v e g e ta t iv e  m y c e l iu m  o f  m e s o p h i l ic ,  t h e r m o t o le r a n t  a n d  t h e r m o p h i l i c  f u n g i  
i n  th e  M u c o r a le s  w e re  e x a m in e d .  I n  e a c h  f u n g u s  th e  s p o re s  c o n t a in e d  le s s  
l i p i d  t h a n  th e  v e g e ta t iv e  m y c e l iu m .  T h e  m e s o p h i le s  a c c u m u la t e d  le s s  l i p i d  
i n  s p o r e s  a n d  m y c e l iu m  t h a n  d id  t h e r m o t o le r a n t s  a n d  t h e rm o p h i le s .  N o  
u n u s u a l  f a t t y  a c id s  w e re  d e te c te d  b y  g a s - l iq u id  c h r o m a t o g r a p h y  i n  th e  l i p id s  
o f  s p o re s  o r  m y c e l iu m .  T h e  f a t t y  a c id  c o m p o s i t io n s  o f  s p o re s  a n d  v e g e ta t iv e  
m y c e l iu m  w e re  q u a l i t a t iv e ly  v e r y  s im i la r ,  b u t  s p o r e  l i p id s  w e re  a lw a y s  m o r e  
h ig h ly  s a tu r a t e d  t h a n  m y c e l ia l  l ip id s .  L o w e r in g  g r o w t h  t e m p e r a tu r e  f r o m  48 
t o  250 in c r e a s e d  th e  s y n th e s is  o f  u n s a t u r a t e d  f a t t y  a c id s  in  th e  s p o re s  a n d  
th e  m y c e l iu m  o f  th e  t h e r m o t o le r a n t  a n d  t h e r m o p h i l i c  f u n g i  e x a m in e d .

INTRODUCTION

T h e r e  h a v e  b e e n  s e v e ra l in v e s t ig a t io n s  o f  th e  f a t t y  a c id  c o m p o s i t io n  o f  th e  l i p id s  o f  

f u n g a l  s p o re s ,  i n  a  n u m b e r  o f  w h ic h  a  s ig n i f ic a n t  p r o p o r t io n  o f  th e  s p o r e  l i p i d  h a s  

b e e n  s h o w n  t o  c o m p r is e  ‘ u n u s u a l ’ f a t t y  a c id s .  I n  th e  o r d e r  U r e d in a le s  ( ru s ts )  cis-9, 

io - e p o x y o c t a d e c a n o ic  a c id  f o r m e d  u p  t o  40%  o f  th e  s p o r e  o i l  ( T u l lo c h ,  C r a ig  &  

L e d in g h a m ,  1959; T u l l o c h  &  L e d in g h a m ,  1962). I n  th e  o r d e r  E r y s ip h a le s  ( p o w d e r y  

m i ld e w s )  th e  s p o r e  l i p i d  o f  Sphaerotheca humuli w a s  s h o w n  t o  c o n t a in  42 %  b e h e n ic  

a c id ,  w h ic h  is  r a r e ly  f o u n d  i n  f u n g a l  l i p id s  a n d  t h e n  o n ly  i n  t r a c e  q u a n t i t ie s ,  w h i le  i n  

E rysiphe gram in is  t h e  s p o r e  o i l  c o n t a in e d  45 %  o f  a n  u n id e n t i f ie d  f a t t y  a c id ,  t h o u g h t  

t o  h a v e  a  b r a n c h e d  c h a in ,  o r  c y c l i c  s y s te m  ( T u l lo c h  &  L e d in g h a m ,  i 960). S c le r o t ia  o f  

C laviceps pu rpurea  c o n t a in e d  34%  r i c in o le i c  a c id  ( 12- h y d r o x y s t e a r ic  a c id )  b u t  t h is  

a c id  c o u ld  n o t  b e  d e m o n s t r a t e d  i n  o t h e r  m e m b e r s  o f  th e  H y p o c r e a le s  ( S h a w ,  1965).

L i n o l e i c  a c id  h a s  b e e n  f o u n d  a s  a  m a jo r  c o m p o n e n t  o f  th e  l i p id s  o f  s p o re s  o f  w id e ly  

d i f f e r e n t  g r o u p s  o f  f u n g i .  I t  c o m p r is e d  a s  m u c h  a s  60%  o f  th e  t o t a l  f a t t y  a c id s  o f  

s c le r o t ia  o f  Sclero tium  ro lfsii ( H o w e l l  &  F e r g u s ,  1964)  a n d  65 %  o f  th e  s p o r e  f a t t y  a c id s  

o f  P enicillium  atrovenetum  ( V a n  E t t e n  &  G o t t l i e b ,  1965). I n  th e  f r u i t in g  b o d ie s  o f  
s o m e  B a s id io m y c e t e s  i t  a c c o u n t e d  f o r  o v e r  70%  o f  th e  t o t a l  f a t t y  a c id s  ( H u g h e s ,  1962; 

B e n t le y ,  L a v a t e  &  S w e e le y ,  1964; S h a w ,  1966« ), w h i le  s p o r e  l i p i d  o f  th e  s m u t  T illetia  
oetens  c o n t a in e d  63%  o f  i t  ( T u l lo c h  &  L e d in g h a m ,  i 960).

T h e  c la s s  P h y c o m y c e t e s  is  c o n s p ic u o u s ly  a b s e n t  f r o m  th e  g r o u p s  s o  f a r  e x a m in e d .  

T h e  f a t t y  a c id  c o m p o s i t io n  o f  th e  s p o re s  o f  p h y c o m y c e t e  f u n g i  w a s  t h e r e fo r e  e x a m in e d

* P re sen t a d d re ss : D e p a r tm e n t o f  F o o d  Science, U n iv e rsity  o f  A lb e r ta , E d m o n to n , A lb e r ta , 
C a n a d a .
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f i r s t ly  t o  d e t e rm in e  w h e th e r  i t  w a s  s im i la r  t o  t h a t  o f  r e la t e d  m y c le iu m ,  a n d  s e c o n d ly  t o  

d e t e rm in e  w h e th e r  s p o r e  l i p id s  w e re  in f lu e n c e d  b y  th e  in c u b a t io n  t e m p e r a tu r e  in  th e  

s a m e  w a y  a s  w e re  m y c e l ia l  l ip id s .  T h e r e  is  a b u n d a n t  e x p e r im e n t a l  e v id e n c e  t h a t  m ic r o 

o r g a n is m s ,  in  c o m m o n  w i t h  o th e r  p o ik i lo t h e r m s ,  s y n th e s iz e  in c r e a s e d  p r o p o r t io n s  

o f  u n s a t u r a t e d  f a t t y  a c id s ,  a t  th e  e x p e n s e  o f  s a tu r a t e d  f a t t y  a c id s ,  a s  th e  in c u b a t io n  

t e m p e r a tu r e  is  lo w e r e d  (see  K a t e s ,  1964, 1966; a n d  F a r r e l l  &  R o s e ,  19670, b \  f o r  

re v ie w s ) .  C u r io u s ly ,  L o n g  &  W i l l i a m s  ( i 960) f o u n d  t h a t  th e  s p o r e  l i p id s  o f  th e  t h e r m o -  

p h i le  Bacillus stearotherm ophilus  b e c a m e  m o r e  u n s a t u r a t e d  a s  th e  t e m p e r a t u r e  w a s  
r a is e d .

A  n u m b e r  o f  m e s o p h i l ic ,  t h e r m o t o le r a n t  a n d  t h e r m o p h i l i c  f u n g i  i n  th e  o r d e r  

M u c o r a le s  w e re  t h e r e fo r e  g r o w n  a t  d i f f e r e n t  t e m p e r a tu re s ,  a n d  th e  l i p i d  c o n t e n t  a n d  

f a t t y  a c id  c o m p o s i t io n  o f  s p o r a n g io s p o r e s  a n d  m y c e l iu m  d e t e rm in e d .  T h e  d e f in i t io n  

o f  C o o n e y  &  E m e r s o n  ( 1964) t h a t  a  t h e r m o p h i l i c  f u n g u s  h a s  a  m a x im u m  t e m p e r a t u r e  

f o r  g r o w t h  a t  o r  a b o v e  50° a n d  a  m in im u m  t e m p e r a tu r e  f o r  g r o w t h  a t  o r  a b o v e  20°, 

w a s  u s e d  t o  d is t in g u is h  t h e r m o p h i l i c  f r o m  t h e r m o t o le r a n t  f u n g i,  th e  la t t e r  h a v in g  a  

m in im u m  g r o w t h  t e m p e r a tu r e  b e lo w  20°.

METHODS

O rganism s. T h e  m e s o p h i l ic  f u n g i  u s e d  in  t h is  in v e s t ig a t io n  w e re  o b t a in e d  f r o m  th e  

C o m m o n w e a l t h  M y c o lo g i c a l  I n s t i t u t e ,  K e w ,  E n g la n d .  T h e y  w e re :  M u cor m ucedo  
A u c t .  (imi 103731), M . racem osus  F r e s e n .  (imi 103730), M . ram anniaaus M o l l e r .  

(imi 35044a )  a n d  M .h ie m a lis  ( +  ) W e h m .  (imi  21216). T h e  t h e r m o t o le r a n t  a n d  

t h e r m o p h i l i c  f u n g i  w e re  o b t a in e d  f r o m  D r  H .  C .  E v a n s ,  B io lo g y  D e p a r t m e n t ,  U n i 

v e r s i t y  o f  K e e le .  T h e y  w e re :  R hizopus  sp . ( t h e r m o t o le r a n t ) ,  M u cor m iehei a n d  M .  
pusillus  ( t h e r m o p h i l ic ) .

C om position  o f  m edia , inoculation an d incubation

T h e  c u l t u r e  m e d iu m  h a d  th e  f o l l o w in g  c o m p o s i t io n  ( p e r  l i t r e  d e io n iz e d  w a te r ) :  

K H 2P 0 4 1 g, M g S 0 4.7 H aO  0-5 g , g lu c o s e  20 g , a m m o n iu m  s u lp h a t e  1-2 g , s o d iu m  

s u c c in a t e  5 g , y e a s t  e x t r a c t  5 g . I t s  p H  w a s  a d ju s t e d  t o  6-5 p r i o r  t o  a u to c la v in g .  

T w e n t y  m l.  m e d iu m  w a s  d is p e n s e d  in t o  100 m l.  E r le n m e y e r  f la s k s ,  a n d  i n  50 m l.  

m e d iu m  c o n t a in in g  2 %  a g a r  in t o  8 o z .  f la t  m e d ic in e  b o t t le s .  I n o c u la  w e re  g r o w n  o n  

a g a r  s lo p e s  f o r  I 4d a y s ,  m e s o p h i le s  a t  25° a n d  t h e r m o to le r a n t s  a n d  t h e r m o p h i le s  a t  48°.

T w o  ty p e s  o f  c u lt u r e s  w e re  g r o w n ,  ‘ m y c e l i a l ’ a n d  ‘ s p o r e ’ . ‘ M y c e l i a l ’ c u lt u r e s  w e re  

g r o w n  b y  in o c u la t in g  e a c h  100 m l.  E r le n m e y e r  f la s k  w i t h  1 m l.  s p o r e  s u s p e n s io n  a n d  
in c u b a t in g  i n  s t i l l  c u l t u r e  f o r  14 d a y s .  P r e l im in a r y  e x p e r im e n t s  h a d  s h o w n  t h a t  u n d e r  

th e s e  c o n d i t io n s  s p o r u la t io n  w a s  p a r t i c u la r l y  s p a r s e , s p o re s  f o r m in g  le s s  t h a n  o - i  %  o f  

th e  d r y  w e ig h t  o f  th e  c u lt u r e .  ‘ S p o r e ’ c u lt u r e s  w e re  g r o w n  b y  in o c u la t in g  e a c h  f la t  
m e d ic in e  b o t t le  w i t h  a  s m a l l  in o c u lu m  t r a n s f e r r e d  b y  s t e r i le  w ir e .

A l l  c u lt u r e s  w e re  in c u b a te d  a t  th e  s p e c if ie d  t e m p e r a tu r e s  f o r  14 d a y s  a n d  th e n  

h a r v e s te d .  M y c e l i a l  m a t s  w e re  r e m o v e d  f r o m  s ix  r e p l ic a t e  E r le n m e y e r  f la s k s ,  w a s h e d  

w i t h  d e io n iz e d  w a te r ,  f i l t e r e d  o n  a  s in te r e d  g la s s  d is c ,  d r ie d  o v e r n ig h t  a t  8o°  a n d  u s e d  a s  

a  c o m b in e d  s a m p le .  S p o r e s  w e re  r e m o v e d  f r o m  th e  s u r f a c e  o f  th e  a g a r  s lo p e s  b y  

l i g h t l y  s c r a p in g  t h e m  w i t h  a  s p a t u la  in t o  d e io n iz e d  w a te r .  S p o r e  s u s p e n s io n s  f r o m  a  

n u m b e r  o f  r e p l ic a t e  f la t  m e d ic in e  b o t t le s  ( u s u a l ly  25)  w e re  p o o le d ,  f i l t e r e d  t h r o u g h  
t h re e  la y e r s  o f  c h e e s e c lo th  a n d  c e n t r i f u g e d .  T h e  s p o r e  p e l le t  w a s  d r ie d  o v e r n ig h t  a t  8o°.
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E xtraction  and saponification  o f  the fu n ga l lip id

D r ie d  s p o re s  a n d  m y c e l ia  w e re  e a c h  q u ic k ly  p o w d e r e d  in  a  s m a l l  g r in d e r  a n d  th e  

l i p i d  e x t r a c t e d  f o r  8 h r  in  a  S o x h le t  a p p a r a t u s  w it h  b e n z e n e  a n d  e t h a n o l (594 +  297 v / v )  

( S h a w ,  1965). T h e  a m o u n t  o f  l i p i d  in  e a c h  s a m p le  w a s  c a lc u la t e d  b y  s u b t r a c t in g  th e  

w e ig h t s  o f  m a t e r ia l  b e f o r e  a n d  a f t e r  e x t r a c t io n .  T h e  l i p i d  w a s  s a p o n if ie d  b y  r e f lu x in g  

w it h  o -6 M - e t h a n o l ic  K O H  f o r  1 h r .

F a tty  ac id  analysis
T h e  m ix t u r e  o f  f a t t y  a c id s  w a s  m e th y la t e d  w i t h  B F3/ m e th a n o l r e a g e n t  a n d  a n a ly s e d  

b y  g a s - l i q u id  c h r o m a t o g r a p h y .  A  9" x g la s s  c o lu m n  o f  d ie t h y le n e g ly c o ls u c c in a t e  

(5% ) o n  c h r o m o s o r b  G (100 t o  120 m e s h )  w a s  u s e d  in  a  P y e  M o d e l  64 g a s  c h r o m a t o 

g r a p h .  T h e  o p e r a t in g  t e m p e r a tu r e  w a s  175° a n d  th e  n i t r o g e n  c a r r ie r  g a s  f lo w  40 m l. /  

m in .  T h e  f a t t y  a c id  m e th y l  e s te rs  w e re  t e n t a t iv e ly  id e n t i f ie d  b y  c o m p a r is o n  o f  r e t e n t io n  

t im e s  w i t h  t h o s e  o f  a u t h e n t ic  s t a n d a rd s .  S t a n d a r d  f a t t y  a c id  m e th y l  e s te rs  w e re  

o b t a in e d  f r o m  F l u k a  A . G . ,  B u c k s ,  S w it z e r la n d  a n d  in c lu d e d  m e t h y l  e s te rs  o f  C  12 t o  

C  20 s a t u r a t e d  a c id s ,  a s  w e l l  a s  th e  m e t h y l  e s te rs  o f  p a lm it o le ic ,  o le ic ,  l i n o le i c  a n d  

a - l in o le n i c  a c id .  F a t t y  a c id  e s te rs  w e re  id e n t i f ie d  c o m p le t e ly  b y  c o m b in e d  m a s s  sp e c 

t r o m e t r y  a n d  g a s - l i q u id  c h r o m a t o g r a p h y .  T h e  p e r c e n ta g e s  o f  f a t t y  a c id  m e th y l  e s te rs  

w e re  c a lc u la t e d  f r o m  th e  p e a k  a re a s .

RESULTS

L ip id  con tent o f  spores an d  m ycelium

I n  a l l  th e  s p e c ie s  e x a m in e d  th e  l i p i d  c o n t e n t  o f  th e  s p o re s  f r o m  ‘ s p o r e  ’ c u lt u r e s  w a s  

lo w e r  t h a n  t h a t  o f  m y c e l iu m  f r o m  ‘ m y c e l ia l  ’ c u lt u r e s .  A l s o  th e  l i p i d  c o n t e n t s  o f  s p o re s  

a n d  m y c e l iu m  o f  m e s o p h i l ic  f u n g i  w e re  lo w e r  t h a n  th o s e  o f  t h e r m o t o le r a n t  a n d  t h e r m o 

p h i l i c  f u n g i .  T h e s e  r e s u lt s  a r e  s u m m a r iz e d  in  T a b le s  1 a n d  2.

T a b le  1. L ip id  con tent o f  spores an d  m ycelium  o f  m esophilic  
fu n g i grow n a t  25°

S pores a n d  m ycelium  w ere h a rv ested  fro m  ag ar-slo p e  cu ltu res a n d  s ta tio n a ry  liqu id  
cu ltu res, respectively , a f te r  14 days g row th . T h ey  w ere d ried  a n d  w eighed, a n d  th e  lip id  
ex trac ted  in  a  Soxhlet a p p a ra tu s . T h e  a m o u n t o f  lip id  p re sen t w as ca lcu la ted  b y  w eighing 
each  sam ple  befo re  an d  a fte r  ex trac tio n .

F u n g a l phase L ip id  co n ten t
exam ined (%  o f  dry

O rgan ism (spores o r  m ycelium ) w eight)

M . m u ced o Spores 3'7
M ycelium 12-0

M . ra m a n n ia n u s Spores 7-6
M ycelium I 5 '2

M . ra c em o su s Spores 4 'i
M ycelium 9-8

M . h iem a lis Spores 8-4
M ycelium 18 1

F a tty  a c id  com position  o f  spores an d  m ycelium  

N o  u n u s u a l  f a t t y  a c id s  w e re  f o u n d  i n  th e  l i p id s  o f  s p o re s  o f  a n y  o f  th e  s p e c ie s  

e x a m in e d .  S e v e n  f a t t y  a c id s  o c c u r r e d  i n  m e a s u r a b le  a m o u n t s :  m y r is t ic ,  p a lm i t i c ,  

p a lm i t o le ic .  s t e a r ic ,  o le ic ,  l i n o le i c  a n d  l in o le n i c  a c id s ; a - l in o le n ic  a c id  w a s  a b s e n t .  T h e

15 M I C  5 9
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t r i p l y  u n s a t u r a t e d  C  18 a c id  w a s  id e n t i f ie d  a s  y - l i n o le n i c  a c id .  T h i s  a g re e s  w i t h  p r e 

v io u s  r e p o r t s  t h a t  o n ly  th e  y - i s o m e r  is  p r e s e n t  i n  p h y c o m y c e t e  f u n g i  ( B e r n h a r d  &  

A lb r e c h t ,  1948; S h a w ,  1965, 1966a , b ; W h i t e  &  P o w e l l ,  1966; T y r r e l l ,  1967 a n d  

S u m n e r ,  M o r g a n  &  E v a n s ,  1969). T h e s e  r e s u lt s  a r e  s u m m a r iz e d  in  T a b le s  3 a n d  4.

T h e  f a t t y  a c id s  o f  s p o r e  a n d  m y c e l ia l  l i p i d s  w e re  v e r y  s im i la r  b o t h  q u a l i t a t iv e ly  a n d  

q u a n t i t a t iv e ly ,  b u t  in  e a c h  s p e c ie s  th e  s p o r e  l i p id s  w e re  m o r e  s a tu r a t e d  t h a n  r e la te d  

m y c e l ia l  l ip id s .  I n  th e s e  re s p e c ts  th e  l i p id s  o f  th e s e  m u c o r a c e o u s  f u n g i  a r e  s im i la r  t o  

t h o s e  o f  P ith om yces chartarum  ( d e m a t ia c e o u s  im p e r f e c t  f u n g u s )  ( H a r t m a n ,  H a w k e ,  

M o r i c e  &  S h o r la n d ,  i 960; H a r t m a n ,  M o r i c e  &  S h o r la n d ,  1962) in  w h ic h  t h e  s p o r e  

l i p id s  c lo s e ly  r e s e m b le  th e  m y c e l ia l  l i p id s  t h o u g h  t h e y  a r e  m o r e  s a tu ra te d .

T a b le  2. The effect o f  incubation tem perature on the lip id  con tent o f  spores  
an d  m ycelium  o f  iherm oto leran t an d  therm ophilic fu n g i

S p o re  a n d  m ycelial cu ltu re s  w ere  h a rv ested  a f te r  14 d ay s g ro w th  a t  e ith er 25 o r  48°. A fte r  
d ry in g  a n d  w eighing, th e  lip id  w as ex trac ted  in  a  S oxhlet a p p a ra tu s . T h e  lip id  co n ten t o f  each  
sam ple  w as ca lcu la ted  by  w eighing it  b e fo re  a n d  a f te r  ex trac tio n .

F u n g a l p hase L ip id  co n ten t
T em p era tu re  o f exam ined (%  o f  d ry

O rgan ism * in c u b a tio n  (°) (spo res o r  m ycelium ) w eight)

R h iz o p u s  sp . 25 Spores 16-1
M ycelium 2 5 7

48 Spores 10-4
M ycelium 11 -6

M . m ie h e i 25 Spores 19-4
M ycelium 2 4 7

48 Spores 11 3
M ycelium 11-9

M . p u s illu s 25 S pores 19-3
M ycelium 26-2

48 S pores l 6 l
M ycelium 2 3 I

T a b le  3. F a tty  ac id  com position  o f  spores an d  m ycelium  o f  
m esophilic fu n g i grow n a t  250

T h e  lip id  o f  sp o re  a n d  m ycelial cu ltu re s w as saponified , esterified  a n d  an a ly sed  b y  gas- 
l iq u id  ch ro m a to g ra p h y . T h e  p ercen tag e  o f  e ach  fa tty  ac id  w as ca lcu la ted  f ro m  th e  p e a k  area . 
T h e  degree o f  u n sa tu ra tio n  o f  th e  lip id  w as ca lcu la ted  in  te rm s o f  th e  n u m b e r  o f  d o u b le  
b o n d s /m o ’e  f ro m  th e  fo rm u la :

A /m o le  =  r o x ( %  m o n o e n e s )! i o o + 2 - o x ( %  d ien es)/1 0 0 +  3 -0 x ( %  tr ie n es)/io o .

F u n g a l p h ase  F a t ty  acids

O rgan ism
(spores o r  
m ycelium )

(

14:0* 16 :0 l6 :  I 18:0 18:1 18:2 1 8 :3 '
D egree  o f  

u n sa tu ra tio n

M . m u ced o Spores 2'5 21-3 3 '5 12-6 27*2 21*0 12*0 i-o8
M ycelium o-8 12*0 3-1 9'3 26-1 25-3 20*2 1*40

M . ram annicm us Spores 4 -i 1 8 7 3-4 5'5 31-2 14-1 20*9 1-25
M ycelium 1*6 18-5 2-6 4 '4 28-0 13-5 30-9 1-50

M . ra cem o su s Spores 4 9 21-8 3-8 9-1 31-4 14-9 14-1 P 07
M ycelium 2 7 16-9 2 '9 4-6 36-5 16-6 19-4 1-28

M . h iem a lis S pores 2-0 1 5 0 2*1 171 28-0 I 7 '9 i8-o 1*20
M ycelium 2-4 14-8 3-i 9 7 32-6 i8-8 19*2 1*29

* T h e  n u m b e r  o f  c a rb o n  a to m s : th e  n u m b e r  o f  d o u b le  b o n d s  p e r  m olecu le .



T h e  s p o r e  l i p i d s  w e re  in f lu e n c e d  b y  in c u b a t io n  t e m p e r a t u r e  i n  t h e  s a m e  w a y  a s  

m y c e l ia l  l ip id s ,  b e in g  m o r e  u n s a t u r a t e d  w h e n  th e  f u n g u s  h a d  b e e n  g r o w n  a t  a  lo w e r  

t e m p e r a tu r e .  T h e  s o r t s  a n d  p r o p o r t io n s  o f  f a t t y  a c id s  i n  s p o r e  l i p id s  o f  m e s o p h i le s ,  

t h e r m o t o le r a n t s ,  a n d  t h e r m o p h i le s  w e re  e s s e n t ia l ly  th e  s a m e  a s  th o s e  i n  th e  m y c e l ia l  

l i p i d s ;  th e  l i p id s  o f  m e s o p h i le s  c o n t a in e d  g r e a t e r  p r o p o r t io n s  o f  th e  p o ly u n s a t u r a t e d  

a c id s  ( l in o le ic  a n d  l in o le n i c  a c id )  a n d  lo w e r  p r o p o r t io n s  o f  o le ic  a c id ,  c o m p a r e d  w i t h  

l i p i d s  o f  t h e r m o t o le r a n t s  a n d  t h e rm o p h i le s .

T a b le  4. E ffect o f  tem perature on the f a t t y  a c id  com position  o f  spores  
an d  m ycelium  o f  therm oto leran t an d  therm ophilic fu n g i

The lipid extracted from spore and mycelial cultures grown at 25 or 48D was saponified, 
esterified and analysed by gas-liquid chromatography. The percentage o f each fatty acid 
was calculated from the peak area. The degree o f unsaturation o f the lipid was calculated in 
terms o f the number o f double bonds/mole:

A /m ole =  i-o x  (% m on oen es)/ioo+2-ox  (% d ien es)/io o + 3-ox (% trienes)/ioo.

F a tty  acid  com position o f  fu n g i  21 9

Tempera
ture o f Fungal phase Fatty acids Degree

incub a tio n (spo res o r f—----- ----K.--- ------- 3 o f  u n -
O rg an ism 0 m ycelium ) 14 :0* 16 :0 l6 :  I 18 :0 18:1 18:2 18:3 sa tu ra tio n

Rhizopus sp . 25 Spores 6*0 27-3 2-9 12*1 28-8 io-6 12*1 0-89
M ycelium 1-4 20-6 2-3 5-2 30-0 28-6 11*9 1*22

48 S pores 5 '8 22-6 2*8 13-8 40-1 11*0 4 '0 0-77
M ycelium T race 23'3 3-o 18-6 34’9 21-8 5-1 0-94

M. miehei 25 S pores 5-6 24 '4 3-1 n -3 32-6 I3 -I 9 ‘3 o-88
M ycelium 1*6 22-8 3-0 4 '7 47 '8 15-8 4-1 o -95

48 S pores 4 -o 26-3 4-8 9 9 4 4 -o 5 '9 4 ’4 0*72
M ycelium 1-8 27 '7 3 '0 6-3 48-0 io*3 2*0 0-76

M. pusittus 25 S pores r o 25-4 3-o 4-8 42*2 19*0 4-5 0-97
M ycelium 1*2 23'9 3-o 5-6 39‘7 20*2 6-3 1*02

48 S pores 1-3 28-6 2-9 7-1 39 '4 17*2 3-4 0-87
M ycelium 1-5 26-3 3-1 4'3 42-1 19*2 3-6 0-93

* See footnote to Table 3.

DISCUSSION

T h e  f a t t y  a c id  c o m p o s i t io n s  o f  th e  s p o re s  a n d  v e g e ta t iv e  m y c e l iu m  o f  e a c h  o r g a n is m  

te s te d  w e re  s im i la r .  H o w e v e r ,  th e  f a c t  t h a t  i n  e a c h  s p e c ie s  th e  s p o re s  c o n t a in e d  l i p i d  in  

lo w e r  c o n c e n t r a t io n  b u t  o f  a  m o r e  h ig h ly s a t u r a t e d  n a tu r e  t h a n  i n  th e  m y c e l iu m  a p p e a r s  

t o  in d ic a t e  a  m o d i f i c a t io n  o f  th e  f a t t y  a c id  s y n t h e s iz in g  a n d  f a t t y  a c id  d e s a t u r a t in g  

s y s te m s  o f  s p o r o g e n o u s  m y c e l iu m .  B o t h  e n z y m e  s y s te m s  h a v e  c o f a c t o r  r e q u ir e m e n t s  

f o r  a c e t y lc o e n z y m e  A  ( a c e t y l  C o A ) ,  a c y l  c a r r ie r  p r o t e in  ( A C P )  a n d  th e  r e d u c e d  f o r m s  

o f  n ic o t in a m id e  a d e n in e  d in u c le o t id e  ( N A D H 2)  o r  n ic o t in a m id e  a d e n in e  d in u c le o t id e  
p h o s p h a t e  ( N A D P H 2). H o w e v e r ,  t h e  d e s a t u r a t in g  e n z y m e s  (d e s a tu ra s e s )  s p e c i f ic a l ly  

r e q u ir e  o x y g e n ,  w h i le  t h e  s y n t h e s iz in g  e n z y m e s  ( s a tu ra s e s )  r e q u ir e  c a r b o n  d io x id e  

( M u d d  &  S t u m p f ,  1961; J a m e s ,  1963; S t u m p f  &  J a m e s ,  1963; N a g a i  &  B lo c h ,  1966).

A  c o r r e la t io n  b e tw e e n  th e  n e e d  f o r  m o le c u la r  o x y g e n  in  th e  d e s a t u r a t io n  r e a c t io n  

a n d  th e  lo w  d is s o lv e d  o x y g e n  t e n s io n s  a t  h ig h  t e m p e r a tu r e s  h a s  b e e n  u s e d  t o  e x p la in  
t h e  in c r e a s e d  s y n th e s is  o f  h ig h ly  s a tu r a t e d  l i p id s  i n  re s p o n s e  t o  in c r e a s e s  i n  t e m p e r a tu r e  
( B lo o m f ie ld  &  B lo c h  i 960; M e y e r  &  B lo c h ,  1963; H a r r i s  &  J a m e s ,  1969) . I n  th e  

p r e s e n t  c o n t e x t  t h is  e x p la n a t io n  s e e m s  p e r f e c t ly  a c c e p t a b le  w h e n  c o n s id e r in g  t h e  l i p i d

15-2
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c o m p o s i t io n  o f  c u lt u r e s  g r o w n  a t  a  h ig h  a n d  a  lo w  t e m p e r a t u r e ; in d e e d ,  p r e l im in a r y  

e x p e r im e n t s  h a v e  s h o w n  t h a t  c u lt u r e s  o f  M u cor pusillu s  g r o w n  a t  48° b e c o m e  o x y g e n  

d e f ic ie n t ,  w h i le  th o s e  a t  25° d o  n o t .  H o w e v e r ,  i t  d o e s  n o t  e x p la in  w h y  s p o r e  l i p id s  a re  

m o r e  s a tu r a t e d  t h a n  m y c e l ia l  l ip id s ,  e v e n  w h e n  ‘ s p o r e ’ a n d  ‘ m y c e l i a l ’  c u lt u r e s  a r e  

g r o w n  a t  th e  s a m e  te m p e r a tu re .

A  n u m b e r  o f  s tu d ie s  o n  th e  b io c h e m ic a l  a s p e c ts  o f  f u n g a l  m o r p h o g e n e s is  h a v e  

in d ic a t e d  t h a t  r e s p i r a t o r y  c h a n g e s  a r e  a s s o c ia te d  w i t h  s p o r e  p r o d u c t io n ;  in c r e a s e d  

s p o r e  p r o d u c t io n  in  M u cor h iem alis  a n d  P h ycom yces blakesleeanus h a s  b e e n  c o r r e 

la t e d  w it h  a  r e d u c t io n  in  th e  r e s p i r a t io n  r a t e  o f  s p o r o g e n o u s  m y c e l iu m  ( H a w k e r  &  

H e p d e n ,  1962) , w h i le  in  m i t o c h o n d r ia  o f  s p o r o g e n o u s  m y c e l iu m  o f  N eurospora  crassa  
th e re  is  a c t iv a t io n  o f  th e  e n z y m e s  o f  th e  g ly o x y la t e  c y c le ,  a n d  c o r r e s p o n d in g  

d e c re a s e  in  a c t i v i t y  o f  e n z y m e s  o f  th e  K r e b s  c y c le  ( T u r ia n ,  i 960; W e is s  &  T u r ia n ,

1966). A l s o  in c r e a s e d  a c t iv i t y  o f  p r o t e in a s e  a n d  n u c le a s e  e n z y m e s  h a s  b e e n  d e m o n 

s t r a te d  in  s p o r e - p r o d u c in g  m y c e l iu m  o f  Penicillium  griseofulvum  ( M o r t o n ,  D ic k e r s o n  

&  E n g la n d ,  i 960). A c c u m u la t io n  o f  o n ly  s m a l l  c o n c e n t r a t io n s  o f  l i p id ,  b u t  o f  a  h ig h ly  
s a tu r a t e d  n a tu r e ,  m a y  th e r e fo r e  b e  c a u s e d  b y  a  r e d u c t io n  in  th e  a c t iv i t ie s  o f  s y n th e ta s e  

a n d  d e s a tu ra s e  e n z y m e s  r e s u lt in g  f r o m  a  c h e c k  i n  th e  r e s p i r a t io n  r a t e  o f  s p o r o g e n o u s  

m y c e l iu m .  A  d e p r e s s io n  o f  r e s p i r a t o r y  r a t e  w o u ld  e f f e c t iv e ly  r e d u c e  th e  le v e l  o f  a  

n u m b e r  o f  r e s p i r a t o r y  m e t a b o l i t e s ,  e .g . a c e t y l  C o A ,  N A D H 2, N A D P H 2, c a r b o n  

d io x id e ,  w h ic h  a r e  a ls o  s u b s t r a te s  f o r  f a t t y  a c id  b io s y n th e s is .

T h i s  w o r k  w a s  s u p p o r t e d  b y  a  r e s e a r c h  f e l lo w s h ip  f r o m  J e y e s  G r o u p  L im i t e d ,  f o r  

w h ic h  w e  a r e  g r a t e fu l .  W e  a r e  in d e b te d  t o  D r  C .  H i t c h c o c k ,  D r  W .  K e l l y  a n d  

P r o f e s s o r  A .  J .  J a m e s  o f  th e  U n i le v e r  R e s e a r c h  L a b o r a t o r y ,  S h a r n b r o o k ,  B e d s ,  f o r  

m a s s  s p e c t r a l  d e t e r m in a t io n  o f  th e  f a t t y  a c id  e s te rs , t o  M r  J .  C .  W ic k e n s  o f  R o c h e  

P r o d u c t s ,  W e lw y n  G a r d e n  C i t y ,  H e r t s ,  f o r  k i n d l y  p r o v id in g  th e  m a s s  s p e c t r u m  o f  

a u th e n t ic  m e t h y l- y - l in o le n a t e ,  a n d  t o  th e  S c ie n c e  R e s e a r c h  C o u n c i l  f o r  a  g r a n t  t o  

p u r c h a s e  g a s  c h r o m a t o g r a p h y  e q u ip m e n t .
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SUMMARY

I s o la t e d  b a c t e r ia l  w a l l  m a t e r ia l  f r o m  f o u r  G r a m - p o s i t iv e  a n d  f o u r  G r a m 
n e g a t iv e  o r g a n is m s  b o u n d  c r y s t a l  v io le t  a s  w e l l  a s  o r  b e t t e r  t h a n  in t a c t  b a c t e r ia .  
D y e  b in d in g  a b i l i t y  v a r ie d  b e tw e e n  sp e c ie s .  T h e r e  w a s  n o  c o r r e la t io n  b e tw e e n  
th e  d y e  b in d in g  a b i l i t y  o f  i s o la t e d  w a l l  m a t e r ia l  a n d  th e  G r a m  c h a r a c t e r is t ic s  
o f  t h e  in t a c t  b a c t e r ia .

INTRODUCTION

S ta te m e n t s  in  th e  l i t e r a t u r e  c o n c e r n in g  th e  a f f in i t y  o f  b a c t e r ia l  c e l l - w a l l  m a t e r ia l  f o r  

b a s ic  d y e s  a r e  in d e f in i t e .  K n a y s i  ( 1951)  w r o t e  ‘ . . . t h e  c e l l  w a l l  h a s  a  lo w  a f f in i t y  f o r  

d y e s  a n d  is  n o t  u s u a l ly  c o lo u r e d  in  c o m m o n  s t a in in g  p r o c e d u r e s . . .  B is s e t  &  H a le

( 1953) r e p o r t e d  ‘ I n  p r e p a r a t io n s  s t a in e d  b y  th e  r o u t in e  b a c t e r io lo g ic a l  m e t h o d s  th e  

e x t e r n a l w a l l  i s  u n s t a in e d  a n d  i n v i s i b l e . . . ’ . L a m a n n a  &  M a l le t t e  ( 1954) r e p o r t e d  t h a t  

th e  w a l l s  o f  G r a m - p o s i t iv e  o r g a n is m s  w e re  s t a in a b le  w i t h  c r y s t a l  v io le t  b u t  n o t  w i t h  

s a f r a n in ,  w h i le  th o s e  o f  G r a m - n e g a t iv e  o r g a n is m s  w e re  n o t  s t a in a b le  w i t h  e i t h e r  d y e . 

H a le  &  B is s e t  ( 1956), in  a  s t u d y  o f  s e v e ra l b a c t e r ia l  g e n e ra , o b s e r v e d  t h a t  th e  w a l ls  o f  

G r a m - n e g a t iv e  o r g a n is m s  w e re  m o r e  d i f f i c u l t  t o  s t a in  t h a n  t h o s e  o f  G r a m - p o s i t iv e s .  

A l l  o f  t h e  a f o r e m e n t io n e d  s tu d ie s  c o n c e r n in g  th e  s t a in in g  a b i l i t y  o f  c e l l - w a l l  m a t e r ia l  

w e re  p e r f o r m e d  u s in g  in t a c t  b a c t e r ia .  A s  f a r  a s  w e  a r e  a w a re ,  o n ly  o n e  r e p o r t  o f  d y e  

u p t a k e  b y  p a r t i a l l y  is o la t e d  w a l l  m a t e r ia l  e x is t s ,  n a m e ly  t h a t  o f  S c h e r r e r  ( 1963). 

R e s u l t s  o f  h is  in v e s t ig a t io n s  s h o w e d  h ig h  d y e  u p t a k e  f o r  a  M i c k l e  d is r u p t e d  p r e p a r a 

t io n  o f  Bacillus m egaterium  w h ic h  c o n s is t e d  o f  95 %  d is r u p t e d  a n d  5 %  in t a c t  o r g a n is m s .  

N o  c o m p a r a t iv e  d y e  u p t a k e  s t u d ie s  h a v e  a p p e a r e d  u s in g  is o la t e d  w a l l  m a t e r ia l .  T h is  

p a p e r  is  a  r e p o r t  o n  s u c h  a  s tu d y ,  u s in g  w a l l  m a t e r ia l  f r o m  s e v e ra l s p e c ie s  o f  G r a m 

p o s i t iv e  a n d  G r a m - n e g a t iv e  o r g a n is m s .

METHODS

G row th  o f  organism s. E ig h t  s p e c ie s  o f  b a c t e r ia  w e re  e m p lo y e d ,  a n d  a l l  w e re  o b t a in e d  
f r o m  th e  s t o c k  c u l t u r e  c o l le c t io n  o f  th e  M i c r o b io l o g y  S e c t io n ,  D e p a r t m e n t  o f  B i o 

lo g i c a l  S c ie n c e s ,  U n iv e r s i t y  o f  S o u t h e r n  C a l i f o r n ia .  T h e s e  in c lu d e d  f o u r  G r a m 

p o s i t iv e  o r g a n is m s ,  B acillus subtilis, C lostrid ium  sporogenes, M icrococcu s roseus, a n d  

Sarcina lu tea; a n d  f o u r  G r a m - n e g a t iv e  o r g a n is m s ,  A erobacter aerogenes, Escherichia  
coli, P seudom onas fluorescens, a n d  S erra tia  m arcescens. A l l ,  e x c e p t  C lostrid ium  sporo-

* P re sen t a d d re s s : D e p a r tm e n t o f  B iological Sciences, E a s t L o s A ngeles C ollege, L o s A ngeles, 
C a lifo rn ia  90022, U .S .A .
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genes, w e re  g r o w n  in  T r y p t ic a s e  S o y  B r o t h  ( D i f c o )  in  E r le n m e y e r  f la s k s  in  a  r e c ip r o 

c a t in g  s h a k e r  w a t e r  b a t h  a t  30° f o r  24 h r .  C lostridium  sporogenes  w a s  g r o w n  i n  T h io -  

g ly c o l la t e  B r o t h  ( D i f c o )  in  E r le n m e y e r  f la s k s  in  s t a t io n a r y  c u lt u r e  a t  30°. Bacillus 
subtilis  w a s  g r o w n  w it h  b u t y r ic  a c id  t o  p r e v e n t  s p o r u la t io n  ( H a r d w ic k ,  G u i r a r d  &  

F o s t e r ,  1951).

C ell-w all p repara tion s. I n t a c t  b a c t e r ia  w e re  d is r u p t e d  u s in g  th e  s y n t h e t ic  z e o l i t e  

p r o c e d u r e  d e s c r ib e d  b y  W is t r e ic h ,  L e c h t m a n ,  B a r t h o lo m e w  &  B i l s  ( 1968). F o l l o w in g  

th e  d is r u p t io n  o f  b a c t e r ia ,  th e  w a l l  f r a g m e n t s  w e re  is o la t e d  a s  f o l lo w s ,  w i t h  a l l  c e n t r i 

f u g a t io n s  c o n d u c t e d  a t  50. T h e  s u p e r n a t a n t  w a s  s a v e d  f o l l o w in g  c e n t r i f u g a t io n  a t  

2000g  f o r  10 m in . ,  a n d  s u b je c te d  t o  12,000 g  f o r  30 m in .  T h i s  p e l le t  w a s  w a s h e d  in  

M - N a C l ,  a n d  t h e n  in  d is t i l l e d  w a t e r  u n t i l  th e  s u p e r n a t a n t  w a s  f re e  o f  C l - . T h e  p e l le t  

t h e n  w a s  e x p o s e d  t o  100 / z g ./m l. o f  c r y s t a l l in e  t r y p s in  a t  p H  7-6 f o r  2 h r  f o l lo w e d  b y  

w a s h in g  in  d is t i l l e d  w a t e r  u n t i l  th e  w a l l  m a t e r ia l  g a v e  n o  a b s o r p t io n  p e a k  a t  260 m /i 
( S a l t o n  &  H o r n e ,  1951b ;  S a lt o n ,  1953). S u s p e n s io n s  o f  t h is  m a t e r ia l  t h e n  w e re  c e n t r i 

f u g e d  a t  3000 g- f o r  10 m in .  a n d  th e  p e l le t  d is c a r d e d .  T h e  s u p e r n a ta n t  w a s  t h e n  c e n t r i 

f u g e d  a t  12,000 g  f o r  30 m in .  T h e  p e l le t  o b t a in e d ,  o n  s u s p e n s io n  i n  d is t i l le d  w a te r ,  w a s  
e x a m in e d  in  th e  e le c t r o n  m ic r o s c o p e  a n d  o n ly  th o s e  p r e p a r a t io n s  w e re  u s e d  w h ic h  

c o u ld  b e  se e n  t o  c o n s is t  e n t i r e ly  o f  c e l l - w a l l  f r a g m e n t s  ( S a lt o n  &  H o r n e ,  1951b ;  

S a l t o n ,  1953; W is t r e ic h  e t al. 1968). T h e  is o la t e d  w a l l  p r e p a r a t io n s  w e re  t h e n  ly o -  

p h i l i z e d  a n d  s t o r e d  a t  o° u n t i l  n e e d e d . D r y  w e ig h t s  w e re  d e t e rm in e d  b y  d r y in g  d u p l i 

c a te  2-0 m l.  v o lu m e s  o f  th e  w a l l  s u s p e n s io n s  a t  105° t o  c o n s t a n t  w e ig h t .  T h e  p r o c e d u r e s  

u s e d  w e re  d e s c r ib e d  in  d e t a i l  b y  W is t r e ic h  ( 1969).

In tact bacteria . B a c t e r ia  w e re  k i l l e d  b y  h e a t in g  a t  65° f o r  30 m in . ,  a n d  t h e n  w a s h e d  

tw ic e  in  s t e r i le  c o ld  d is t i l l e d  w a te r .  T h e  t e m p e r a tu r e  o f  65° w a s  c h o s e n  t o  a v o id  th e  

d is r u p t iv e  e ffe c ts  o f  h e a t  r e p o r t e d  b y  S a l t o n  &  H o r n e  (1951 a, b). E le c t r o n  m ic r o s c o p y  

c o n f ir m e d  t h a t  th e  b a c t e r ia  w e re  n o t  d is r u p t e d  b y  t h is  t r e a tm e n t .  D r y  w e ig h t s  w e re  

d e t e rm in e d  a s  f o r  th e  w a l l  p r e p a r a t io n s .

D eterm ination  o f  d ye  up take. T h e  c o lo r im e t r i c  m e t h o d  d e s c r ib e d  b y  F in k e l s t e in  &  

B a r t h o lo m e w  ( 1953) w a s  u s e d  e x c e p t  t h a t  th e  f in a l  s p e e d  o f  c e n t r i f u g a t io n  n e e d e d  t o  

r e m o v e  f r a g m e n te d  w a l ls  w a s  12,000 g  f o r  30 m in . ,  a n d  a l l  c e n t r i f u g a t io n s  w e re  d o n e  

a t  50. V a l i d  c o m p a r is o n s  o f  d y e  b in d in g  b y  d i f f e r e n t  m a t e r ia l  r e q u ir e s  t h a t  c o m p a r is o n s  

b e  m a d e  o n ly  w h e n  th e  m a t e r ia l  is  s a tu r a t e d  w i t h  d y e  ( B a r t h o lo m e w  &  F in k e ls t e in ,  

1954; F in k e l s t e in  &  B a r t h o lo m e w ,  1953). I n  th e  p r e s e n t  e x p e r im e n t s  s a t u r a t io n  w a s  

a c h ie v e d  b y  k e e p in g  th e  d y e  c o n c e n t r a t io n s  c o n s t a n t  in  a  te s t  s e r ie s , a n d  d e c r e a s in g  

th e  c o n c e n t r a t io n  o f  th e  w a l l  m a t e r ia l .  A s  th e  d y e / w a l l  m a t e r ia l  w e ig h t  r a t io s  in c r e a s e d ,  

th e  a m o u n t  o f  d y e  o r ig in a l l y  p r e s e n t  e v e n t u a l ly  r e a c h e d  a  p o in t  w h e n  i t  w a s  in  e x c e s s  
to  t h a t  n e e d e d  t o  a c h ie v e  d y e  s a t u r a t io n  o f  th e  w a l l  m a t e r ia l  p r e s e n t .  W h e n  th e  d a t a  

o b t a in e d  w a s  p lo t t e d ,  u s in g  a s  th e  o r d in a t e  ‘ m i l l ig r a m s  d y e  t a k e n  u p  p e r  m g . o f  w a l l  

m a t e r ia l  a n d  u s in g  a s  th e  a b s c is s a  th e  ‘ d y e / w a l l  m a t e r ia l  r a t io  ( b y  w e ig h t )  p r e s e n t  

a t  th e  s t a r t ’ , a  c u r v e  w a s  o b t a in e d  w h ic h  r e a c h e d  i t s  m a x im u m  h e ig h t  a t  th e  p o in t  o f  

d y e  s a t u r a t io n  o f  th e  b a c t e r ia l  m a t e r ia l  ( F in k e ls t e in  &  B a r t h o lo m e w ,  1953). T h e  

w e ig h t  o f  d y e  b o u n d  p e r  m g . o f  th e  d y e  s a tu r a t e d  b a c t e r ia l  m a t e r ia l  c o u ld  th e n  b e  
d e t e rm in e d  u s in g  th e  v a lu e s  in d ic a t e d  b y  th e  le v e l  p o r t io n  o f  th e  c u r v e .

A l t h o u g h  W is t r e ic h  ( 1969) f o u n d  v e r y  s m a l l  r e s id u a l  q u a n t i t ie s  o f  z e o l i t e  in  w a l l  

m a t e r ia l  p r e p a r e d  b y  th e  a b o v e  m e th o d ,  h e  a ls o  r e p o r t e d  t h a t  th e  z e o l i t e  p r e s e n t  d id  

n o t  b in d  m e a s u r a b le  a m o u n t s  o f  c r y s t a l  v io le t .  T h e  w a l l  w e ig h t  v a lu e s  r e p o r t e d  h e re  

w e re  c o r r e c t e d  f o r  th e  w e ig h t  o f  a n y  z e o l i t e  f o u n d  t o  b e  p re s e n t .  T h i s  w a s  d o n e  b y



s o lu b i l i z in g  a  k n o w n  w e ig h t  o f  th e  w a l l  m a t e r ia l  p r e p a r a t io n  i n  c o n e .  H C 1 ,  a t  950, f o r  

4 h r .  T h e  in s o lu b le  z e o l i t e  r e s id u e  c o u ld  t h e n  b e  c e n t r i f u g e d  o u t  a n d  i t s  w e ig h t  s u b 

t r a c t e d  f r o m  th e  o r ig in a l  v a lu e .
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RESULTS

Several points are demonstrated by the data presented in Table 1 . Isolated bacterial 
wall material bound crystal violet as well as or better than intact bacteria, and there 
was no correlation between its ability to bind dye and the Gram characteristic of 
analogous intact bacteria. The ability of bacterial wall material to bind crystal violet 
varied considerably between bacterial species.

Table 1 . C rysta l vio let bound b y  whole organism s and  
iso la ted  w all m ateria l, when sa tu ra ted  b y  the d ye

m g. C rysta l
m g. C rysta l v io let/m g.

G ra m  reac tio n  o f v io let/m g. iso la ted  wall
in ta c t o rgan ism s M ic ro o rg an ism  w hole  o rgan ism s m ateria l

G ram -n eg a tiv e Escherichia coli 0 -15 0-22Pseudomonas fluorescens o-i6 0-22Aerobacter aerogenes (a) 0-28Serratia marcescens 0 -15 o-44
G ram -p o sitiv e Clostridium sporogenes (a) 0-20Micrococcus roseus 0 1 9 0-21Sarcina lutea 0-30 0-28Bacillus subtilis 0-36 0-48 (6)

(a) = D ete rm in a tio n s  n o t  m ade.
(6) = D y e  s a tu ra tio n  w as a p p ro ach ed , b u t n o t  ach ieved . F in a l dye u p ta k e w o u ld  be g rea te r.

DISCUSSION

In view of the previous reports in the literature, the considerable affinity for basic
dye of isolated bacterial wall material reported here was surprising. Especially perti-
nent would be the relationship of this dye affinity to the reported role of wall staining 
in the Gram differentiation of intact bacteria. Our data are in contradiction to the 
contention of Lamanna & Mallette ( 1954) that Gram differentiation is the result of an 
affinity of crystal violet for the walls of Gram-positive organisms, and the lack of such 
affinity for walls of Gram-negative organisms. Certainly, the failure of dye uptake of 
wall material to correlate with the Gram characteristic of intact bacteria would indi
cate that dye affinity could not contribute in any essential manner to the process of 
Gram differentiation. Such a conclusion is supported by the finding of Bartholomew 
& Finkelstein ( 1958) that the dye-iodine precipitate present interior to the cell wall, by 
itself, is sufficient to allow Gram differentiation.

The dye concentration used in a normal Gram staining procedure is ioo-fold greater 
than that needed to saturate the cell material present, and such high dye concentra
tions are known to improve the differential results obtained (Bartholomew, 1962). On 
the addition of iodine, most of the dye-iodine precipitate formed would therefore come 
from the free dye present in the cell, rather than from the small amount of dye origi
nally bound by cell material (Smyth & Gershenfeld, i 960). Such ‘charging’ of the cell 
internal spaces with large amounts of the dye-iodine precipitate is the true function of
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t h e  d y e  a n d  io d in e  c o n c e n t r a t io n s  u s e d  i n  G r a m  s t a in  p r o c e d u r e s  ( B a r t h o lo m e w ,  

C r o m w e l l  &  G a n ,  1965). O n  th e  b a s is  o f  t h e  a b o v e ,  o n e  c o u ld  p r e d ic t  th e  f a i lu r e  o f  a l l  

a t t e m p t s  t o  c o r r e la t e  d y e  a f f in i t y  f o r  a n y  c e l l  m a t e r ia l ,  w i t h  th e  t r u e  m e c h a n is m  o f  

G r a m  d i f f e r e n t ia t io n .

I t  s h o u ld  n o t  b e  in f e r r e d ,  h o w e v e r ,  t h a t  th e  c e l l  w a l l  is  u n im p o r t a n t  i n  G r a m  d i f 

f e r e n t ia t io n .  I t  h a s  b e e n  d e m o n s t r a t e d  r e p e a t e d ly  t h a t  i t  h a s  a n  e x t r e m e ly  im p o r t a n t  

r o le  ( B a r t h o lo m e w  &  C r o m w e l l ,  1965; B e n ia n s ,  1912; B u r k e  &  B a r n e s ,  1929; S c h e r r e r ,

1963). F o r  G r a m - p o s i t iv e  o r g a n is m s  i t  h a s  b e e n  p r o p o s e d  t h a t  e x p o s u r e  t o  a  d e c o lo r -  

iz e r ,  s u c h  a s  95 %  e t h a n o l,  c a u s e s  a  p h y s ic o - c h e m ic a l  c h a n g e  in  th e  w a l l  m a t e r ia l  w h ic h  

r e t a r d s  p a s s a g e  o f  d y e  a n d  io d in e  m o le c u le s  t h r o u g h  th e  w a l l ;  a  c h a n g e  w h ic h  d o e s  

n o t  o c c u r  w i t h  th e  w a l l  m a t e r ia l  o f  G r a m - n e g a t iv e  o r g a n is m s  ( S a lt o n ,  1963; W e n s ic k  

&  B o e v e ,  1957). A l s o ,  B a r t h o lo m e w  e t al. ( 1965) f o u n d  t h a t  i s o la t e d  c e l l - w a l l  f r a g 
m e n t s  c o u ld  r e f le c t  th e  d e c o lo r i z a t io n  c h a r a c t e r is t ic s  o f  a n a lo g o u s  in t a c t  b a c t e r ia .  

T h e s e  o b s e r v a t io n s ,  a lo n g  w i t h  th e  d a t a  p r e s e n te d  in  th e  p r e s e n t  p a p e r ,  s t r o n g ly  p o in t  

t o  th e  p h y s ic o - c h e m ic a l  n a tu r e  o f  th e  w a l l  m a t e r ia l ,  a n d  n o t  t o  i t s  d y e  b in d in g  a b i l i t y ,  

a s  th e  m a j o r  c o n t r ib u t in g  f a c t o r  t o  th e  m e c h a n is m  o f  G r a m  d if f e r e n t ia t io n .
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SUMMARY

M y c e l i u m  o f  p o t a s s iu m - l im it e d  N eocosm ospora  vasinfecta  h a d  a  lo w e r e d  
p o t a s s iu m  c o n t e n t  a n d  a n  in c r e a s e d  s o d iu m  c o n t e n t  c o m p a r e d  w i t h  m y c e l iu m  
g r o w n  in  p re s e n c e  o f  e x c e s s  p o t a s s iu m  a n d  n o  s o d iu m .  P o t a s s iu m  u p t a k e  
in v o lv e s  th e  e x c h a n g e  f o r  N a +  a n d  p r o b a b ly  a ls o  f o r  H + .

T o t a l  p o t a s s iu m  u p t a k e  w a s  d e c re a s e d  t o  h a l f  b y  a  f iv e f o ld  e q u iv a le n t  
e x c e s s  o f  r u b id iu m ,  b u t  w a s  e s s e n t ia l ly  u n a f f e c t e d  b y  a  i o o - f o ld  e q u iv a le n t  
e x c e s s  o f  s o d iu m .  C a l c iu m  a n d  m a g n e s iu m  h a d  in t e rm e d ia t e  e ffe c ts . 
P o t a s s iu m  u p t a k e  w a s  in h ib i t e d  b y  s o d iu m  a z id e  (mM) a n d  b y  d in i t r o p h e n o l  
( 0-3 mM). T h e s e  d e p re s s e d  th e  e q u i l ib r iu m  p o t a s s iu m  le v e l  b u t  h a d  a  m u c h  
s m a l le r  e f fe c t  o n  th e  t im e  r e q u ir e d  t o  r e a c h  e q u i l ib r iu m .  L o s s  o f  p o t a s s iu m  
b y  K + - lo a d e d  m y c e l iu m  t o  s o d iu m  a z id e  o r  d in i t r o p h e n o l  s o lu t io n s  o r  t o  
w a t e r  w a s  s m a ll .  M u c h  g r e a te r  lo s s e s  o c c u r r e d  t o  s o lu t io n s  o f  r u b id iu m  
b u t  n o t  o f  s o d iu m .

I t  is  s u g g e s te d  t h a t  th e  e q u i l i b r iu m  p o t a s s iu m  le v e l  is  d e t e rm in e d  o n ly  in  
p a r t  b y  e x c h a n g e - d if f u s io n  a t  th e  m y c e l iu m  s u r fa c e ,  a n d  t h a t  n e t  p o t a s s iu m  
u p t a k e  is  a  m e t a b o l ic  p ro c e s s .

INTRODUCTION

S tu d ie s  o f  th e  t r a n s p o r t  o f  in o r g a n ic  io n s  b y  m y c e l ia l  f u n g i  a r e  s c a rc e . T h e  o n ly  

f u n g u s  w h ic h  h a s  b e e n  s y s t e m a t ic a l ly  s t u d ie d  f r o m  t h is  p o in t  o f  v ie w  is  th e  y e a s t ,  

Sacch arom yces cerevisiae  ( R o t h s t e in ,  1965). A l t h o u g h  s o m e  o f  th e  m a jo r  f e a tu r e s  o f  

i o n  t r a n s p o r t  in  t h is  f u n g u s  a r e  n o w  c le a r ,  i t  s e e m s  im p o s s ib le  t o  d e c id e  w h e th e r  y e a s t  

i s  r e p r e s e n ta t iv e  o f  th e  f u n g i  a s  a  g r o u p  in  t h is  re s p e c t .

I n  th e  a b s e n c e  o f  g r o w th ,  n e t  m o v e m e n t s  o f  io n s  b e tw e e n  th e  c e l ls  a n d  th e  e n v i r o n 

m e n t a l  f lu id  c a n  b e  o b s e r v e d ,  u n d e r  s u it a b le  c o n d i t io n s ,  w i t h  y e a s t s  a n d  o t h e r  m ic r o 

o r g a n is m s .  T h e  u s e  o f  n o n - g r o w in g  o r g a n is m s  is  a n  a d v a n ta g e ,  s in c e  i t  s im p l i f ie s  

in t e r p r e t a t io n  o f  th e  r e la t io n s h ip  o f  m e t a b o l is m  t o  th e  t r a n s p o r t  p ro c e s s e s ,  a n d  a l lo w s  

th e  la t t e r  t o  b e  s t u d ie d  in  r e la t iv e ly  s im p le  e x p e r im e n t a l  s o lu t io n s .  I n  p r e l im in a r y  

• e x p e r im e n ts , m y c e l iu m  o f  N eocosm ospora  vasinfecta  g r o w n  in  a  m e d iu m  o f  h ig h  

{106 m - e q u iv . / l . )  p o t a s s iu m  c o n t e n t  ( B u d d ,  1969a )  w a s  h a r v e s t e d  in  m id - lo g a r i t h m ic  

p h a s e  a n d  t r a n s f e r r e d  t o  s o lu t io n s  o f  p o t a s s iu m  s a lt s  l a c k in g  a  n i t r o g e n  s o u rc e .  I n  
s u c h  s o lu t io n s ,  g r o w t h  a s  d e f in e d  b y  n e t  p r o t e in  in c r e a s e  w a s  n o t  m e a s u r a b le .  N e t  

u p t a k e  o f  p o t a s s iu m  b y  t h is  m y c e l iu m  w a s  s m a l l  a n d  v a r ia b le .  R e p la c e m e n t  o f  m o s t  

o f  th e  K +  o f  th e  g r o w t h  m e d iu m  b y  N a +  p r o d u c e d  a  m y c e l iu m  o f  r e la t iv e ly  lo w  K + 

« co n ten t w h e n  h a r v e s t e d  in  la t e  lo g a r i t h m ic  p h a s e . S o m e  o f  :h e  c h a r a c t e r is t ic s  o f  

p o t a s s iu m  t r a n s p o r t  b y  t h is  lo w - p o t a s s iu m  m y c e l iu m  a r e  r e p o r t e d  in  t h is  c o m m u n ic a 

t io n .  A  p r e l im in a r y  r e p o r t  o f  t h is  w o r k  h a s  a lr e a d y  b e e n  p u b l is h e d  ( B u d d ,  1969 b).
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N eocosm ospora  vasinfecta  atcc  11686 ( A m e r ic a n  T y p e  C u l t u r e  C o l le c t io n ,  R o c k v i l l e ,  

M d . ,  U . S . A . )  w a s  g r o w n  in  l i q u id  s h a k e n  c u lt u r e s  f r o m  s t a n d a r d iz e d  m y c e l ia l  i n o c u la  

f o r  46 t o  50 h r  a t  25 ± 0-5°. T h e  c u l t u r e  m e d iu m  w a s  a  lo w - K +  v a r ia n t  o f  th e  m e d iu m  

G 1  p r e v io u s ly  d e s c r ib e d  b y  B u d d  ( 1969a )  a n d  c o n t a in e d  ( p e r  1. g la s s - d is t i l le d  w a te r ) :  

g lu c o s e ,  30-0 g . ;  N a N 0 3, 8-5 g . ;  M g S 0 4. 7H aO ,  2-5 g . ;  K H 2P 0 4, o - i o g . ;  N a H 2P 0 4 . 

H o O ,  0 90 g . ; t r a c e  e le m e n t s  a c c o r d in g  t o  H o r o w i t z  &  B e a d le  ( 1943) ;  p H  b e f o r e  a u t o 

c la v in g ,  4-5. A n a ly s i s  s h o w e d  th e  K +  a n d  N a +  c o n t e n t s  o f  t h is  m e d iu m  t o  b e  0-7 a n d  

106-8 m - e q u iv . / l .  r e s p e c t iv e ly ,  in  c o n t r a s t  t o  106-0 m -e q u iv . / l . ,  a n d  e s s e n t ia l ly  z e r o  f o r  

m e d iu m  G l .  G r o w t h  o n  th e  l o w - K + m e d iu m  w a s  lo g a r i t h m ic  f r o m  th e  t im e  o f  i n o c u la 

t io n  t o  th e  56t h  h r  o f  in c u b a t io n .  T h e  m y c e l iu m  w a s  s e p a ra te d  b y  f i l t r a t io n ,  w a s h e d  b y  

s u s p e n s io n  in  d is t i l l e d  w a te r ,  a n d  s a m p le s  o f  30 t o  50 m g . d r y  w t  w e re  p r e p a r e d  a s  

d e s c r ib e d  b y  B u d d  &  H a r le y  ( 1962).

I n c u b a t io n  w a s  a t  r o o m  t e m p e r a tu r e  (22-5 t o  25-5°) w i t h  a e r a t io n  ( B u d d ,  1969a ) , 

t e rm in a t e d  b y  r a p id  f i l t r a t io n  o n  W h a t m a n  N o .  54 p a p e r  c ir c le s .  A f t e r  a b o u t  10 se c . 

r in s in g  w i t h  g la s s - d is t i l le d  w a t e r  o n  th e  f i l t e r  th e  m y c e l iu m  w a s  e x t r a c t e d ,  u s u a l ly  

w i t h  i - o  N -H N O 3, f o r  24 h r  in  a  c e n t r i f u g e  tu b e .  M y c e l iu m  a n d  e x t r a c t a n t  w e re  t h e n  

s e p a ra te d  b y  c e n t r i f u g a t io n ,  th e  m y c e l iu m  e x t r a c t e d  w i t h  m o r e  i -0N - H N O 3 a n d  th e  

c o m b in e d  e x t r a c t s  m a d e  t o  k n o w n  v o lu m e  w i t h  g la s s - d is t i l le d  w a te r .  I n  s o m e  e x p e r i 
m e n t s  t h is  p r o c e d u r e  w a s  r e p la c e d  b y  w e t  c o m b u s t io n  o f  th e  s a m p le  w i t h  1 m l.  70 %  

(w /v )  H N 0 3, f o l lo w e d  b y  d i lu t io n  t o  k n o w n  v o lu m e  w i t h  g la s s - d is t i l le d  w a t e r .  

E x t r a c t io n  o f  s o d iu m  a n d  p o t a s s iu m  b y  th e se  tw o  p r o c e d u r e s  a g re e d  t o  w i t h in  

± 2% .
S o d iu m  a n d  p o t a s s iu m  c o n t e n t s  o f  s u i t a b ly  d i lu t e d  p o r t io n s  o f  th e  m y c e l ia l  e x t r a c t s  

w e re  d e t e rm in e d  b y  f la m e  e m is s io n  s p e c t r o p h o t o m e t r y ,  w i t h  a  U n i c a m  S P  90 A  

a t o m ic  a b s o r p t io n  s p e c t r o p h o t o m e t e r  i n  th e  e m is s io n  m o d e .  S t a n d a r d  s o lu t io n s  a n d  

b la n k s  w e re  a d ju s t e d  t o  th e  s a m e  c o n t e n t  o f  n i t r i c  a c id  a s  th e  u n k n o w n  s o lu t io n s .  

M u t u a l  in t e r f e r e n c e  b e tw e e n  s o d iu m  a n d  p o t a s s iu m  in  f la m e  e m is s io n  a n a ly s is  w as. 

n e g l ig ib le  a t  t h e i r  r e la t iv e  c o n c e n t r a t io n s  in  th e  e x t r a c t s .  R u b id iu m  d id  in t e r f e r e  w i t h  

t h is  m e t h o d  o f  p o t a s s iu m  e s t im a t io n .  A  c o r r e c t io n  f a c t o r  w a s  e s t a b l is h e d  b y  f i r s t  

d e t e r m in in g  th e  r u b id iu m  c o n c e n t r a t io n  o f  th e  e x t r a c t  a s  d e s c r ib e d  b e lo w ,  a n d  t h e n  

d e t e r m in in g  th e  e x p e c te d  e r r o r  in  p o t a s s iu m  f la m e - e m is s io n  f r o m  e x p e r im e n t a l ly  

p r e p a r e d  c u r v e s  w h ic h  r e la te d  t h is  e m is s io n  t o  R b +  a n d  K +  c o n c e n t r a t io n s  i n  m ix e d  

s o lu t io n .

R u b id iu m  u p t a k e  w a s  d e t e rm in e d  b y  u s in g  86R b  a s  a  t r a c e r .  T h e  is o t o p e  w a s  
o b t a in e d  f r o m  th e  R a d io c h e m ic a l  C e n t r e ,  A m e r s h a m ,  B u c k in g h a m s h ir e ,  E n g la n d  a s  

a n  a q u e o u s  s o lu t io n  o f  R b C l ;  t h is  w a s  d i lu t e d  im m e d ia t e ly  b e f o r e  u s e  w i t h  c a r r ie r  

R b C l  t o  a p p r o x im a t e ly  2-5 / ¿ C i/m - e q u iv .  R b + . T h e  a m o u n t  o f  is o t o p e  i n  m y c e l ia l  

e x t r a c t s  w a s  d e t e rm in e d  b y  l i q u id  s c in t i l l a t io n  s p e c t r o m e t r y  w i t h  th e  P a c k a r d  ‘  3002 ’ 

T r i - C a r b  s y s te m  a n d  th e  s e c o n d  s o lu t io n  o f  B r u n o  &  C h r is t ia n  ( 1961) a s  l i q u id  

f lu o r .  T h e  s p e c if ic  a c t iv i t y  o f  th e  R b C l  s u p p l ie d  t o  th e  m y c e l iu m  w a s  d e t e rm in e d  in  
th e  s a m e  w a y  a t  th e  t im e  o f  a s s a y in g  th e  e x t ra c t s .

C h lo r id e  in  m y c e l ia l  e x t r a c t s  w a s  d e t e rm in e d  b y  c o u lo m e t r ic  t i t r a t io n  w i t h  a  B u c h le r -  

C o t lo v e  a u t o m a t ic  c h lo r id e  t i t r a t o r .  A l l  p H  m e a s u r e m e n ts  w e re  m a d e  w i t h  a  H e a t h k i t  
m o d e l E U W -301 r e c o r d in g  p H  m e te r  a n d  a  S a r g e n t  c o m b in a t io n  e le c t r o d e .

O u a b a in  o c t a h y d r a t e  w a s  p u r c h a s e d  f r o m  S ig m a  C h e m ic a l  C o . ,  S t .  L o u i s ,  M o . ,



U . S . A .  a n d  r u b id iu m  c h lo r id e  f r o m  A l f a  I n o r g a n ic s ,  I n c . ,  B e v e r ly ,  M a s s . ,  U . S . A .  A l l  

o t h e r  c h e m ic a ls  w e re  o f  a n a ly t i c a l  g r a d e .

RESULTS

T a b le  1 s h o w s  th e  le v e ls  o f  s o d iu m  a n d  p o t a s s iu m  i n  m y c e l iu m  g r o w n  i n  lo w - K +  

m e d iu m  a n d  in  n o r m a l  m y c e l iu m  f r o m  G 1  m e d iu m .  G r o w t h  o n  th e  lo w - K +  m e d iu m  

r e s u lt e d  i n  a  s ig n i f ic a n t  d e c re a s e  i n  p o t a s s iu m  c o n te n t ,  a n d  a n  in c r e a s e  i n  t h a t  o f  

s o d iu m .  T h e  s p e c i f ic  g r o w t h  r a te s  in  th e  tw o  m e d ia  w e re  id e n t ic a l  f o r  a t  le a s t  56 h r  

( t o  a  y ie ld  o f  a b o u t  2-5 g . d r y  m a t t e r / l . ) .  I t  i s  c le a r  t h a t  th e  le v e ls  o f  K +  a n d  N a +  c o u ld  

b e  m a n ip u la t e d  w i t h in  th e  l im i t s  o f  th e se  e x p e r im e n t s  w i t h o u t  f u n d a m e n t a l ly  c h a n g in g  

t h e  m e t a b o l ic  c h a r a c t e r is t ic s  o f  t h e  m y c e l iu m .

K+ transport in Neocosmospora 231

T a b le  1. Sodium and potassium contents of normal and 
low-K+ mycelium of Neocosmospora vasinfecta

S od ium P o tass iu m

M ycelium
<

M ean * (T N o . ’ M e an cr N o . '

N o rm a l 0-98 0-35 9 62-08 8-39 12
Low -K + 26-26 9-06 l6 2T 70 6-52 l6

* V alues a re  /¿ -cqu iv ./ioo  m g. d ry  w eight. <r =  S ta n d a rd  dev ia tio n . N o . =  n u m b er o f  experim ents. 
G ro w th  co n d itio n s  as in  text.

O n  t r a n s f e r  t o  d i lu t e  s o lu t io n s  o f  p o t a s s iu m  s a lt s ,  t h e  lo w - K +  m y c e l iu m  t o o k  u p  

p o t a s s iu m  a n d  lo s t  s o d iu m ,  r e a c h in g  n e w  e q u i l i b r iu m  le v e ls  o f  b o t h  io n s  a f t e r  2 t o  3 h r .  

F ig u r e  1 s h o w s  th e  r e s u lt s  o f  a n  e x p e r im e n t  i n  w h ic h  K C 1  ( o - i  mM) w a s  th e  in c u b a t io n  

m e d iu m .  T h e  p H  v a lu e  w a s  m o n i t o r e d  c o n t in u o u s ly ;  th e  c h a n g e s  r e c o r d e d  a r e  

c h a r a c t e r is t ic  a n d  d i f f e r e d  o n ly  s l ig h t ly  f o r  m o r e  c o n c e n t r a t e d  K C 1  s o lu t io n s .  C h a n g e s  

i n  p H  v a lu e  o f  t h is  o r d e r  h a d  e s s e n t ia l ly  n o  e f fe c t  o n  th e  n e t  K ~  u p t a k e  ( F ig .  2). A s  

s h o w n  i n  F ig .  1, p o t a s s iu m  u p t a k e  a n d  s o d iu m  lo s s  w e re  r o u g h ly  e q u iv a le n t ;  a f t e r  3 h r

5-1 / r - e q u iv .  K +  w e re  a b s o r b e d  f o r  e v e r y  4-2 / i - e q u iv .  N a + lo s t .  H o w e v e r ,  r e s u lt s  t o  b e  

p r e s e n te d  s h o w e d  t h a t  th e  K + : N a +  t r a n s p o r t  r a t io  h a d  n o  c h a r a c t e r is t ic  v a lu e ;  i t  w a s  

s t r o n g ly  a f fe c te d  b y  e x p e r im e n t a l  c o n d i t io n s ,  a n d  w a s  n o t  u s u a l ly  c lo s e  t o  u n i t y .  I t  

a ls o  a p p e a r s  u n l i k e ly  t h a t  d e v ia t io n s  o f  t h e  K + : N a +  r a t io  f r o m  u n i t y  w e re  c lo s e ly  

r e la t e d  t o  th e  a m o u n t s  o f  c h lo r id e  a b s o r b e d ,  b e c a u s e  c h lo r id e  u p t a k e  w a s  c o n s is t e n t ly  

s m a l l  d u r in g  th e  f i r s t  h o u r ,  th e  p e r io d  w h e n  th e  g re a te s t  a d ju s tm e n t  i n  K +  a n d  N a +  

le v e ls  t o o k  p la c e  ( F ig .  1).
P o t a s s iu m  u p t a k e  w a s  e s s e n t ia l ly  c o m p le t e  a f t e r  2 h r  f o r  K C 1  c o n c e n t r a t io n s  b e tw e e n  

o - i  ¡ m  a n d  10 m M . T h e  r e la t io n s h ip s  o f  K +  u p t a k e  a n d  N a +  lo s s  t o  K C 1  c o n c e n t r a t io n  
f o r  a  2 h r  in c u b a t io n  p e r io d  a r e  s h o w n  ( F ig .  3) . T h e  t o t a l  p o t a s s iu m  u p t a k e  v a r ie d  

s o m e w h a t  le s s  t h a n  t w o f o ld  o v e r  t h is  io , o o o - f o ld  ra n g e  o f  K +  c o n c e n t r a t io n ,  w h i le  

N a +  lo s s  w a s  u n a f fe c te d .
G lu c o s e  ( o - i  % )  i n  th e  m e d iu m  h a d  n o  e f fe c t  o n  th e  u p t a k e  o f  K +  o r  lo s s  o f  N a +  

d u r in g  2 h r .
Effects of Inhibitors. S o d iu m  a z id e  a n d  2,4- d in i t r o p h e n o l  ( D N P )  s t r o n g ly  d e c re a s e d  

th e  K +  le v e l  a t  2 h r  b u t  t h e y  h a d  a  s m a l le r  e f fe c t  o n  th e  t im e  r e q u ir e d  t o  r e a c h  e q u i l i 

b r i u m ,  a s  s h o w n  f o r  s o d iu m  a z id e  a t  1 mM i n  F ig .  4. T h e  e ffe c ts  o f  D N P  c o n c e n t r a t io n s
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a re  s h o w n  in  T a b le  2. T h e  t o t a l  u p t a k e  o f  K +  c o u ld  b e  d e c re a s e d  b y  70 t o  80%  w it h  

th e  p r o p e r  c o n c e n t r a t io n  o f  i n h ib i t o r .  O n  th e  o t h e r  h a n d ,  N a +  lo s s  a c c o m p a n y in g  K +  

u p t a k e  w a s  m u c h  le s s  s e n s it iv e  t o  b o t h  in h ib i t o r s .  C o n s e q u e n t ly ,  th e  K + : N a +  t r a n s 

p o r t  r a t io  f lu c t u a te d ,  e .g . f r o m  2-3 t o  i - o  in  T a b le  2.

232

F ig . 1. C hanges in  N . va s in fe c ta  m ycelial io n  levels a n d  in  ex trace llu la r p H  values, d u r in g  
in c u b a tio n  o f  lo w -K + m y celium  in  0 1  d i m  K C 1 a t  25-5° (T h e  p H  values a re  th o se  m easu red  
a  sam ple  size o f  38 m g. d ry  w t in c u b a te d  in 1 1. K C 1.) B a rs  show  ran g e  o f  dup licates .

External pH

F ig . 2. E ffect o f  p H  va lu e  o n  p o ta ss iu m  u p ta k e  f ro m  mM-K+ by  N . va s in fe c ta . U p ta k e  fo r  
2 h r  a t  23-5°. B uffer system  below  p H  5-0, K H  p h th a la te  +  H C l;  abo v e  p H  5-0, K H 2P 0 4 +  
K O H . V ertica l b a rs  show  ran g e  o f  d u p lic a te s ; h o r iz o n ta l b a rs  co n n ec t in itia l an d  final p H  
values.

O u a b a in  ( o -1 m M ) h a d  n o  e f fe c t  o n  th e  m o v e m e n t  o f  e i t h e r  K +  o r  N a +  w h e n  p r e s e n te d  
s im u lt a n e o u s ly  w i t h  th e  K C 1 .  W h e n  th e  K C 1  w a s  p r e s e n te d  f o l l o w in g  p r e - in c u b a t io n  

1 h r  w i t h  o u a b a in ,  a  15%  d e c re a s e  i n  K +  t r a n s p o r t  a n d  n o  s ig n i f ic a n t  e f fe c t  o n  N a + 
t r a n s p o r t  w 'e re  o b s e r v e d  o v e r  2 h r .

E ffect o f  other cations. S o d iu m  a n d  m a g n e s iu m  w e re  th e  m a jo r  c a t io n s  i n  th e  g r o w t h  

m e d iu m  u s e d  i n  th e se  e x p e r im e n t s .  O f  th e se , N a +  h a d  n o  s ig n i f ic a n t  e f fe c t  o n  th e  2 h r
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T a b le  2 . E ffec t o f  2 ,4 -d in itrophenol on K + u p take an d  N a + 
loss b y  low -K +  m ycelium  o f  N eocosm ospora  vasinfecta

D N P  ( m ) K + u p ta k e N a + loss
K + u p tak e / 

N a + loss

N o n e  (con tro l) 4 8 7 * 21 '0* 2-3
30 ¡ m 35'8 20-0 i-8

100 ¡IM 16-9 15-4 p i

300 fiM 8-8 8-5 P 0

* V alues (averages o f  dup lica tes) in  /^ e q u iv ./ io o  m g. d ry  w t. In c u b a tio n  fo r  10 m in . in  D N P  
(b ro u g h t to  p H  5-7 w ith  N a O H ) fo llow ed  by  2 h r  in c u b a tio n  in  K C  m M -K C l a t  240.

F ig . 3. E ffect o f  K C 1 co n c e n tra tio n  o n  p o ta ss iu m  u p ta k e  a n d  so d iu m  loss by  N . va s in fe c ta . 
U p ta k e  fo r  2 h r  a t  25 °. B a rs  show  ran g e  o f  dup licates.

F ig . 4. E ffect o f  m M -sodium  azide  o n  p o ta ss iu m  u p ta k e  an d  so d iu m  loss a t  24-5°. C o n tro ls  
in c u b a te d  in  m M -N aC l. B a rs  sh o w  ran g e  o f  dup licates .
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K. BUDD
K +  le v e l  a t  u p  t o  a  i o o - f o ld  e q u iv a le n t  e x c e s s  o v e r  K +  in  th e  u p t a k e  m e d iu m .  N e t  lo s s  

o f  N a +  u n d e r  th e s e  c o n d i t io n s  w a s , h o w e v e r ,  d r a s t i c a l ly  d e c re a s e d . M a g n e s iu m ,  w h e n  

p r o v id e d  a t  io o - f o ld  e q u iv a le n t  e x c e s s  ( M g S 0 4 50 m M ; K C 1  1 m M ), d id  n o t  a f f e c t  th e  

t im e  r e q u ir e d  f o r  K +  e q u i l i b r a t io n  b u t  d e p r e s s e d  th e  e q u i l i b r iu m  K + le v e l.  T h i s  e f fe c t  

w a s  h y p e r b o l i c  w i t h  M g 2+ c o n c e n t r a t io n  a n d  a m o u n t e d  t o  a  20-0%  d e c re a s e  i n  th e  

e q u i l ib r iu m  K +  le v e l  a t  i o o - f o ld  e q u iv a le n t  e x c e s s  o f  M g 2+. H o w e v e r ,  th e re  w a s  n o  

e f fe c t  o n  s im u lt a n e o u s  N a +  lo s s .

C a l c iu m  a c te d  s im i la r l y  t o  M g 2+ b u t  w a s  m o r e  p o t e n t .  A t  t w o f o ld  e q u iv a le n t  e x c e s s  

( C a C l21 m M ; K C 1  1 m M ), K +  u p t a k e  w a s  d e c re a s e d  25 %  a f t e r  2 h r  b u t  N a +  lo s s  w a s  

u n a f fe c te d .

234

1 mM-RbCI in presence of 1 mM-KCI

F ig . 5. E ffect o f  v ario u s c o n cen tra tio n s  o f  R bC I o n  u p ta k e  o f  b o th  R b+  a n d  K + fro m  
m M -KCI b y  N . va s in fe c ta  a t  22-5°. B a rs  show  ran g e  o f  dup licates.

T h e  e f fe c ts  o f  v a r io u s  c o n c e n t r a t io n s  o f  r u b id iu m  o n  K +  u p t a k e  f r o m  m M - K C I  

a re  s h o w n  in  F ig .  5. A s  u s u a l,  th e  n e t  K +  u p t a k e  w a s  e s s e n t ia l ly  c o m p le t e  in  2 h r  

a l t h o u g h  R b +  c o n t in u e d  t o  a c c u m u la t e  f o r  a t  le a s t  4 h r .  D e p r e s s io n  o f  th e  e q u i l ib r iu m  

K +  le v e l  w a s  h y p e r b o l i c  w i t h  R b +  c o n c e n t r a t io n ,  a n d  a m o u n t e d  t o  50 %  a t  f iv e f o ld  

e q u iv a le n t  e x c e s s  o f  r u b id iu m .  D e p r e s s io n  o f  th e  K +  le v e l  w a s  a c c o m p a n ie d  b y  a n  

a lm o s t  e q u iv a le n t  a c c u m u la t io n  o f  R b + , a l t h o u g h  t h is  r e la t io n s h ip  w o u ld  c e r t a in ly  b e  

d i f f e r e n t  f o r  a  4 h r  in c u b a t io n  p e r io d .  A s  i n  th e  c a s e  o f  M g 2+ th e  n e t  N a +  lo s s  w a s  
u n a f f e c t e d  b y  R b +  in  th e  K C 1  s o lu t io n .

L oss o f  ions f ro m  m ycelium . A  s m a l le r  lo s s  o f  N a + a ls o  o c c u r r e d  w h e n  lo w - K +  

m y c e l iu m  w a s  t r a n s f e r r e d  t o  d is t i l l e d  w a t e r  in s t e a d  o f  t o  K C 1  s o lu t io n s ;  t h is  lo s s  w a s  

c o m p le t e  w i t h in  1 h r  a n d  a m o u n t e d  t o  20 t o  25 %  o f  th e  i n i t i a l  c o n te n t .  S im u lt a n e o u s ly  

a  s m a l le r  lo s s  o f  K +  s o m e t im e s  t o o k  p la c e ,  n o t  e x c e e d in g  14%  o f  th e  i n i t i a l  c o n t e n t .

T h e  c h a r a c t e r is t ic s  o f  K +  lo s s  b y  m y c e l iu m  p r e v io u s ly  a l lo w e d  t o  r e a c h  e q u i l i b r iu m  

in  K C 1  s o lu t io n s  s h o u ld  in d ic a t e  h o w  th e  e q u i l i b r iu m  K +  le v e l is  e s t a b l is h e d  a n d  
m a in t a in e d .

(a) K +  losses to  w ater only. A s  w i t h  th e  u n t r e a te d  lo w - K +  m y c e l iu m ,  a  s m a l l  lo s s  o f  

p o t a s s iu m  t o o k  p la c e ,  c o m p le t e  w i t h in  1 h r ,  w h e n  th e  m y c e l iu m  w a s  t r a n s f e r r e d  t o



d is t i l l e d  w a t e r  f o l l o w in g  e q u i l i b r a t io n  i n  K C 1  ( T a b le  3). T h e  a c t u a l  lo s s  o f  K +  w a s  

in d e p e n d e n t  o f  th e  v o lu m e  o f  w a s h in g  w a t e r  o v e r  a  t e n f o ld  r a n g e .  A l s o  i t  i s  c le a r  

( l in e s  2 a n d  6, T a b le  3) t h a t ,  f o l l o w in g  s u s p e n s io n  o f  th e  m y c e l iu m  f o r  1 h r  in  o n e  

v o lu m e  o f  w a te r ,  n o  f u r t h e r  K +  w a s  lo s t  o n  t r a n s f e r  t o  a  s e c o n d ,  id e n t ic a l  v o lu m e  o f  

w a te r .  L in e s  4 a n d  6 o f  T a b le  5 s h o w  t h a t  K +  lo s s  w a s  n o t  e n h a n c e d  b y  m M - N a C l .  

T h i s  w a s  a ls o  t r u e  f o r  10 m M - N a C l  a n d  f o r  20 m M - s o d iu m  p h o s p h a t e  ( a t  p H  6-5).
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T a b le  3. L o ss o f  po ta ss iu m  to  w ater a t 2 4 ° b y  N . vasinfecta fo llo w in g  a 
p e r io d  o f  K +  u p take  (2 -hr up take fro m  m M -K C l a t 2 4 °)

W ash  volum e 
(m l.)

W ash  tim e 
(hr) K+ level*

C o n tro l
(% )

— _ _ 69-9 ± 3’4 1 oo-o
1000 1 65-2 ± 1 -4 93'3
1000 2 64-7 ± 4-1 92-6
2000 2 64-93=3-8 92-8

200 2 63-8 ± 3-9 91-3
I C 0 0 + 1000 i +  i 6 4 -6 ± o-9 92-4

* K + levels (m ean  o f  trip lica te s) expressed  as /¿ -equ iv ./ioo  m g. d ry  w t, ±  a .  K + level o f  sam ples b e fo re  
in c u b a tio n  in  K C 1, 3 6 -4 /¿ -equ iv ./ioo  m g. d ry  w t.

T a b le  4. P otassium  loss a s  influenced b y  2 ,4 -din itrophenol in N . vasinfecta

W ash in g  co n d itio n s
U p ta k e  co n d itio n s ,---------------------- *----------------------,

,----------------------*-----------------------, In c u b a tio n  K + level* /.t-equiv./
[K C 1] A d d itio n s S o lu tion tim e (h r) 100 m g. d

— — — — 27-5
mM — — — 67-4

— W ater 1
3

62-2
57-8

0-3 m M -D N P I
3

50-3
48-9

o-3 m M -D N P — — 34-1

* K + levels averages o f  d up lica tes . K + u p ta k e  p e rio d , 2 h r  a t  22-5°. (D N P  b ro u g h t to  p H  5-7 w ith  
N a O H .)

(b) K + losses to  inhibitor solu tions. A  c o m p a r is o n  o f  l in e s  1, 2 a n d  7 o f  T a b le  4 s h o w s  

t h a t  D N P  a t  a  c o n c e n t r a t io n  a l r e a d y  s h o w n  t o  in h ib i t  K +  u p t a k e  b y  o v e r  70%  

( F ig .  4 ; T a b le  2) , d e c re a s e d  n e t  K +  u p t a k e  t o  16-5%  o f  th e  c o n t r o l .  T h e  r e s u l t in g  

s te a d y  K +  le v e l  w a s  j u s t  o v e r  h a l f  t h a t  in  c o n t r o l  s a m p le s .  W h e n  p r e s e n te d  t o  m y 

c e l iu m  im m e d ia t e ly  f o l l o w in g  e q u i l ib r a t io n  in  K C 1 ,  h o w e v e r ,  th e  D N P  w a s  f a r  le s s  

e f fe c t iv e  in  d e c r e a s in g  th e  s te a d y  K +  le v e l  ( c f . T a b le  4, l in e s  3 t o  6). A f t e r  3 h r ,  th e  
K +  le v e l  i n  D N P - t r e a t e d  c o n t r o l  s a m p le s  w a s  a p p r o x im a t e ly  85 %  o f  t h a t  in  w a te r -  
t r e a t e d  c o n t r o l  s a m p le s .  S im i la r  r e s u lt s  w e re  o b t a in e d  w i t h  s o d iu m  a z id e  ( T a b le  5). 

D e p e n d in g  o n  w h e th e r  p r e - e q u i l ib r a t io n  t o o k  p la c e  i n  K C 1  o-i m  o r  mM s u b s e q u e n t  

t r a n s f e r  t o  s o d iu m  a z id e  d e p re s s e d  th e  K +  le v e l  t o  85 t o  91 %  o f  N a C l - t r e a t e d  c o n t r o ls  

( T a b le  4, l in e s  2 t o  5). I n  p a r a l le l  e x p e r im e n t s  w h e re  s o d iu m  a z id e  (mM) w a s  p r e s e n te d  

s im u lt a n e o u s ly  w i t h  K C 1 ,  th e  K +  le v e l w a s  d e p re s s e d  t o  le s s  t h a n  50%  o f  t h a t  o f  th e  

c o n t r o ls ,  i r r e s p e c t iv e  o f  in c u b a t io n  p e r io d  ( F ig .  4). T h e r e fo r e ,  l i k e  D N P ,  a z id e  w a s  le s s  

e f f e c t iv e  in  in d u c in g  K +  lo s s  t h a n  i n  p r e v e n t in g  K + u p ta k e .

i 6-2
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( c )  K+ losses to RbCl solutions. P o t a s s iu m  lo s s  t o  R b C l  10 m M  w a s  c o m p a r e d  w i t h  th e  

e f fe c t  o f  th e  s a m e  R b C l  le v e l o n  K +  u p t a k e  f r o m  K C 1  m M . A l l  s a m p le s  n o t  p o s t -  

in c u b a te d  in  R b C l  w e re  h e ld  in  d is t i l l e d  w a t e r  f o r  th e  s a m e  t im e .  T r e a t m e n t  w i t h  R b C l  

w a s  m o r e  e f fe c t iv e  t h a n  a n y  o f  th e  p r e c e d in g  t r e a tm e n ts  in  in d u c in g  K +  lo s s e s  f r o m  th e  

m y c e l iu m  ( T a b le  6). N e v e r t h e le s s ,  th e  K +  le v e l w a s  n o t  d e c re a s e d  t o  t h a t  o f  m y c e l iu m  

w h ic h  h a d  a b s o r b e d  K +  in  th e  p re s e n c e  o f  R b C l ,  e v e n  a f t e r  tw ic e  a s  lo n g  a n  e x p o s u r e  

t o  R b +  ( l in e  7 a n d  l in e  5, T a b le  5). T h e  lo s s  o f  p o t a s s iu m  w a s  in s ig n i f i c a n t  a f t e r  th e  

s e c o n d  h o u r ,  d e s p it e  c o n t in u in g  u p t a k e  o f  R b + . A f t e r  4 h r ,  th e  R b + : K + r a t io  i n  th e  

p o s t - in c u b a t io n  m e d iu m  in  t h is  e x p e r im e n t  e x c e e d e d  200, y e t  th e  K +  le v e l  w a s  n o t  

d e c re a s e d  t o  t h a t  f o u n d  f o r  a  R b + : K +  r a t io  o f  10 i n  th e  u p t a k e  m e d iu m .  T h e r e f o r e ,  

th e  b u lk  o f  m y c e l ia l  K +  w a s  n o t  r e m o v e d  b y  R b  + io n s .

T a b le  5. Potassium loss as influenced by sodium azide in N. vasinfecta

23 6

U p ta k e  soln .
W ash ing  so ln .

(mM) K + level N a + level

— — 18-1 2 r  1

o-1 m -K C 1 N aC l 58-6 10*2
N a N 3 53'3 i i *3

m M -K Cl N aC l 59'5 6-i
N a N 3 50-9 8*0
K C 1 61-2 0*6

Io n  levels (averages o f  dup lica tes) in  /¿ -equ iv ./ioo  m g. d ry  w t. K + u p tak e , 2 h r  a t  23-5°. W ash in g  
p e rio d , 1 h r  a t  23 50.

T a b le  6. Effect of RbCl on the equilibrium K+ level in N. vasinfecta 
U p ta k e  m ed iu m  W ash in g  m ed iu m  (h r) K + level* R b+  level*

/i-e q u iv ./io o  m g. d ry  w t

— — O Ó 00 —

mM -KCl W ate r , 2 51-98 ----
W ate r , 4 50-40 —

m M -KCl + W ater, 2 20*14 35-44
iom M -R bC l W ater, 4 20-63 38-75
m M -KCl iom M -R bC l, 2 36-97 19-38

iom M -R bC l, 4 35-13 32-45

* Io n  levels (averages o f  d u p lica tes) K + u p ta k e  fo r 2 h r . T em p era tu re , 230.

D IS C U S S IO N
T h e  a b s o r p t io n  o f  K +  a n d  o f  o t h e r  io n s  b y  a  v a r ie t y  o f  o r g a n is m s  le a d s  t o  a n  e q u i

l i b r i u m  c o n d i t io n  a t  w h ic h  n o  f u r t h e r  n e t  u p t a k e  o c c u r s .  E q u i l i b r i u m  is  r e a c h e d  w i t h in  

m in u t e s  o r  h o u r s  in  b a c t e r ia  ( S c h u lt z ,  E p s t e in  &  S o lo m o n ,  1963; G a ld ie r o ,  1966), 

w h i le  f o r  r o o t s  o f  h ig h e r  p la n t s  o n e  o r  m o r e  d a y s  m a y  b e  r e q u ir e d  ( J a c k s o n  &  E d w a r d s ,

1966). I n  th e  p r e s e n t  e x p e r im e n t s  w i t h  Neocosmospora vasinfecta a p p r o x im a t e ly  2 h r  

s u f f ic e d ,  f o r  a  w id e  ra n g e  o f  e x t e r n a l  K +  c o n c e n t r a t io n s .  I n  g e n e ra l,  a n d  n o t a b ly  f o r  

m o n o v a le n t  io n s ,  th e  e q u i l ib r iu m  a p p e a r s  t o  b e  d y n a m ic ,  w i t h  e f f lu x  b a la n c in g  in f lu x  

( R o t h s t e in ,  1959). A l t h o u g h  n o  d a t a  o n  s im u lt a n e o u s  K +  f lu x e s  a re  a s  y e t  a v a i la b le  f o r
N. vasinfecta, t h e  p r e s e n t  w o r k  p r o v id e s  s o m e  in f o r m a t io n  a b o u t  e f f lu x  f r o m  K + -  

lo a d e d  m y c e l iu m .  E x p e r im e n t s  in v o lv in g  w a s h in g  s u c h  m y c e l iu m  in  w a t e r  o r  in h ib i t o r



s o lu t io n s  ( T a b le s  3 t o  5) in d ic a t e  t h a t  s im p le  d i f f u s iv e  e f f lu x  ( le a k a g e )  is  u n l i k e ly  t o  

p la y  a  m a jo r  r o le .  O n  th e  o t h e r  h a n d ,  th e  e f fe c t  o f  R b +  o n  K +  lo s s  ( T a b le  6) is  m o s t  

e a s i ly  e x p la in e d  a s  e x c h a n g e  d i f f u s io n ,  in  w h ic h  K +  le a v e s  i n  e x c h a n g e  f o r  R b +  e n t e r in g  

th e  m y c e l iu m .  T h e  s p e c i f ic i t y  o f  K + lo s s  t o w a r d s  R b +  a n d  N a +  re s e m b le s  t h a t  o f  K +  

u p t a k e ,  s u g g e s t in g  t h a t  th e  s a m e  t r a n s p o r t  s y s te m  m a y  b e  in v o lv e d  in  b o t h  p ro c e s s e s .  

E q u i l i b r i a  m e d ia t e d  b y  a  K +  e x c h a n g e  s y s te m  a re  k n o w n  in  o t h e r  m ic r o - o r g a n is m s  

( E p s t e in  &  S c h u l t z ,  1966; S la y m a n  &  T a t u m ,  1965).

T a b le  6 a ls o  s h o w s  t h a t  a  r e la t iv e ly  la r g e  p r o p o r t io n  o f  m y c e l ia l  K +  a p p e a r s  t o  b e  

u n a v a i la b le  f o r  e x c h a n g e  w i t h  R b +  w h e n  th e  la t t e r  is  p r e s e n te d  a f t e r  K +  u p t a k e  is  

c o m p le t e .  T w o  e x p la n a t io n s  su g g e s t  th e m s e lv e s ,  b o t h  o f  w h ic h  in v o lv e  a  s e c o n d a r y  

s e q u e s t r a t io n  o f  K +  f o l l o w in g  i t s  e n t r y  in t o  th e  c e l l .  ( 1) A  f r a c t io n  o f  c e l lu la r  K +  m a y  

b e c o m e  b o u n d  in  a  n o n - e x c h a n g e a b le  f o r m  a f t e r  i t s  d is c h a rg e  f r o m  th e  p o t a s s iu m  

t r a n s p o r t  s y s te m . (2) T h e  s e c o n d a r i ly  s e q u e s te re d  f r a c t io n  o f  c e l l  K + m a y  r e m a in  

e x c h a n g e a b le  b u t  b e  a s s o c ia te d  w it h  a  c y t o p la s m ic  s y s te m  w h ic h  d is c r im in a t e s  m o r e  

s t r o n g ly  a g a in s t  R b +  t h a n  d o e s  th e  p o t a s s iu m  t r a n s p o r t  s y s te m  it s e lf .  A  d e c is io n  

b e tw e e n  th e s e  a l t e r n a t iv e s  c a n n o t  b e  m a d e  w i t h o u t  r e c o u r s e  t o  is o t o p ic  p o t a s s iu m .  

N e v e r t h e le s s ,  t h e  p o t a s s iu m  le v e l  in  th e  m y c e l iu m  d o e s  n o t  a p p e a r  t o  b e  r e g u la t e d  

s o le l y  b y  th e  p r o p e r t ie s  o f  th e  t r a n s p o r t  s y s te m  it s e lf .  T h e  p e n e t r a t io n  o f  R b +  in t o  

Neurospora crassa i s  a p p a r e n t ly  f o l lo w e d  b y  i t s  b in d in g  in t o  a  n o n - e x c h a n g e a b le  f o r m  

( L e s t e r  &  H e c h t e r ,  1958).

W h e r e a s  th e  e q u i l i b r iu m  K +  le v e l a p p e a r s  t o  b e  a s s o c ia te d  w i t h  K -  %  K +  e x c h a n g e ,  

th e  a p p r o a c h  t o  e q u i l i b r iu m  in v o lv e s  e x c h a n g e  o f  K +  w i t h  o t h e r  c a t io n s .  L o s s  o f  N a + 

is  u s u a l ly  in s u f f ic ie n t  t o  b a la n c e  K + u p t a k e ,  a n d  l i t t l e  c h lo r id e  a c c o m p a n ie s  K +  in t o  

th e  c e l ls ,  a t  le a s t  d u r in g  th e  f i r s t  h o u r .  I t  is  r e a s o n a b le  t o  s u p p o s e  t h a t  th e  e x c e s s  K + 

• a b so rb e d  is  b a la n c e d  b y  e x c r e t io n  o f  H + , a s  in  Escherichia coli ( S c h u l t z  et al. 1963) 

a n d  in  y e a s t  ( C o n w a y  &  O ’ M a l le y ,  1946). W h e r e  m e a s u r e d ,  th e  a c t u a l  p H  d e c re a s e  

d u r in g  K +  u p t a k e  e x c e e d s  a n y  e x p e c te d  p H  d e c re a s e  d u e  t o  s u c h  a n  e x c h a n g e ,  b u t  th e  

p H  c h a n g e s  t a k in g  p la c e  i n  d is t i l l e d  w a t e r  o n ly  w e re  n e v e r  o b s e rv e d .

T h e  m e c h a n is m  m e d ia t in g  K +  N a +  e x c h a n g e  is  u n k n o w n ,  b u t  th e  o p e r a t io n  o f  a  

• c la s s ic a l s o d iu m  p u m p  is  n o t  s u p p o r t e d  b y  e it h e r  th e  w id e  f lu c t u a t io n s  in  th e  K + : N a +  

t r a n s p o r t  r a t io  o r  th e  in s e n s i t iv i t y  t o  o u a b a in .

L a c k  o f  in f o r m a t io n  o n  th e  t r a n s - s u r f a c e  e le c t r ic a l  p o t e n t ia l  d if f e r e n c e  p r e v e n t s  a  

f in a l  d e c is io n  w h e th e r  K +  u p t a k e  in  Neocosmospora vasinfecta i s  a c t iv e  o r  n o t  ( U s s in g ,

1949). V a lu e s  o f  t h is  p o t e n t ia l  d if f e r e n c e  h a v e  b e e n  r e p o r t e d  f o r  Neurospora crassa 
w h ic h  w i l l  a c c o u n t  f o r  a  io , o o o - f o ld  a c c u m u la t io n  o f  K +  in  c e l ls  a s  c o m p a r e d  w i t h  

e x t e r n a l m e d iu m ,  w i t h o u t  in v o k in g  a c t iv e  t r a n s p o r t  ( S la y m a n ,  1965 a ) . H o w e v e r ,  t h e  

e f fe c ts  o f  s o d iu m  a z id e  a n d  2,4- d in i t r o p h e n o l  o n  K +  u p t a k e  ( T a b le  2; F ig .  4) s t r o n g ly  

in d ic a t e  th e  p a r t i c ip a t io n  o f  e n e r g y  m e t a b o l is m  i n  t h is  p r o c e s s .  T h e s e  i n h ib i t o r s  d o  n o t  

a c t  m e r e ly  b y  r e n d e r in g  th e  c e l lu la r  m e m b r a n e s  le a k y  ( T a b le s  4, 5 ; S la y m a n  &  T a t u m ,
1964). T w o  o t h e r  m o d e s  o f  a c t io n  a r e  p o s s ib le :  (a) t h a t  p o t a s s iu m  in f lu x  d e p e n d s ,  a t  

le a s t  p a r t ly ,  o n  e n e r g y  t r a n s f e r ;  o r  (b) t h a t  th e  t r a n s - s u r f a c e  e le c t r ic a l  p o t e n t ia l  

d if f e r e n c e  is  m a d e  le s s  n e g a t iv e .  I f  t h e  K + t r a n s p o r t  s y s te m  is  e le c t r o g e n ic ,  a s  S la y m a n  

( 19656) h a s  c o n c lu d e d  f o r  N. crassa, t h e n  i t  m a y  b e  im p o s s ib le  t o  d is t in g u is h  b e tw e e n  

th e se  a lt e r n a t iv e s .  F o r  th e  p re s e n t ,  i t  is  s u f f ic ie n t  t o  c o n c lu d e  t h a t  K +  u p t a k e  i s  a  

m e t a b o l ic  p r o c e s s ,  a l t h o u g h  i t  m a y  n o t  q u a l i f y  a s  a c t iv e  t r a n s p o r t .

A  d e t a i le d  c o m p a r is o n  o f  th e  K +  t r a n s p o r t  in  Neocosmospora vasinfecta w it h  t h a t  o f  

o t h e r  f u n g i  is  n o t  p o s s ib le  o n  th e  b a s is  o f  t h e  p r e s e n t  s tu d ie s .  T h e  u se  o f  l o w - K +

K+ transport in N eocosm ospora  2 3 7
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m y c e l iu m  in  th e s e  e x p e r im e n t s  is  a n a lo g o u s  t o  th e  p r o d u c t io n  o f  s o d iu m - y e a s t  ( C o n 

w a y  &  M o o r e ,  1954) . I n  t h e  im p o r t a n c e  o f  io n - e x c h a n g e  p r o c e s s e s  t o  n e t  K +  u p t a k e  

a n d  m a in t e n a n c e  o f  th e  e q u i l i b r iu m  K +  le v e l,  a n d  in  th e  s e n s i t iv i t y  o f  K +  u p t a k e  t o  

a l t e r a t io n s  o f  c e l lu la r  e n e r g y  m e t a b o l is m  N . vasinfecta  s h o w s  a  g e n e r a l s im i la r i t y  t o  

o t h e r  f u n g i  ( R o t h s t e in ,  1959 ; S la y m a n  &  T a t u m ,  1964, 1965) . D i s c r im in a t io n  b e tw e e n  

K +  a n d  N a +  b y  th e  K + - u p t a k e  s y s te m  a p p e a r s  t o  b e  g r e a te r  i n  N . vasinfecta  t h a n  in  

y e a s t  ( C o n w a y  &  D u g g a n ,  1958). M e a s u r e m e n t s  o f  p o t a s s iu m  f lu x e s  a r e  a  c le a r ly  

d e s ir a b le  n e x t  p h a s e  in  th e s e  s tu d ie s .

T h i s  w o r k  w a s  s u p p o r t e d  b y  a  g r a n t - in - a id  o f  r e s e a r c h  p r o v id e d  b y  th e  O n t a r io  

D e p a r t m e n t  o f  U n iv e r s i t y  A f f a i r s .
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SUMMARY

A  la t e n t ,  n o n - s p e c i f ic  p h o s p h a ta s e  o f  H artm annella  castellanii w i t h  a n  
o p t im u m  p H  o f  4-0 h a s  b e e n  in v e s t ig a te d .  T h e  la t e n c y  c o u ld  b e  r e le a s e d  in  
c e l l- f r e e  h o m o g e n a te s  b y  t r e a tm e n t  w it h  T r i t o n  x  100, f r e e z in g  a n d  t h a w in g ,  
r e f r ig e r a t io n  o r  c a r b o n  t e t r a c h lo r id e .  I t  s e e m s  l i k e l y  t h a t  t h is  e n z y m e  is  
a t t a c h e d  t o  a  s u b - c e l lu la r  o r g a n e l le  a s  i t  w a s  la r g e ly  s e d im e n ta b le  w h e n  
h o m o g e n a te s  w e re  p r e p a r e d  in  m e d ia  c o n t a in in g  s u c ro s e .

D u r in g  e n c y s t a t io n  o f  th e  a m o e b a e  u n d e r  c o n t r o l le d  c o n d i t io n s  th e re  
w a s  n o  a p p r e c ia b le  c h a n g e  in  th e  le v e ls  o f  t o t a l  p h o s p h a ta s e  a c t iv i t y  m e a s u r e d  
i n  f r o z e n - t h a w e d  e x t r a c t s ,  b u t  th e re  w e re  q u it e  la r g e  in c r e a s e s  in  f r e e  
a c t iv i t ie s  o f  f r e s h ,  u n f r o z e n  p r e p a r a t io n s .  I n h ib i t o r s  a n d  p r o m o t e r s  o f  
e n c y s t a t io n  w e re  a ls o  f o u n d  t o  a f fe c t  th e  le v e ls  o f  p h o s p h a ta s e  a c t iv i t y  i n  th e  
a m o e b a e  b u t  d id  n o t  a f fe c t  i t s  s e d im e n t a b i l i t y  w h ic h  p e r s is t e d  t h r o u g h o u t  
th e  i n i t i a l  d e g r a d a t iv e  p h a s e  o f  e n c y s tm e n t .

I n c u b a t io n  o f  h o m o g e n a te s  o f  H a r t m a n n e l la  d e c re a s e d  th e  la t e n c y  o f  th e  
a c id  p h o s p h a ta s e  b u t  t h is  a c t iv a t io n  c o u ld  b e  m o d i f ie d  b y  s u b s ta n c e s  w h ic h  
a re  k n o w n  t o  a f fe c t  th e  e n c y s t a t io n  re s p o n s e s  o f  th e  a m o e b a e .

I t  is  c o n c lu d e d  t h a t  th e  d e g r a d a t iv e  p h a s e  o f  e n c y s t a t io n  is  d u e  to  th e  a c t iv a 
t io n  o f  h y d r o ly t i c  e n z y m e s  w i t h in  s e d im e n t a b le  c o m p a r tm e n t s  o f  th e  
a m o e b a e  a n d  is  n o t  th e  r e s u lt  o f  h y d r o la s e s  b e in g  r e le a s e d  f r o m  th e s e  c o m 
p a r tm e n t s .  I t  s e e m s  l i k e l y  t h a t  a g e n ts  w h ic h  a re  c a p a b le  o f  p r o m o t in g  e n c y s 
t a t io n  m a y  d o  s o  b y  in d u c in g  a c t iv a t io n  o f  ly s o s o m a l e n z y m e s .

INTRODUCTION

W h e n  s t a r v e d  c o m p le t e ly  o f  c a r b o n  a n d  n i t r o g e n  s o u r c e s  a n d  s u p p l ie d  w i t h  m a g 

n e s iu m  c h lo r id e  th e  a m o e b a e  o f  H artm annella  castellan ii e n c y s t  ( G r i f f i t h s  &  H u g h e s ,  

1968, 1969) . T h e  in i t i a t i o n  o f  e n c y s t a t io n  is  m a r k e d  b y  la r g e  d e c re a s e s  in  d r y  w e ig h t  

a n d  p r o t e in  w h ic h  a p p a r e n t ly  p r o v id e  th e  e n e rg y  a n d  p r e c u r s o r s  f o r  th e  s u b s e q u e n t  

s y n th e s e s  o f  c y s t - s p e c i f ic  c o m p o n e n t s  o f  w h ic h  c e l lu lo s e  is  th e  m o s t  p r o m in e n t .  T h e  

im p o r t a n c e  o f  t h is  d e g r a d a t iv e  p h a s e  su g g e s ts  t h a t  e n c y s t a t io n  is  a  p r o c e s s  in  w h ic h  
i t  w o u ld  b e  r e a s o n a b le  t o  e x p e c t  ly s o s o m a l a c t iv i t y  t o  p la y  a  s ig n i f ic a n t  r o le  a n d  th e re  

is  n o w  s o m e  e v id e n c e  f o r  th e  p a r t i c ip a t io n  o f  a u to ly s o s o m e s  in  c y s t - f o r m a t io n  in  

A cantham oeba  sp . ( B o w e r s  &  K o r n ,  1969) a n d  in  a n o t h e r  a m o e b a ,  M ayo re lla  pa le s ti-  
nensis ( L a s m a n ,  1967). A s  e n c y s t a t io n  c a n  n o w  b e  in v e s t ig a t e d  u n d e r  r e a s o n a b ly  

c o n t r o l le d  e x p e r im e n t a l  c o n d i t io n s  i t  w o u ld  se e m  t o  p r e s e n t  a  s u it a b le  s y s te m  f o r  th e  

s t u d y  o f  th e  c o n t r o l  o f  ly s o s o m a l  a c t iv i t y  in  d e v e lo p m e n t a l  p ro c e s s e s .
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METHODS

T h e  o r g a n is m  u s e d  in  t h is  in v e s t ig a t io n  w a s  H artm annella  castellanii (neff s t r a in ) .  

T h e  a m o e b a e  w e re  g r o w n  a x e n ic a l ly  in  4 %  m y c o lo g ic a l  p e p to n e  ( O x o id )  a n d  e n c y s ta -  

t io n  w a s  in d u c e d  b y  r e p la c in g  th e  g r o w th  m e d iu m  b y  0-05M - M g C l2 ( G r i f f i t h s  &  

H u g h e s ,  1968, 1969).

C e l l - f r e e  e x t r a c t s  w e re  p r e p a r e d  a s  f o l lo w s .  A m o e b a e  w e re  c o l le c t e d  b y  c e n t r i f u g in g  

s u s p e n s io n s  a t  500 g  f o r  3 t o  5 m in . ,  t h e n  th e  p e l le t  w a s  w a s h e d  o n c e  w i t h  50 m M - M g C l2 
a t  la b o r a t o r y  t e m p e r a tu r e .  I n  m o s t  e x p e r im e n t s  th e  w a s h e d  a m o e b a e  w e re  r e s u s 

p e n d e d  in  o -6M -s u c ro s e  a n d  g e n t ly  d is r u p t e d  in  a  g la s s  h a n d - h o m o g e n iz e r  f i t t e d  w it h  

a  T e f lo n  p e s t le  ( T h o m a s  L t d . ,  P h i la d e lp h ia )  im m e r s e d  in  ic e .  T h e  h o m o g e n a t e  w a s  

c e n t r i f u g e d  a g a in  a t  500 g  f o r  10 m in .  t o  r e m o v e  u n b r o k e n  a m o e b a e  a n d  th e  s u p e r 

n a t a n t  r e t a in e d  a s  th e  c e l l- f r e e  h o m o g e n a te .  F u r t h e r  f r a c t io n a t io n  o f  th e  h o m o g e n a te  

w a s  a c c o m p l is h e d  b y  c e n t r i f u g in g  e it h e r  a t  800 g  f o r  10 m in .  f o l lo w e d  b y  20,000 g  f o r  

20 m in . ,  in  a  M S E  17 c e n t r i fu g e ,  o r  a t  20,000 g  o n ly .  P e l le t s  w e re  r e s u s p e n d e d  in  5 t o  

10 v o lu m e s  o f  o -6M -s u c ro s e  b u f f e r e d  a t  p H  7-2 w i t h  20 m M - t r is .

A c i d  p h o s p h a ta s e  w a s  a s s a y e d  a t  250 w i t h  p - n i t r o p h e n y l  p h o s p h a te  ( S ig m a  C h e m ic a l  

C o . )  a s  th e  s u b s t r a te .  T h e  r e a c t io n  m ix t u r e  c o n s is t e d  o f  0-2 m l.  100 m M  a c e ta te  b u f f e r  

( p H  4-0), o -2 m l.  25 m M - s u c r o s e  a n d  o - i  m l.  o f  t h e  e n z y m e  p r e p a r a t io n  (2 t o  30 ¡ig  
p r o t e in ) .  T h e  r e a c t io n  w a s  s t o p p e d  a f t e r  5 t o  10 m in .  b y  th e  a d d i t io n  o f  4 m l.  0-5 M - 

N a O H .  T h e  a m o u n t  o f  p - n i t r o p h e n o l  re le a s e d  w a s  m e a s u r e d  a t  400 n m . o n  a  U n ic a m  

S P 600 s p e c t r o p h o t o m e t e r .  T o t a l  p h o s p h a ta s e  a c t iv i t ie s  w e re  m e a s u r e d  o n  e x t r a c t s  

w h ic h  h a d  b e e n  f r o z e n  a n d  t h a w e d  ; f r e e  p h o s p h a ta s e  w a s  m e a s u r e d  o n  f r e s h ,  u n f r o z e n  

e x t ra c t s .

P r o t e in  w a s  m e a s u r e d  b y  th e  m e th o d s  o f  L o w r y ,  R o s e b r o u g h ,  F a r r  &  R a n d a l l  

( 1951) a n d  W a r b u r g  &  C h r i s t i a n  ( L a y n e ,  1957). A m o e b a e  w e re  c o u n t e d  in  a  F u c h s -  
R o s e n t h a l  h a e m o c y t o m e t e r  ( G r i f f i t h s  &  H u g h e s ,  1969).

RESULTS

T h e  p - n i t r o p h e n y lp h o s p h a t a s e  o f  H artm annella  h a s  a  p H  o p t im u m  o f  4-0. W h e n  

a s s a y e d  in  f r e s h ly  p r e p a r e d  e x t r a c t s  th e  p h o s p h a ta s e  a c t iv i t y  w a s  m u c h  lo w e r  t h a n  in  

e x t r a c t s  w h ic h  h a d  b e e n  r e f r ig e r a t e d  o v e r n ig h t  o r  f r o z e n  a n d  th a w e d .  T h i s  la t e n c y  

c o u ld  a ls o  b e  re le a s e d  i n  th e  f r e s h  e x t r a c t s  b y  in c u b a t in g  w it h  T r i t o n  x 100 o r  c a r b o n  

t e t r a c h lo r id e  ( T a b le  1). I t  w a s  s u f f ic ie n t  t o  f r e e z e  a n d  t h a w  o n ly  o n c e  t o  re le a s e  th e  

m a x im u m  a c t iv i t y  a n d  f o r  t h is  r e a s o n  m e a s u r e m e n ts  o f  t o t a l  a c t iv i t y  w e re  a lw a y s  
p e r f o r m e d  o n  f r o z e n - t h a w e d  p r e p a r a t io n s .

I n c lu s io n  o f  s u c r o s e  in  th e  m e d ia  u s e d  t o  p r e p a r e  c e l l- f r e e  h o m o g e n a te s  o f  H a r t 

m a n n e l la  in c r e a s e d  th e  s e d im e n t a b i l i t y  o f  a c id  p h o s p h a ta s e  ( T a b le  2). T h e  u se  o f  

s u c r o s e  c o n c e n t r a t io n s  u p  t o  o -6M a ls o  b r o u g h t  a b o u t  a  d e c re a s e  in  th e  t o t a l  m e a s u r a b le  

a c t iv i t y  in  a s s o c ia t io n  w i t h  th e  in c r e a s e  in  s e d im e n t a b i l i t y .  E x t r a c t s  p r e p a r e d  in  

0'9M -s u c ro s e  w e re  95%  m o r e  a c t iv e  t h a n  t h o s e  in  o -6M -su c ro s e .

A s  e x p e c te d ,  th e  s e d im e n ta b le  a c id  p h o s p h a ta s e  a ls o  e x h ib it e d  a  g r e a te r  d e g re e  o f  
la t e n c y  t h a n  th e  a p p a r e n t ly  s o lu b le  f o r m  o f  th e  e n z y m e . F r e e z in g  a n d  t h a w in g  o f  th e  

s e d im e n ta b le  f r a c t io n  p r o d u c e d  in c r e a s e s  o f  60 t o  80%  in  th e  p h o s p h a ta s e  a c t iv i t y  

c o m p a r e d  w i t h  10 t o  20%  in  th e  s o lu b le  f r a c t io n .  T h e  s e d im e n t a b i l i t y  o f  th e  a c id  

p h o s p h a ta s e  w a s  c h a r a c t e r is t ic  o f  a m o e b a e  a t  a l l  s ta g e s  o f  g r o w t h  ( T a b le  3). M i d 

lo g  p h a s e  a m o e b a e  w h ic h  h a d  b e e n  in d u c e d  t o  e n c y s t  a ls o  s h o w e d  a  h ig h  p r o p o r t io n  o f
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s e d im e n t a b le  p h o s p h a ta s e  a f t e r  6 h r  e n c y s t a t io n  ( w h ic h  c o r r e s p o n d s  t o  th e  m id - p o in t  

o f  th e  h y d r o ly t i c  p h a s e  o f  e n c y s t a t io n  ( G r i f f i t h s  &  H u g h e s ,  1969)). I n  o n e  e n c y s t a t io n  

e x p e r im e n t  th e  a m o e b a e  in e x p l i c a b ly  ly s e d  a f t e r  5 h r  in c u b a t io n .  I t  m a y  b e  s ig n i f ic a n t  

t h a t  in  t h is  c u l t u r e  o n ly  28 %  o f  th e  r e c o v e r e d  p h o s p h a ta s e  a c t iv i t y  w a s  s e d im e n ta b le .

T a b le  1. Latency of acid phosphatase of H. castelianii
In crease  in

T re a tm e n t ac tiv ity  (% )

T rito n  x  100 50
R e frig e ra tio n  (40, 24 h r) 60
F reez in g  a n d  th aw in g  80
C a rb o n  te trach lo rid e  (10 /¿I.) 40

C ell-free h o m o g en a te s w ere  p re p a re d  in  o-6M -sucrose. T r ito n  x  100 a n d  c a rb o n  te trach lo rid e  w ere 
each  a d d ed  to  th e  assay  m ix tu re . T o  relieve la tency  by  freezing a n d  th aw in g  it w as sufficient to  freeze 
o n c e  (12 h r  a t  — 250) a n d  th a w  a t  la b o ra to ry  tem p era tu re .

T a b le  2. Sedimentability of H. castelianii acid phosphatase
at various sucrose concentrations

Sucrose  co n cen tra tio n T o ta l ac tiv ity Sed im ented R ecovery
in  h o m o g en a te (/¿M -p-nitrophenol) (% ) (% )

0 90 15 60
0'3M 94 38 70
o-6m 83 79 86
0 '9  M 162 58 70

C ell-free h o m o g en a te s w ere p rep a red  in  m ed ia  co n ta in in g  th e  ind ica ted  sucrose c o n cen tra tio n s  fro m  
th e  sam e cu ltu re  o f  log -phase  am oebae. A ll m ed ia  w ere buffered  a t  p H  7 2 w ith  20 mM-tris. S ed im en ta 
b ility  w as d e te rm in ed  a fte r  cen trifug ing  h o m o g en a te s a t  20,000 g  fo r  20 m in . a n d  resu sp en d in g  th e  
pelle ts in  a  m ed iu m  c o n ta in in g  sucrose a t  a  c o n c e n tra tio n  co rre sp o n d in g  to  th a t  u sed  d u rin g  cell 
b reak ag e . T h e  p e rcen tag e  recovery  o f  p h o sp h a ta se  ac tiv ity  fo llow ing  f ra c tio n a tio n  is a lso  in d ica ted .

T a b le  3. Sedimentability of acid phosphatase during growth and encystation
P e r cen t o f  to ta l activ ity  

o f  h o m o g en a te

H o u r s  g r o w t h H o u r s

r ______A____ 1 e n c y s t a t i o n

24 48 7 2 6

S e d i m e n t a b l e 7 9 96 128 8 6

S o l u b l e 1 0 2 3 3 0 1 7
R e c o v e r y  ( % ) 89 11 9 158 103

C ell-free h o m o g en a te s w ere p re p a re d  in  o-6M -sucrose. S ed im en tab ility  w as d e te rm in ed  a fte r  
cen trifu g in g  a t  20 ,000g  fo r  20 m in .

T a b le  4 s h o w s  th e  a c t iv i t ie s  o f  a c id  p h o s p h a ta s e  in  h o m o g e n a te s  o f  H a r t m a n n e l la  

d u r in g  th e  d e g r a d a t iv e  p h a s e  o f  e n c y s ta t io n .  A l t h o u g h  th e  s p e c if ic  a c t iv i t y  o f  a c id  

p h o s p h a ta s e  in c r e a s e d  b y  34%  in  th e  f i r s t  3 h r  o f  e n c y s t a t io n  th e  p h o s p h a ta s e  a c t iv i t y  

p e r  c e l l  d e c re a s e d . S o m e  o f  th e  a p p a r e n t  in c r e a s e  in  s p e c if ic  a c t iv i t y  m a y  b e  d u e  n o t  t o  

a n  in c r e a s e  in  th e  a m o u n t  o f  e n z y m e  b u t  t o  th e  n o t  in s ig n i f ic a n t  p r o t e o ly s is  w h ic h  

o c c u r s  a t  t h is  s ta g e  o f  e n c y s t a t io n  a n d  w h ic h  p r o c e e d s  a t  a n  i n i t i a l  r a t e  ( d u r in g  th e  

f i r s t  10 h r )  o f  4 t o  5%  /h r .  T h e  e n z y m e  a c t iv i t ie s  w e re  m e a s u r e d  i n  f r o z e n - t h a w e d
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e x t r a c t s  a n d  t h e r e fo r e  r e p re s e n t  th e  t o t a l  m e a s u r a b le  p h o s p h a ta s e  in  th e  e n c y s t in g  

a m o e b a e .  T a b le  3 s h o w s  th e  p e r c e n ta g e  o f  th e  t o t a l  a c t iv i t y  w h ic h  w a s  m e a s u r a b le  in  

f r e s h  h o m o g e n a te s  a n d  in  f r a c t io n s  o f  a m o e b a e  a f t e r  v a r io u s  p e r io d s  o f  in c u b a t io n  in  

th e  e n c y s t a t io n  m e d iu m ;  t h is  w a s  th e  ‘ f r e e ’ p h o s p h a t a s e  a c t iv i t y .  T h e r e  w e re  la r g e  i n 

c re a s e s  in  th e  f re e  a c t iv i t ie s  o f  th e  h o m o g e n a te s  d u r in g  th e  i n i t i a l  5 h r  o f  e n c y s t a t io n  

w h ic h  w e re  f o l lo w e d  b y  a  s l ig h t  d e c re a s e  b e tw e e n  5 a n d  8 h r .  A  s im i la r  p a t t e r n  w a s  

f o u n d  t o  o c c u r  in  th e  p h o s p h a ta s e s  o f  th e  800 g  p e l le t  a n d  th e  20,000 g  s u p e rn a ta n t .  

F r e e  p h o s p h a ta s e  a c t iv i t y  i n  th e  20,000 g  p e l le t  r e m a in e d  e s s e n t ia l ly  a t  th e  s a m e  le v e l  

t h r o u g h o u t  th e  h y d r o ly t i c  p h a s e  o f  e n c y s ta t io n .

T a b le  4. T o ta l a c tiv itie s  o f  a c id  ph osphatase during the h ydro ly tic  ph ase  o f  encysta tion

/iM-p-nitrophenol
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P er m g.
p ro te in /m in . P er cell/m in .

0 h r  en cy sta tio n  139 500
1 h r  en cy sta tio n  143 400
3 h r  en cy sta tio n  186 300
5 h r  en cy sta tio n  140 120

P h o sp h a ta se  ac tiv ities w ere m easu red  o n  frozen -th aw ed  cell-free h o m o g en a tes p re p a re d  in o-6m- 
sucrose. Sam ples w ere ta k e n  fro m  th e  sam e cu ltu re .

T a b le  5. Free a c id  phospha tase a c tiv ity  in encysting H . castellanii

H o u rs  en cy sta tio n
t------ \

0 5 8

H o m o g en a te 27 6l 54
800#  x  10 m in . pelle t 16 5° 33
20,000#  x  20 m in . pelle t 42 50 50
20,000,? x  20 m in . su p e rn a ta n t 62 92 77

F re e  activ ities, w hich  w ere m easu red  o n  fresh  p re p a ra tio n s , a re  expressed  as a  p ercen tag e  o f  th e  
to ta l activ ities w hich  w ere o b ta in e d  w ith  th e  sam e ex trac ts  a f te r  freezing a n d  thaw ing .

T h e  e n c y s t a t io n  re s p o n s e  o f  H a r t m a n n e l la  h a s  b e e n  f o u n d  t o  b e  s e n s it iv e  t o  a  n u m 

b e r  o f  c a r b o n  a n d  n i t r o g e n  s o u r c e s  w h e n  th e se  a re  in c lu d e d  in  th e  r e p la c e m e n t  m e d iu m .  

A d d i t i o n  o f  g lu t a m ic  a c id  t o  a n  e n c y s t in g  c u l t u r e  c o m p le t e ly  b lo c k s  e n c y s tm e n t  a n d  

b r in g s  a b o u t  th e  e v e n t u a l d e a th  o f  th e  a m o e b a e .  W h e n  g lu c o s e  is  in c lu d e d  i n  th e  

e n c y s t a t io n  m e d iu m  h o w e v e r ,  th e re  is  a  s ig n i f ic a n t  e n h a n c e m e n t  o f  c e l lu lo s e  s y n th e s is  
a n d  th e re  is  a ls o  a  s p a r in g  e f fe c t  o n  th e  d r y  w e ig h t  lo s t  b y  th e  e n c y s t in g  a m o e b a e .  

( G r i f f i t h s  &  H u g h e s ,  1969). I n  a n  e x p e r im e n t  d e v is e d  t o  d e t e rm in e  th e  e f fe c t  o f  g lu c o s e  

a n d  g lu t a m a t e  o n  th e  b e h a v io u r  o f  a c id  p h o s p h a ta s e  th e  a m o e b a e  w e re  in c u b a t e d  f o r  

15 h r  in  th e  p re s e n c e  o f  th e se  s u b s t r a te s .  O n e  p e r  c e n t  m y c o lo g ic a l  p e p t o n e  w a s  u s e d  a s  

a  c o n t r o l  a s  a t  t h is  c o n c e n t r a t io n  n e it h e r  g r o w t h  n o r  e n c y s t a t io n  o c c u r .  T h e  h ig h e s t  

a c t iv i t y  o f  p h o s p h a ta s e  w a s  f o u n d  in  a m o e b a e  w h ic h  h a d  b e e n  in c u b a t e d  i n  th e  n o r m a l  

e n c y s t a t io n  m e d iu m  ( T a b le  6). T h e  a c t iv i t y  i n  th e  c e l ls  in c u b a t e d  w i t h  g lu c o s e  w a s  o n ly  

s l ig h t ly  h ig h e r  t h a n  in  t h o s e  in c u b a te d  in  th e  p e p t o n e  c o n t r o l .  T h e  h ig h e s t  s e d im e n ta b le  
a c t iv i t ie s  w e re  f o u n d  in  th o s e  a m o e b a e  w h ic h  e v e n t u a l ly  e n c y s te d .

W h e n  c e l l- f r e e  h o m o g e n a te s  o f  H a r t m a n n e l la  w e re  in c u b a t e d  w i t h  M g C l 2, g lu c o s e  

a n d  g lu t a m a te ,  a l l  i n  o -6M -s u c ro s e  ( T a b le  7) , i t  w a s  f o u n d  t h a t  b o t h  g lu t a m a t e  a n d



g lu c o s e  d e p re s s e d  th e  m e a s u r a b le  f re e  a c t iv i t y  w h e re a s  M g C l2 h a d  a n  e n h a n c in g  e ffe c t  

o n  th e  re le a s e  o f  th e  p h o s p h a t a s e  la t e n c y .  C u r io u s ly ,  in  v ie w  c f  t h e i r  q u it e  o p p o s it e  

e f fe c ts  o n  th e  e n c y s t a t io n  o f  w h o le  a m o e b a e ,  b o t h  M g C l 2 a n d  g lu t a m a t e  in d u c e d  a  

r e le a s e  o f  a c id  p h o s p h a ta s e  in t o  th e  n o n - s e d im e n t a b le  f r a c t io n  o f  th e  h o m o g e n a te .  I n  

th e s e  e x p e r im e n t s  th e re  w a s  s o m e  s p o n t a n e o u s  a c t iv a t io n  o f  th e  e n z y m e  a s  th e  f re e  

a c t iv i t y  in  th e  c o n t r o l  a t  th e  s t a r t  o f  th e  in c u b a t io n  p e r io d  w a s  o n ly  30 %  w it h  20 %  
o f  th e  a c t iv i t y  in  th e  s o lu b le  p h a se .
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T a b le  6. A c id  ph osphatase a c tiv ity  in am oebae fo llo w in g  incubation  
with inhibitors an d  p ro m o ters  o f  encysta tion

/¿M-p-nitro- Sed im ent Solub le
p h eno l/ce ll (% ) (% )

N o  en cy sta tio n 1 %  w /v  M ycolog ical p e p to n e 4^5 49 44
50 m M -g Iu tam ate+ 5 0  m M -M gC h 122 54 39

E n cy sta tio n 250 m M -g lu co se+ 50 m M -M gC l2 475 65 36
50 m M -M gC l2 595 68 27

A m o eb ae  w ere in c u b a te d  fo r  15 h r  in  m ed ia  c o n ta in in g  th e  su b s tra te s  show n above. A fte r h a rv estin g  
cell-free h o m o g en a te s w ere p re p a re d  in  o  bM -sucrose. S ed im en tab ility  w as d e te rm in ed  a f te r  cen tri
fug ing  h o m o g en a te s a t  20,000g  fo r 20 m in .

T a b le  7. A ctiva tion  o f  ac id  phospha tase in hom ogenates o f  H . castellanii

P er cen t o f  to ta l activ ity

F re e S ed im en tab le Solub le

C o n tro l (in itial) 30 70 20
C o n tro l (2 h r  in cu b a tio n ) 74 64 27
50 m M -M gC l2 87 24 , 94
50 m M  g lu tam a te 48 1 4 100
50 mM glucose 48 68 29

A m o eb ae  w ere hom o g en ized  in  o-6 M -sucrose a n d  th e  cell-free h o m o g en a te  w as in cu b a ted  as show n 
a t  30°. F re e  ac tiv ities w ere m easu red  o n  fresh  ex trac ts  a n d  to ta l  activ ities o n  frozen -th aw ed  p re p a ra 
tions.

D I S C U S S I O N
T h e  a c id  p H  o p t im u m ,  la t e n c y  a n d  s e d im e n t a b i l i t y  o f  th e  n o n - s p e c i f ic  p h o s p h a t a s e  

o f  H artm annella  castellan ii is  s t r o n g  e v id e n c e  in  f a v o u r  o f  i t s  ly s o s o m a l lo c a t io n .  T h e r e  

w e re  n o  s p e c t a c u la r  in c r e a s e s  in  a c id  p h o s p h a ta s e  le v e ls  in  e n c y s t in g  H a r t m a n n e l l a  a s  

h a s  b e e n  r e p o r t e d  f o r  th e  b io c h e m ic a l ly  s im i la r  p h e n o m e n o n  o f  s l im e - m o u ld  s p o l i a 

t io n  ( G e z e l iu s ,  1966) . I t  i s  q u it e  c le a r  t h o u g h ,  t h a t  th e  m e re  m e a s u r e m e n t  o f  t o t a l  

e n z y m e  a c t iv i t ie s  i n  e u c a r y o t ic  o r g a n is m s  is  o f  l im i t e d  v a lu e  in  s t u d ie s  s u c h  a s  th e se  

w h e n  th e  e n z y m e  in  q u e s t io n  m a y  n o t  h a v e  f re e  a c c e s s  t o  i t s  s u b s t r a t e  in vivo. I n  th e  
c a s e  o f  th e  H a r t m a n n e l la  p h o s p h a ta s e ,  f o r  e x a m p le ,  a l t h o u g h  th e re  w a s  n o  la r g e  

in c r e a s e  in  th e  le v e l  o f  t h is  e n z y m e  d u r in g  e n c y s t a t io n  th e re  w e re  s ig n i f ic a n t  in c r e a s e s  

in  i t s  f r e e  a c t iv i t y .  F u r t h e r m o r e ,  th e se  in c r e a s e s  d id  n o t  o c c u r  in  a l l  s u b - c e l lu la r  f r a c 
t io n s .  H o w  f a r  th e se  o b s e r v a t io n s  a re  r e p r e s e n ta t iv e  o f  th e  in vivo s i t u a t io n  c a n  o n ly  b e  

d e t e rm in e d  b y  f u r t h e r  in v e s t ig a t io n  a n d  is  n o w  r e c e iv in g  a t t e n t io n .  B u t  th e  d r y  w e ig h t  

lo s s  a n d  e x t e n s iv e  p r o t e in  d e g r a d a t io n  w h ic h  is  k n o w n  t o  o c c u r  in  e n c y s t in g  a m o e b a e  

( G r i f f i t h s  &  H u g h e s ,  1969) is ,  a t  le a s t ,  c i r c u m s t a n t ia l  e v id e n c e  in  f a v o u r  o f  s u c h  

c h a n g e s  in  th e  a c t iv i t ie s  o f  th e  h y d r o la s e s .
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T h e  p e r s is t e n t  s e d im e n t a b i l i t y  o f  a c id  p h o s p h a ta s e  i n  e n c y s t a t io n  is  in  c o n t r a s t  

t o  th e  b e h a v io u r  o f  t h is  e n z y m e  in  s t a r v e d  E u g le n a  ( B e r t in i ,  B r a n d e s  &  B u e t o w ,

1965) a n d  in  th e  d e v e lo p m e n t  c f  th e  c h i c k  u r in o - g e n i t a l  s y s te m  ( S c h e ib - P f le g e r  &  

W a t t ia u x ,  1962) in  w h ic h  h y d r o ly t i c  a c t iv i t y  is  b r o u g h t  a b o u t  b y  th e  re le a s e  o f  th e  

ly s o s o m a l e n z y m e s  in t o  th e  s o lu b le  f r a c t io n  o f  th e  c e lls .  T h e  h ig h e s t  le v e ls  o f  s o lu b le  

a c id  p h o s p h a ta s e  in  H a r t m a n n e l la  w e re  f o u n d  in  a m o e b a e  w h ic h  h a d  b e e n  p r e v e n te d  

f r o m  e n c y s t in g  b y  th e  p re s e n c e  o f  g lu t a m a t e  o r  lo w  c o n c e n t r a t io n s  o f  p e p to n e  a n d  in  

th e  c u lt u r e  w h ic h  h a d  ly s e d .  I t  s e e m s  l i k e ly ,  t h e r e fo r e ,  t h a t  th e  r e le a s e  o f  h y d r o la s e s  
f r o m  m e m b r a n e - b o u n d  lo c a le s  in  th e  a m o e b a  is  in c o n s is t e n t  w i t h  e n c y s ta t io n .  T h i s  is  

u n d e r s t a n d a b le  f o r  c e r t a in  e n z y m e s  o r  s t r u c tu r e s  o f  th e  a m o e b a  a re  r e q u ir e d  f o r  th e  

p r o v is io n  o f  e n e rg y  a n d  f o r  s y n th e s e s  in  th e  d i f f e r e n t ia t in g  c e l l  a n d  th e se  m u s t  b e  p r o 

te c te d  f r o m  in d is c r im in a t e  d e s t r u c t io n  b y  ly s o s o m a l e n z y m e s  r e le a s e d  in t o  th e  

‘ c y t o p la s m ’ .

S h ib k o ,  P a n g b o r n  &  T a p p e l  ( 1965) h a v e  s h o w n  t h a t  th e  a c t iv a t io n  o f  r a t - k id n e y  

ly s o s o m a l e n z y m e s  t a k e s  p la c e  in  tw o  s ta g e s . I n i t i a l l y  th e re  is  a n  in c r e a s e  o f  th e  f re e  

a c t iv i t ie s  o f  th e  h y d r o la s e s  w i t h o u t  lo s s  o f  s e d im e n t a b i l i t y .  T h e  s e c o n d  s ta g e  in v o lv e s  

a n  a lm o s t  c o m p le t e  re le a s e  o f  th e  e n z y m e s  in t o  th e  s o lu b le  p h a s e . I n  th e  c a s e  o f  th e  

H a r t m a n n e l la  p h o s p h a ta s e  o n ly  a c t iv a t io n  b y  m a g n e s iu m  in v o lv e d  th e  la t t e r .  T h i s  

o b s e r v a t io n  is  r e le v a n t  t o  o u r  u n d e r s t a n d in g  o f  th e  r o le  o f  m a g n e s iu m  in  p r o m o t in g  

e n c y s t a t io n  a n d  p o s s ib ly  t o  th e  a c t iv a t io n  o f  ly s o s o m e s  i n  o t h e r  c e l ls ,  f o r  S a w a n t ,  

D e s a i  &  T a p p e l  ( 1694) h a v e  r e p o r t e d  th e  a c t iv a t io n  o f  ly s o s o m a l a r y l- s u lp h a t a s e  b y  

m a g n e s iu m  io n s  in  r a t  l iv e r .  I n  H a r t m a n n e l la  a l t h o u g h  th e  le v e ls  o f  a c id  p h o s p h a ta s e  

w e re  h ig h e r  i n  th e  a m o e b a e  w h ic h  h a d  b e e n  in c u b a te d  w i t h  M g C l2 a lo n e ,  m o s t  o f  t h is  

a c t iv i t y  w a s  s t i l l  s e d im e n ta b le .  I n  v ie w  o f  t h is  f in d in g ,  a n d  th e  in d i c a t io n  t h a t  h ig h  

le v e ls  o f  s o lu b le  a c id  p h o s p h a ta s e  a re  in c o n s is t e n t  w i t h  e n c y s ta t io n ,  th e  r o le  o f  m a g 

n e s iu m  in  e n c y s t a t io n  m a y  s t i l l  b e  in t e r p r e t e d  a s  a n  i n h ib i t o r  o f  th e  le a k a g e  o f  m a c r o 

m o le c u le s  w h ic h  is  k n o w n  t o  o c c u r  in  n o n - g r o w in g  H a r t m a n n e l la  ( G r i f f i t h s  &  H u g h e s ,

1968)  . A l t e r n a t iv e ly ,  th e  i n h ib i t i o n  o f  a c id  p h o s p h a ta s e  a c t iv a t io n  b y  g lu c o s e  m a y  a ls o  

o c c u r  in vivo  a n d  a n ta g o n is e  th e  a c t iv a t in g  e f fe c t  o f  m a g n e s iu m  c h lo r id e .  T h e r e  is  a  

la r g e  a c c u m u la t io n  o f  h e x o s e s  in  e n c y s t in g  a m o e b a e  ( G r i f f i t h s  &  H u g h e s ,  1968) w h ic h  

c o in c id e s  w i t h  th e  p h a s e  o f  h y d r o ly t i c  a c t iv i t y .  T h e  i n h ib i t o r y  e f fe c t  s h o w n  b y  g lu c o s e  

is  c o n s is t e n t  w i t h  it s  p r o b a b le  r o le  a s  a  p r e c u r s o r  f o r  c e l lu lo s e  s y n th e s is  d u r in g  e n c y s ta 

t io n  a n d  w i t h  th e  o b s e r v a t io n  t h a t  th e re  is  a  s u b s t a n t ia l  r e d u c t io n  in  d r y  w e ig h t  lo s s  b y  

a m o e b a e  in d u c e d  t o  e n c y s t  in  th e  p re s e n c e  o f  e x o g e n o u s  g lu c o s e  ( G r i f f i t h s  &  H u g h e s ,
1969)  .

T h e  p re s e n c e  o f  g lu t a m a t e  in  th e  e n c y s t a t io n  m e d iu m  d e p re s s e s  th e  p h o s p h a ta s e  
le v e ls  o f  th e  c e l ls  a n d  a ls o  in h ib i t s  p h o s p h a ta s e  a c t iv a t io n  i n  h o m o g e n a te s  s u g g e s t in g  

t h a t  g lu t a m a t e  m a y  in h ib i t  e n c y s t a t io n  b y  a c t in g  a t  th e  le v e l  o f  th e  ly s o s o m e s .

A . J . G .  i s  t h e  h o ld e r  o f  a  M e d i c a l  R e s e a c h  C o u n c i l  J u n io r  R e s e a r c h  F e l lo w s h ip  
a n d  S . M . B .  a  S c ie n c e  R e s e a r c h  C o u n c i l  S t u d e n t s h ip .
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S U M M A R Y
V a r io u s  s t r a in s  o r ig in a l l y  d e s ig n a te d  a s  m e m b e r s  o f  th e  g e n e ra  M icrococ

cus, Sarcina, a n d  Staphylococcus  w e re  a b le  t o  t r a n s f o r m  a d e n in e ,  h is t id in e ,  
a n d  t r y p t o p h a n  a u x o t r o p h s  o f  M icrococcus lysodeik ticu s  t o  p r o t o t r o p h y  a t  
r e la t iv e ly  h ig h  f r e q u e n c ie s .  T h e s e  in c lu d e d  c e r t a in  s t r a in s  o f  M .flcvo cya n eu s,
M .fla vu s , M . luteus, M . lysodeik ticu s, M . sodonensis, Sarcina fla va , S. lu tea , S . 
subflava, S taphylococcu s aferm entans  a n d  S t.flavocyan eu s. M a n y  o f  th e  a b o v e  
s t r a in s  w e re  a d e n in e  a u x o t r o p h s  a n d  p r o d u c e d  lo w  f r e q u e n c ie s  o f  p r o t o 
t r o p h ic  r e c o m b in a n t s  w h e n  c r o s s e d  w i t h  th e  a d e n in e - d e p e n d e n t  M . ly sodeik 
ticus s t r a in  is u .  P r o t o t r o p h ic  s t r a in s  o f  M . co n g lo m e ra te , M . radiodurans, 
M . roseus, M . rubens, M . varians, S t. aureus a n d  S t. epiderm idis  f a i le d  t o  
t r a n s f o r m  M . lysodeik ticu s  i n  th e se  s tu d ie s .  P r o t o t r o p h ic  p ig m e n t  m u ta n t s  
o f  M . lysodeik ticu s  a n d  S. lu tea  w e re  a b le  t o  d o u b ly  t r a n s f o r m  y e l lo w  a u x o 
t r o p h s  o f  M . lysodeik ticu s  t o  p r o t o t r o p h y  a n d  d o n o r  c o lo u r .

I N T R O D U C T I O N
T h e  t a x o n o m ic  s ta tu s  o f  th e  ‘ s p e c ie s ’ M icrococcus lysodeik ticu s, is o la t e d  b y  F le m in g  

( 1922), h a s  b e e n  u n d e r  in v e s t ig a t io n  f o r  a  n u m b e r  o f  y e a rs .  O n e  s ig n i f ic a n t  s te p  t o w a r d  

c la s s i f ic a t io n  w a s  m a d e  w h e n  E v a n s ,  B r a d f o r d  &  N iv e n  ( 1955) p r o p o s e d  in c lu d in g  t h is  

o r g a n is m  in  th e  g e n u s  M icrococcus  a n d  s e p a r a t in g  i t  f r o m  th e  s t a p h y lo c o c c i  o n  th e  

b a s is  o f  i t s  r e la t io n  t o  o x y g e n  ( o b l ig a t e  a e r o b e )  in  a  s t a n d a r d iz e d  c o m p le x  m e d iu m  

c o n t a in in g  g lu c o s e .  A s  a  r e s u lt  o f  n u m e r o u s  p h y s io lo g ic a l  a n d  b io c h e m ic a l  s tu d ie s ,  

K o c u r  &  M a r t in e c  ( 1962, 1963, 1965) a n d  R o s y p a l  &  K o c u r  ( 1963) h a v e  su g g e s te d  

t h a t  s t r a in s  o f  M . lysodeik ticu s  b e  in c lu d e d  t o g e th e r  w it h  c e r t a in  s t r a in s  o f  M . cyaneus, 
M .f la v o cyaneus, M .fla v u s , M . luteus, M . sodonensis, Sarcina aurantiaca, S . citrea, 
S . flava , S . lu tea, S . m arginata , S . pe lag ia , S . subflava, S . variabilis, S taphylococcus  
aferm entans, a n d  S t.f la vo cya n eu s  in t o  a  s in g le  s p e c ie s ,  M . luteus. B a i r d - P a r k e r  ( 1963,
1965) a ls o  c o m b in e d  M . lysodeik ticu s  w i t h  r e p r e s e n ta t iv e s  o f  th e  a b o v e  o r g a n is m s  in t o  

a  s in g le  t a x o n o m ic  g r o u p ,  M ic r o c o c c u s  s u b g r o u p  7. M o r e  re c e n t  s t u d ie s  b y  R o s y p a l ,  

R o s y p a lo v a  &  H o r e j s  ( 1966), b a s e d  o n  D N A  b a s e  c o m p o s i t io n  a n d  A d a n s o n ia n  

a n a ly s is ,  h a v e  s h o w n  t h a t  m o s t  o f  th e  s t r a in s  c la s s i f ie d  a s  M . luteus b y  K o c u r  &  

M a r t in e c  p o s s e s s e d  h ig h  c o e f f ic ie n t s  o f  s im i la r i t y  (S  v a lu e )  a n d  h a d  a p p r o x im a t e ly  

s im i la r  G C  c o n te n t s  in  t h e i r  D N A .  H o w e v e r ,  t h e y  p r o p o s e d  s u b d iv id in g  th e se  m ic r o 

c o c c i  o n  th e  b a s is  o f  D N A  b a s e  r a t io s :  g r o u p  1 ( M .fla vo  cyaneus, M .fla vu s , M . lyso 
deik ticus, M . sodonensis, S. citrea , S . f la va , S . lu tea, S. m arginata , S . p e lag ia , S.
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subflava, S. variabilis, S t. aferm entans, an d  S t. flavocyaneus) h a v in g  70-8 t o  73-3% 
G C ;  g r o u p  2 {S . aurantiaca  a n d  s e v e ra l o t h e r  m ic r o c o c c i)  h a v in g  67-5 t o  69-5% G C ;  

a n d  g r o u p  3 (M . luteus s t r a in  ATCC398 a n d  M . cyaneus) h a v in g  65-8 t o  67-0% G C .  

P r e l im in a r y  s tu d ie s  o n  t r a n s f o r m a t io n  i n  M icrococcus lysodeik ticu s  ( K lo o s  &

T a b le  1. T ransform ation  o f  nutritional m arkers in M icrococcus lysodeik ticu s  
b y  various m em bers o f  the fa m ily  M icrococcaceae

Prototrophs/io6 colony- 
forming units resulting 

in crosses with M .

248

ly s o d e ik tic u s  strain isu
Nutritional classification auxotrophs§

including mutant or ,------- _______ A______ -------- \
Donor species* Strain Sourcet auxotrophic genotype:) a d e tr p E  16 h isD  61

Micrococcus
M . ca n d ica n s ATCC8456 I - <  I < I < I
M . c itre u s atcc 395 I — < I < I <  I
M . c o n g lcm era tu s ATCC401 I + <  I <  I <  I
M . fla v o c y a n e u s ATCC 8673 2 a de 26 888 283
M . fla v o c y a n e u s CCM622 3 a de 10 530 126
M . fla v o c y a n e u s CCM8 5 I 3 a de 12 572 I3I

a d e +- i 2 97 1279 348
M . fla v o c y a n e u s CCM 853 3 a de l 6 6i3 172
M .f ia v u s ATCC400 I a de 9 238 82
M . fla v u s ATCC 10240 2 + 192 470 174
M . lu teu s ATCC 398 1 ,4 — <  I <  I <  I
M . lu teu s CCMI05 3 a de II I I 5O 2 71

a d e +- 1 340 127 9 230
M . lu teu s CCM308 3 + 220 1080 2 10
M . lu teu s CCM355 3 + 234 760 17 9
M . lu teu s CCM370 3 a de 8 852 140
M . lu teu s CCM408 3 a de 23 1088 96

a d e +- l 4 1 4 123 6 74
M . lu teu s CCMI423 3 + 696 665 263
M . lu teu s CCM 1672 3 a d e 32 1390 260

a de  -1 374 1240 188
M . ly s o d e ik tic u s ISU 5 a de < I 1 1 7 6 478

a d e +- 1 346 1899 232
a d e +- l  t r p E  16 563 < I 190
a de  f-l h isD  61 548 1260 < I

M . ly s o d e ik tic u s PU 5 a d e 34 2394 2 2 7
a d e - 8 374 2 12 6 307

M . ly s o d e ik t ic u s UM 5 a de II 1 2 1 1 203
a d e +- 1 261 10 13 180

M . ly s o d e ik tic u s WRU 5 a d e 9 18 12 198
a d e ' - 1 381 176 2 18 6

M . ly s o d e ik tic u s ATCC4698 I a d e 9 2046 350
M . ly s o d e ik tic u s ATCCI58OI 4 a d e l 6 78 4 102

a d e +-4 338 6 27 118
M . ly s o d e ik tic u s CCM 1335 3 + 2 76 967 151
M . rad io d u ra n s atcc 1 3939 6 + < I < I < I
M . ro seu s ATCC4 1 2 I + < I < I < I
M . ro seu s ATCC4 1 6 I + < I < I < I
M . roseus ATCC5 16 I + < I < I < I
M . ro seu s ATCC9 8 15 I + < I < I < I
M . roseus B-P94 7 + < I < I < I
M . roseus B-P97 7 — < I < I < I
M . rubens ATCCI86 I + < I < I < I
M . sod o n en sis ATCC 11880 I + 264 935 2 1 7
M . various atcc399 I + < I < I < I
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T a b le  1 cont.
Prototrophs/ioe colony
forming units resulting 

in crosses with M. 
lysodeikticus strain isu

Nutritional classification auxotrophs§

D onor species* Strain Sourcef
including mutant or 

auxotrophic genotype! ade
A

trpE 16 hisD 61
Sarcina

S. aurantiaca ATCC146 4 — < I < I < IS. flava ATCC 540 4 ade 24 972 l 62S. lutea ATCC272 3 + 235 708 359S. lutea ATCC3 8 I 4 ade 17 5 12 163S. lutea ATCC382 2 ( - ) 500 638 190S. lutea ATCC533 8 + 325 1479 l6 lS. subflava ATCC7468 4 + 240 855 320S. ureae ATCC6 473 4 - <  I <  I <  IS. ureae NCDO 1 548 9 — <  I <  I < I
Staphylococcus

St. afermentans ATCC 15307 4 + 806 2568 204St. aureus 655 10 ( +  ) <  I <  I <  ISt. aureus 33 10 (+ ) <  I <  I < ISt. epidermidis B-P287 7 (+ ) <  I <  I < ISt. epidermidis B-P2 7 (+ ) < I < I < ISt. epidermidis B-PI2 7 ( +  ) < I < I < ISt. epidermidis B-P2I 7 (+ ) < I < I < ISt. epidermidis B-P31 7 (+ ) < I < I < ISt. flavocyaneus CCM247 3 ade 18 641 221

* S tra in s w hich  w ere  o rig ina lly  d esignated  M icrococcus flavocyaneus (ccm622, CCM851, CCM853), 
M . lysodeikticus (CCM1335), Sarcina lutea (ATCC272), a n d  Staphylococcus flavocyaneus (CCM247) w ere 
received fro m  M . K o c u r  as s tra in s  o f  M . luteus (K o cu r &  M a rtin ec , 1962; 1963).

f  1— J. B. E vans, N o r th  C a ro lin a  S ta te  U n iv ., R a le igh , N .C ., U .S .A .; 2— E . R . K en n ed y , C a th o lic  
U n iv ., W ash in g to n , D .C ., U .S .A .; 3— M . K o c u r, C zechoslovak  C o llec tion  o f  M ic ro o rg an ism s, 
J. E. P u rk y n e  U n iv ., B rn o , C S S R ; 4—A m erican  T y p e  C u ltu re  C o llec tion , R ockv ille , M a ry lan d , 
U .S .A .; 5— E . A . G ru la , O k la h o m a  S ta te  U n iv ., S tillw ater, O k la ., U .S .A .; 6— A . H .  Schein , U n iv . o f  
V erm o n t, B u rlin g to n , V erm o n t, U .S .A .; 7—A . C . B a ird -P a rk e r , U nilever R esearch  L a b o ra to ry , 
B ed fo rd , E n g la n d ; 8— T . T o rn ab en e , C o lo ra d o  S ta te  U n iv ., F o r t  C ollins, C o lo ., U .S .A .; 9— E. I. 
G arv ie , N a tio n a l C o llec tio n  o f  D a iry  O rgan ism s, U n iv . o f  R e ad in g , R ead ing , E n g la n d ; 10— P . A . 
P a ttee , Io w a  S ta te  U n iv ., A m es, Io w a, U .S .A .

{ ode = Adenine requirement (growth stimulated by adenine, adenosine, inosine, or hypoxanthine); 
ade+ = adenine-independent mutant, notation followed by arabic numeral to indicate order of isola
tion, e.g. ade+- 1; trpE  16 = L-tryptophan requirement (growth stimulated by anthranilic acid, in
dole, or L-tryptophan); hisD  61 =  L-histidine requirement (growth stimulated by L-histidine but not 
by L-histidinol); — = no detectable growth (colonies) on defined agar, phenotype unclassified; 
(—) =  no detectable growth on defined agar, but genotype is believed to be a p e + trp E + h isD + based 
on transformation data; (+ ) =  no detectable growth on defined agar of Kloos & Schultes (1969), 
but prototrophic phenotype classified on defined agar for staphylococci of Kloos & Pattee (1965); 
+ =  prototroph.

§ D a ta  rep resen t th e  average  o f  tw o  se p a ra te  D N A  p re p a ra tio n s . T w o crosses w ere m ad e  fro m  each  
p re p a ra tio n  a n d  each  cross p la te d  o n  d u p lica te  p la tes . R ec ip ien t co n tro ls  w ith o u t D N A  p ro d u ced  
<  1 p r o to tro p h / io 6 co lo n y -fo rm in g  un its.

S c h u lt e s ,  1969)  h a v e  s h o w n  t h a t  Sarcina lu tea  s t r a in  A T C C 272 w a s  a b le  t o  t r a n s f o r m  

a d e n in e  a u x o t r o p h s  o f  c e r t a in  M . lysodeik ticu s  s t r a in s  t o  p r o t o t r o p h y ,  p r o v id in g  

e v id e n c e  o f  c lo s e  g e n e t ic  r e la t io n s h ip .  E x t e n d in g  t r a n s f o r m a t io n  s t u d ie s  b e tw e e n  

M . lysodeik ticu s  a n d  o t h e r  m e m b e r s  o f  th e  f a m i l y  M ic r o c o c c a c e a e  w o u ld  o f fe r  th e  

p o s s ib i l i t y  o f  e x a m in in g  g e n e t ic  e x c h a n g e  a m o n g  th e se  o r g a n is m s  a n d  w o u ld  b r o a d e n  

o u r  u n d e r s t a n d in g  o f  a  g e n e t ic  d e f in i t io n  o f  M i c r o c o c c u s  s p e c ie s ,  i.e. t h o s e  m ic r o c o c c i
M 1 c 5917
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t h a t  c a n  p o t e n t ia l l y  c o n t r ib u t e  t o ,  o r  s h a re  in ,  a  c o m m o n  g e n e  p o o l  ( M a r m u r ,  F a l k o w  

&  M a n d e l ,  1963). I n  t h is  in v e s t ig a t io n ,  v a r io u s  M ic r o c o c c a c e a e  h a v e  t e e n  te s te d  f o r  

t r a n s f o r m in g  a c t iv i t y  o f  n u t r i t i o n a l  m a r k e r s  i n  c ro s s e s  w i t h  th e  h ig h  t r a n s f o r m a t io n  

f r e q u e n c y  M .ly so d e ik ticu s  s t r a in  i s u  ( K lo o s ,  1969 ; K l o o s &  S c h u lt e s ,  1969). I n  a d d i t io n ,  

p r e l im in a r y  s t u d ie s  o n  t r a n s f o r m a t io n  o f  p ig m e n t  m a r k e r s  is  r e p o r t e d .

METHODS

B acteria l stra ins. D o n o r  s t r a in s  s e le c te d  f o r  t h is  s t u d y  w e re  o r ig in a l l y  d e s ig n a t e d  a s  

m e m b e r s  o f  th e  g e n e ra  M icrococcus, Sarcina  a n d  Staphylococcus  a n d  w e re , i n  p a r 

t ic u la r .  t h o s e  s e n s it iv e  t o  e i t h e r  ly s o z y m e  o r  ly s o s t a p h in  ( T a b le  1).

C u l t u r e s  r e c e iv e d  b y  t h is  la b o r a t o r y  w e re  c h e c k e d  f o r  p u r i t y  a n d  t o  s o m e  e x te n t  

p r o p e r  id e n t i f i c a t io n  b y  ( 1) c o lo n y  m o r p h o lo g y  a n d  p ig m e n t  p r o d u c t io n  o n  a  c o m p le x  

a g a r  m e d iu m  ( P  a g a r )  ( N a y lo r  &  B u r g i ,  1956) in c u b a t e d  a t  26 a n d  340 a n d  (2) m ic r o 

s c o p ic  e x a m in a t io n  o f  G r a m - s t a in e d  c e lls .  E a c h  s t r a in  w a s  a ls o  te s te d  f o r  p r o t o t r o p h y ,  

w i t h  re s p e c t  t o  a d e n in e ,  L - t r y p t o p h a n ,  a n d  L - h is t id in e ,  b y  e x a m in in g  c o lo n y  f o r m a t io n  

o n  a  d e f in e d  a g a r  m e d iu m  ( K lo o s  &  S c h u lt e s ,  1969) in c u b a te d  a t  26 a n d  34°. S t r a in s  

w h ic h  f a i le d  t o  p r o d u c e  d e te c ta b le  c o lo n ie s  o r  c o lo n ie s  o f  le s s  t h a n  o - i  m m . d ia m e t e r  

b y  8 d a y s  w e re  f u r t h e r  te s te d  f o r  a d e n in e ,  L - t r y p t o p h a n ,  a n d / o r  L - h is t id in e  a u x o t r o p h y  

o n  d e f in e d  a g a r  m e d ia  s u p p le m e n te d  w i t h  e a c h  m e t a b o l i t e  (20 / /g ./m l.)  s in g ly  o r  in  

c o m b in a t io n s .
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T a b le  2. D ouble transform ation  o f  p igm en t an d  nutritional 
m arkers in M icrococcu s lysodeik ticus

Prototrophic Pigment
donor species Strain genotype’

M. lysodeikticus isu pig-w
Pig-P
pig-o

M.lysodeikticus ATCCI5801 pig-p
Sarcina lutea ATCC272 pig-w

Pig-P
pig-o

Donor pigment-prototrophs/io6 
colony-formng units resulting 
in crosses with M. lysodeikticus 
strain isu yellow-auxotrophst

pig-y ade pig-y trpE 16 pig-y hisD6l
1*2 6-7 1-0
1*9 7’3 i-5
o*9 5-0 0-8
r o 4-i o-5
o*6 2-4 o-4
r o 4-7 o-4
o*7 1-9 o-5

* pig-w =  white; pig-p =  pink; pig-o =  orange.
t  Data represent the average of two separate DNA preparations. Two crosses were made from 

each preparation and each cross plated on ten plates. Recipient controls without DNA or DNA 
isolated from yellow strains produced < o-i donor pigment-prototroph/io6 colony-forming units.

S p o n t a n e o u s  a d e n in e - in d e p e n d e n t  m u ta n t s  w e re  is o la t e d  f r o m  c e r t a in  a d e n in e -  

d e p e n d e n t  s t r a in s  a n d  u s e d  a s  d o n o r s .  S e v e r a l d i f f e r e n t  p ig m e n t  m u ta n t s  o f  M icrococcus  
lysodeik ticu s  s t r a in  i s u  a n d  Sarcina lu tea  s t r a in  A T C C 272 w e re  o b t a in e d  b y  t r e a tm e n t  

o f  y e l lo w  s t r a in s  w i t h  N - m e t h y l - N ' - n i t r o - N - n i t r o s o g u a n id in e  ( N T G )  (300 / ¿g ./m l.)  
( A d e lb e r g ,  M a n d e l  &  C h e n ,  1965) a n d  w e re  a ls o  u s e d  a s  d o n o r s  ( T a b le  2).

R e c ip ie n t  s t r a in s  in c lu d e d  th e  a d e n in e - d e p e n d e n t  M icrococcu s lysodeik ticu s  s t r a in  

i s u  a n d  a  t r y p t o p h a n  a n d  h is t id in e  a u x o t r o p h  d e r iv e d  f r o m  a  s p o n t a n e o u s  a d e n in e -  

in d e p e n d e n t  m u t a n t  (ade+-1) o f  t h is  s t r a in  b y  t r e a tm e n t  w i t h  N T G  ( T a b le  1). T h e  

t r y p t o p h a n  a n d  h is t id in e  a u x o t r o p h s  w e re  b io c h e m ic a l ly  c h a r a c t e r iz e d  b y  g r o w th



s t im u la t io n  s t u d ie s  a n d  c h r o m a t o g r a p h ic  a n a ly s is  o f  d e - r e p r e s s e d  c u l t u r e  s u p e rn a ta n t s  

( K l o o s  &  P a t te e ,  1965; R o s e  &  K lo o s ,  1969).

P rocedure f o r  D N A  isolation. S taphylococcu s aureus a n d  S t. epiderm idis  s t r a in s  

w e re  g r o w n  in  t r y p t ic  s o y  b r o t h  ( D i f c o )  a t  370 f o r  18 h r .  A l l  o t h e r  d o n o r  s t r a in s  w e re  

g r o w n  in  a  g lu c o s e + y e a s t  e x t r a c t  b r o t h  ( R o s y p a lo v a ,  B o h a c e k  &  R o s y p a l ,  1966) a t  

30° f o r  r  8 t o  24 h r .  C u l t u r e s  w e re  s h a k e n  d u r in g  in c u b a t io n  w i t h  a  B u r r e l l  W r i s t -  

A c t i o n  S h a k e r  ( B u r r e l l  C o r p o r a t io n ,  P i t t s b u r g h ,  P e n n s y lv a n ia )  a t  a  s e t t in g  o f  t w o  g iv in g  

324 s h a k e s /m in .  t h r o u g h  a n  a r c  o f  30. T h e  y ie ld  i n  100 m l.  o f  b r o t h  w a s  a b o u t  1 t o  3 g . 

w e t  p a c k e d  c e l ls .  A f t e r  g r o w th ,  c e l ls  w e re  h a r v e s t e d  b y  c e n t r i f u g a t io n  a n d  w a s h e d  

tw ic e  w i t h  a  N a C l - E D T A  s o lu t io n :  o - i S M - N a C l  +  o - io M - e t h y le n e d ia m in e - t e t r a a c e t ic  

a c id  ( E D T A ) ,  p H  8-o. D N A  w a s  i s o la t e d  b y  th e  p r o c e d u r e  o f  M a r m u r  ( 1961) w i t h  th e  

m o d i f i c a t io n  o f  S a i t o  &  M i u r a  ( 1963) u s in g  T i  r ib o n u c le a s e  ( R N a s e )  ( S a n k y o  

C o m p a n y ,  L t d . ,  T o k y o ,  J a p a n )  a s  w e l l  a s  b o v in e  p a n c r e a t ic  R N a s e  ( C a lb io c h e m ,  

L o s  A n g e le s ,  C a l i f o r n ia ) .  T h e  d u r a t io n  o f  ly s o z y m e  ( C a lb io c h e m )  t r e a tm e n t  v a r ie d  

f r o m  1 h r  t o  a s  lo n g  a s  12 h r  f o r  m o r e  r e s is t a n t  s t r a in s .  L y s o s t a p h in  ( k in d ly  s u p p l ie d  

b y  D r  W .  A .  Z y g m u n t ,  M e a d  J o h n s o n  R e s e a r c h  C e n t r e ,  E v a n s v i l le ,  I n d ia n a )  w a s  u s e d  

i n  p la c e  o f  ly s o z y m e  t o  ly s e  S t. aureus s t r a in s .  T h e  f in a l  D N A  f ib r e s  w e re  s t e r i l iz e d  in  

75 %  e t h a n o l  f o r  2 h r  a n d  th e n  d is p e r s e d  in t o  a  f s  d i l u t i o n  o f  s t e r i le  s t a n d a r d  s a l in e  

s o lu t io n  ( S S :  o - iM - N a C l ,  p H  7-0) w h ic h  w a s  a d ju s t e d  t o  S S  a s  s o o n  a s  d is p e r s io n  w a s  

c o m p le t e d .  D N A  p r e p a r a t io n s  w e re  u s e d  w i t h in  2 d a y s  o f  i s o la t io n  a n d  w e re  s t o r e d  

a t  40. D N A  c o n c e n t r a t io n  w a s  d e t e rm in e d  b y  th e  d ip h e n y la m in e  r e a c t io n  o f  D is c h e  

(1 9 5 5 )-
P rocedure f o r  transform ation. A n  18 h r  P  a g a r  s lo p e  c u lt u r e  o f  th e  r e c ip ie n t  s t r a in  

w a s  s u s p e n d e d  in  1 m l.  s a l in e  a n d  d i lu t e d  1/100 i n  s a l in e .  A l i q u o t s  o f  o - i  m l.  ( a b o u t  

5 x  i o 6 c o lo n y - f o r m in g  u n it s )  f r o m  th e  d i lu t e d  s u s p e n s io n  w e re  a d d e d  t o  d u p l ic a t e  

tu b e s  c o n t a in in g  1 m l.  d e f in e d  b r o t h  ( K lo o s ,  1969) s u p p le m e n te d  w i t h  io / ig . / m l .  

a d e n in e  ( s t r a in  i s u  ade), 10 / tg ./m l.  L - h is t id in e  ( s t r a in  i s u  ade+-1 hisD  61) , o r  15 / ig . / m l.  

L - t r y p t o p h a n  ( s t r a in  i s u  ade+-1 trp E  16). M ix t u r e s  w e re  s h a k e n  in  a  34° w a t e r  b a t h  

w i t h  a  B u r r e l l  W r i s t - A c t i o n  S h a k e r  a t  a  s e t t in g  o f  f o u r  g iv in g  324 s h a k e s /m in .  t h r o u g h  

a n  a r c  o f  6° f o r  12 h r  ( s t r a in  i s u  ade+-1 hisD  61) o r  24 h r  ( s t r a in s  i s u  ade  a n d  i s u  

ade+-1 trp E  16). A f t e r  g r o w th ,  c o c c i  ( a b o u t  1-3 x i o 8 c o lo n y - f o r m in g  u n it s / m l. )  w e re  

c e n t r i f u g e d  a n d  r e s u s p e n d e d  in  1 m l.  t r a n s f o r m a t io n  b u f f e r :  o -05M - t r is  ( h y d r o x y 

m e th y l)  a m in o m e t h a n e  ( t r is )  +  o - o iM - S r C l2 +  o -5 %  m o n o s o d iu m  g lu t a m a te ,  p H  7-0. 

D N A  (10 jug. i n  0-03 t o  o -8 m l.  S S )  w a s  a d d e d  t o  e a c h  t u b e  a n d  th e  m ix t u r e s  s h a k e n  

i n  a  30° w a t e r  b a t h  a t  a  s e t t in g  o f  f o u r  f o r  1 h r .  E x p o s u r e  t o  D N A  w a s  t e rm in a t e d  b y  

th e  a d d i t io n  o f  d e o x y r ib o n u c le a s e  (5 / tg ./m l. )  ( W o r t h in g t o n  B io c h e m ic a l  C o r p o r a t io n ,  

F r e e h o ld ,  N e w  J e r s e y )  a n d  0-005 M - M g S 0 4 w i l l1 in c u b a t io n  a t  370 f o r  15 m in .  A f t e r  

t r e a tm e n t ,  c o c c i  w e re  c e n t r i f u g e d  a n d  r e s u s p e n d e d  in  1 m l.  s a l in e .  S a m p le s  o f  o - i  m l.  

w e re  t a k e n  f r o m  th e  s a l in e  s u s p e n s io n ,  a  i o -1 a n d  i o ~2 d i lu t io n  i n  s a l in e  a n d  s p re a d  

o n  d u p l ic a t e  d e f in e d  a g a r  p la te s .  P r o t o t r o p h s  w e re  s c o r e d  a f t e r  in c u b a t io n  a t  340 f o r  
72 h r .  A d d i t i o n a l  p la t e s  w e re  p r e p a r e d  a n d  in c u b a te d  a t  26° f o r  72 h r  i n  c ro s s e s  w h e re  

th e  d o n o r  s t r a in  h a d  a  m o r e  o p t im u m  g r o w t h  a t  26° t h a n  a t  340. P la t e s  f a i l i n g  t o  s h o w  

s ig n i f ic a n t  n u m b e r s  o f  p r o t o t r o p h ic  t r a n s f o r m a n t s  w e re  in c u b a t e d  f o r  a n  a d d i t io n a l  

5 d a y s .  I n  c ro s s e s  w h e r e  p ig m e n t  m u ta n t s  w e re  u s e d  a s  d o n o r s ,  p ig m e n t - p r o t o t r o p h s  

( d o u b le  t r a n s f o r m a n t s )  w e re  s c o r e d  a f t e r  in c u b a t io n  f o r  6 d a y s  t o  a l l o w  f o r  p r o n o u n c e d  

p ig m e n t  p r o d u c t io n .

H ybridization o f  M . lysodeikticus 251
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RESULTS

N utrition a l characterization  o f  donor strains. M a n y  o f  th e  d o n o r  s t r a in s  te s te d  w e re  

a b le  t o  p r o d u c e  r e la t iv e ly  la r g e  c o lo n ie s  (0-5 t o  2-0 m m .  d ia m .  i n  96 h r )  o n  th e  d e f in e d  

a g a r  m e d iu m  u s e d  in  t r a n s f o r m a t io n  e x p e r im e n t s  ( T a b le  1). T h e s e  w e re  c o n s id e r e d  

p r o t o t r o p h ic  w i t h  r e s p e c t  t o  a d e n in e ,  L - h is t id in e ,  a n d  L - t r y p t o p h a n  a s  th e s e  n u t r ie n t s  

w e re  o m it t e d  f r o m  th e  m e d iu m .

S o m e  o f  th e  s t r a in s  te s te d  p r o v e d  t o  b e  a d e n in e  a u x o t r o p h s  a n d  w e re  m a r k e d ly  

s t im u la t e d  b y  e it h e r  a d e n in e ,  a d e n o s in e ,  in o s in e ,  o r  h y p o x a n t h in e .  F o r  e x a m p le ,  

a u x o t r o p h s  t h a t  s h o w e d  n o  d e t e c t a b le  g r o w t h  o r  c o lo n ie s  le s s  t h a n  o - i  m m . d ia m .  

( le a k y  s t r a in s )  o n  d e f in e d  a g a r  m e d ia  p r o d u c e d  c o lo n ie s  o f  0-5 t o  i - 6 m m . d ia m .  in  

96 h r  o n  d e f in e d  a g a r  m e d ia  s u p p le m e n te d  w i t h  20 p g . o f  a d e n o s in e  p e r  m l.  A d e n in e  

a u x o t r o p h y  h a s  b e e n  r e p o r t e d  p r e v io u s ly  in  s t r a in s  o f  M icrococcu s lysodeik ticu s  
( G r u la ,  L u k  &  C h u ,  1961; K l o o s  &  S c h u lt e s ,  1969) ;  h o w e v e r ,  i t  w a s  in t e r e s t in g  t o  

n o t e  t h a t  o t h e r  s t r a in s  h a v in g  d i f f e r e n t  s p e c ie s  d e s ig n a t io n s  w e re  a ls o  a u x o t r o p h ic .  

C u l t u r e s  o f  M . luteus s t r a in s  C C M 105, C C M 408, C C M 1672 a n d  M . flavocyan eu s  s t r a in  

C C M 851 w e re  r e c e iv e d  c o n t a in in g  b o t h  a d e n in e - in d e p e n d e n t  a n d  a d e n in e - d e p e n d e n t  

c e l ls  in  r a t io s  ( A d e + / A d e )  o f  1/9, 1/ 116, 1/1890 a n d  1/36, r e s p e c t iv e ly .

Transform ation  o f  nutrition al m arkers. D N A  is o la t e d  f r o m  c e r t a in  s t r a in s  o f  

M icrococcu s flavocyaneus, M . flavu s, M . luteus, M . lysodeik ticus, M . sodonensis, 
Sarcina fla va , S . lu tea, S . subflava, S taphylococcu s aferm entans  a n d  S t. flavocyan eu s  
w a s  a b le  t o  t r a n s f o r m  a u x o t r o p h s  o f  M . lysodeik ticu s  t o  p r o t o t r o p h y  ( T a b le  1). I n  

a l l  in s ta n c e s ,  th e  a b o v e  s t r a in s  t r a n s f o r m e d  M . lysodeik ticu s  s t r a in  i s u  a t  n e a r  o r  e q u a l 

t o  h o m o lo g o u s ,  in t r a - s t r a in  f r e q u e n c ie s .  V a r i a t i o n  b e tw e e n  D N A  p r e p a r a t io n s  f r o m  

th e  s a m e  s t r a in  g e n e r a l ly  d id  n o t  e x c e e d  60 %  o f  th e  m e a n  v a lu e .

A d e n in e - d e p e n d e n t  d o n o r  s t r a in s  p r o d u c e d  lo w  b u t  s ig n if ic a n t  f r e q u e n c ie s  o f  

p r o t o t r o p h ic  t r a n s f o r m a n t s  w h e n  c r o s s e d  w i t h  a d e n in e - d e p e n d e n t  M icrococcu s ly so 
deik ticu s  s t r a in  is u .  T h e s e  r e s u lt s  w o u ld  su g g e s t  t h a t  a d e n in e  a u x o t r o p h y ,  in  th e se  

s t r a in s ,  w a s  th e  e f fe c t  o f  m u t a t io n  a t  s ite s  d i f f e r e n t  f r o m  th e  o n e  p r e s e n t  in  th e  r e c ip ie n t  

s t r a in .  T h e  v e r y  lo w  t r a n s f o r m a t io n  v a lu e s  o b t a in e d  m a y b e  e v id e n c e  o f  m u t a t io n  in  th e  

s a m e  a d e n in e  lo c u s ,  t h o u g h  c o n s id e r a t io n  o f  m u t a t io n  in  d i f f e r e n t  a d ja c e n t  o r  c lo s e ly  

l i n k e d  lo c i ,  a t  t h is  p o in t ,  c a n n o t  b e  e x c lu d e d .  S t u d ie s  a r e  b e in g  p u r s u e d  t o  d e t e rm in e  

t h e  s p e c if ic  e n z y m e ( s )  a f fe c te d  in  th e se  a u x o t r o p h s .

D ouble transform ation  o f  p igm en t and nu tritional m arkers. I t  w o u ld  b e  o f  in t e r e s t  

t o  e x te n d  g e n e t ic  s t u d ie s  a n d  te s t  t r a n s f o r m a t io n  o f  a d d i t io n a l  m a r k e r s  w i t h  t h o s e  

s t r a in s  c a p a b le  o f  t r a n s f o r m in g  M icrococcu s lysodeik ticu s  t o  p r o t o t r o p h y .  O n e  c la s s  

o f  m u ta n t s  t h a t  c a n  b e  id e n t i f ie d  r e a d i ly  a n d  a r e  p r o d u c e d  in  h ig h  f r e q u e n c ie s  is  
p ig m e n t  m u ta n t s .  F o r  e x a m p le ,  t r e a tm e n t  o f  M . lysodeik ticu s  s t r a in  i s u  (ade+- 1) w i t h  

N T G ,  t o  o b t a in  a u x o t r o p h s  u s e d  a s  r e c ip ie n t s  i n  t h is  s t u d y ,  r e s u lt e d  in  th e  p r o d u c t io n  
o f  a b o u t  2 %  p ig m e n t  m u ta n t ,  s e c to re d  c o lo n ie s .  T h e s e  in c lu d e d  v a r io u s  in t e n s it ie s  o f  

y e l lo w ,  w h it e ,  p in k ,  o r a n g e ,  c h a r t r e u s e  ( s im i la r  t o  th e  c o lo u r  o f  Sarcina lu tea  s t r a in  

A T C C 272) ,  a n d  a  w a t e r - s o lu b le  y e l lo w  c la s s  w h ic h  d is p e r s e d  y e l lo w  p ig m e n t  in  th e  

s u r r o u n d in g  c u lt u r e  m e d iu m .  S e v e r a l o f  th e se  m u ta n t s  w e re  s e le c te d  a n d  u s e d  a s  

d o n o r s  i n  c ro s s e s  w i t h  y e l lo w  a u x o t r o p h ic  s t r a in s  ( T a b le  2) . P ig m e n t  t r a n s f o r m a n t s  
w e re  s c o r e d  s e le c t iv e ly  a s  d o u b le  t r a n s f r o m a n t s  w it h  p r o t o t r o p h y .  I n  t h is  p r e l im in a r y  

s t u d y ,  p ig m e n t  m u ta n t s  o f  S . lu tea  s t r a in  A T C C 272 w e re  is o la t e d  a n d  u s e d  a s  d o n o r s  

w i t h  r e c ip ie n t s  o f  M . lysodeik ticu s. T h e  ra n g e  o f  d i f f e r e n t  c o lo u r s  p r o d u c e d  b y  t r e a t 



m e n t  w i t h  N T G  w a s  s im i la r  t o  t h a t  f o u n d  w i t h  M . lysodeik ticu s. A s  s h o w n  in  T a b le  2, 

a l l  m u ta n t s  te s te d  w e re  a b le  t o  t r a n s f o r m  y e l lo w  a u x o t r o p h s  o f  M . lysodeik ticu s  s t r a in  

i s u  t o  th e  d o n o r  c o lo u r .  T h e  f r a c t io n  o f  d o u b le  p ig m e n t - p r o t o t r o p h  t r a n s f o r m a n t s /  

s in g le  p r o t o t r o p h  t r a n s f o r m a n t s  f o r  e a c h  r e c ip ie n t  a u x o t r o p h  w a s  s im i la r  a n d  w a s  

a p p r o x im a t e ly  1/360. A d d i t i o n a l  s t u d ie s  w e re  c o n d u c t e d  w h ic h  s h o w e d  a n  in c r e a s e  

in  th e  f r a c t io n  o f  d o u b le  t r a n s f o rm a n t s / s in g le  t r a n s f o r m a n t s  a s  th e  D N A  c o n c e n t r a 

t io n  w a s  in c r e a s e d  u p  t o  s a t u r a t io n  le v e ls  ( K lo o s ,  1969). C o l le c t iv e ly ,  th e se  r e s u lt s  

w o u ld  su g g e s t  t h a t  th e  p ig m e n t  m a r k e r s  a r e  n o t  l in k e d  t o  D N A  f r a g m e n t s  c o n t a in in g  

th e  a d e n in e  (ade), h is t id in e  (hisD ), a n d / o r  t r y p t o p h a n  ( trp E ) lo c i .
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G e n e t ic  e x c h a n g e  h a s  b e e n  s h o w n  t o  b e  u s e fu l  in  m e a s u r in g  h o m o lo g y  b e tw e e n  

v a r io u s  b a c t e r ia  a n d  is  u s u a l ly  p a r a l le l  to  th e  r e s u lt s  o b t a in e d  w it h  n u c le ic  a c id  h y b r id i z a 

t io n  ( D u b n a u ,  S m it h ,  M o r e l l  &  M a r m u r ,  1965; M a r m u r  e t al. 1963). T h e  d e m o n s t r a t io n  

o f  g e n e t ic  e x c h a n g e  b e tw e e n  M icrococcu s lysodeik ticu s  a n d  c e r t a in  s t r a in s  d e s ig n a te d  

a s  s p e c ie s  o f  th e  g e n e ra  M icrococcus, Sarcina, a n d  Staphylococcus  im p l ie s  c lo s e  g e n e t ic  

r e la t io n s h ip s  a m o n g  th e se  o r g a n is m s .

T r a n s f o r m a t io n  w i t h  s u c h  a  la r g e  a r r a y  o f  s t r a in s  b e a r in g  d i f f e r e n t  s p e c ie s  a n d  

g e n e r ic  d e s ig n a t io n s  se e m s , a t  f i r s t  g la n c e ,  to  b e  m o s t  u n u s u a l .  I n  p a r t i c u la r ,  n u t r i 

t i o n a l  m a r k e r s  a re  u s u a l ly  t r a n s f o r m e d  o n ly  a m o n g  v e r y  c lo s e ly  r e la te d  o r g a n is m s  

( D u b n a u  e t al. 1965). T h e s e  r e s u lt s ,  h o w e v e r ,  a r e  in  c lo s e  a g re e m e n t  w i t h  th e  s u g g e s 

t io n s  o f  o t h e r s  b a s e d  o n  o t h e r  c r i t e r ia ,  c la s s i f y in g  th e se  s t r a in s  a s  m e m b e r s  o f  a  s in g le  

s p e c ie s ,  M icrococcu s luteus. A l l  s t r a in s  p a r t i c ip a t in g  in  g e n e t ic  e x c h a n g e  h a d  v e r y  

s im i la r  G C  r a t io s ,  S  v a lu e s ,  a n d  o c c u r r e d  in  M ic r o c o c c u s  s u b g r o u p -1 a  o f  th e  c la s 
s i f ic a t io n  o f  R o s y p a l  e t al. ( 1966).

Sarcina aurantiaca  a n d  M icrococcu s luteus s t r a in  A T C C 398, p r e v io u s ly  c o n s id e r e d  b y  

K o c u r  &  M a r t in e c  ( 1962)  t o  b e  M . luteus s t r a in s ,  f a i le d  t o  p r o d u c e  p r o t o t r o p h ic  

t r a n s f o r m a n t s  w h e n  c r o s s e d  w i t h  M . lysodeik ticu s. T h e s e  s t r a in s  h a d  d is t in c t ly  lo w e r  

G C  r a t io s  a n d ,  a c c o r d in g  t o  th e  a b o v e  c la s s i f ic a t io n ,  w e re  p la c e d  in  s u b g r o u p s  2 c a n d  

3 b, r e s p e c t iv e ly .  M icrococcu s luteus s t r a in  atcc 398 a ls o  h a s  a  d i f f e r e n t  m e n a q u in o n e  

p a t t e r n  t h a n  t h a t  s h o w n  f o r  s t r a in s  in  s u b g r o u p  1 a  ( J e f f r ie s  e t al. 1968) .  I t  s h o u ld  b e  

n o t e d  t h a t  th e se  s t r a in s  f a i le d  t o  g r o w  o n  th e  d e f in e d  m e d iu m  u s e d  in  t r a n s f o r m a t io n  

e x p e r im e n t s  a n d ,  th e re fo r e ,  a n y  in t e r p r e t a t io n  o f  n e g a t iv e  r e s u lt s  s h o u ld  b e  t a k e n  w i t h  

s o m e  c a u t io n .  P r o t o t r o p h y  w i t h  re s p e c t  t o  a d e n in e ,  L - t r y p t o p h a n ,  a n d  L - h is t id in e  is  

u n c e r t a in  in  th e se  s t r a in s .

T h e  f a i lu r e  o f  M icrococcu s candicans, M . citreus, M . conglom eratus, M . roseus, 
M . rubens a n d  M . various t o  t r a n s f o r m  M . lysodeik ticu s  w a s  n o t  s u r p r is in g ,  a s  th e se  

o r g a n is m s  d i f f e r  s ig n i f ic a n t ly  in  c e r t a in  p h y s io lo g ic a l  a n d  b io c h e m ic a l  f e a tu r e s  a n d / o r  

G C  r a t io  ( B a i r d - P a r k e r ,  1965; B a d d i le y ,  B r o c k ,  D a v i s o n  &  P a r t r id g e ,  1968; B o h a c e k ,  

K o c u r  &  M a r t in e c ,  1967; J e f f r ie s  e t al, 1968; R o s y p a l  e t al. 1966). T r a n s f o r m a t io n  w a s  
n o t  e x p e c te d  b y  s t r a in s  o f  Staphylococcus aureus o r  S t. epiderm idis  e it h e r ,  a s  m e m b e r s  

o f  th e  g e n u s  Staphylococcu s  a s  r e c o m m e n d e d  b y  E v a n s  e t al. ( 1955) a r e  f a c u l t a t iv e  

a n a e r o b e s  a n d  d i f f e r  i n  n u m e r o u s  c h a r a c t e r is t ic s ,  in c lu d in g  a  v e r y  lo w  G C  r a t io  

(32 t o  35% ) ( A u le t t a  &  K e n n e d y ,  1966; B a i r d - P a r k e r ,  1965; G a r r i t y ,  D e t r i c k  &  

K e n n e d y ,  1969; J e f f r ie s  e t al. 1968). T w o  a d d i t io n a l  s p e c ie s  d e s ig n a t e d  M . radio- 
durans a n d  Sarcina ureae  f a i le d  t o  t r a n s f o r m  M . lysodeik ticu s. H o w e v e r ,  th e re  is
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s t r o n g  e v id e n c e  t h a t  th e se  o r g a n is m s  s h o u ld  b e  o m it t e d  f r o m  th e  f a m i l y  M ic r o c o c c a c e a e  

( B a i r d - P a r k e r ,  1965; H e r n d o n  &  B o t t ,  1969; B o h a c e k ,  K o c u r  &  M a r t in e c ,  1967).

1 a m  p le a s e d  t o  a c k n o w le d g e  M r s  M a r g a r e t  M u s s e lw h i t e  a n d  M r  R .  W i l l i s  f o r  t h e i r  

t e c h n ic a l  a s s is ta n c e .  I  a ls o  w is h  t o  t h a n k  D r  J .  B .  E v a n s  f o r  h is  e n c o u r a g e m e n t  a n d  

a d v ic e  d u r in g  t h is  s tu d y .

T h i s  in v e s t ig a t io n  w a s  s u p p o r t e d  b y  th e  P u b l i c  H e a l t h  S e r v ic e  G r a n t  A I  08255-01 
f r o m  th e  N a t i o n a l  I n s t i t u t e  o f  A l l e r g y  a n d  I n f e c t io u s  D is e a s e s .

T h i s  is  p a p e r  n u m b e r  2908 o f  th e  J o u r n a l  S e r ie s  o f  th e  N o r t h  C a r o l i n a  S ta te  

U n iv e r s i t y  A g r i c u l t u r a l  E x p e r im e n t  S t a t io n ,  R a le ig h ,  N o r t h  C a r o l in a .
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and in the Phialides of Penicillium notatum 
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D epartm en t o f  Botany, U niversity o f  E xeter, E xeter, D evon  

( A ccep ted  f o r  publica tion  29  A ugust 19 6 9 )

SUMMARY

F lu o r e s c e n c e  a n d  c h r o m o g e n ic  c y t o c h e m is t r y  c o n f ir m e d  th e  p re s e n c e  o f  
- S H  g r o u p s  in  th e  w a l ls  o f  C andida albicans  a n d  C .  utilis, p r e d o m in a n t ly  a t  
b u d d in g  s ite s . T h e y  w e re  a b s e n t  f r o m  p s e u d o m y c e l ia  o f  C .  albicans  a n d  th e  
w a l ls  o f  th e  m y c e l iu m  a n d  th e  h y p h a l  t ip s  o f  Penicillium  notatum  b u t  p r e s e n t  
i n  th e  w a l ls  o f  th e  t ip s  o f  th e  p h ia l id e s  o f  P. notatum . A u t o r a d io g r a p h y  a f t e r  
t r e a tm e n t  w i t h  t r i t ia t e d  S H - b lo c k in g  a g e n ts  c o n f i r m e d  th e se  f in d in g s .

INTRODUCTION

C e r t a in  y e a s t  s p e c ie s  h a v e  s u lp h y d r y l  c o m p o u n d s  a s  s t r u c t u r a l  c o m p o n e n t s  o f  th e  

w a l l s  w i t h  h ig h e r  c o n c e n t r a t io n s  a t  s ite s  o f  b u d  f o r m a t io n  ( N ic k e r s o n  &  F a lc o n e ,  1958). 

A  c o n v e r s io n  o f  d is u lp h id e  ( - S S - )  t o  s u lp h y d r y l  ( - S H )  g r o u p s  in  th e  p r o t e in  o f  th e  

w a l l  m a y  a l l o w  r e - o r ie n t a t io n  o f  th e  w a l l  f i b r i l s  a n d  s o  p e r m it  p la s t ic  d e f o r m a t io n  a n d  

d is t e n s io n  o f  th e  w a l l  f o r  b u d  f o r m a t io n .  T h e  w a l ls  o f  m y c e l ia l  f u n g i  c o n t a in  r e la t iv e ly  

fe w  - S H  g r o u p s  ( R o b s o n  &  S t o c k le y ,  1962).

R o b s o n  &  S t o c k le y  ( 1962) f u l f i l l e d  th e  p r e d ic t io n  o f  N i c k e r s o n  &  F a lc o n e  ( 1958) 

t h a t  s u it a b le  c y t o c h e m ic a l  t e c h n iq u e s  m ig h t  r e v e a l - S F I  g r o u p s  a t  b u d d in g  s ite s  in  

y e a s t s  w h e n  t h e y  d e m o n s t r a t e d  s u c h  g r o u p s  a t  b u d d in g  s ite s  in  E rem othecium  ash byi 
a n d  C andida albicans b y  u s in g  t r i t ia t e d  p h e n y l  m e r c u r ic  c h lo r id e .

T h e  w a l ls  o f  th e  p h ia l id e  t ip s  in  Penicillium  notatum  c o v e r  a  z o n e  w h ic h  u n d e r g o e s  

r a p id  d iv i s io n  d u r in g  s p o r u la t io n .  S u c h  a  z o n e  m ig h t  b e  a n a lo g o u s  t o  th e  s ite s  o f  b u d  

f o r m a t io n  in  y e a s t s  a n d  s p o r e  f o r m a t io n  m ig h t  n e e d  h ig h  c o n c e n t r a t io n s  o f  - S H  

g r o u p s  a t  s u c h  s ite s . A  n u m b e r  o f  r e c e n t  d e v e lo p m e n t s  i n  h is t o c h e m is t r y  h a v e  p r o 

v id e d  h ig h ly  s e n s it iv e  a n d  s p e c if ic  c h r o m o g e n ic  re a g e n ts  f o r  p r o t e in  b o u n d  - S H  g r o u p s  

a n d  th e se  h a v e  b e e n  u s e d  in  th e  c u r r e n t  w o r k  t o  r e - e x a m in e  th e  b u d d in g  p r o c e s s  in  

y e a s ts , t o  s e e k  c o n f i r m a t io n  o f  r e s u lt s  b y  a u t o r a d io g r a p h ic  t e c h n iq u e s  a n d  t o  e x a m in e  

th e  p o s i t io n  in  P. notatum .

METHODS

O rganism s. Pénicillium  notatum  W e s t l in g ,  C andida albicans  ( R o b in )  B e r k h o u t  a n d  

C .  utilis  ( H e n n e b . )  L o d d e r  &  K r e g e r - v a n  R i j ,  d e s ig n a te d  E 9, E 25 a n d  e  135 r e s p e c t iv e ly  

in  th e  c u l t u r e  c o l le c t io n  o f  th e  E x e t e r  B o t a n y  D e p a r t m e n t ,  w e re  u s e d . Penicillium  
notatum  w a s  g r o w n  o n  c o v e r s l ip s  f o r  3 d a y s  a t  250 o n  d is c s  o f  m a lt  e x t r a c t  a g a r  a n d  th e
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y e a s ts  w e re  in o c u la t e d  f r o m  s t a t io n a r y  p h a s e  l i q u id  c u lt u r e s  in t o  2%  m a l t  e x t r a c t  

l i q u id  m e d iu m  a n d  g r o w n  f o r  18 h r  a t  250 i n  s h a k e n  v e s se ls .

P reparation  o f  reagen ts, (a) A - ( 4- h y d r o x y - i - n a p h t h y l )  A o - m a le im id e  ( H N I )  w a s  

p r e p a r e d  a c c o r d in g  t o  th e  m e th o d  o f  T s o u ,  B a r r n e t t  &  S e l ig m a n  ( 1955). (b) p -N ,N -  
d im e t h y la m in o p h e n y lm e r c u r ic  a c e ta te  w a s  m a d e  b y  th e  m e th o d  o f  L i l l i e  ( 1965).

( c )  T r i t ia t e d  p h e n y l  m e r c u r ic  c h lo r id e  w a s  p r e p a r e d  i n  v e r y  lo w  y ie ld  b y  th e  m e t h o d  o f  

R o b s o n  &  S t o c k le y  ( 1962) ;  s u b s e q u e n t ly  th e  f o l l o w in g  p r o c e d u r e  w a s  d e v is e d :  

0-25 m l.  H C 1  ( s p .g r .  1 • 18), 0-3 m l.  H 20  a n d  25 m g . (10 m e . )  r in g - t r i t ia t e d  a n i l in e  

( R a d io c h e m ic a l  C e n t r e ,  A m e r s h a m )  w e re  s t i r r e d  a t  r o o m  t e m p e r a tu r e  f o r  10 m in .  

a n d  t h e n  c o o le d  t o  o ° . 0-5 m l.  (0-17 g .)  N a N 0 2 w a s  t h e n  a d d e d  f o l lo w e d  b y  v ig o r o u s  

s t i r r in g  f o r  \  h r  a t  o°. 0-42 g . H g C l2 w a s  d is s o lv e d  in  0-2 m l.  H C 1  ( sp .g r .  1 ■ 18), 1 m l.  

H 20  w a s  a d d e d  a n d  t h is  m ix t u r e  w a s  a d d e d  d r o p w is e  t o  th e  s t i r r e d  d ia z o t a t e  a t  o °  o v e r  

5 m in .  T h e  m ix t u r e  w a s  s t i r r e d  f o r  a  f u r t h e r  j  h r  a t  0°, th e  a d d i t io n  c o m p o u n d  w a s  

f i l t e r e d  o f f  i n  th e  c o ld  a n d  w a s h e d  w i t h  ic e d  w a te r .  T h e  w e t  c o m p o u n d  w a s  t h e n  

s u s p e n d e d  i n  5 m l.  a c e to n e  a t  20° a n d  s m a l l  a m o u n t s  o f  a n  a c t iv e  c o p p e r  p o w d e r  w e re  

a d d e d  o v e r  \  h r  w i t h  s t i r r in g  u n t i l  e f fe rv e s c e n c e  c e a se d . S t i r r in g  w a s  c o n t in u e d  f o r  

20 m in .  a n d  5 m l.  H 20  w a s  a d d e d .  T h e  s u s p e n s io n  w a s  f i l t e r e d  a n d  th e  p r e c ip i t a t e  

w a s h e d  a n d  e x t r a c t e d  w i t h  b o i l i n g  x y le n e  a n d  r e c r y s t a l l i z e d  tw ic e  f r o m  t h is  s o lv e n t .  

Y i e l d  40 m g .

M icroscopy. A  L e i t z  ‘ O r t h o l u x ’ m ic r o s c o p e  e q u ip p e d  w i t h  a  t r a n s m it t e d  l i g h t  

c o n d e n s e r  a n d  a n  in c id e n t  l i g h t  a t t a c h m e n t  w a s  i l lu m in a t e d  w it h  a  t u n g s t e n  la m p  o r  a  

250 w  h ig h - p r e s s u r e  m e r c u r y  v a p o u r  la m p  s i t u a t e d  in  e i t h e r  th e  in c id e n t  o r  t r a n s 

m it t e d  l i g h t  p o s i t io n s  f o r  w h i t e  l i g h t  a n d  f lu o r e s c e n c e  m ic r o s c o p y .  U n f i x e d  

m a t e r ia l  w a s  s o m e t im e s  e x a m in e d  b u t  g e n e r a l ly  f ix e d  m a t e r ia ls  w e re  u s e d  a f t e r  

b e in g  c o a t e d  w i t h  0-5 %  c o l lo d io n  b e f o r e  s t a in in g .

Chrom ogenic reactions f o r  su lph ydry l groups, (a) T h e  d ih y d r o x y - d in a p h t h y l -  

d is u lp h id e  ( D D D )  p r o c e d u r e  o f  B a r r n e t t  &  S e l ig m a n  ( 1952) w a s  d o n e  o n  m a t e r ia l  o f  

P enicillium  notatum , C andida albicans  a n d  C. u tilis  w h ic h  h a d  b e e n  f r e e z e - d r ie d  a n d  

s u b s e q u e n t ly  f ix e d  f o r  2 t o  3 h r  in  1 %  a c e t ic  a c id  in  a b s o lu t e  a lc o h o l .  C o n t r o l s  b lo c k e d  

w i t h  ic d o a c e t a t e ,  A - e t h y l  m a le im id e  ( N E M )  o r  p h e n y l  m e r c u r ic  c h lo r id e  a n d  o th e r s  

in c u b a t e d  w i t h  th e  c o u p l in g  a g e n ts  b u t  n o  D D D  w e re  p r e p a r e d .  A l s o  d is u lp h id e s  in  

th e  m a t e r ia l  w e re  r e d u c e d  w i t h  t h io g ly c o l la t e  b e f o r e  a p p ly in g  th e  f u l l  D D D  r e a c t io n  

w i t h  a p p r o p r ia t e  c o n t r o ls .  (b) T h e  A - ( 4- h y d r o x y - i - n a p h t h y l )  A o - m a le :m id e  m e th o d  

w i t h  c o u p l in g  w i t h  F a s t  b lu e  B  s a lt  ( G .  T .  G u r r )  o r  F a s t  b lu e  R R  s a lt  ( G .  T .  G u r r )  

a c c o r d in g  t o  P e a r s e  ( 1969) w a s  a p p l ie d  t o  C a r n o y  f ix e d  m a t e r ia l  a n d  m a t e r ia l  f r e e z e -  

d r ie d  a n d  f ix e d  i n  1 %  a c e t ic  a c id  in  a b s o lu t e  a l c o h o l  f o r  2 t o  3 h r  a n d  s t o r e d  in  
a b s o lu t e  a lc o h o l .  M a t e r i a l  o f  P . notatum  a n d  th e  tw o  y e a s t s  w a s  s t a in e d  f o r  24 h r  a n d  

t h e n  e x a m in e d  b y  v is ib le  l i g h t  a n d  b y  t r a n s m it t e d  l i g h t  f lu o r e s c e n c e  m ic r o s c o p y  u s in g  

F e i t z  u g  1 + bg  38 f i l t e r s  a n d  s u p p r e s s o r  f i l t e r s .  I n  c o n t r o ls  H N I  w a s  o m it t e d  f r o m  th e  

in c u b a t io n  m e d iu m ,  th e  c o u p l in g  s ta g e  w a s  o m it t e d  f r o m  th e  f u l l  r e a c t io n ,  a n d  io d o -  

a c e ta te  o r  N E M  w a s  u s e d  t o  b lo c k  - S H  g r o u p s  p r i o r  t o  in c u b a t io n  i n  H N I .  ( c )  T h e  
p e r f o r m ic  a c id  +  A l c i a n  b lu e  m e t h o d  o f  A d a m s  &  S lo p e r  ( 1956), u s in g  p e r f o r m ic  a c id  

p r e p a r e d  a c c o r d in g  t o  P e a r s e  ( 1969), w a s  a p p l ie d  t o  m a t e r ia l  f ix e d  f o r  12 h r  i n  B a k e r ’ s 

f o r m o l+ c a l c i u m  f ix a t iv e .  S in c e  t h is  m e t h o d  s t a in s  b o t h  - S S -  a n d  - S H  g r o u p s  o t h e r  

m a t e r ia l  w a s  r e d u c e d  w i t h  t h io g ly c o l la t e  a n d  th e  o r ig in a l  a n d  n e w ly  f o r m e d  - S H  

g r o u p s  w e re  b lo c k e d  b y  io d o a c e t a t e .  T h e  d if f e r e n c e s  b e tw e e n  t h is  m a t e r ia l ,  t h a t  

s t a in e d  b y  th e  n o r m a l  m e t h o d ,  a n d  t h a t  s t a in e d  n o r m a l l y  a f t e r  io d o a c e t a t e  b lo c k in g
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in d ic a t e d  th e  a b u n d a n c e  o f  - S S - g r o u p s  i n  th e  o r ig in a l  m a t e r ia l .  (d ) M a t e r i a l  w a s  

f r e e z e - s u b s t it u t e d  o r  f r e e z e - d r ie d  a n d  f ix e d  i n  1 %  a c e t ic  a c id  i n  a b s o lu t e  a lc o h o l  f o r  

2 t o  3 h r  a n d  s u b je c te d  t o  th e  M e r c u r y  o ra n g e  s t a in in g  p r o c e d u r e  o f  B e n n e t t  &  W a t t s

( 1958) f o r  1 t o  3 d a y s  a t  20°. A  s a tu r a t e d  s o lu t io n  o f  i - ( 4- c h lo r o m e r c u r ip h e n y la z o ) - 2- 

n a p h t h o l ,  k n o w n  a s  M e r c u r y  o r a n g e  ( K o c h - L ig h t  L a b o r a t o r ie s  L t d . ) ,  in  d im e t h y l-  

f o r m a m id e  w a s  u s e d . B e f o r e  i t  w a s  s t a in e d  c o n t r o l  m a t e r ia l  w a s  t r e a t e d  w i t h  a  s a tu r a t e d  

s o lu t io n  o f  p h e n y l  m e r c u r ic  c h lo r id e  i n  « - b u t a n o l  f o r  48 t o  72 h r  o r  w i t h  N E M .  T h e  

m e r c a p t id e  a z o  c o u p l in g  r e a c t io n  f o r  s u lp h y d r y l  g r o u p s  o f  L i l l i e  &  G le n n e r  ( L i l l i e ,

1965) w a s  a ls o  u s e d , w i t h  in c u b a t io n  i n  0-7 %  / > - A ,A - d im e th y la m i n o p h e n y l m e r c u r ic  

a c e ta te  in  99 %  A o p r o p a n o l  a t  250 f o r  24 t o  48 h r .  (e) F r e s h  a n d  f r e e z e - d r ie d  m a t e r ia l  

w a s  s u b je c te d  t o  th e  N E M  +  s a l i c y lo y l  h y d r a z id e  +  z in c  m e t h o d  o f  S t o w a r d  ( 1963). 

P r e p a r a t io n s  w e re  b r o u g h t  t o  w a te r ,  in c u b a te d  in  N E M  f o r  4 h r  a t  370, t r e a t e d  w it h  

s a l i c y lo y l  h y d r a z id e  ( S ig m a  C h e m ic a l  C o . )  f o r  20 t o  120 m in . ,  r in s e d  in  0-05 %  s o d iu m  

p e n t a c y a n o - a m in e  f e r r o a t e  t o  e x t r a c t  e x c e s s  h y d r a z id e ,  a n d  t h e n  e x a m in e d  b y  in c id e n t  

a n d  t r a n s m it t e d  l i g h t  f lu o r e s c e n c e  m ic r o s c o p y  u s in g  u g  1 + bg  38 f i l t e r s  a n d  s u p p r e s s o r  

f i l t e r s .  5 %  p o t a s s iu m  a lu m  o r  o- r %  S o lc c h r o m e  b la c k  in  5 %  p o t a s s iu m  a lu m  w e re  

u s e d  a s  c o u n t e r s t a in s  ( S t o w a r d ,  1967).

A utoradiographic m ethods f o r  su lph ydry l groups, (a) P r e p a r a t io n s  o f  Penicillium  
n otatum  a n d  y e a s t  s m e a r s  w e re  f r e e z e - d r ie d  f ix e d  in  1 %  a c e t ic  a c id  in  a b s o lu t e  a lc o h o l  

f o r  2 t o  3 h r ,  t a k e n  in t o  d io x a n ,  in c u b a t e d  i n  t r i t ia t e d  p h e n y l m e r c u r ic  c h lo r id e  

(O'OOIM) f o r  72 h r ,  w a s h e d  i n  tw o  c h a n g e s  o f  a c e to n e  (15 m in .  e a c h ) ,  c o a t e d  w i t h  

s t r ip p in g  f i lm  ( K o d a k  a r  10), a n d  e x p o s e d  f o r  1 m o n t h  a t  40 b e fo r e  d e v e lo p m e n t  in  

K o d a k  d 19 b  d e v e lo p e r .  T h e  a u t o r a d io g r a p h s  w e re  d e h y d r a t e d ,  c le a r e d  in  x y le n e  a n d  

m o u n t e d  in  ‘ E u p a r a l ’ . (b) I o d o a c e t ic  a c id - 2-T  ( R a d io c h e m ic a l  C e n t r e ,  A m e r s h a m ;  

s p e c i f ic  a c t iv i t y  o -68 m c . /m g .)  w a s  t i t r a t e d  t o  p H  8-o w i t h  s o d iu m  h y d r o x id e  a n d  m a d e  

o - i m  w i t h  r e s p e c t  t o  s o d iu m  io d o a c e t a t e -2- T .  M a t e r i a l  g r o w n  o n  s l id e s  w a s  f re e z e -  

d r ie d ,  f ix e d ,  c o a t e d  w i t h  c o l lo d io n ,  b r o u g h t  t o  w a t e r  a n d  in c u b a te d  in  o - i  M - t r i t ia t e d  

io d o a c e t a t e  f o r  20 h r  a t  370. I t  w a s  w a s h e d  th re e  t im e s  i n  d is t i l l e d  w a te r ,  c o a t e d  w it h  

s t r ip p in g  f i lm ,  e x p o s e d  f o r  2 t o  3 w e e k s , d e v e lo p e d  a n d  p e r m a n e n t ly  m o u n te d .

Sulph ydryl b lock ing  an d disulphide reduction  reactions f o r  p ro te in  end-groups, 
(a) I o d o a c e t a t e  b lo c k .  C o l lo d io n - c o a t e d  p r e p a r a t io n s  w e re  t r e a te d  f o r  20 h r  a t  370 
w it h  o - iM - s o d iu m  io d o a c e t a t e  a t  p H  8-o. (b) M a le im id e  b lo c k .  M a t e r i a l  w a s  t r e a te d  

f o r  4 h r  a t  370 w i t h  o - i  M - A - e t h y l  m a le im id e  in  0-1 M - p h o s p h a te  b u f f e r  p H  7-4, 

a n d  w a s h e d  in  1 %  a c e t ic  a c id  a n d  w a te r ,  ( c )  M e r c a p t id e  b lo c k .  C o l lo d io n - c o a t e d  

m a t e r ia l  w a s  in c u b a t e d  a t  20° f o r  a t  le a s t  72 h r  in  o - o o iM - p h e n y l  m e r c u r ic  c h lo r id e  

in  n - p r o p a n o l .  (d )  T h io g ly c o l la t e  r e d u c t io n .  C o l lo d io n - c o a t e d  m a t e r ia l  w a s  

in c u b a t e d  f o r  4 h r  a t  370 i n  f r e s h ly  p r e p a r e d  0-5 m  t h io g ly c o l l i c  a c id  t i t r a t e d  t o  p H  8-o 

w i t h  0- i N - N a O H ,  w a s h e d  i n  w a te r ,  r in s e d  i n  1 %  a c e t ic  a c id  a n d  w a s h e d  a g a in  in  

w a te r .
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R E S U L T S
Chrom ophoric su lph ydry l staining

In P enicillium  notatum . T h e  D D D  m e ih o d  in c o r p o r a t in g  a  n u m b e r  o f  d ia z o t a t e s  

s t r o n g ly  s t a in e d  th e  t ip s  o f  th e  p h ia l id e s  a n d  th e  s p o re s .  T h e  w a l ls  o f  th e  m y c e l iu m  d id  

n o t  s t a in ,  b u t  th e  c y t o p la s m  n e a r  th e  h y p h a l  t ip s  d id .  B is - c o u p l in g  w i t h  F a s t  b lu e  B  

s a lt  s t a in e d  th e  c y t o p la s m  o f  b o t h  th e  m y c e l iu m  a n d  p h ia l id e s  p in k  a n d  a r e a s  o f
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h ig h e r  s u lp h y d r y l  c o n c e n t r a t io n s  s u c h  a s  th e  n u c le i ,  s p o re s  a n d  w a l ls  a t  th e  p h ia l id e  

t ip s  b lu e .  W h e n  th e  m o n o c o u p l in g  d ia z o t a t e  F a s t  b la c k  K  s a lt  w a s  u s e d  th e  w a l l s  o f  

t h e  p h ia l id e  t ip s  a n d  th e  s p o re s  s t a in e d  in t e n s e  b la c k  (P I . i ,  f ig .  i ) .  S t a in in g  w a s  p r e 

v e n te d  b y  b lo c k in g  w i t h  N E M  a n d  io d o a c e t a t e  (P I . i ,  f ig .  2) b u t  o n ly  p a r t i a l l y  p r e 

v e n te d  w i t h  p h e n y l  m e r c u r ic  c h lo r id e .  C o n t r o l  m a t e r ia l  in c u b a t e d  w i t h o u t  D D D  

s t a in e d  p a le  b r o w n  n e a r  th e  p h ia l id e  t ip s  w h e n  F a s t  b lu e  s a lt  B  w a s  u s e d ,  b u t  n o t  w i t h  

F a s t  b la c k  K  s a lt  o r  F a s t  r e d  R C  s a lt .  P r e p a r a t io n s  r e d u c e d  w i t h  t h io g ly c o l la t e  s t a in e d  

s im i la r l y  t o  u n r e d u c e d  o n e s , in d ic a t in g  t h a t  s t a in in g  d u e  t o  - S S - g r o u p s  w a s  n e g l ig ib le  

b y  t h is  m e th o d .
T h e  H N I  p r o c e d u r e  s t a in e d  th e  c y t o p la s m  a  v e r y  p a le  p u r p le  c o lo u r  b y  v is ib le  

l ig h t ,  b u t  f lu o r e s c e n c e  m ic r o s c o p y  i n  w h ic h  a  ra n g e  o f  d ia z o t a t e s  w a s  u s e d  r e v e a le d  

in t e n s e  r e d  s t a in in g  i n  th e  n u c le i ,  s p o re s ,  c y t o p la s m  o f  th e  h y p h a l  t ip  a n d  th e  w a l l s  a t  

t h e  t ip s  o f  th e  p h ia l id e s  ( P L  1, f ig .  3) ;  w a l ls  o f  t h e  m y c e l iu m  d id  n o t  s t a in .  P r i o r  in c u b a 

t io n  o f  m a t e r ia l  i n  N E M  o r  io d o a c e t a t e  a b o l is h e d  th e  r e d  f lu o r e s c e n c e  a n d  r e p la c e d  

i t  b y  a  d u l l  g e n e ra l a u to f lu o r e s c e n c e .
T h e  p e r f o r m ic  a c id  +  A l c i a n  b lu e  m e t h o d  s t a in e d  n u c le i  a n d  s p o re s  a n d  e s p e c ia l ly  

h y p h a l  t ip s  a n d  th e  w a l ls  n e a r  th e  t ip s  o f  th e  p h ia l id e s  (P I . 1, f ig .  4). P r e p a r a t io n s  

r e d u c e d  w i t h  t h io g ly c o l la t e  a n d  b lo c k e d  w i t h  io d o a c e t a t e  b e f o r e  s t a in in g  s h o w e d  

n e g l ig ib le  s t a in in g  (P I . 1, f ig ,  5). A  lo w  le v e l  o f  s t a in in g  in  m a t e r ia ls  t h a t  h a d  b e e n  

b lo c k e d  w i t h  io d o a c e t a t e  b e f o r e h a n d ,  s u g g e s te d  s o m e  s t a in in g  w a s  d u e  t o  - S S - g r o u p s .

T h e  M e r c u r y  o r a n g e  m e t h o d  o f  B e n n e t t  &  W a t t s  ( 1958) d id  n o t  s t a in  m a t e r ia l  e v e n  

a f t e r  s e v e ra l d a y s ’ in c u b a t io n .  T h e  /> - / V ,y V -d im c th y la m in o p h e n y lm e r c u r ic  a c e ta te  p r o 

c e d u r e  s t a in e d  w a l l s  r e d  a t  th e  p h ia l id e  t ip s ,  h u t  n o t  e ls e w h e re  in  th e  m y c e l iu m ,  w h e n  

c o u p le d  w i t h  f r e s h ly  p r e p a r e d  d ia z o s a f r a n in  (P I . 1, f ig .  6).

T h e  N E M  +  s a l i c y lo y l  h y d r a z id e + z in c  m e t h o d  g a v e  o n ly  a  p a le  g re e n  s t a in  w i t h  a  

g e n e ra l d i s t r ib u t io n  a n d  w a s  n o t  im p r o v e d  b y  c o u n t e r s t a in in g  w i t h  a lu m  o r  S o lo -  

c h r o m e  b la c k  in  a lu m .
In ye a s ts . A l t h o u g h  th e  D D D ,  F I N I  a n d  L i l l i e  &  G le n n e r ’ s  m e r c a p t id e  m e th o d s  a l l  

s t a in e d  n u c le i  in  C andida albicans a n d  C .  u tilis  b y  v is ib le  l i g h t  m e th o d s ,  n o n e  o f  th e se  

m e th o d s  w a s  s e n s it iv e  e n o u g h  t o  d e te c t  s u lp h y d r y l  g r o u p s  in  th e  w a l l .  T h e  A l c i a n  b lu e  

m e th o d  s t a in e d  b o t h  n u c le i  a n d  c e l l  w a l ls ,  a n d  b lo c k in g  a n d  r e d u c t io n  r e a c t io n s  h a d  

e ffe c ts  s im i la r  t o  t h o s e  o b s e r v e d  i n  P enicillium  notatum . N u c le i  a n d  c e l l  w a l ls  o f  th e  

y e a s t  p h a s e s  o f  C .  albicans  a n d  C. u tilis  s t a in e d  b y  th e  F I N I  m e th o d  f lu o r e s c e d  a  

b r i l l i a n t  r e d ,  b u t  t h e re  w a s  o n ly  v e r y  s l ig h t  f lu o r e s c e n c e  in  th e  w a l ls  o f  th e  p s e u d o 

m y c e l iu m  o f  C .  albicans  ( P I . 1, f ig .  7). O b s e r v a t io n s  w e re  n o t  m a d e  o n  th e  m y c e l ia l  

s ta te  o f  C .  utilis  b e c a u s e  s u c h  g r o w t h  w a s  n o t  s u p p o r t e d  b y  th e  m e d ia  r o u t in e ly  u s e d .
T h e  N E M  +  s a l i c y lo y l  h y d r a z id e  +  z in c  p r o c e d u r e  g a v e  a  p a le  g re e n  f lu o r e s c e n c e  

w h ic h  w a s  a lm o s t  in d is t in g u is h a b le  f r o m  th e  a u to f lu o r e s c e n c e  o f  th e  m a t e r ia ls .

A utoradiographic loca liza tion  o f  su lph ydry l groups

P r e l im in a r y  e x p e r im e n t s  w it h  o - o o iM - p h e n y l  m e r c u r ic  c h lo r id e  t o  b lo c k  c e l lu la r  

- S H  g r o u p s  b e f o r e  th e  D D D  r e a c t io n  s h o w e d  t h a t  b lo c k in g  w a s  in c o m p le t e  w i t h  
P enicillium  notatum  a n d  th e  y e a s t s  e v e n  a f t e r  72 h r  in c u b a t io n  i n  th e  b lo c k in g  a g e n t .  

B e c a u s e  i t  w a s  im p r a c t ic a b le  t o  in c u b a te  lo n g e r  w i t h o u t  lo s in g  m a t e r ia l  f r o m  th e  s l id e s  

72 h r  in c u b a t io n  w a s  a d o p t e d  f o r  a l l  e x p e r im e n t s  u s in g  t r i t ia t e d  p h e n y l  m e r c u r ic  

c h lo r id e .
A u t o r a d io g r a p h s  o f  P enicillium  notatum  t r e a t e d  w i t h  t r i t ia t e d  p h e n y l  m e r c u r ic



c h lo r id e  s h o w e d  g r a in  c o n c e n t r a t io n s  a r o u n d  th e  s p o re s  a n d  d e v e lo p in g  p h ia l id e s  b u t  

n o t  in  th e  w a l ls  o f  t h e  m y c e l iu m .  P r e p a r a t io n s  t r e a t e d  w i t h  t r i t ia t e d  io d o a c e t a t e  

s h o w e d  c o n c e n t r a t io n s  o f  g r a in s  a t  th e  w a l ls  o f  th e  p h ia l id e  t ip s  b u t  n o t  i n  th e  s p o re s  
(P I .  1, f ig .  8), a n d  n o n e  i n  th e  w a l ls  o f  t h e  m y c e l iu m .

A u t o r a d io g r a p h s  o f  y e a s t - l ik e  c e l ls  o f  C andida albicans  a n d  C. u tilis  t r e a t e d  w i t h  

t r i t ia t e d  p h e n y l  m e r c u r ic  c h lo r id e  s h o w e d  g r a in s  i n  th e  w a l ls  e s p e c ia l ly  a t  s it e s  o f  b u d  

f o r m a t io n  a n d  b u d  s c a r s  (P I . 1, f ig .  9). S im i l a r  r e s u lt s  w e re  o b t a in e d  a f t e r  t r e a tm e n t  

w i t h  t r i t ia t e d  io d o a c e t a t e .  T h e  c o n c e n t r a t io n  o f  g r a in s  w a s  m u c h  le s s  n e a r  th e  w a l l s  o f  
p s e u d o m y c e l iu m  o f  C. albicans.
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D I S C U S S I O N
T h e  r o le  o f  p r o t e in - b o u n d  s u lp h y d r y l  g r o u p s  in  m a in t a in in g  th e  p la s t ic  c o n d i t io n  o f  

t h e  c e l l  w a l l  i n  b u d d in g  y e a s t s  is  n o w  w e l l  e s t a b l is h e d  ( N ic k e r s o n  &  F a lc o n e ,  1958; 

N ic k e r s o n ,  F a lc o n e  &  K e s s le r ,  1961), a l t h o u g h  M c C l a r y  &  B o w e r s  ( 1965) c h a l le n g e d  

t h is  v ie w  a n d  c o n s id e r e d  t h a t  th e  w a l l  n e it h e r  d is t e n d s  n o r  d is r u p t s  d u r in g  b u d d in g .

R o b s o n  &  S t o c k le y  ( 1962) p r o v id e d  c o n v in c in g  a u t o r a d io g r a p h ic  e v id e n c e  o f - S F I  

g r o u p s  a t  b u d d in g  s ite s  i n  C a n d id a  a n d  E r e m o t h e c iu m .  T h e  p r e s e n t  w o r k  c o n f i r m s  

th e s e  a u t o r a d io g r a p h ic  f in d in g s  a n d  s u p p l ie s  a d d i t io n a l  c y t o c h e m ic a l  e v id e n c e  o f  th e  

p re s e n c e  o f  - S H  c o m p o u n d s  in  th e  w a l ls  o f  y e a s t  c e l ls  o f  C andida albicans a n d  C .  utilis  
a n d  t h e i r  a b s e n c e  f r o m  th e  p s e u d o m y c e l iu m  o f  th e  f o rm e r .

I t  is  n o t  k n o w n  i f  - S H  g r o u p s  s e r v e  a  s im i la r  f u n c t io n  i n  m a in t a in in g  p la s t i c i t y  in  

h y p h a l  t ip s  o f  m y c e l ia l  f u n g i .  T h e  p r e s e n t  w o r k  s u p p o r t s  th e  f in d in g s  o f  Z a lo k a r  ( 1959) 

i n  s h o w in g  a  h ig h e r  c o n c e n t r a t io n  o f  c y t o p la s m ic  - S H  g r o u p s  n e a r  th e  h y p h a l  t ip s  

t h a n  e ls e w h e re  i n  th e  m y c e l iu m .  H o w e v e r ,  th e  o b s e r v a t io n s  o f  M id d le b r o o k  &  P r e s t o n  

( 1952) w i t h  P h y c o m y c e s  su g g e s t  t h a t  th e re  is  n o  n e e d  t o  p o s t u la t e  a  m e c h a n is m  f o r  

m a in t a in in g  s u lp h u r  i n  th e  r e d u c e d  s ta te  a s  - S H  g r o u p s  i n  o r d e r  t o  r e n d e r  th e  w a l ls  

p la s t i c  b e c a u s e  th e  o r ie n t a t io n  o f  th e  w a l l  f i b r i l s  s a t is f ie s  th e  r e q u ir e m e n t s  o f  e x t e n s io n  

g r o w t h  a n d  b r a n c h in g .  T h e  p r e s e n t  w o r k  f a i le d  t o  s h o w  - S H  g r o u p s  i n  a n y  p a r t  o f  th e  

w a l l  o f  P énicillium  n otation  b e s id e s  th e  t ip s  o f  th e  p h ia l id e s .  S u c h  a  lo c a l i z a t io n  in  

a r e a s  t h a t  p r o l i f e r a t e  c e l ls  r a p id ly  d u r in g  s p o r u la t io n  in  a  m a n n e r  a n a lo g o u s  t o  b u d d in g  

i n  y e a s t s  s u p p o r t s  th e  h y p o t h e s is  t h a t  s p o r u la t io n  i n  P . notatum  m a y  h a v e  p h y s io 

lo g i c a l  p r o c e s s e s  in  c o m m o n  w i t h  b u d d in g  i n  y e a s ts . H o w e v e r ,  t h is  lo c a l i z a t io n  d o e s  n o t  

n e c e s s a r i ly  im p l i c a t e  s u c h  c o m p o u n d s  in  s p o r u la t io n .  B io c h e m ic a l  a n a ly s is  a n d  e le c t r o n  

m ic r o s c o p e  c y t o c h e m is t r y  o f  th e  w a l ls  o f  d e v e lo p in g  p h ia l id e s  o f  P . notatum  a re  

n e c e s s a r y  t o  p r o v id e  f u r t h e r  e v id e n c e .
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E X P L A N A T I O N  OF P L A T E
Cytochemical localization of — SH groups in Penicillium notatum, Candida albicans and Candida 
utilis.
Fig. 1. Sulphydryl groups in the walls of the phialide tips of P. notatum stained by the DDD pro
cedure, coupled with Fast black K salt, x 1350.
Fig. 2. P. notatum stained as in fig. 1, but with prior blocking in iodoacetate. x 1350.
Fig. 3. Sulphydryl staining in P. notatum by the HNI reaction and observed by fluorescence micro
scopy. Note strong fluorescence in the spores and in the walls of the phialide tips (red in the original), 
x 1350.

Fig. 4. Alcian blue staining of — SS- and — SH groups inP. notatum. Strongest reaction in the spores 
and the walls of the phialide tips, x 1350.
Fig. 5. As fig. 4 but with thioglycollate reduction and iodoacetate blocking before staining; negligible 
staining, x 1350.
Fig. 6. Sulphydryl staining of P. notatum by Lillie & Glenner’s mercaptide method. Staining in the 
spore walls and the walls of the phialide tips, x 1350.
Fig. 7. Cell wall staining of sulphydryl groups in C. albicans by the HNI fluorescence method showing 
increased staining at some sites in the wall. Note very pale cytoplasmic staining in the pseudomycelium 
with negligible wall staining. Coupled with Fast blue RR salt, x 1500.
Fig. 8. Arrow 1 indicates autoradiographic localization of — SH groups in the phialide tip of P. notatum 
with tritiated phenyl mercuric chloride as the blocking agent, x 1350.
Fig. 9. Autoradiographic localization of — SH groups in C. utilis with tritiated iodoacetate as the 
blocking agent. Note highest concentrations of grains at sites of budding and bud scars, x 2000.
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Role of Divalent Cations in the Action o f Polymyxin B and 
EDTA on Pseudomonas aeruginosa

B y  M .  R .  W .  B R O W N  a n d  J .  M E L L I N G  

P harm aceu tica l M icro b io lo g y  Group, Sch ool o f  P harm acy, Bath  
U niversity o f  Technology, B ath, S om erset, B A 2  j A  Y

{A ccep ted  f o r  pu blica tion  30  A ugust 19 6 9 )

S U M M A R Y
P seudom onas aeruginosa  g r o w n  u n d e r  c o n d i t io n s  o f  M g - d e p le t io n  in  

b a t c h  e u lt u r e  in  s im p le  s a lt s  m e d iu m  lo s t  s e n s i t iv i t y  t o  p o ly m y x in  B ,  c a u s in g  
ly s is ,  re le a s e  o f  260 n m .  a b s o r b in g  m a t e r ia ls  a n d  lo s s  o f  v ia b i l i t y .  T h e  
p a t t e r n s  o f  ly s is  a n d  le a k a g e  p r o d u c e d  b y  p o ly m y x in  w e re  s im i la r  w i t h  
r e g a r d  t o  th e  e f fe c t  o f  g r o w t h  in  d i f f e r e n t  M g  c o n c e n t r a t io n s  a n d  th e  in h ib i 
t o r y  e f fe c t  o f  h ig h  p o ly m y x in  c o n c e n t r a t io n s .  T h e  ra te s  o f  ly s is  a n d  le a k a g e  
f o r  a n y  o n e  s u s p e n s io n  w e re  s im i la r .  T h e r e  w a s  d e c re a s e d  p o ly m y x in  u p t a k e  
b y  in s e n s it iv e  b a c t e r ia .  A d d i t i o n  o f  M g  o r  o n e  o f  s e v e ra l c a t io n s  re s to r e d  
s e n s it iv i t y  b o t h  t o  p o ly m y x in  a n d  t o  E D T A  t o  v a r y in g  d e g re e s , b u t  o n ly  
a f t e r  s e v e ra l c e l l  d iv i s io n s  h a d  o c c u r r e d .  A  c lo s e  s im i la r i t y  w a s  o b s e r v e d  
b e tw e e n  th e  e ffe c ts  o f  M g - d e p le t io n  o n  s e n s i t iv i t y  t o  E D T A  a n d  t o  p o ly 
m y x in ;  a  r e la t io n s h ip  b e tw e e n  t h e i r  m e c h a n is m s  o f  a c t io n  is  s u g g e s te d .
I t  is  p r o p o s e d  t h a t  c a t io n s  a re  e s s e n t ia l f o r  th e  s y n th e s is  o f  s e n s it iv e  c o m 
p o n e n t s  o f  th e  e n v e lo p e  a n d  m a y  th e m s e lv e s  b e  in v o lv e d  i n  th e  s t r u c t u r e  o f  
th e  c o m p o n e n t .

I N T R O D U C T I O N
G r o w t h  o f  P seudom onas aeruginosa  i n  M g - d e p le t e d  c u lt u r e s  r e s u lt e d  in  lo s s  o f  

s e n s i t iv i t y  t o  th e  a n t ib a c t e r ia l  a c t io n  o f  e t h y le n e d ia m in e t e t r a - a c e t ic  a c id  ( E D T A )  

( B r o w n  &  M e l l i n g ,  1969). T h i s  p h e n o m e n o n  h a s  n o w  b e e n  f u r t h e r  in v e s t ig a te d  

a n d  th e  e f fe c t  o f  p o ly m y x in  B  s u lp h a t e  o n  P . aeruginosa  g r o w n  i n  m e d ia  w i t h  

v a r io u s  M g  c o n c e n t r a t io n s  e x a m in e d .  P o ly m y x in  w a s  c h o s e n  s in c e  i t  w a s  r e p o r t e d  

t o  b e  a c t iv e  a g a in s t  t h is  o r g a n is m  ( H a a s  &  S e v a g , 1953), a n d  N e w t o n  ( 1954) s h o w e d  
i t s  a c t io n  t o  b e  a n t a g o n iz e d  b y  d iv a le n t  c a t io n s .  P o ly m y x in  w a s  a ls o  o f  in t e r e s t  s in c e ,  

u n l i k e  E D T A ,  i t  h a s  b e e n  r e p o r t e d  n o t  t o  a c t  b y  a  c h e la t io n  m e c h a n is m  ( N e w to n ,  

1953 a ) . O t h e r  d iv a le n t  c a t io n s  w e re  e x a m in e d  f o r  a b i l i t y  t o  s u b s t it u t e  f o r  M g  in  i t s  

r o le  c o n c e r n e d  w i t h  th e  r e s is t a n c e  o f  P . aeruginosa, p a r t i c u la r ly  in  v ie w  o f  th e  f in d in g  

o f  E a g o n ,  S im m o n s  &  C a r s o n  ( 1965) w h o  id e n t i f ie d  M g ,  C a  a n d  Z n  in  c e l l  w a l ls  o f  

P . aeruginosa.
M E T H O D S

O rganism . P seudom onas aeruginosa  n c t c  6750 w a s  u s e d  t h r o u g h o u t  t h is  w o r k .

C hem icals. A l l  c h e m ic a ls  u s e d  w e re  o f  A n a l y t i c a l  R e a g e n t  g r a d e  ( A n a la r R ) .

C leaning procedures. A l l  g la s s w a r e  w a s  t r e a t e d  w i t h  c h r o m ic  +  s u lp h u r ic  a c id  

m ix t u r e ,  w a s h e d  w i t h  t a p  w a te r  a n d  f in a l l y  w i t h  g la s s - d is t i l le d  w a te r .

C ulture m ethods. T h e  o r g a n is m  w a s  m a in t a in e d  in  a  l i q u id  m e d iu m  c o n s is t in g  o f :  

o - o o i  M - D ( + ) g lu c o s e ,  o - o i  m - ( N H 4)2H P 0 4, o -o i  m - ( N H 4)2S 0 4, 0-0005 M - N a C l ,  

0-0005 m - K C I  d is s o lv e d  in  g la s s - d is t i l le d  w a te r .  I n  th e  f o l l o w in g  e x p e r im e n t s  b a c t e r ia
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w e re  g r o w n  in  m e d ia  id e n t ic a l  t o  th e  a b o v e ,  b u t  c o n t a in in g  d i f f e r e n t  c o n c e n t r a t io n s  

o f  th e  d iv a le n t  c a t io n s .  S a m p le s  (500 m l. )  o f  b a c t e r ia l  s u s p e n s io n s  w e re  g r o w n  in  2 1. 

f la s k s  i n  a  M i c k l e  s h a k e r  b a t h  ( T h e  M i c k l e  L a b o r a t o r y  E n g in e e r in g  C o . ,  G o m s h a l l ,  

S u r r e y )  a t  37-5°. C u l t u r e s  w i t h  th e  lo w e r  c o n c e n t r a t io n s  o f  M g  g r a d u a l ly  e n te r e d  a  

s t a t io n a r y  p h a s e  d u e  t o  M g - d e p le t io n .  G r o w t h  e v e n t u a l ly  c e a s e d  o w in g  t o  d e p le t io n  

o f  g lu c o s e  a t  a n  e x t in c t io n  o f  a b o u t  0-180 m e a s u r e d  a t  470 n m . w i t h  a  U n i c a m  

S P 600 s p e c t r o p h o to m e te r .  T h i s  e x t in c t io n  c o r r e s p o n d e d  t o  a  c o lo n y  c o u n t  o f  a b o u t

3-5 x i o 8 b a c t e r ia / m l.  W h e n  n o  in c r e a s e  i n  E m  h a d  b e e n  o b s e r v e d  o v e r  a  p e r io d  o f  

1 h r ,  s a m p le s  w e re  t a k e n  a n d  t r e a t e d  w i t h  p o ly m y x in  o r  E D T A .

T reatm en t o f  bacteria  w ith  p o lym yx in  or E D T A . S a m p le s  o f  c u lt u r e  (93 m l. )  a t  

37-5° w e re  a d d e d  t o  7 m l.  o f  E D T A  o r  p o ly m y x in  s o lu t io n s  o f  v a r io u s  c o n c e n t r a t io n s  

c o n t a in e d  i n  250 m l.  f la s k s  a n d  m a in t a in e d  a t  th e  s a m e  te m p e r a tu re .  T h e  m ix t u r e  

r e m a in e d  c o n s t a n t  a t  p H  7-2.

M easurem ent o f  lysis an d  colony counts. T h e s e  w e re  m a d e  a s  d e s c r ib e d  p r e v io u s ly  

( B r o w n  &  M e l l i n g ,  1969).

M easurem ent o f  26 0  nm .-absorbing substances re leased  fro m  bacteria . E s t im a t e s  o f  

260 n m . - a b s o r b in g  s u b s ta n c e s  re le a s e d  f r o m  b a c t e r ia  w e re  m a d e  b y  th e  t e c h n iq u e  o f  

B r o w n ,  F a r w e l l  &  R o s e n b lu t h  ( 1969). T h is  in v o lv e d  r e m o v a l  o f  b a c t e r ia  b y  m e m b r a n e  

f i l t r a t io n  a n d  m e a s u r e m e n t  o f  th e  e x t in c t io n  a t  260 n m .  o f  th e  f i l t r a t e  w i t h  a  U n i c a m  

S P  500 s p e c t r o p h o to m e te r .

R E S U L T S
E ffect o f  M g-dep le tion  on lysis  b y  po lym yx in

T h e  E i7n o f  c u lt u r e s  g r o w n  in  a  ra n g e  o f  M g  c o n c e n t r a t io n s  w a s  m e a s u r e d  a t  

in t e r v a ls  a f t e r  t r e a tm e n t  w i t h  v a r io u s  p o ly m y x in  c o n c e n t r a t io n s .  F ig u r e  1 s h o w s  th e  

t y p ic a l  e f fe c ts  o f  p o ly m y x in  t r e a tm e n t  o n  b a c t e r ia  g r o w n  in  1 / ¿ g ./m l. (e x ce s s )  a n d  

0-05 p g . M g / m l .  ( d e p le te d ) ,  r e s p e c t iv e ly .  L i t t l e  c h a n g e  in  E i70 o f  th e  c u l t u r e  c o n t a in in g  

0-05 p g . M g / m l .  o c c u r r e d  c o m p a r e d  t o  th e  c u lt u r e  c o n t a in in g  1 ,« g ./m l. T h e  c h a n g e s  

i n  E i70 o b s e r v e d  i n  th e  la t t e r  c u l t u r e  in d ic a t e d  t h a t  ly s is  o f  b a c t e r ia  o c c u r r e d  a f t e r  

t r e a tm e n t  a t  th e  lo w e r  p o ly m y x in  c o n c e n t r a t io n s ,  a n d  t h a t  th e  ra te  o f  ly s is  in c r e a s e d  

a s  th e  p o ly m y x in  c o n c e n t r a t io n  w a s  in c r e a s e d  u p  t o  32 u n it s / m l.  F u r t h e r  in c r e a s e s  i n  

p o ly m y x in  c o n c e n t r a t io n  r e s u lt e d  in  d e c re a s e d  ly s is ;  t r e a tm e n t  w i t h  256 u n it s / m l.  

c a u s e d  a  r a p id  i n i t i a l  in c r e a s e  in  £ 470.

T h e  a c t iv i t y  o f  a n y  o n e  c o n c e n t r a t io n  o f  p o ly m y x in  in  c a u s in g  ly s is  v /a s  t a k e n  t o  b e  

th e  d e c re a s e  i n  E i70 a f t e r  180 m in .  t r e a tm e n t  w i t h  p o ly m y x in  c o m p a r e d  t o  th e  E 470 
a t  z e r o  t im e .  F ig u r e  2 s h o w s  th e  a c t iv i t y  o f  s e v e ra l p o ly m y x in  c o n c e n t r a t io n s  in  
c a u s in g  ly s is  o f  b a c t e r ia  g r o w n  in  d i f f e r e n t  M g  c o n c e n t r a t io n s .  T h e  ra te  o f  ly s is  

r e a c h e d  a  p e a k  a t  a  p a r t i c u la r  p o ly m y x in  c o n c e n t r a t io n .  T h e r e  a p p e a r s  t o  b e  s o m e  

c o r r e la t io n  b e tw e e n  th e  p o ly m y x in  c o n c e n t r a t io n  a t  w h ic h  th e  p e a k  o c c u r r e d  a n d  th e  
M g  c o n c e n t r a t io n  in  th e  g r o w t h  m e d iu m ,  th e  p e a k  b e in g  r e a c h e d  a t  a  lo w e r  p o ly m y x in  

c o n c e n t r a t io n  a s  th e  M g  c o n c e n t r a t io n  in c r e a s e d .  T h e  c u lt u r e  c o n t a in in g  4 p g . M g / m l .  

w a s  a n  e x c e p t io n ,  p o s s ib ly  d u e  t o  a n t a g o n is m  o f  p o ly m y x in  b y  M g  ( N e w to n ,  1954).
F ig u r e  3 s h o w s  th e  e f fe c t  o f  g r o w th  i n  d i f f e r e n t  M g  c o n c e n t r a t io n  o n  th e  m a x im u m  

r a t e  o f  ly s is  r e s u l t in g  f r o m  p o ly m y x in  t r e a tm e n t  a n d  i t  c a n  b e  se e n  t h a t  th e  g re a te s t  

c h a n g e  o c c u r r e d  a t  M g  c o n c e n t r a t io n  b e lo w  0-5 / ¿g ./m l. A n  a lm o s t  id e n t ic a l  p a t t e r n  

o f  s e n s i t iv i t y  t o  ly s is  w i t h  M g - d e p le t io n  h a s  b e e n  s h o w n  w i t h  E D T A  ( B r o w n  &  M e l l i n g
1969).
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Fig. i .  E ffect o f  po lym yx in  c o n c e n tra tio n  o n  lysis o f  P seu d o m o n a s  a eru g in o sa  g ro w n  in  
m ed iu m  w ith : (a) 1 f ig . M g /m l.; b a c te r ia  n o t  M g -dep le ted . (b) 0 -0 5 f ig . M g /m l.; b ac te ria  
M g-dep leted . P o lym yxin  c o n cen tra tio n s  (u n its /m l.)  w ere : x ,  zero , A , 2 ; □ ,  4 ; O ,  8; 
▼ , 16; O ,  32; A , 64; ■ ,  128; • ,  256.

C

F ig . 2. E ffect o f  p o lym yx in  c o n c e n tra tio n  o n  ra te  o f  lysis o f  P se u d o m o n a s  a eru g in o sa  g row n 
in  m ed ia  c o n ta in in g  d ifferen t M g  co n cen tra tio n s . M g  c o n cen tra tio n s  (jig .[m l.) w ere : (a) x  , 
1; O  , 2 ; A , 4 : (b )  x ,  0-05; O ,  0-2; □ ,  0-5.

E ffect o f  M g-dep le tion  on release o f  26 0  nm .-absorbing  
substances b y  po lym yx in

R e le a s e  o f  m a t e r ia l  a b s o r b in g  a t  260 n m .  f r o m  P seudom onas aeruginosa  t r e a te d  

w it h  p o ly m y x in  f o l lo w e d  a  s im i la r  p a t t e r n  t o  t h a t  o b s e r v e d  f o r  ly s is  b y  t h is  a n t ib io t i c .  

T y p i c a l  r e s u lt s  a r e  s h o w n  in  F ig .  4 f o r  b a c t e r ia  g r o w n  in  1 g g . a n d  0-05 / tg . M g / m l . ,  

r e s p e c t iv e ly .  C l e a r l y  l i t t le  lo s s  o f  250 n m . - a b s o r b in g  m a t e r ia l  o c c u r r e d  f r o m  b a c t e r ia  
g r o w n  in  th e  lo w e r  m a g n e s iu m  c o n c e n t r a t io n .  F ig u r e  5 s h o w s  th e  a c t iv i t y  o f  s e v e ra l 

p o ly m y x in  c o n c e n t r a t io n s  in  c a u s in g  le a k a g e  f r o m  b a c t e r ia  g r o w n  in  d i f f e r e n t  M g  

c o n c e n t r a t io n s .  A s  th e  p o ly m y x in  c o n c e n t r a t io n  in c r e a s e d  th e  r a t e  o f  le a k a g e  a ls o
MIC 59
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in c r e a s e d  t o  a  m a x im u m  a n d  th e n  w a s  d e c re a s e d  a t  h ig h  c o n c e n t r a t io n .  E x a m in a t io n  

o f  th e  e f fe c t  o f  g r o w t h  in  d i f f e r e n t  M g  c o n c e n t r a t io n s  o n  le a k a g e  ( F ig .  6) s h o w e d  t h a t  

th e  m a x im u m  r a t e  o f  le a k a g e  in c r e a s e d  a s  th e  M g  c o n c e n t r a t io n  in  th e  g r o w t h  

m e d iu m  in c r e a s e d  f r o m  0-05 t o  0-5 / ig . / m l.

Mg concentration of medium (/ig./ml.)

F ig . 3. M a x im u m  lysis (E’47tl) b y  p o lym yx in  (un its /m l.)  o f  P seu d o m o n a s  a eru g in o sa  g row n 
in  m ed ia  c o n ta in in g  g rad ed  M g co n cen tra tio n s.

F ig . 4. E ffect o f  po lym yxin  co n c e n tra tio n  o n  leak ag e  ( £ 260) fro m  P se u d o m o n a s  a eru g in o sa  
grow n  in  m ed iu m  w ith : (a )  1 f ig . M g /m l.; b ac te ria  n o t  M g-dep le ted . P o lym yxin  c o n c e n tra 
tio n s (un ;ts /m l.)  w ere : x , z e ro ; A , 2 ; □ ,  4 ; O  , 8 ; ▼, 16; • ,  32; A , 64; ■ ,  128; o ,  256. 
(6) 0-05 f ig . M g /m l.; b a c te r ia  M g-dep le ted . P o lym yx in  co n c e n tra tio n s  w ere : x ,  ze ro ; 
0 , 2 ;  □ ,  4 ; A , 16; ▼, 32; •  64 ; A , 128; ■ ,  256.
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E ffect o f  M g-dep le tion  on release o f  26 0  n m -  
absorbing substances b y  E D T A

I n  a  p r e v io u s  p a p e r  ( B r o w n  &  M e l l i n g ,  1969) d e a l in g  w i t h  th e  e f fe c t  o f  E D T A  o n  

M g - d e p le t e d  P seudom onas aeruginosa , th e  e f fe c t  o f  E D T A  o n  re le a s e  o f  260 n m . -  

a b s o r b in g  m a t e r ia l  w a s  n o t  r e p o r t e d .  T h i s  w a s  d u e  t o  a n  a n o m a ly  in  th e  m e a s u r e m e n t  

o f  E 2So i n  th e  p re s e n c e  o f  E D T A ,  w h ic h  r e s u lt e d  in  h ig h e r  v a lu e s  t h a n  e x p e c te d  f r o m  

th e  s u m  o f  th e  c o m p o n e n t s .  T h i s  a n o m a ly  w a s  r e s o lv e d  f o r  p r e s e n t  p u r p o s e s  b y  m a k in g  

a  c o m p a r is o n  b e tw e e n  th e  o b s e r v e d  E wo v a lu e s  o f  s o lu t io n s  c o n t a in in g  g r a d e d  a m o u n t s

Fig . 5. A ctiv ity  o f  v ario u s p o lym yx in  c o n cen tra tio n s  in  causing  leakage (E 263) f ro m  P se u d o 
m o n a s  a e ru g in o sa  g ro w n  in  m ed ia  co n ta in in g  d ifferen t M g  co n cen tra tio n s . M g  c o n c e n tra 
tio n s O g ./m l.)  w ere : (a) A ,  1 ; O  , 2; x  , 4 ; (b) □ ,  0-05; A , o - i ; x  , 0-5.

o f  c u l t u r e  f i l t r a t e  +  E D T A ,  a n d  th e  e x p e c te d  E 2fM a s s u m in g  th e  e x t in c t io n s  o f  E D T A  

a n d  f i l t r a t e  t o  b e  a d d i t iv e  ( M e l l i n g ,  1968). F o r  e x a m p le ,  th e  E 2B0 o f  a  s o lu t io n  c o n 

t a in in g  1000 p g . E D T A / m l .  w a s  0-007, a n d  th e  E 2m o f  c u l t u r e  f i l t r a t e  w a s  0-138. T h u s ,  

th e  e x p e c te d  E 260 o f  th e  m ix t u r e  w a s  o -145 ; b u t  th e  o b s e r v e d  v a lu e  w a s  0-163. H o w e v e r ,  

t h e  E wo o f  E D T A  a n d  260 n m . - a b s o r b in g  m a t e r ia l  r e le a s e d  f r o m  b a c t e r ia  w a s h e d  f re e  

f r o m  th e  g r o w t h  m e d iu m  w a s  a d d it iv e .  I t  s e e m s  p r o b a b le  t h a t  E D T A  f o r m s  a  c o m p le x  

w i t h  s o m e  m e t a b o l ic  p r o d u c t  o f  P . aeruginosa  a n d  t h a t  t h is  c o m p le x  a b s o r b s  m o r e  

s t r o n g ly  a t  260 n m . t h a n  d o  i t s  c o m p o n e n t s .  A n  e x t in c t io n  g r e a te r  t h a n  a d d i t iv e  w a s  

n o t  o b s e r v e d  w i t h  c e l l  e x u d a te  f r o m  w a s h e d  b a c t e r ia  ; t h is  s u g g e s ts  t h a t  th e  c o m p le x  

w a s  f o r m e d  w i t h  a n  e x t r a c e l lu la r  p r o d u c t  o f  m e t a b o l is m  r a t h e r  t h a n  th e  c h a r a c t e r is t ic  

le a k a g e  p r o d u c t s .

R e le a s e  o f  260 n m . - a b s o r b in g  s u b s ta n c e s  f r o m  Pseudom onas aeruginosa  g r o w n  in  

d i f f e r e n t  M g  c o n c e n t r a t io n s  a n d  t r e a t e d  w i t h  E D T A  w a s  e s t im a te d .  T y p i c a l  r e s u lt s  

a re  s h o w n  in  F ig .  7. T h e  z e r o - t im e  r e a d in g s  w e re  o b t a in e d  b y  a d d in g  th e  p a r t i c u la r  
E D T A  c o n c e n t r a t io n  t o  a  s a m p le  o f  th e  c u lt u r e  f i l t r a t e .  T h u s ,  in c r e a s e s  i n  E 2m a b o v e  

th e  z e r o  r e a d in g  w e re  s o le ly  a  r e s u lt  o f  c e l l  le a k a g e  s in c e  th e  n o n - a c d i t iv e  in c r e a s e  in  

a b s o r p t io n  d id  n o t  o c c u r  w i t h  le a k a g e  p r o d u c t s .  I n s p e c t io n  o f  F ig .  7 s h o w s  t h a t  

b a c t e r ia  g r o w n  in  th e  lo w e r  M g  c o n c e n t r a t io n  lo s t  l i t t le  260 n m . - a b s o r b in g  m a t e r ia l  

a s  c o m p a r e d  w i t h  th o s e  g r o w n  in  th e  h ig h e r  c o n c e n t r a t io n .

T h e  a c t iv i t y  o f  a n y  E D T A  c o n c e n t r a t io n  in  c a u s in g  le a k a g e  w a s  m e a s u r e d  a s  th e  

in c r e a s e  i n  E mo o f  th e  c u l t u r e  f i l t r a t e  a f t e r  180 m in .  t r e a tm e n t  w i t h  E D T A .  F ig u r e  8 
s h o w s  th e  a c t iv i t y  o f  E D T A  in  c a u s in g  le a k a g e  f r o m  P seudom onas aeruginosa  g r o w n
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i n  d i f f e r e n t  M g  c o n c e n t r a t io n s .  T h e  p a t t e r n  o f  le a k a g e  w a s  v e r y  s im i la r  t o  t h a t  f o r  

ly s is  c a u s e d  b y  E D T A  ( B r o w n  &  M e l l i n g ,  1969). T h e  E D T A  c o n c e n t r a t io n  r e q u ir e d  

t o  p r o d u c e  m a x im u m  ly s is  w a s  g r e a te r  th e  h ig h e r  th e  M g  c o n c e n t r a t io n ; th e  m a x im u m  

ra t e  o f  ly s is  in c r e a s e d  a s  th e  M g  c o n c e n t r a t io n  in  th e  g r o w t h  m e d iu m  in c re a s e d .

F ig . 6 F ig . 8

F ig . 6. M a x im u m  leakage ( £ 2B„) caused  by po lym yxin  fro m  P se u d o m o n a s  a eru g in o sa  g row n 
in  m ed ia  c o n ta in in g  g rad ed  M g co n cen tra tio n s .

F ig . 7. E ffect o f  E D T A  c o n c e n tra tio n  o n  leakage f £ 2oo) fro m  P seu d o m o n a s  a eru g in o sa  g row n 
in  m ed iu m  w ith : (a) 4 /¿g. M g /m l.; b ac te ria  n o t  M g-dep le ted . E D T A  c o n cen tra tio n s  O g ./m l.)  
w ere: x ,  ze ro ; O ,  10; A , 60; □ ,  100; t , 150; O , 200; A, 750; ■  2000. (6) 
0 -0 5 fig . M g /m l.;  b ac te ria  M g-dep leted . E D T A  c o n cen tra tio n s  O g . / m l ) : O ,  ze ro ; A , 50; 
x  , 100; □ ,  150; ■ .  200; • ,  500; A, 750.

F ig . 8. A ctiv ity  o f  v a rio u s  E D T A  c o n cen tra tio n s  in  cau sin g  leakage (E im ) from  P se u d o m o n a s  
a eru g in o sa  g ro w n  in  m ed ia  co n ta in in g  g rad ed  M g  co n cen tra tio n s . M g  c o n cen tra tio n s  
O g ./m l.) :  □ ,  0-05; A , o - i ;  0 , 0 - 5 ;  x ,  4.
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E ffect o f  p o ly m yx in  on colony count o f  M g -d ep le ted  bacteria  

T w o  p o ly m y x in  c o n c e n t r a t io n s  w e re  te s te d  f o r  t h e i r  e f fe c t  u p o n  th e  v i a b i l i t y  o f  

P seudom onas aeruginosa  g r o w n  in  1 a n d  0-05 p g . M g / m l .  D i l u t i o n s  f o r  c o u n t in g  w e re  

m a d e  in  le c i t h in  b r o t h .  T h e s e  tw o  M g  c o n c e n t r a t io n s  w e re  s e le c te d  s in c e  t h e y  r e s u lt e d  

in  th e  p r o d u c t io n  o f  s e n s it iv e  a n d  r e s is t a n t  b a c t e r ia ,  r e s p e c t iv e ly ,  w h e n  ly s is  a n d  

le a k a g e  w e re  th e  p a r a m e te r s  b e in g  m e a s u r e d .  T h e  r e s u lt s  a r e  s h o w n  in  F ig .  9 a. 
U n l i k e  th e  e ffe c ts  o n  ly s is  a n d  le a k a g e  256 u n it s / m l.  p o ly m y x in  c a u s e d  a  g r e a t e r  lo s s  

o f  v i a b i l i t y  c o m p a r e d  t o  16 u n it s / m l.  F ig u r e  9b s h o w s  th e  e f fe c t  o f  g r o w t h  in  d i f f e r e n t  

M g  c o n c e n t r a t io n s  o n  th e  d e c re a s e  in  c o lo n y  c o u n t  a f t e r  180 m in .  r e s u l t in g  f r o m  

t r e a tm e n t  w i t h  16 u n it s  p o ly m y x in / m l.  A g a in ,  b a c t e r ia  g r o w n  in  th e  lo w e r  M g  c o n 
c e n t r a t io n s  s h o w e d  th e  g r e a te r  r e s is t a n c e  t o  p o ly m y x in .

Time (min.) at 37-5° Mg. concentration in medium
(/ig./ml.)

F ig . 9. E ffect o f  tre a tm e n t w ith  po lym yxin  o n  th e  v iab ility  o f  P seu d o m o n a s  a eru g in o sa  g row n 
in  m ed ia  co n ta in in g  d ifferen t M g  c o n c e n tra tio n s : (a) M g c o n cen tra tio n s  (/tg ./m l.) w ere: 
o p en  sym bols, 0-05 (M g-d ep le ted ); c losed  sym bols, 1 (M g-p len tifu l). Polym yxin  co n cen tra 
tio n s (u n its /m l)  w ere : A , A , z e ro ; □ ,  H . 16; O  , • ,  256. (b )  P o lym yxin  co n c e n tra tio n  
w as 16 u n its/m l.

E ffect o f  adding M g  and other d ivalen t cations to  
M g -d ep le ted  cultures

B a c t e r ia  w e re  g r o w n  in  a  lo w  M g  c o n c e n t r a t io n  (0-05 / ig . / m l. )  a n d  th e  c o n c e n t r a t io n  

in c r e a s e d  t o  1 / ig . / m l.  a t  v a r io u s  t im e s  b e f o r e  g r o w t h  c e a s e d  b e c a u s e  o f  g lu c o s e  d e 

p le t io n .  S a m p le s  o f  th e  e n s u in g  s t a t io n a r y  p h a s e  c u l t u r e  w e re  t a k e n  a n d  t r e a t e d  w it h  

16 u n i t s  p o ly m y x in / m l .  o r  375 p g . E D T A / m l .  S in c e  re le a s e  o f  260 n m . - a b s o r b in g  

m a t e r ia l  a n d  lo s s  o f  v i a b i l i t y  c a u s e d  b y  th e  tw o  a g e n ts  w e re  r e f le c te d  b y  ly s is  o f  

b a c t e r ia ,  th e  c h a n g e  i n  E i70 o f  c u lt u r e s  w a s  th e  p a r a m e t e r  c h o s e n  t o  e x a m in e  t h is .  T h e
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d a t a  in  T a b le  1 in d ic a t e  t h a t  th e  lo n g e r  th e  b a c t e r ia  h a d  g r o w n  in  a  h ig h  M g  c o n c e n t r a 

t io n  th e  m o r e  s u s c e p t ib le  t h e y  b e c a m e  t o  th e  tw o  a g e n ts . T h e  a d d i t io n  o f  M g  to  

c u lt u r e s  w h o s e  g r o w t h  ra te  w a s  d e c re a s e d  b e c a u s e  o f  M g - d e p le t io n  c a u s e d  a n  

im m e d ia t e  in c r e a s e  in  g r o w t h  r a t e ;  s u b s e q u e n t  m e a s u r e m e n ts  s h o w e d  n o  im m e d ia t e  

c h a n g e ,  b u t  r a t h e r  a  v e r y  g r a d u a l  o n e , in  s e n s it iv i t y  t o  p o ly m y x in  o r  E D T A .

A d d i t i o n  o f  1 / ig . M g / m l .  a f t e r  c e l l  d i v i s io n  h a d  c e a s e d  b e c a u s e  o f  g lu c o s e  d e p le t io n  

d id  n o t  r e n d e r  th e  b a c t e r ia  s e n s it iv e  t o  E D T A  o r  p o ly m y x in  e v e n  w h e n  6 h r  

h a d  e la p s e d  b e fo re  t r e a tm e n t  w it h  th e se  a g e n ts  b e g a n . T h u s  c e l l  d iv i s io n  in  a  h ig h  M g  

c o n c e n t r a t io n  w a s  r e q u ir e d  t o  r e n d e r  th e  o r g a n is m  s e n s it iv e  t o  th e se  a g e n ts .
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T a b le  1. E ffect on sen sitiv ity  to lysis b y  p o lym yx in  or E D T A  o f  adding 1  fig. M g /m l. 
to  cultures o f  P seudom onas aeruginosa containing  0-05 jug. M g /m l., a t in tervals before  
the cultures en tered  s ta tion ary  ph ase

£1,0 a t  tim e zero  — E „ 0 a f te r  1S0 m in . trea tm en t w ith

T im e (hr) before P olym yxin E D T A
sta tio n a ry  phase (16 u n its /m l.) (375 /ig ./m l.)

0 o -o io 0-009
0 7 5 0 0 1 9 O O l6
2-0 0 0 5 0 0-020
4 '5 0-095 0-057
5'5 0-114 0-070

25-0 0-103 0 0 9 2

C o n tro l : n o  e x tra  M g 0-018 o-o i i

T a b le  2. S en sitiv ity  to  ly s is  o f  cultures o f  Pseudom onas aeruginosa grow n in the presen ce  
o f  different d ivalen t cations and tre a te d  w ith po lym yx in  or E D T A

D ecrease  in  E „ 0 a f te r  180 m in. 
tre a tm e n t w ith

C a tio n
C o n c en tra tio n

(/ig ./m l.)
Polym yxin  
(16 un its/m l.)

E D T A  
(375 /ig ./m l.)

M g c-05 o-o i i 0-005
M g i-o 0-103 0-092
Be c-37 o -o i i 0-009
C a 1-65 0-073 0-043
Sr 3-60 0-064 0-005
Ba 5-65 0-045 0-005
Z n 2-69 0-040 0-024

P seudom onas aeruginosa  w a s  g r o w n  w i t h  0-05 /¿g. M g / m l .  a n d  w i t h  o t h e r  d iv a le n t  

c a t io n s  in  a m o u n t s  w h ic h ,  o n  a  m o la r  b a s is ,  w e re  e q u iv a le n t  t o  1 /<g. M g . / m l .  C u l t u r e s  

w e re  t r e a te d  w it h  p o ly m y x in  o r  E D T A  a s  d e s c r ib e d  a b o v e  a n d  th e  d e c re a s e  in  E J7(, 
a f t e r  180 m in .  c o n t a c t  w i t h  th e se  a g e n ts  d e t e rm in e d .  T h e  d a t a  in  T a b le  2 s h o w  t h a t  

o t h e r  d iv a le n t  c a t io n s  w e re  a b le  t o  r e p la c e  M g  in  v a r y in g  d e g re e s  in  i t s  r o le  c o n c e r n e d  

w it h  s e n s it iv i t y .  T h e  e ffe c ts  o f  th e  d i f f e r e n t  c a t io n s  v a r ie d  a c c o r d in g  t o  th e  a n t i 

b a c t e r ia l  a g e n t  u s e d .
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D I S C U S S I O N
T h e  e ffe c ts  o f  p o ly m y x in  o n  P seudom onas aeruginosa  g r o w n  in  M g  c o n c e n t r a t io n s  

a b o v e  0-5 /¿g ./m l. c o r r e s p o n d  c lo s e ly  t o  f in d in g s  o f  o t h e r  w o r k e r s .  N e w t o n  ( 19536) 

o b s e r v e d  t h a t  in c r e a s in g  th e  p o ly m y x in  c o n c e n t r a t io n  r e s u lt e d  in  in c r e a s e d  le a k a g e  

f r o m  P . aeruginosa  u p  t o  a  m a x im u m  a n d  a n y  f u r t h e r  in c r e a s e  in  th e  p o ly m y x in  

c o n c e n t r a t io n  g a v e  d e c re a s e d  le a k a g e .  T h e  i n i t i a l  in c r e a s e  in  Ei70 o b s e r v e d  o n  t r e a t 

m e n t  o f  P . aeruginosa  g r o w n  in  1 fig. M g / m l .  w i t h  h ig h  p o ly m y x in  c o n c e n t r a t io n s  

( F ig .  1) is  a ls o  p a r a l le le d  b y  th e  f in d in g  o f  H u g o  &  L o n g w o r t h  ( 1964). T h e s e  a u th o r s  

r e p o r t e d  t h a t  th e  E 500 o f  s u s p e n s io n s  o f  Escherichia coli a n d  Staphylococcus aureus 
in c r e a s e d  a f t e r  t r e a tm e n t  w i t h  c h lo r h e x id in e  a n d  a t t r ib u t e d  th e  in c r e a s e  t o  a  c h a n g e  

in  th e  l ig h t - s c a t t e r in g  p r o p e r t ie s  o f  th e  b a c t e r ia  a s  a  r e s u lt  o f  u p t a k e  o f  c h lo r h e x id in e .  

N o t  o n ly  d id  th e  a c t iv i t y  o f  p o ly m y x in  in  c a u s in g  ly s is ,  le a k a g e  a n d  lo s s  o f  v ia b i l i t y  

o f  P . aeruginosa  d im in is h  a s  th e  M g  c o n c e n t r a t io n  in  th e  g r o w t h  m e d iu m  w a s  d e c re a s e d  

t o  0-05 / ¿ g ./m l., b u t  a ls o  n o  i n i t i a l  in c r e a s e  in  E il0 o c c u r r e d .  P r e s u m a b ly  th e re  w a s  l i t t le  

o r  n o  u p t a k e  o f  p o ly m y x in  b y  th e  p s e u d o m o n a d .  T h e  p a t t e r n s  o f  ly s is  a n d  

le a k a g e  p r o d u c e d  b y  p o ly m y x in  w e re  v e r y  s im i la r ,  b o t h  w i t h  r e g a r d  t o  th e  e f fe c t  o f  

g r o w t h  in  d i f f e r e n t  M g  c o n c e n t r a t io n s  a n d  th e  i n h ib i t o r y  e f fe c t  o f  h ig h  p o ly m y x in  
c o n c e n t r a t io n s .  A l s o ,  th e  ra te s  o f  ly s is  a n d  le a k a g e  o f  a  p a r t i c u la r  s u s p e n s io n  w e re  

v e r y  s im i la r ,  s u g g e s t in g  t h a t  th e se  p h e n o m e n a  r e s u lt e d  f r o m  th e  a c t io n  o f  p o ly m y x in  

o n  a  s in g le  s ite . T h e r e  is  e v id e n c e  t h a t  p o ly m y x in  a c t s  o n  th e  c y t o p la s m ic  m e m b r a n e  

( N e w to n ,  1955) a n d  th e  o b s e r v a t io n s  o f  W a r r e n ,  G r a y  &  Y u r c h e n c o  ( 1957) t h a t  p r e 

t r e a tm e n t  o f  s o m e  G r a m - n e g a t iv e  b a c t e r ia  w i t h  p o ly m y x in  r e n d e r e d  th e m  s e n s it iv e  t o  

ly s o z y m e ,  s u g g e s te d  t h a t  p o ly m y x in ,  l i k e  E D T A ,  m a y  a ls o  a f fe c t  s o m e  r e la t iv e ly  

s u p e r f ic ia l  c o m p o n e n t  o f  th e  c e l l  w a l l .

T h e  d e c re a s e  in  c o lo n y  c o u n t  o f  s u s p e n s io n s  o f  P seudom onas aeruginosa  t r e a te d  w it h  

p o ly m y x in  ( F ig .  9 a) w a s  g r e a te r  t h a n  th e  c h a n g e  in  E i70 o r  E 2Ct0. T h e r e fo r e ,  th e  

p re s e n c e  o f  a n o th e r  s it e  o f  a c t io n  o f  p o ly m y x in  se e m s  p o s s ib le  p a r t i c u la r l y  a s  N a k a -  

j im a  &  K a w a m a t a  ( 1966a , b, c) in d ic a t e d  t h a t  c o l i s t in  a f fe c te d  th e  R N A  o f  

Escherichia coli. T h e r e  is  a  s im i la r  p o s s ib i l i t y  f o r  E D T A  in  v ie w  o f  th e  o b s e r v a t io n  o f  

N e u ,  A s h m a n  &  P r ic e  ( 1967) t h a t  E D T A  a f fe c te d  R N A  o f  E. coli.
N o t  o n ly  w e re  ly s is  a n d  le a k a g e ,  c a u s e d  b y  p o ly m y x in  ( a n d  E D T A ) ,  d im in is h e d  

b y  g r o w in g  P seudom onas aeruginosa  i n  lo w  M g  c o n c e n t r a t io n s ,  b u t  s o  t o o  w a s  th e  

d e c re a s e  in  c o lo n y  c o u n t .  L o s s  o f  v i a b i l i t y  m a y  p o s s ib ly  r e s u lt  f r o m  th e  e ffe c t  o f  p o l y 

m y x in  o n  R N A ;  i f  t h is  w e re  s o  e i t h e r  th e  c e l l  e n v e lo p e  a lt e r e d  w h e n  b a c t e r ia  w e re  

g r o w n  in  lo w  M g  c o n c e n t r a t io n s  a n d  n o  lo n g e r  p e r m it t e d  th e se  a g e n ts  t o  e n t e r  th e  

c e l l ,  o r  s o m e  a l t e r a t io n  in  th e  R N A  o c c u r r e d .  T h e  f i r s t  p o s s ib i l i t y  s e e m s  m o r e  p r o b a b le  

f o r  tw o  r e a s o n s .  F i r s t l y ,  th e re  w a s  a  d e f in it e  in d ic a t io n  t h a t  u p t a k e  o f  p o ly m y x in  b y  

th e  b a c t e r ia  w a s  d e c re a s e d  a s  a  r e s u lt  o f  g r o w t h  in  a  lo w  M g  c o n c e n t r a t io n ;  th e re  w a s  

a  la c k  o f  i n i t i a l  in c r e a s e  in  E i70 w i t h  h ig h  p o ly m y x in  c o n c e n t r a t io n s .  S e c o n d ly ,  

c h a n g e s  in  R N A  se e m  le s s  l i k e ly  in  v ie w  o f  th e  im p o r t a n c e  o f  i t s  s t r u c tu r e  a n d  b io 

lo g ic a l  f u n c t io n .  A n o t h e r  p o s s ib i l i t y  is  t h a t  le t h a l  m e m b r a n e  d a m a g e  p r e c e d e d  ly s is  

a n d  le a k a g e  a n d  o c c u r r e d  a t  a  f a s te r  ra te .
T h e  in c r e a s e  in  r e s is t a n c e  o f  P seudom onas aeruginosa  w h ic h  r e s u lt e d  f r o m  g r o w th  

in  lo w  M g  c o n c e n t r a t io n s  w a s  n o t  a s s o c ia te d  w it h  a n  a l t e r a t io n  in  g r o w t h  r a t e  in  
e v e r y  ca se . I n c r e a s in g  th e  M g  c o n c e n t r a t io n  t o  v a lu e s  u p  t o  0-5 / ¿g ./m l. h a d  a  m a r k e d  

e f fe c t  in  in c r e a s in g  s e n s it iv i t y  t o  p o ly m y x in  ( F ig .  2) , b u t  s u c h  a  v a r ia t io n  a lt e r e d  th e
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g r o w t h  r a t e  o n ly  b e lo w  a b o u t  o - i  /¿g. M g . / m l .  ( B r o w n  &  M e l l i n g ,  1969). I t  a p p e a r s  

t h e r e fo r e  t h a t  M g  is  u s e d  p r e f e r e n t ia l ly  f o r  R N A  s y n t h e s is ; o n ly  w h e n  t h is  r e q u ir e 

m e n t  is  s a t is f ie d  is  M g  a v a i la b le  f o r  o t h e r  n e e d s .

N e w t o n  ( 1954) p r o p o s e d  t h a t  a n t a g o n is m  o f  th e  a c t io n  o f  p o ly m y x in  b y  M g  a n d  

o t h e r  d iv a le n t  c a t io n s  r e s u lt e d  f r o m  c o m p e t i t io n  b e tw e e n  p o ly m y x in  a n d  th e  c a t io n s  

f o r  s o m e  n e g a t iv e ly - c h a r g e d  s ite .  H e  d id  n o t  c o n s id e r  t h a t  a  d i r e c t  in t e r a c t io n  o f  M g  

a n d  p o ly m y x in  w a s  l i k e l y  i n  v ie w  o f  th e  f in d in g  ( N e w to n ,  1953 c )  t h a t  400 a t o m s  o f  

M g  w e re  r e q u ir e d  t o  a n n u l  th e  a n t ib a c t e r ia l  e f fe c t  o f  o n e  m o le c u le  o f  p o ly m y x in .  

H o w e v e r ,  t h e  s t r i k in g  s im i la r i t y  o f  th e  c h a n g e s  in  r e s is t a n c e  t o  p o ly m y x in  a n d  t o  
E D T A ,  p r o d u c e d  i n  P seudom onas aeruginosa  b y  g r o w t h  i n  lo w  M g  c o n c e n t r a t io n s  

s u g g e s t  e i t h e r  a  c o m m o n  s it e  o f  a c t io n  o r  a t  le a s t  a  r e la t io n s h ip  b e tw e e n  t h e i r  s ite s  o f  

a c t io n .  O n e  e x p la n a t io n  m ig h t  b e  t h a t  M g  ( o r  o t h e r  c a t io n )  is  r e q u ir e d  f o r  s y n th e s is  

o f  s o m e  s e n s it iv e  c o m p o n e n t  o f  th e  c e l l  e n v e lo p e  a n d  m a y  i t s e l f  b e  in v o lv e d  i n  th e  

s t r u c t u r e  o f  t h is  c o m p o n e n t .  T h u s ,  p o ly m y x in  m ig h t  d is r u p t  o r  b e  t a k e n  u p  b y  s o m e  

n e g a t iv e ly - c h a r g e d  s ite  in  th e  w a l l ,  w h i le  E D T A  m ig h t  c h e la te  w i t h  th e  c a t io n  i t s e l f ; 

i n  th e  a b s e n c e  o f  c a t io n s ,  s it e s  f o r  b o t h  in h ib i t o r s  w o u ld  b e  la c k in g .  A  p o ly m y x in -  

s e n s it iv e  w a l l  s it e  m ig h t  b e  p h o s p h o l ip id  w h ic h  h a s  b e e n  id e n t i f ie d  i n  th e  w a l l  o f  P . 
aeruginosa  a n d  is  a s s o c ia te d  w i t h  c a t io n s  ( G o r d o n  &  M a c L e o d ,  1966; C la r k e ,  G r a y  &  

R e a v e le y ,  1967; B o b o  &  E a g o n ,  1968). T h i s  h y p o t h e s is  is  c o n s is t e n t  w i t h  th e  w o r k  o f  

F e w  ( 1955) w h o  s h o w e d  t h a t  p o ly m y x in  E  r e a c t e d  w i t h  s e v e ra l l ip id s .

C o x  &  E a g o n  ( 1968) r e p o r t e d  t h a t  t r e a tm e n t  o f  c e l l  w a l ls  o f  Pseudom onas aeruginosa  
w it h  E D T A  c a u s e d  s o lu b i l i z a t io n  o f  c a r b o h y d r a t e s ,  d iv a le n t  c a t io n s ,  s o m e  s t r a ig h t -  

c h a in  s a tu r a t e d  f a t t y  a c id s ,  a  q u a n t i t y  o f  u n id e n t i f ie d  f a t t y  a c id s  a n d  s o m e  p h o s p h o r u s  

( b u t  n o  p h o s p h o l ip id ) .  T h e s e  a u th o r s  s u g g e s te d  t h a t  d iv a le n t  c a t io n s  m a y  f o r m  c ro s s -  

l in k a g e s  v ia  p h o s p h a t e  g r o u p s  c o n t a in e d  in  th e  l ip o p r o t e in  a n d  l ip o p o ly s a c c h a r id e  

c o m p o n e n t s  o f  th e  c e l l  w a l l .  T h e y  s u g g e s te d  t h a t  b o t h  in t r a -  a n d  in t e r - m o le c u la r  

c r o s s - l in k in g  m a y  o c c u r  t h r o u g h o u t  t h o s e  c o m p o n e n t s .  I n  th e  a b s e n c e  o f  d iv a le n t  

c a t io n s  s u c h  c r o s s - l in k in g  c o u ld  n o t  o c c u r  a n d  p e r h a p s ,  a s  in  th e  c a s e  o f  A erobacter  
aerogenes, d e p r iv a t io n  o f  M g  r e s u lt s  in  a  v a r ia t io n  i n  th e  o r g a n ic  c o n s t i t u e n t s  o f  th e  

c e l l  w a l l  ( E l lw o o d  &  T e m p e s t ,  1967). I n  s u c h  a  c a s e  c r o s s - l in k in g  b y  d iv a le n t  c a t io n s  

m ig h t  n o  lo n g e r  b e  n e c e s s a r y  f o r  s t a b i l i t y .  N e v e r t h e le s s  i t  i s  e s p e c ia l ly  in t e r e s t in g  t h a t  

th e s e  M g - l : m i t e d  A . aerogenes  h a d  a n  in c r e a s e  i n  th e  c e l l  w a l l  c o n t e n t  o f  l i p o p o l y 
s a c c h a r id e .

A l t h o u g h  M g  h a s  b e e n  s h o w n  t o  b e  a d s o r b e d  b y  th e  s u r fa c e  o f  b a c t e r ia  ( T e m p e s t  &  

S t r a n g e ,  1966) i t  h a s  b e e n  s h o w n  in  th e  p r e s e n t  w o r k  t h a t  t h is  is  n e t  s u f f ic ie n t  to  

r e n d e r  P seudom onas aeruginosa  s e n s it iv e  t o  E D T A  o r  p o ly m y x in .  C e l l  d i v i s io n  m u s t  
o c c u r  i n  a  h ig h  M g  c o n c e n t r a t io n  b e f o r e  b a c t e r ia  g r o w n  i n  a  lo w  M g  c o n c e n t r a t io n  

b e c o m e  s e n s it iv e  t o  th e s e  a g e n ts  ( T a b le  1). S in c e  th e  m e a n  g e n e r a t io n  t im e  o f  P . aeru
g inosa  u n d e r  th e  p a r t i c u la r  g r o w t h  c o n d i t io n s  w a s  a b o u t  90 m in . ,  a t  le a s t  th r e e  

d iv i s io n s  w e re  n e e d e d  b e fo r e  th e  s e n s i t iv i t y  a p p r o a c h e d  t h a t  o f  b a c t e r ia  g r o w n  in  a  

h ig h  M g  c o n c e n t r a t io n  t h r o u g h o u t .  I t  t h e r e fo r e  se e m s  r e a s o n a b le  t o  s u g g e s t  t h a t  e it h e r  

i n c o r p o r a t io n  o f  M g  in t o  th e  c e l l  w a l l  o r  s y n th e s is  a n d  in c o r p o r a t io n  o f  s o m e  c o m 

p o n e n t  d e p e n d e n t  u p o n  M g  m u s t  o c c u r  t o  p r o d u c e  s e n s it iv e  o r g a n is m s .

C a t io n s  o t h e r  t h a n  M g  v a r ie d  in  t h e i r  e f fe c t  o n  th e  s e n s i t iv i t y  o f  Pseudom onas  
aeruginosa  t o  E D T A  o r  p o ly m y x in  ( T a b le  2). T h e  g re a te s t  in c r e a s e  in  s e n s i t iv i t y  t o  
E D T A  r e s u lt e d  f r o m  a d d i t io n  o f  C a .  T h e  e f fe c t  o f  Z n  w a s  le s s , a n d  B e ,  S r  a n d  B a  h a d  

n o  e ffe c t . W i t h  p o ly m y x in ,  h o w e v e r ,  th e  o r d e r  o f  e f fe c t iv e n e s s  w a s  C a ,  S r ,  B a ,  Z n ;
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b e r y l l iu m  h a d  n o  e ffe c t . T h e  o r d e r  o f  c h e la t io n  o f  th e s e  m e ta ls  b y  E D T A ,  o v e r  th e  

ra n g e  p H  6-5 t o  8-5 h a s  b e e n  g iv e n  a s  Z n  > C a  )  M g  > S r  > B a  ( W e lc h e r ,  1958). T h u s ,  

tw o  ty p e s  o f  s p e c i f ic i t y  a p p e a r  t o  o p e r a te .  F i r s t ,  th e re  is  th e  s p e c i f ic i t y  o f  th e  o r g a n is m  

f o r  p a r t i c u la r  c a t io n s  w h ic h  w o u ld  a c c o u n t  f o r  th e  f a c t  t h a t  n o  o t h e r  c a t io n  w a s  a s  

e f fe c t iv e  a s  M g  in  p r o d u c in g  s e n s i t iv i t y  t o  E D T A  a n d  p o ly m y x in .  S e c o n d ly ,  th e re  is  

t h e  s p e c i f ic i t y  o f  th e  i n h ib i t o r .  T h e  in t e r a c t io n  o f  th e se  tw o  ty p e s  o f  s p e c i f ic i t y  m a y  

a c c o u n t  f o r  th e  f a c t  t h a t  a l t h o u g h  Z n  is  m o s t  s t r o n g ly  c h e la t e d  b y  E D T A ,  C a  a n d  M g  

w e re  m o r e  e f f e c t iv e  in  p r o d u c in g  s e n s it iv e  p s e u d o m o n a d s .  T h e  f in d in g  o f  E a g o n  e t al. 
( 1965) t h a t  m a g n e s iu m  (0-2 % ), c a lc iu m  (0-15 % ) a n d  z in c  (0-09 % ) w e re  c o n s t i t u e n t s  

o f  th e  c e l l  w a l l  o f  P . aeruginosa  m a y  g iv e  a  m e a s u r e  o f  th e  s p e c i f ic i t y  o f  th e  c e l l  w a l l  

f o r  p a r t i c u la r  c a t io n s  u n d e r  th e  g r o w t h  c o n d i t io n s  u s e d .

W e  a r e  g r a t e fu l  t o  th e  M e d i c a l  R e s e a r c h  C o u n c i l  f o r  a  g r a n t  in  s u p p o r t  o f  t h is  w o r k .
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SU M M A R Y
T h e  m e a n  v o lu m e  o f  a  d ip l o id  s p o r e  p o p u la t io n  is  tw ic e  t h a t  o f  a  h a p lo id  

s p o r e  p o p u la t i o n ; i t  is  a s s u m e d  t h a t  th e  m e a n  v o lu m e  o f  a n  a n e u p lo id  s p o re  
p o p u la t io n  is  a  s im i la r  r e f le x io n  o f  i t s  p lo id y .  T h e  d i s t r ib u t io n  o f  v o lu m e s  
a m o n g s t  a  p o p u la t io n  o f  s p o re s  o f  D ictyoste liu m  discoideum  w a s  a n a ly s e d  in  
t e rm s  o f  f r e q u e n c y  o f  o c c u r r e n c e  o f  d ip lo id ,  a n e u p lo id  a n d  h a p lo id  c e l ls ;  
in  a  w i ld - t y p e  s t r a in  (NC-4) th e se  c e l l  t y p e s  w e re  p r e s e n t  in  th e  r a t io  8:3:89.
I t  is  s u g g e s te d  t h a t  ‘ m e ta s t a b le  ’ s t r a in s  a r e  m u ta n t s  in  w h ic h  t h is  r a t io  h a s  
b e e n  a lte re d .

T h e  l i f e c y c le  o f  th e  c e l lu la r  s l im e  m o u ld  D ictyoste liu m  discoideum  is  d iv id e d  in t o  t w o  

m u t u a l ly  e x c lu s iv e  p h a s e s . I n  th e  f ir s t ,  f e e d in g ,  p h a s e  th e  o r g a n is m  e x is t s  a s  s o l i t a r y  

a m o e b o id  c e l ls  a n d  in  th e  s e c o n d ,  d i f f e r e n t ia t io n ,  p h a s e  th e s e  h i t h e r t o  s o l i t a r y  a m o e 

b o id  c e l ls  a s s o c ia te  a n d ,  w i t h o u t  a n y  c h a n g e  i n  n u m b e r ,  p r o d u c e  a  f r u i t in g  b o d y  

c o n s is t in g  o f  s p o r e  a n d  s t a lk  c e lls .  T h e  s p o re s  g e r m in a te  in  a  s u it a b le  e n v i r o n m e n t  t o  

g iv e  a m o e b o id  c e lls ,  e a c h  s p o r e  g iv in g  o n e  m y x a m o e b a .  T h e  s t a lk  c e l ls  a r e  n o n -  

v ia b le .  R e c e n t  s t u d ie s  o f  m u ta n t s  d e r iv e d  f r o m  a  h a p lo id  s t r a in  o f  D . discoideum  h a v e  

s h o w n  t h a t  g e n e t ic  e x c h a n g e  c a n  o c c u r  a t  a  lo w  f r e q u e n c y  d u r in g  t h is  l i f e  c y c le  

( L o o m is  &  A s h w o r t h ,  1968; S in h a  &  A s h w o r t h ,  1969; L o o m is ,  1969). S e g r e g a t io n  

o c c u r s  f r o m  h e t e r o z y g o u s  d ip lo id s  in  a  m a n n e r  w h ic h  s u g g e s ts  h a p lo id i z a t io n  via  
s te p w is e  a n d  r a n d o m  c h r o m o s o m e  lo s s ,  r a t h e r  t h a n  b y  m e io t ic  d iv i s io n .  D i r e c t  

c h r o m o s o m e  c o u n t s  d u r in g  th e  p e r io d  o f  h a p lo id i z a t io n  s u p p o r t  t h is  s u g g e s t io n  

( S in h a  &  A s h w o r t h ,  1969). I t  a p p e a r s ,  t h e r e fo r e ,  t h a t  D . discoideum  h a s  a  p a r a s e x u a l 

c y c le  o f  th e  t y p e  d e s c r ib e d  b y  P o n t e c o r v o  ( 1956) f o r  A sperg illus  a n d  s h o w n  in  F ig .  4. 

T h e  g e n o t y p e  o f  th e  s p o re s  m u s t  t h e r e fo r e  b e  id e n t ic a l  w i t h  th e  g e n o t y p e  o f  th e  

m y x a m o e b a e  f r o m  w h ic h  t h e y  a r e  d e r iv e d .  T h e r e  s h o u ld  t h u s  e x is t ,  in  a n y  p o p u la t io n  

o f  s p o re s ,  d ip lo id ,  h a p lo id  a n d  a n e u p lo id  g e n o ty p e s .  S u s s m a n  &  S u s s m a n  ( 1962) 

s u g g e s te d  t h a t  th e  p lo id y  o f  a  s p o re  c o u ld  b e  c o r r e la t e d  w i t h  it s  s iz e .  T h e y  r e p o r t e d  
t h a t  th e  m e a n  m a j o r  d ia m e t e r  o f  a  d ip l o id  s p o r e  w a s  a b o u t  o n e  a n d  a  h a l f  t im e s  th e  

m e a n  m a j o r  d ia m e t e r  o f  a  h a p lo id  s p o re .
W e  r e p o r t  h e re  t h a t  th e  m e a n  v o lu m e  o f  a  d ip l o id  s p o r e  p o p u la t io n  is  tw ic e  t h a t  o f  a  

h a p lo id  s p o r e  p o p u la t io n  a n d  t h a t  th e  d is t r ib u t io n  o f  v o lu m e s  a m o n g s t  a  s p o re  

p o p u la t io n  c a n  t h e r e fo r e  b e  a n a ly s e d  in  t e rm s  o f  th e  f r e q u e n c y  o f  o c c u r r e n c e  o f  

h a p lo id s  a n d  d ip lo id s .  S u c h  a n  a n a ly s is  a ls o  e n a b le s  th e  f r e q u e n c y  o f  o c c u r r e n c e  

o f  a n e u p lo id s  t o  b e  e s t im a te d .  T h e  n a tu r e  o f  th e  d is t r ib u t io n  o f  p l o id y  ty p e s  i n  th e  

p o p u la t io n  c a n  b e  c a lc u la t e d  i f  i t  b e  a s s u m e d  t h a t  v e r y  f e w  n o n - v ia b le  a n e u p lo id
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m y x a m o e b a e  p r o d u c e  s p o re s  a n d  t h a t  w h e n  a n e u p lo id s  a r e  p r o d u c e d  f r o m  d ip lo id s  

e a c h  c h r o m o s o m e  h a s  a n  e q u a l  a n d  c o n s t a n t  c h a n c e  o f  b e in g  lo s t  a t  e a c h  d iv i s io n .  

T h i s  a n a ly s is  p r e d ic t s  th e  o c c u r r e n c e ,  a n d  d e s c r ib e s  th e  n a tu r e ,  o f  s t r a in s  i s o la t e d  b y  

S u s s m a n  &  S u s s m a n  ( 1962)  a n d  c a l le d  b y  t h e m  ‘ m e t a s t a b le ’ .
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M E T H O D S
O rganism s. D ic tyoste liu m  discoideum  N C -4 i s  a  h a p lo id  s t r a  n  i s o la t e d  b y  R a p e r  

( 1935). D ictyoste liu m  discoideum  h - i  i s  a  d ip lo id ,  y e l lo w  p ig m e n t  p r o d u c in g ,  s t r a in  

i s o la t e d  b y  S u s s m a n  &  S u s s m a n  ( 1962) f r o m  a  m ix e d  c u l t u r e  o f  a  m u t a n t  s t r a in  w h ic h  

p r o d u c e s  a  b r o w n  p ig m e n t  a n d  a n o th e r  m u t a n t  s t r a in  w h ic h  p r o c u c e s  a  w h it e  p ig m e n t .  

B o t h  s t r a in s  w e re  th e  g i f t  o f  D r  M .  S u s s m a n  ( B r a n d e is  U n iv e r s i t y ,  W a l t h a m ,  M a s s . ,  

U . S . A . ) .

Volum e determ ination . M y x a m o e b a e  w e re  g r o w n  in  a s s o c ia t io n  w i t h  A erobacter  
aerogenes  o n  a g a r  p la t e s  a n d  a l lo w e d  t o  f o r m  f r u i t in g  b o d ie s  a s  d e s c r ib e d  b y  S u s s m a n

( 1966). S p o r e s  w e re  c o l le c t e d  f r o m  a g a r  p la t e s  36 h  a f t e r  th e  d is a p p e a r a n c e  o f  th e  

b a c t e r ia l  la w n .  T h e y  w e re  c o l le c t e d  in  a  d r o p  o f  0-9 %  s t e r i le  N a C l  in  a  p la t in u m  lo o p  

a n d  d is p e r s e d  in  60 m l.  o f  s t e r i le  0-9 %  N a C l .  V o lu m e  m e a s u r e m e n ts  w e re  m a d e  b y  

u s in g  a  C o u l t e r  C o u n t e r  M o d e l  B  w i t h  a  30 ju,m. a p e r tu re .  T h i s  a p e r t u r e  s iz e  is  s u it a b le  

f o r  th e  a n a ly s is  o f  p a r t ic le s  w h o s e  m e a n  d ia m e te r s  f a l l  in  th e  ra n g e  2 t o  20 fim . T h e  

m e a n  m a j o r  d ia m e te r s  o f  D . discoideum  s p o re s  a re  i n  th e  ra n g e  7 t o  10 / ¿m .; s im i la r  

r e s u lt s  w e re  o b t a in e d  w h e n  a  100 /¿m . a p e r t u r e  w a s  u s e d . M e a s u r e m e n t s  w e re  m a d e  

w i t h  th e  f o l l o w in g  s e t t in g s  o n  th e  in s t r u m e n t :  1/ a m p l i f i c a t io n  =  1/ a p e r tu r e

c u r r e n t  =  4, u p p e r  t h r e s h o ld  s e t t in g  =  20 a n d  lo c k e d  w i t h  th e  lo w e r  t h r e s h o ld  s e t t in g .  

M e a s u r e m e n t s  w e re  t a k e n  a t  th e  o d d  n u m b e r e d  s e t t in g s  o f  th e  lo w e r  t h r e s h o ld  d ia l .  

S a m p le s  (0-5 m l. )  o f  th e  s p o r e  s u s p e n s io n s  a t  <  3 x  i o 4 s p o re s -/m l. w e re  c o u n t e d  a t  

e a c h  s e t t in g ,  t h is  c o r r e s p o n d s  t o  a  c o u n t in g  r a t e  o f  <  i o 4 s p o re s /m l.  H a r v e y  &  M a r r  

( 1966) s h o w e d  t h a t  a t  c o u n t in g  ra te s  g r e a te r  t h a n  t h is  th e  u n m o d i f ie d  C o u l t e r  C o u n t e r  

g iv e s  s e r io u s ly  in a c c u r a t e  v o lu m e  d is t r ib u t io n s .  T h e  s p o r e  s u s p e n s io n s  w e re  s t i r r e d  

c o n t in u o u s ly  d u r in g  th e  m e a s u r e m e n ts  w h ic h  a re  e x p r e s s e d  in  t e rm s  o f  th e  lo w e r  

t h r e s h o ld  s e t t in g  o f  th e  in s t r u m e n t .  B y  u s in g  s p h e r ic a l  p u f f  b a l l  s p o re s  o f  m e a n  

d ia m e t e r  3-6 / /m . a s  a  s t a n d a r d  i t  w a s  f o u n d  t h a t  10 s u c h  u n it s  c o r r e s p o n d  t o  a  p a r t ic le  

o f  v o lu m e  42-5 / tm 3.

R E S U L T S
T h e  d is t r ib u t io n  o f  v o lu m e s  a m o n g s t  a  p o p u la t io n  o f  s p o re s  o f  th e  d ip l o id  s t r a in  

H - i  (n =  14) o f  D ictyoste liu m  discoideum  i s  s h o w n  in  F ig .  1. I n  t h is ,  a n d  s u b s e q u e n t ,  

d is t r ib u t io n s  th e  p a r t ic le s  w i t h  a  v o lu m e  <  4 a r e  d is r e g a rd e d .  T h i s  p a r t  o f  t h e  d i s t r i 
b u t io n  is  c a u s e d  b y  d u s t ,  p a r t ic le s  f r o m  th e  s p o r a n g iu m  e tc . , a r  d  n o t  s p o re s .  S p o r e s  

f r o m  s t r a in  h - i  w e re  p la t e d  o u t  c lo n a l l y  w i t h  A erobacter  aerogen es ; o n e  w h it e  a n d  o n e  

b r o w n  c lo n e  w e re  p ic k e d  f r o m  a m o n g s t  th e  p r e d o m in a n t ly  y e l lo w  ( h - i )  c lo n e s .  T h e  

s p o re s  f r o m  th e se  s t r a in s  w e re  t r a n s f e r r e d  t o  a  f r e s h  g r o w t h  p la te ,  i l l o w e d  t o  g e rm in a te ,  

th e  m y x a m o e b a e  a l lo w e d  t o  g r o w  a n d  th e  r e s u l t in g  s p o re s  is o la t e d  a n d  a n a ly s e d .  T h e  

r e s u lt s  o f  ar_ a n a ly s is  o f  th e  w h it e  s p o re s  a r e  s h o w n  in  F ig .  1. T h e  s iz e  d i s t r ib u t io n  o f  

th e  s p o re s  p r e p a r e d  f r o m  th e  b r o w n  c lo n e  w a s  l i k e  t h a t  o f  th e  w h  te  s p o r e  d is t r ib u t io n ,  

w i t h  a  m e a n  o f  1 i - o .  S im i l a r  s t r a in s  h a v e  b e e n  is o la t e d  f r o m  h - i  b y  S u s s m a n  &  S u s s 

m a n  ( 1963) w h o  h a v e  s h o w n ,  c y t o lo g ic a l ly ,  t h a t  t h e y  a re  h a p lo id  (n =  7). T h e  m e a n



v o lu m e  o f  th e  d ip l o id  s p o r e  p o p u la t io n  (22) is  e x a c t ly  tw ic e  t h a t  o f  th e  tw o  h a p lo id  

s p o r e  p o p u la t io n s  d e r iv e d  t h e r e f r o m  ( b o t h  11).

S p o r e s  f r o m  s t r a in  h - i  w e re  a ls o  s u b c u lt u r e d  w i t h o u t  c lo n in g .  T h e r e  w a s  a  p r o g r e s 

s iv e  c h a n g e  in  th e  v o lu m e  d is t r ib u t io n s  a f t e r  e a c h  m a s s  s u b - c u lt u r e  ( F ig .  2) . I n  o u r  

h a n d s  s t r a in  h - i , a l t h o u g h  m u c h  m o r e  s t a b le  t h a n  o t h e r  d ip lo id s  ( S in h a  &  A s h w o r t h ,  

1969), c o u ld  o n ly  b e  k e p t  b y  re p e a te d  i s o la t io n  o f  y e l lo w  s p o r e - f o r m in g  c lo n e s .  

E v e n t u a l ly ,  a f t e r  f r e q u e n t  m a s s  s u b - c u l t u r in g ,  th e  s t o c k  w a s  T o s t ’ a n d  b e c a m e  

p r e d o m in a n t ly  h a p lo id .  T h e  t e rm  ‘ s t a b le ’ a s  a p p l ie d  t o  s t r a in  h - i  i s  t h u s  a  r e la t iv e  

te rm .
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F ig . i  F ig . 2

F ig . 1. D is tr ib u tio n  o f  v o lum es am o n g s t sp o re  p o p u la tio n s  derived  f ro m  th e  d ip lo id  sto ck  
h - i (m ean  22) a n d  fro m  a  h a p lo id  s to c k  derived  f ro m  h- i (m ean  n ) .  T h e  a rro w s m a rk  th e  
m eans.

F ig . 2. D is tr ib u tio n  o f  vo lum es am o n g s t spo re  p o p u la tio n s  derived  fro m  a  c lo n e  o f  th e  
d ip lo id  stock  h- i a f te r  3 a n d  6 n o n -c lo n a l su b -cu ltu res. T h e  a rro w s m a rk  th e  m ean  volum es 
o f  th e  h ap lo id  a n d  d ip lo id  p o p u la tio n s .

T h e  d i s t r ib u t io n  o f  v o lu m e s  a m o n g s t  a  p o p u la t io n  o f  s p o re s  f r o m  th e  h a p lo id  

s t r a in  NC-4 i s  s h o w n  in  F ig .  3a: th e  d i s t r ib u t io n  is  s im i la r  i n  s h a p e  t o  t h a t  o f  th e  
h a p lo id  s t o c k s  d e r iv e d  f r o m  th e  d ip l o id  s t o c k  h - i . T h e  m e a n  v o lu m e  o f  NC-4 ( 12-5) 

w a s , h o w e v e r ,  s l ig h t ly  b u t  s ig n i f ic a n t ly  la r g e r  t h a n  th e  m e a n  v o lu m e s  f o u n d  f o r  th e  

w h it e  a n d  b r o w n  h a p lo id  s t o c k s  i s o la t e d  f r o m  h - i  ( i i -o) , i n  a g re e m e n t  w i t h  th e  

o b s e r v a t io n s  o f  S u s s m a n  &  S u s s m a n  ( 1962) . T h i s  v o lu m e  d i s t r ib u t io n  ( F ig .  3 a )  is  a  

n o r m a l  d is t r ib u t io n  c u r v e  s k e w e d  t o  la r g e  v o lu m e s .  W e  h a v e  s h o w n  t h a t  th e  v o lu m e  

o f  a  s p o r e  c a n  b e  c o r r e la t e d  w i t h  it s  c h r o m o s o m e  n u m b e r  a n d  t h u s  t h is  d i s t r ib u t io n  

c a n  b e  a n a ly s e d  i n  t e rm s  o f  c o n t r ib u t io n s  f r o m  h a p lo id  a n d  d ip l o id  s p o re s .  A t  lo w  
v o lu m e s  ( b e lo w  12) t h e  c o n t r ib u t io n  o f  th e  h a p lo id  s p o re s  t o  th e  p o p u la t io n  w i l l  

p r e d o m in a t e .  B y  u s in g  th e  t e c h n iq u e s  d e s c r ib e d  b y  H a r r i s  ( 1968) t h e  m e a n  a n d  

s t a n d a r d  d e v ia t io n  o f  th e  h a p lo id  p o p u la t io n  w e re  c a lc u la t e d  a n d  th e  a p p r o p r ia t e  

n o r m a l  d is t r ib u t io n  f i t t e d  t o  th e  e x p e r im e n t a l  c u r v e .  S u b t r a c t io n  o f  t h is  d i s t r ib u t io n  

f r o m  th e  e x p e r im e n t a l  d is t r ib u t io n  ( F ig .  3 b) w i l l  le a v e  th e  c o n t r ib u t io n  o f  th e  n o n -  

h a p lo id  s p o re s  t o  th e  t o t a l .  A t  la r g e  v o lu m e s  ( a b o v e  25) th e  c o n t r ib u t io n  o f  th e  
d ip l o id  s p o re s  w i l l  p r e d o m in a t e .  B y  u s in g  th e  s a m e  t e c h n iq u e s ,  a  n o r m a l  d is t r ib u t io n
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c u r v e  c a n  b e  f i t t e d  t o ,  a n d  s u b t r a c t e d  f r o m ,  th e  e x p e r im e n t a l  c u r v e .  A  c o n s id e r a b le  

a m o u n t  o f  th e  d is t r ib u t io n  r e m a in e d  u n a c c o u n t e d  f o r  a f t e r  th e se  p r o c e d u r e s .

S in h a  &  A s h w o r t h  ( 1969) s h o w e d  b y  u s in g  g e n e t ic  t e c h n iq u e s  t h a t  d ip lo id  s t o c k s  

o f  D ictyosteliu m  discoideum  h a p lo id iz e d  via  t r a n s ie n t  a n e u p lo id s ;  th e  p a r a s e x u a l 

c y c le  th e y  s u g g e s te d  is  s h o w n  in  F ig .  4. I f  th e  e x a c t  r e la t io n s h ip  b e tw e e n  s p o re  v o lu m e  

a n d  c h r o m o s o m e  n u m b e r  w h ic h  w e  h a v e  s h o w n  t o  e x is t  f o r  h a p lo id  a n d  d ip lo id  s p o re s  

a ls o  h o ld s  f o r  a n e u p lo id  s p o re s  t h e n  t h a t  p o r t io n  o f  th e  t o t a l  v o lu m e  d i s t r ib u t io n  o f  

s t r a in  NC-4 w h ic h  is  u n a c c o u n t e d  f o r  a f t e r  r e m o v a l  o f  th e  h a p lo id  a n d  d ip lo id  c o n t r i 

b u t io n s  m u s t  b e  a s c r ib e d  t o  a n e u p lo id  s p o re s .  T h e  r a t io  c f  h a p lo id s : a n e u p lo id s :  

d ip lo id s  c a lc u la t e d  f r o m  th e  d i s t r ib u t io n  s h o w n  in  F ig .  3 is  89: 3: 8.
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la) (b)

F ig . 3. (a) D is tr ib u tio n  o f  vo lum es am o n g s t a  sp o re  p o p u la tio n  derived  fro m  D . d isc o id e u m  
NC- 4 . © , n o rm a l d is tr ib u tio n  w ith  x  =  12-5  an d  s .d . =  4-5 fitted  to  th e  ob se rv a tio n  d is tr i
b u tio n . (b) V olum e d is tr ib u tio n  rem ain in g  a fte r  su b tra c tio n  o f  th e  ca lcu la ted  no rm al 
d is tr ib u tio n  fro m  th e  d a ta  o f  F ig . 3 (a). • ,  N o rm a l d is tr ib u tio n  w ith  ~x =  25 an d  s .d . =  4-5 
fitted  to  these volum es. In  b o th  cases th e  a rro w s m a rk  th e  m ean  volum es.

A n alysis o f  the aneuploid  population

A n e u p lo id  s p o re s  m a y  b e  d e s c r ib e d  a s  A s, A g. A 10, A n , A 12 o r  A 13 c la s s e s  a c c o r d in g  

t o  th e  n u m b e r  o f  c h r o m o s o m e s  t h e y  c o n t a in .  E a c h  c la s s  m a y  b e  f u r t h e r  s u b d iv id e d  

in t o  s e v e ra l d i f f e r e n t  c h r o m o s o m e  c o n f ig u r a t io n s .  T h e r e  w i l l  t h u s  b e  s e v e n  d i f f e r e n t  

c h r o m o s o m e  c o n f ig u r a t io n s  f o r  th e  A s c la s s .  A n  a n e u p lo id  s p o r e  is  d e r iv e d  f r o m  a n  

a n e u p lo id  m y x a m o e b a  w h ic h  is ,  in  t u r n ,  d e r iv e d  e it h e r  f r o m  a n  a n e u p lo id  m y x a m o e b a  

c o n t a in in g  m o r e  c h r o m o s o m e s  o r  a  d ip l o id  m y x a m o e b a  ( F ig .  4). T h e  m e c h a n is m  

w h e r e b y  c h r o m o s o m e s  a r e  lo s t  a t  d iv i s io n  is  u n k n o w n  b u t  i t  w o u ld  se e m  o la u s ib le  t h a t  

th e  c h a n c e  o f  a n y  p a r t i c u la r  c h r o m o s o m e  b e in g  lo s t  f r o m  a  d ip lo id  o r  a n e u p lo id  a t  

a n y  o n e  d iv i s io n  is  c o n s t a n t .  I f  a  d ip l o id  ( o r  a n e u p lo id )  lo s e s  tw o  id e n t ic a l  c h r o m o 

s o m e s  th e n  i t  w i l l  p r e s u m a b ly  b e  n o n - v ia b le  e v e n  t h o u g h  i t  m a y  s t i l l  h a v e  m o r e  t h a n



s e v e n  c h r o m o s o m e s .  S o m e  o f  th e se  n o n - v ia b le  a n e u p lo id s  m a y  b e  c a p a b le  o f  f o r m in g  

s p o re s  b u t  th e  c h a n c e s  o f  t h e i r  d o in g  s o  se e m  s l ig h t ;  e v e n  i f  t h e y  d id  t h e y  w o u ld  

c o m p r is e  a  v e r y  s m a l l  f r a c t io n  o f  th e  t o t a l  a n e u p lo id  p o p u la t io n ,  b e in g  d i lu t e d  o u t  

b y  th e  v ia b le  a n e u p lo id s .  W e  c a n  t h u s  n e g le c t  th e  c o n t r ib u t io n  m a d e  b y  th e  n o n -  

v ia b le  a n e u p lo id s  ( i f  a n y )  t o  th e  t o t a l  s p o re  p o p u la t io n .  T w o  m e c h a n is m s  c a n  b e  

s u g g e s te d  w h e r e b y  a  n e w  a n e u p lo id  m y x a m o e b a  is  p r o d u c e d .  O n e  p o s s ib i l i t y  is  t h a t  

th e  c h r o m o s o m e s  o f  a n  a n e u p lo id  r e p l ic a t e  a n d  th e se  r e p l ic a t e d  c h r o m o s o m e s  a re  

t h e n  c o m p le t e ly  b u t  u n e q u a l ly  s h a re d  b e tw e e n  tw o ,  o r  p e r h a p s  m o re ,  d a u g h te r s .  T h e
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H aplo id  stra in  H aplo id  strain
( xy )  ( X Y )

[(.vy) + (A-y)]

H étérozygotie spore - , ---------------------- H étérozygotie  m yxam oeba
(d ip loid) -----------------------  (diploid) ( $ )

H aplo id iza tion

A neuploid  spore ----------------------► A neuplo id  m yxam oeba

H aplo id ization

H ap lo id  spore ----------------------*- H aplo id  m yxam oeba
-»---------------------  P aren ta l ( xy )  ( X Y )

R ecom binan t ( x Y )  ( X y )

F ig . 4. T h e  p arase x u a l cycle o f  D.  d isc o id e u m . x j X  a n d  y / Y  rep resen t tw o  u n lin k ed  genes 
a n d  th e  gen o ty p e  o f  th e  v ario u s k in d s o f  nuclei a re  enclosed  in  p aren th eses (S in h a  & 
A sh w o rth , 1969).

o t h e r  p o s s ib i l i t y  is  t h a t  n o  r e p l ic a t io n  o c c u r s  b u t  t h a t  w i t h in  o n e  d iv i s io n  t im e  a n  

a n e u p lo id  d iv id e s  t o  g iv e  e i t h e r  a n o t h e r  a n e u p lo id  w i t h  f e w e r  c h r o m o s o m e s ,  o r  a  
h a p lo id  a n d  th e  e x t r a  c h r o m o s o m e s  ( w h ic h  w i l l  b e  le s s  t h a n  s e v e n )  a re  d e g r a d e d  o r  

e je c te d .
T h e  f i r s t  p o s s ib i l i t y  is  d i f f i c u l t  t o  h a n d le  m a t h e m a t ic a l ly .  I t  is  a ls o  u n l ik e ly  in  th e  

c a s e  o f  D ictyoste liu m  discoideum  w h e re  th e  a n e u p lo id s  a r e  u n s t a b le  ( S in h a  &  A s h 

w o r t h ,  1969; L o o m is ,  1969). T h e  s e c o n d  p o s s ib i l i t y  is  e a s ie r  t o  h a n d le  m a t h e m a t ic a l ly  

a n d  i s  i n  a c c o r d  w i t h  th e  k n o w n  in s t a b i l i t y  o f  a n e u p lo id s .  T h e s e  tw o  p o s s ib i l i t ie s  a re  

n o t  m u t u a l ly  e x c lu s iv e .  I t  is  p o s s ib le  t o  im a g in e  p a r t ia l  r e p l i c a t io n  t o  o c c u r  b e fo r e
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d iv is io n ,  a n d  t h is  m ig h t  e x p la in  th e  r a r e  t r i p o l a r  m i t o t i c  f ig u re s  w h ic h  h a v e  b e e n  seen  

b y  u s  a n d  b y  S u s s m a n  &  S u s s m a n  ( 1963). H o w e v e r ,  w e  s h a l l  d is r e g a r d  p a r t ia l  

r e p l i c a t io n  h e re  (see  D is c u s s io n ) .

L e t  P  b e  th e  p r o b a b i l i t y  t h a t  a n y  g iv e n  c h r o m o s o m e  d is a p p e a r s  d u r in g  o n e  d iv i s io n  

c y c le .  S u p p o s e  t h a t  th e  e q u i l ib r iu m  f r e q u e n c ie s  o f  A k c e l ls  a r e  P k (k  =  8, 9, . . . ,  14). 

D u r in g  o n e  d iv i s io n  c y c le  a n y  / c - a n e u p lo id  w i l l  h a v e  b e e n  d e r iv e d  f r o m  a n  a n e u p lo id  

o f  c la s s  A j, s a y , w i t h  a  h ig h e r  o r  e q u a l p lo id y  n u m b e r .  T h u s  j  m a y  e q u a l k , k + 1, . . . ,  

o r  14. F o r  a l l  p a i r s  o f  k  a n d  j  (8 ^  k  ^  j  <  14) w e  s h a l l  d e r iv e  a n  e x p r e s s io n  f o r  th e  

p r o p o r t io n  o f  A k c e l ls  w h ic h  d e r iv e  f r o m  A } c e l ls  d u r in g  o n e  d iv i s io n  c y c le .  T h i s  

p r o p o r t io n  w i l l  b e  a  m u l t ip le  o f  P} a n d  w i l l  a ls o  d e p e n d  o n  P . T h u s  P k w i l l  b e  a  l in e a r  

c o m b in a t io n  o f  P k, P k+1, . . . .  P u . ( S in c e  w e  a re  d e a l in g  w i t h  e q u i l ib r iu m  c o n d i t io n s  

P k d o e s  n o t  v a r y  w i t h  t im e ,  s o  t h a t  a  p r o p o r t io n  P k o f  A k c e l ls  a r e  f o r m e d  d u r in g  o n e  

d iv i s io n  t im e .)  W e  s h a l l  t h e n  h a v e  a  se t o f  s im u lt a n e o u s  l in e a r  e q u a t io n s  in  

P k (k  =  8, 9, . . . ,  14) w h ic h  c a n  b e  s o lv e d .

W e  s h a l l  u s e  n o t a t io n  o f  th e  t y p e  (1 2 2 1 2 2 2) f o r  a  t y p ic a l  c h r o m o s o m e  c o n f ig u r 

a t io n ;  h e re  th e re  is  a  s in g le  r e p r e s e n ta t iv e  o f  th e  f i r s t  a n d  f o u r t h  c h r o m o s o m e s  a n d  

tw o  r e p r e s e n ta t iv e s  o f  th e  o th e r s .

T h e  p r o b a b i l i t y  t h a t  a  d ip l o id  c e l l  (2 2 2 2 2 2 2 ) c h a n g e s  in t o  a n  A 13 c e l l  o f  c o n 

f ig u r a t io n  ( 1 2 2 2 2 2 2 ) =  2 P Q 13, w r i t in g  2 = 1  —P , s in c e  o n e  o f  th e  t w o  r e p re s e n 

t a t iv e s  o f  th e  f i r s t  c h r o m o s o m e  is  lo s t ,  a n d  th e  o t h e r  13 c h r o m o s o m e s  a re  n o t  lo s t .  
T h e r e  a re

7  (i-e. c o n f ig u r a t io n s .

H e n c e

S im i la r ly ,

p r o b  (A 14 c h a n g e s  t o  A 13) =  2 x  P Q 1S. 

p r o b  ( A 14 c h a n g e s  t o  A 12) =  22 x  P 2Q 12,

w h e re  A 12 i s  u s e d  t o  d e n o te  a  viable  12- a n e u p lo id  a n d  s im i la r l y  f o r  th e  o t h e r  A 's. 
I n  g e n e ra l

p r o b  ( ^ / c h a n g e s  t o  A k) =  214-*   ̂ P u ~hQ k (k  =  8, 9, . . . ,  14).

W e  m a y  g e n e r a l iz e  f u r t h e r  t o  g iv e :

p r o b  (A j c h a n g e s  to  A k)  =  2 J ~h P - ’QA

T h u s  th e  

c y c le  is
p r o p o r t i o i F o f  t o t a l  c e l ls  w h ic h  c h a n g e  f r o m  A,- t o  A k d u r in g  o n e  d iv i s io n  

p - kP j ( ’j Z l )  P i~kQ k-

S in c e  a l l  A r - a n e u p lo id s  d e r iv e  f r o m y '- a n e u p lo id s  ( j  =  k , k + 1, . . . ,  14), w e  h a v e

P t  =  S  * - * P j  ( j Z k j P ^ Q *  t f )

f o r  k  =  8, 9, . . . ,  13-
S o lv in g  e q u a t io n  ( I )  f o r  v a r io u s  v a lu e s  o f  P  i t  a p p e a r s  t h a t  th e  r e la t iv e  f r e q u e n c ie s  

P k o f  a n e u p lo id s  a n d  d ip lo id s  a r e  a n  e x t r e m e ly  s e n s it iv e  f u n c t io n  o f  P  ( F ig .  5). T h e  

e x p e r im e n t a l ly  d e t e rm in e d  v a lu e  f o r  th e  r a t io  d i p l o i d : a n e u p lo id  is  a p p r o x im a t e ly  2-4 
a n d  is  g iv e n  b y  P u l(P s+P»+ . - P is) i n  o u r  n o t a t io n .  F r o m  F ig .  6 i t  is  se e n  t h a t  t h is  r a t io



i s  g iv e n  b y  P  ~  0-35. S o lv in g  e q u a t io n  ( I )  w i t h  t h is  v a lu e  o f  P  w e  o b t a in  th e  f o l l o w in g  

v a lu e s  f o r  th e  r e la t iv e  e q u i l i b r iu m  f r e q u e n c ie s  o f  th e  v a r io u s  c la s s e s  o f  a n e u p lo id ,  

a s s u m in g  t h a t  th e  f r e q u e n c y  o f  d ip lo id s  r e m a in s  c o n s t a n t :  P 8/ P 14 =  0-0453; 

P 9/P u  =  0-0926; P J P U  =  0-1245; P u l P m =  0-1090; P J P m  =  0-0593; P J P m  =  
0-0182.

T h e  m e a n  v a lu e  vk o f  t h e  s p o r e  v o lu m e  d is t r ib u t io n  c o r r e s p o n d in g  t o  th e  a n e u p lo id  
c la s s  A 1: i s  g iv e n  b y
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o n  th e  a s s u m p t io n  t h a t  vlc i s  p r o p o r t io n a l  t o  th e  p lo id y  n u m b e r  k. I t  i s  n o t  p o s s ib le  to  

c a lc u la t e  th e  s t a n d a r d  d e v ia t io n  c o r r e s p o n d in g  t o  t h is  m e a n ,  b u t  w e  t a k e  t h is  t o  b e  

e q u a l t o  th e  s t a n d a r d  d e v ia t io n s  o f  th e  h a p lo id  a n d  d ip lo id  p o p u la t io n s  ( b o t h  4-5) a n d

F ig . 5. D ep en d e n ce  o f  th e  d ip lo id : an eu p lo id  ra tio  o n  th e  value  o f  P ,  th e  p ro b ab ility  th a t  
an y  o n e  ch ro m o so m e  will be  lo s t a t  an y  one  d iv ision .

F ig . 6 .  O bserved  (h istog ram ) d is tr ib u tio n  o f  sp o re  vo lum es o f  D . d isco id eu m  n c - 4  rem ain ing  
a fte r  su b tra c tio n  o f  th e  h a p lo id  a n d  d ip lo id  co n tr ib u tio n s  a n d  ca lcu la ted  d is tr ib u tio n  o f  
vo lum es (© )  assu m in g  th a t  these  spo res a re  an eu p lo id s w ith  P  =  0-35 an d  s .d . s  =  4-5.

a s s u m e  t h a t  i t  i s  n o r m a l l y  d is t r ib u t e d .  U s in g  th e s e  a s s u m p t io n s  a n d  th e  v a lu e s  o f  th e  

r e la t iv e  f r e q u e n c ie s  o f  th e  a n e u p lo id  c la s s e s  w e  o b t a in  a  c a lc u la t e d  v o lu m e  d i s t r ib u t io n  

f o r  th e  a n e u p lo id s  ( F ig .  6). S in c e  th e  f in a l  d is t r ib u t io n  is  r e la t iv e ly  u n a f f e c t e d  b y  th e  

e x a c t  v a lu e s  t a k e n  f o r  th e  s t a n d a r d  d e v ia t io n  a n d  th e  e x a c t  f o r m  o f  e a c h  a n e u p lo id  

c la s s  v o lu m e  d is t r ib u t io n  t h is  u n c e r t a in t y  h a s  l i t t le  a f f e c t  o n  o u r  c a lc u la t io n s .
A  c h a n g e  in  P  n o t  o n ly  a lt e r s  th e  d i p l o i d : a n e u p lo id  r a t i o ; i t  a ls o  a lt e r s  th e  r e la t iv e  

f r e q u e n c y  o f  th e  v a r io u s  a n e u p lo id  c la s s e s . T h u s  a t  P  =  0-35 th e  p r e d o m in a n t  a n e u 

p lo id  c la s s  is  A 10. A s  P  t e n d s  t o  z e r o  th e  p r e d o m in a n t  a n e u p lo id  c la s s e s  a re  A 12 a n d  

A 13; a t  P  =  0-5 i t  is  A g, a n d  f o r  v a lu e s  o f  P  c lo s e  t o  1 -o i t  i s  A s. I t  s e e m s  r e a s o n a b le  t h a t
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t h is  s h o u ld  b e  s o  s in c e , i f  P  is  la r g e ,  c h r o m o s o m e s  a re  lo s t  s o  q u i c k ly  t h a t  v e r y  fe w  

a n e u p lo id s  e x is t  a n d  t h o s e  t h a t  d o  e x is t  h a v e  o n ly  o n e  o r  tw o  e x t r a  c h r o m o s o m e s .  

C o n v e r s e ly ,  i f  P  i s  s m a l l ,  c h r o m o s o m e s  a re  lo s t  s o  s lo w ly  t h a t  a n e u p lo id s  a re  q u it e  

f r e q u e n t  a n d  m a n y  o f  th e m  h a v e  a  la r g e  n u m b e r  o f  e x t r a  c h r o m o s o m e s .

D I S C U S S I O N

S u s s m a n  &  S u s s m a n  ( 1963) r e p o r t e d  t h a t  d ip l o id  s p o re s  o f  D ictyoste liam  discoideum  
o f t e n  h a v e  a n  u n u s u a l a n d  i r r e g u la r  s h a p e ;  t h is  w a s  c o n f i r m e d  b y  S in h a  &  A s h w o r t h

( 1969). I t  i s  t h u s  n o t  s u r p r is in g  t h a t  i t  is  th e  m e a n  v o lu m e  o f  a  s p o re  p o p u la t io n  w h ic h  

is  p r o p o r t io n a l  t o  th e  p lo id y  a n d  n o t  th e  m e a n  m a j o r  d ia m e te r .  I t  is  n o t  u n u s u a l t o  

f in d  a m o n g s t  o t h e r  f u n g i  ( C lu t t e r b u c k ,  1969) a n d  h ig h e r  o r g a n is m s  ( N o g g le ,  1946) 

r e la t io n s h ip s  o f  t h is  ty p e .

T h e  a n a ly s is  o f  v o lu m e  d is t r ib u t io n s  o f  th e  t y p e  s h o w n  in  F ig .  2 i n  t e rm s  o f  c o n t r ib u 

t io n s  f r o m  h a p lo id ,  d ip lo id  a n d  a n e u p lo id  s p o re s  g iv e s ,  a t  b e s t, a n  a p p r o x im a t e  

a n s w e r ,  b e c a u s e  th e  t o t a l  n u m b e r  o f  a n e u p lo id  s p o re s  p r e s e n t  is  so  s m a l l .  A n y  p r o 

c e d u re  w h ic h  e n t a i ls  m e a s u r in g  a c c u r a t e ly  th e  r e la t iv e ly  s m a l l  d if f e r e n c e  b e tw e e n  t w o  

la r g e  n u m b e r s  is  b o u n d  t o  b e  a p p r o x im a t e .  H o w e v e r ,  th e  C o u l t e r  C o u n t e r  c a n  h a n d le ,  

a c c u r a t e ly ,  la r g e  n u m b e r s  o f  s p o re s  in  a  r e a s o n a b le  t im e ,  a n d ,  a s  c a n  b e  se e n  i n  F ig s .  3 
a n d  6, th e  a g re e m e n t  b e tw e e n  th e  c a lc u la t e d  a n d  e x p e r im e n t a l  v o lu m e  d is t r ib u t io n s  is  

a c c e p t a b le .  T h i s  a g re e m e n t  c a n  b e  t a k e n  t o  j u s t i f y  th e  a s s u m p t io n s  m a d e  in  c a lc u la t in g  

t h is  d is t r ib u t io n ,  n a m e ly ,  (a )  a n e u p lo id s  a r is e  e it h e r  f r o m  d ip lo id s  o r  f r o m  a n e u p lo id s  

c o n t a in in g  a  la r g e r  n u m b e r  o f  c h r o m o s o m e s ;  (b ) a n e u p lo id s  a r e  u n s t a b le  a n d  th e  

p r o b a b i l i t y  (P ) t h a t  a  c h r o m o s o m e  w i l l  b e  lo s t  a t  a n y  o n e  d iv i s io n  is  a  c o n s t a n t ;

(c )  t h a t  i t  c a n  b e  a s s u m e d  t h a t  th e re  is  n o  c h r o m o s o m e  r e p l i c a t io n  b e fo r e  d iv i s io n  o f  

a n  a n e u p lo id .

T h e r e  is  in d e p e n d e n t ,  g e n e t ic ,  e v id e n c e  w h ic h  ju s t i f ie s  s o m e  o f  th e se  a s s u m p t io n s  

( L o o m is  &  A s h w o r t h ,  1968; L o o m is ,  1969; S in h a  &  A s h w o r t h ,  1969). A s s u m p t io n

(c )  is  p r o b a b ly  o n ly  v a l i d  t o  a  f i r s t  a p p r o x im a t io n ,  b u t  i t  w o u ld  b e  d i f f i c u l t  t o  d i s t in 

g u is h  b e tw e e n  p a r t ia l  r e p l i c a t io n  a n d  n o  r e p l i c a t io n  a t  a l l .  T h e  o c c u r r e n c e  o f  p a r t ia l  

r e p l i c a t io n  c a n ,  in  p a r t ,  b e  a l lo w e d  f o r  b y  a n  a l t e r a t io n  in  th e  c o n s t a n t  P . I f  i t  w e re  

p o s s ib le  t o  d e t e rm in e  P  e x p e r im e n t a l ly  t h e n  i t  w o u ld  b e  p o s s ib le  t o  a sse ss  th e  e x te n t  

o f  c h r o m o s o m e  r e p l i c a t io n  in  a n  a n e u p lo id  b e fo r e  i t s  d iv i s io n .  S in c e  p a r t i a l  r e p l i c a 

t io n  w i l l  r e s u lt  i n  a n  a l t e r a t io n  o f  P  a n d  s in c e  w e  h a v e  c h o s e n  th e  b e s t  v a lu e  o f  P  t o  

f i t  o u r  d a t a  e m p i r i c a l ly  i t  i s  p r o b a b le  t h a t  w e  h a v e  a l lo w e d ,  in  p a r t ,  f o r  s u c h  r e p l ic a t io n  
a s  o c c u r s .

T h e  f r e q u e n c y  o f  d ip lo id s  d e d u c e d  i n  t h is  w a y  (8 % ) is  c o n s id e r a b ly  h ig h e r  t h a n  th e  

f r e q u e n c y  o f  h e t e r o z y g o u s  d ip lo id s  a s  f o u n d  b y  L o o m is  &  A s h w o r t h  ( 1968) a f t e r  

m ix in g  m y x a m o e b a e  f r o m  tw o  g e n e t ic a l ly  d i f f e r e n t  s t r a in s  (0-04 t o  2 % ); t h is  s u g g e s ts  
t h a t  h o m o z y g o u s  d ip lo id s  a re  f o r m e d  m o r e  r e a d i ly  t h a n  h e t e r o z y g o u s  d ip lo id s .

S u s s m a n  &  S u s s m a n  ( 1962) d e s c r ib e d  th e  i s o la t io n  o f  m u t a n t  s t r a in s  o f  

D ictyoste liu m  discoideum  w h ic h  h a d  a  s p o r e  s iz e  d is t r ib u t io n  s im i la r  i n  s h a p e  t o  t h a t  

o f  th e  d i p l c i d  o r  h a p lo id  s p o re s ,  b u t  w i t h  a  m e a n  m a jo r  d ia m e t e r  b e tw e e n  th e s e  tw o  

e x t r e m e s ; s u c h  s t r a in s  t h e y  d e s c r ib e d  a s  ‘ m e t a s t a b le ’ . C y t o lo g i c a l  in v e s t ig a t io n  s h o w e d  

t h a t  th e se  m e ta s t a b le  s t r a in s  c o n t a in e d  b o t h  d ip lo id  a n d  h a p lo id  c e lls ,  a n d  o n e  s t r a in  

d if f e r e d  f r o m  a n o th e r  in  th e  r a t io  o f  h a p l o i d : d ip lo id  m e ta p h a s e  f ig u re s  o b s e r v e d .  T h e y  

d id  n o t  r e p o r t  s e e in g  a n y  a n e u p lo id  f ig u re s ,  b u t  th e se  a re  e a s i ly  o v e r lo o k e d  a n d



d is r e g a rd e d ,  e s p e c ia l ly  s in c e  th e  b a c t e r ia l  d e b r is  in s id e  th e  m y x a m o e b a e  o f t e n  s t a in s  
l i k e  t h e  c h r o m o s o m e s .

T h e  s iz e  d is t r ib u t io n  o f  th e  s p o re s  f r o m  m e ta s t a b le  s t r a in s  c a n n o t  b e  e x p la in e d  b y  

a s s u m in g  th e se  s t r a in s  t o  b e  a  m ix t u r e  s o le ly  o f  h a p lo id  a n d  d ip lo id  c e lls .  T h e  a d d i t io n  

o f  tw o  n o r m a l  d is t r ib u t io n s  o f  th e  t y p e  s h o w n  in  F ig .  1 c a n n o t  r e s u lt  i n  a n o th e r  

n o r m a l  d is t r ib u t io n  w i t h  a  m e a n  o f  a b o u t  16 a n d  a  s t a n d a r d  d e v ia t io n  o f  4-5. S o m e  o f  

th e  m e ta s t a b le  s t r a in s  d e s c r ib e d  b y  S u s s m a n  &  S u s s m a n  ( 1962) d id ,  h o w e v e r ,  h a v e  

d is t r ib u t io n s  o f  t h is  t y p e .

W e  s u g g e s t  t h a t  m e ta s t a b le  s t r a in s  o f  D ictyoste liu m  discoideum  a r e  m u t a n t  s t r a in s  

in  w h ic h  th e  m u t a t io n a l  e v e n t  h a s  a f fe c te d  th e  v a lu e  o f  th e  c o n s t a n t  P  w h ic h  d e t e rm in e s  

th e  p r o b a b i l i t y  t h a t  a  c h r o m o s o m e  w i l l  b e  lo s t  a t  a n y  o n e  d iv is io n .  I t  w o u ld  s e e m  l i k e ly  

t h a t  s u c h  a  m u t a t io n a l  e v e n t  w o u ld  a ls o  a f fe c t  th e  h a p l o i d : d ip lo id  r a t io .  T h e  a n e u -  

p l o i d : d ip l o id  r a t io  is  a f f e c te d  b y  th e  v a lu e  o f  P  ( F ig .  5) , a n d  th e  p r e d o m in a n t  a n e u -  

p lo id  c la s s  i n  th e  a n e u p lo id  p o p u la t io n  is  a ls o  a f fe c te d  b y  th e  v a lu e  o f  P . T h u s ,  b y  

t a k in g  a p p r o p r ia t e  v a lu e s  o f  P  a n d  th e  h a p l o i d : d ip l o id  r a t io  i t  i s  p o s s ib le  t o  c o n s t r u c t  

s p o r e - v o lu m e  d is t r ib u t io n  c u r v e s  w h ic h  c lo s e ly  r e s e m b le  th o s e  d e s c r ib e d  b y  S u s s m a n  

&  S u s s m a n  ( 1962). D i s t r i b u t i o n  c u r v e s  s im i la r  t o  t h o s e  o f  th e  m e ta s t a b le  s t r a in s  c a n  

b e  o b t a in e d  b y  th e  m a s s  s u b - c u lt u r e  o f  th e  i n i t i a l l y  h o m o g e n o u s  d ip lo id  s t r a in  h - i . 

H e r e  th e  p r o p o r t io n  o f  d i p l o i d : h a p l o i d : a n e u p lo id  is  c h a n g in g  w h i le  h a p lo id i z a t io n  

p r o c e e d s ,  a n d  d is t r ib u t io n s  o f  th e  t y p e  s h o w n  in  F ig .  2 a r e  n o t  e q u i l i b r iu m  d i s t r ib u 

t io n s .  T h e y  s h o w ,  h o w e v e r ,  t h a t  o u r  e x p la n a t io n  f o r  th e  s p o re  v o lu m e  d is t r ib u t io n s  o f  

m e ta s t a b le  s t r a in s  i n  t e rm s  o f  a  c h a n g e  in  P  a n d  c o n s e q u e n t  c h a n g e  i n  d ip lo id :  

h a p l o i d : a n e u p lo id  r a t io  is  a d e q u a te  t o  a c c o u n t  f o r  th e  e x p e r im e n t a l  o b s e r v a t io n s .

S u s s m a n  &  S u s s m a n  ( 1962) r e p o r t e d  t h a t  m a n y  m e ta s t a b le  s t r a in s  a r o s e  f r o m  c e l ls  

( ‘ I - c e l l s ’ ) w h ic h  in i t ia t e d  th e  a g g r e g a t io n  p h a s e  o f  th e  l i f e  c y c le  o f  D ictyoste liu m  
discoideum ; t h e y  t h u s  r e p re s e n t  th e  f i r s t  t y p e  o f  c e l l  d i f f e r e n t ia t io n  s h o w n  b y  t h is  

o r g a n is m .  H o w e v e r ,  m e ta s t a b le  s t r a in s  a r e  a ls o  m o s t  e a s i ly  i s o la t e d  f r o m  th o s e  c e l ls  

w h ic h  d o  n o t  r e a d i ly  a g g re g a te  ( S u s s m a n ,  1964), a  f a c t  d i f f i c u l t  t o  r e c o n c i le  w i t h  t h e i r  

b e in g  in v o lv e d  in  i n i t i a t in g  a g g r e g a t io n .  T h e s e  a n d  o t h e r  p r o p e r t ie s  o f  th e  I - c e l ls  

b e c o m e  c o m p r e h e n s ib le  in  t e rm s  o f  o u r  t h e o r y ,  w h ic h  w o u ld  d e s c r ib e  s u c h  c e l ls  a s  

b e in g  o f  a  p a r t i c u la r  a n e u p lo id  c o n f ig u r a t io n .  T h e  e v id e n c e ,  a n d  im p l i c a t io n s ,  f o r  

s u c h  a n  a s s e r t io n  w i l l  b e  p r e s e n te d  in  m o r e  d e t a i l  e ls e w h e re  ( A s h w o r t h  &  S a c k in ,  

1969).

W e  t h a n k  th e  S . R . C .  a n d  M . R . C .  f o r  f in a n c ia l  s u p p o r t .
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S U M M A R Y

A n  in d u c ib le  s u c r o s e  h y d r o ly s in g  e n z y m e  h a s  b e e n  f o u n d  in  Bacillus 
subtilis. T h e  e n z y m e  is  in t r a c e l lu la r ,  u n s t a b le  i n  th e  a b s e n c e  o f  E D T A  a n d  
i t s  f o r m a t io n  is  r e p re s s e d  b y  g lu c o s e .  T h e s e  p r o p e r t ie s  c o n t r a s t  w i t h  th o s e  
o f  th e  le v a n - s u c r a s e  e n z y m e  p r e v io u s ly  in v e s t ig a t e d  i n  t h is  o r g a n is m .

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

T h e  o c c u r r e n c e  o f  a  s u c r a s e  w i t h o u t  a s s o c ia te d  le v a n  o r  d e x t r a n  s y n t h e s iz in g  a c t iv i t y  

h a s  n o t  b e e n  r e p o r t e d  i n  B acillus subtilis  a l t h o u g h  s e p a ra te  e n z y m e s  f o r  th e se  tw o  

f u n c t io n s  w e re  s u g g e s te d  s o m e  t im e  a g o  in  A e r o b a c t e r  s t r a in s  ( H e s t r in ,  A v in e r i -  

S h a p i r o  &  A s c h e r ,  1943) a n d  in  B. m egaterium  ( F o r s y t h  &  W e b le y ,  1950).

I n  t h is  r e p o r t  e v id e n c e  is  p r e s e n te d  f o r  a n  in d u c ib le  in v e r t a s e - l ik e  a c t iv i t y  in  

B acillus su b tilis  w h ic h  d i f f e r s  f r o m  th e  le v a n - s u c r a s e  ( E . C .  2 . 4 . 1 . 10)  e x t e n s iv e ly  

s t u d ie d  b y  D e lo b b e  &  D e d o n d e r  ( 1966) , D e d o n d e r  ( i 960), J o y e u x  &  S e y s - B o r r e l  

( 1966) a n d  D e lo b b e  ( 1966). T h e  la b i l i t y ,  E D T A  s t a b i l i z in g  e ffe c t , in t r a c e l lu la r  lo c a t io n  

a n d  g lu c o s e  r e p r e s s ib i l i t y  o f  t h is  s u c r o s e  h y d r o ly s in g  a c t iv i t y  d i f f e r  f r o m  th o s e  

r e p o r t e d  f o r  le v a n - s u c ra s e .

M E T H O D S

B a cteria l stra ins. Bacillus subtilis  168 try -2 , ( d e s ig n a t e d  ‘ 168’  i n  th e  te x t )  w a s  f r o m  

th e  c o l le c t io n  o f  t h is  la b o r a t o r y  w h i le  B S 5 a n d  M C 2, k i n d l y  p r o v id e d  b y  D r  D e d o n d e r ,  

w e r e  m u t a n t s  o b t a in e d  f r o m  th e  168 s t r a in  c a r r ie d  i n  h is  l a b o r a t o r y .  T h e s e  th re e  

s t r a in s  w e re ,  r e s p e c t iv e ly ,  l o w  le v e l  in d u c ib le ,  h ig h  le v e l  in d u c ib le ,  a n d  c o n s t i t u t iv e  

w i t h  r e g a r d  t o  le v a n - s u c r a s e  p r o d u c t io n  ( p e r s o n a l  c o m m u n ic a t io n  f r o m  D r  D e d o n d e r ) .  

T h e y  b e h a v e  id e n t i c a l l y  w i t h  r e s p e c t  t o  th e  n e w ly  d e t e c te d  s u c r o s e  h y d r o ly z in g  

a c t i v i t y  r e p o r t e d  i n  t h is  n o te .

G row th  conditions an d  experim en ta l techniques. C u l t u r e s  w e re  g r o w n  in  e i t h e r  b a s ic  

s a lt s  c o m p o s i t io n  A  ( D e d o n d e r ,  i 960) o r  B  ( A n a g n o s t o p o u lo s  &  S p iz iz e n ,  1961), 

c o n t a in in g  0-5 %  c a r b o n  s o u r c e ,  20 /¿g ./rn l. L - t r y p t o p h a n  a n d  0-05 %  c a s e in  h y d r o 

ly s a t e .  I n d u c e r s  w e re  a d d e d  t o  e x p o n e n t ia l  g r o w th - p h a s e  c u lt u r e s  a n d  s a m p le s  

r e m o v e d  a t  in t e r v a ls  in t o  ic e d  tu b e s  c o n t a in in g  c h lo r a m p h e n ic o l  s u f f ic ie n t  t o  g iv e  a  

f in a l  c o n c e n t r a t io n  o f  25-50 / ig . / m l.  a n d  E D T A ,  w h e n  u s e d , a t  a  f in a l  c o n c e n t r a t io n  

o f  0-01- 0-015 M . S u s p e n s io n s  w e re  b r o k e n  b e f o r e  a s s a y  e it h e r  b y  ly s o z y m e  t r e a tm e n t  

o r  b y  s o n ic  o s c i l la t io n .  W h e r e  n e c e s s a r y  t o  e l im in a t e  c o m p o u n d s  r e a c t in g  i n  th e  a s s a y , 

d ia ly s is  w a s  c a r r ie d  o u t  b e f o r e  d e t e r m in a t io n  o f  s u c r o s e  h y d r o ly s i s  o r  le v a n  s y n th e s is  

a c t iv i t y .
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A ssays. S u c r o s e  h y d r o ly s i s  a c t iv i t y  w a s  m e a s u r e d  b y  g lu c o s e  f o r m a t io n  a f t e r  

in c u b a t io n  w i t h  o -3- o - 4M -s u c ro s e .  G lu c o s e  w a s  t h e n  d e t e rm in e d  b y  a  m o d i f i c a t io n  

o f  th e  m e th o d  u s e d  b y  M e s s e r  &  D a h lq v i s t  ( 1966) a s  f o l lo w s .  A f t e r  in c u b a t io n  w it h  

s u c r o s e  a  t o t a l  v o lu m e  o f  0-5 m l.  d i lu t e d  s a m p le  w a s  e q u i l ib r a t e d  a t  370 a n d  2-0 m l.  

a s s a y  r e a g e n t  a d d e d .  ( T h e  a s s a y  re a g e n t  c o n t a in e d  10 / ¿g ./m l. g lu c o s e  o x id a s e ,  1 / ¿ g ./m l. 

p e r o x id a s e  a n d  50 / ¿ g ./m l. o - d ia n is id in e  in  o -25M - P 0 4, p H  6). A f t e r  a  s u it a b le  in c u b a 

t io n  p e r io d ,  th e  r e a c t io n  w a s  t e rm in a t e d  a n d  p u r p le  c o lo u r  d e v e lo p e d  b y  th e  a d d i t io n  

o f  1 -o m l. ,  50 %  H 2S 0 4. G lu c o s e  c o n c e n t r a t io n s  o f  th e  s a m p le s  w e re  o b t a in e d  b y  

c o m p a r is o n  o f  o p t ic a l  d e n s it y  r e a d in g s  a t  530 m / i w i t h  t h o s e  o f  g lu c o s e  s t a n d a r d s  r u n  

u n d e r  th e  s a m e  c o n d i t io n s .
L e v a n  p r o d u c t io n  w a s  e s t im a te d  f r o m  t u r b id i t y  r e a d in g s  o f  in c u b a t e d  s a m p le s  in  

w h ic h  le v a n s  o f  m o l .  w t  5 x  i o 4 o r  la r g e r  w e re  p r e c ip i t a t e d  b y  th e  a d d i t io n  o f  2 v o lu m e s  

o f  95 %  E ' .O H .
C hem icals. L y s o z y m e  g r a d e  I ,  g lu c o s e  o x id a s e  {A spergillus n iger) p u r i f ie d  t y p e  I I ,  

p e r o x id a s e  ( h o r s e - r a d is h )  t y p e  I , a n d  o - d ia n s id in e  w e re  p r o d u c t s  o f  S ig m a  C h e m ic a l  

C o m p a n y .  C h lo r a m p h e n ic o l  w a s  a  g i f t  o f  P a r k e  D a v i s  a n d  C o m p a n y .  O t h e r  a n a ly t i c a l  

g r a d e  re a g e n ts  u s e d  w e re  p r o d u c t s  o f  F is h e r ,  M a l l i n k r o d t ,  o r  M a t h e s o n  C o le m a n  a n d  

B e l l .

R E S U L T S

P r e l im in a r y  e x p e r im e n t s  o f  le v a n - s u c r a s e  in d u c t io n  in  Bacillus subtilis  s t r a in  B S 5 
d o n e  in  th e  p re s e n c e  o f  0-5 %  g lu c o s e  in  a  m e d iu m  o f  s a lt s  c o m p o s i t io n  ‘ A ’ w e re  in  

q u a l i t a t iv e  a g re e m e n t  w i t h  d a t a  p r e s e n te d  b y  D e d o n d e r  ( i 960) f o r  th e  in d u c t io n  o f  

le v a n - s u c r a s e  in  a  m e d iu m  u t i l i z in g  g ly c e r o l  a s  a  c a r b o n  s o u rc e .  B o t h  s u c r o s e  

h y d r o ly s i s  a n d  le v a n  s y n th e s is  a c t iv i t y  w e re  o p t im a l l y  in d u c e d  a t  th e  h ig h e s t  in d u c e r  

c o n c e n t r a t io n  te s te d  (5 x  i o ~ 2 m ) , w h i le  c o m p a r a t iv e ly  n e g l ig ib le  a c t iv i t ie s  w e re  f o u n d  

a t  in d u c e r  c o n c e n t r a t io n s  o f  1 x  i o ^ m  o r  lo w e r .

H o w e v e r ,  w h e n  la c t a t e  w a s  s u b s t i t u t e d  f o r  g ly c e r o l  o r  g lu c o s e  a s  c a r b o n  s o u r c e  in  

th e  s a m e  s a lt s  ‘ A ’ m e d iu m ,  i t  w a s  f o u n d  t h a t  b o t h  B acillus subtilis  168 a n d  B S 5 w e re  

c a p a b le  o f  s y n t h e s iz in g  s ig n i f ic a n t  le v e ls  o f  s u c r o s e  h y d r o ly s is  a c t iv i t y  a t  in d u c e r  

c o n c e n t r a t io n s  b e lo w  1 x  i o _4m .

L e v a n  s y n th e s is  a c t iv i t y  c o u ld  n o t  b e  d e m o n s t r a t e d  in  e i t h e r  s t r a in  b y  t u r b id i t y  a s s a y  

o f  s a m p le s  in d u c e d  a t  1 x  i o _4M -s u c ro s e  a l t h o u g h  a p p r e c ia b le  a c t iv i t ie s  w e re  f o u n d  

in  S t r a in  B S 5 a t  in d u c e r  c o n c e n t r a t io n s  o f  0-5 x  i o - 2 m  o r  h ig h e r .

I n d u c t io n  o f  s u c r o s e  h y d r o ly s is  a c t iv i t y  a t  lo w  s u c r o s e  c o n c e n t r a t io n  w a s  d r a m a t ic 

a l l y  in c r e a s e d  in  b o t h  b s  5 a n d  168 i n  la c t a t e  m e d iu m  w h e n  s a lt s  ‘ B ’ w a s  s u b s t i t u t e d  f o r  

s a lt s  ‘ A ’ . H o w e v e r ,  r e g a rd le s s  o f  th e  c o m p o s i t io n  o f  th e  m e d iu m ,  th e  a c t iv i t y  in d u c e d  

a t  lo w  c o n c e n t r a t io n s  o f  s u c r o s e  p r o v e d  t o  b e  q u it e  u n s ta b le  ( u n l ik e  le v a n - s u c ra s e ) ,  

a n d  v a r io u s  c o m p o u n d s  w e re  a d d e d  in  a n  a t t e m p t  t o  s t a b i l i z e  th e  e n z y m e .  O f  th e  

a d d i t io n s  te s te d  ( / A m e r c a p t o e t h a n o l,  c y s te in e ,  v i t a m in  m ix t u r e s ,  t r a c e  m e ta ls ,  y e a s t  

e x t r a c t ,  E D T A ) ,  o n ly  E D T A  w a s  f o u n d  t o  h a v e  a n  a p p r e c ia b le  e f fe c t  o n  s u c r o s e  

h y d r o ly s i s  a c t iv i t y .  A d d i t i o n  o f  o o i - o - o i 5M - E D T A  in c r e a s e d  a c t iv i t y  a n d  s t a b i l i z e d  
e x t r a c t s  f o r  a  s h o r t  t im e  d u r in g  s to r a g e  a t  4°.

S tu d ie s  o f  th e  E D T A - a c t i v a t e d  s u c r a s e  ( w h ic h  w i l l  h e n c e f o r t h  b e  r e f e r r e d  t o  a s  

‘ s u c r a s e  B ’ )  w e re  th e n  r e p e a te d  in  B. subtilis  168 a n d  B S 5 u n d e r  e x p e r im e n t a l  c o n d i 
t io n s  f o u n d  o p t im a l  f o r  in d u c t io n  a n d  a s s a y  ( i.e . th e  m e d iu m  c o n t a in e d  s a lt s  B  a n d  

la c t a t e  a s  c a r b o n  s o u r c e ,  lo w  s u c r o s e  in d u c e r  c o n c e n t r a t io n s  w e re  e m p lo y e d  a n d
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E D T A  w a s  a d d e d  t o  b r o k e n - c e l l  s a m p le s ) .  T h e  r e s u lt s  c o n t r a s t e d  s t r i k in g ly  w it h  th o s e  

p r e v io u s ly  o b t a in e d  f o r  le v a n - s u c r o s e  in d u c t io n .  A  h ig h e r  i n i t i a l  r a te  o f  e n z y m e  

in d u c t io n  w a s  o b t a in e d  w it h  d e c r e a s in g  in d u c e r  c o n c e n t r a t io n .  T h e  lo w e s t  c o n c e n 

t r a t io n  o f  s u c r o s e  te s te d  ( 1-46 x  i o ~ 6 m )  a c te d  a s  a  m o r e  e f fe c t iv e  in d u c e r  t h a n  e it h e r  

o f  th e  tw o  h ig h e r  s u c r o s e  c o n c e n t r a t io n s  ( 1-17 x  i o ~4 m  o r  2-92 x  i o ~4 m ) w h e n  e a r ly  

t im e  s a m p le s  p r i o r  t o  30 m in .  w e re  c o m p a r e d .

T h e  r o le  o f  c a r b o n  s o u r c e  o n  in d u c t io n  su g g e s te d  a  c a t a b o l i t e  r e p r e s s io n  e ffe c t . 

A d d i t i o n  o f  a  lo w  c o n c e n t r a t io n  o f  g lu c o s e  (40 / tg ./m l. )  w a s  f o u n d  s u f f ic ie n t  t o  c a u s e  

a  la g  p e r io d  in  in i t i a t io n  o f  s u c ra s e  B  s y n th e s is  in  b s  5 a n d  168 d u r in g  g r o w t h  o n  

la c ta te .  A d d i t i o n  o f  g lu c o s e  t o  c u lt u r e s  in  w h ic h  in d u c t io n  w a s  a lr e a d y  in  p r o g r e s s

F ig . 1. A  cu ltu re  o f  B a c illu s  su b tilis  s tra in  BS5 in  ex p o n en tia l g row th  phase  a t  30° o n  sa lts A , 
O'I %  g lycerol, o -1 % case in  h y d ro ly sa te  a n d  2 0 /ig.  L -try p to p h an /m l. w as d iv ided  am o n g  
several flasks to  w h ich  v ario u s  c o n cen tra tio n s  o f  sucrose w ere a d d ed  a t  o tim e. A t in tervals 
sam ples w ere  rem o v ed  a n d  th e  o rg an ism s co llected  by  cen trifu g a tio n . P elle ts w ere w ashed  
a n d  re su sp en d ed  in  0-02 M -sodium  p h o sp h a te  buffer (p H  6 ) + o-o im -EDTA. (R esuspension  
vo lum es w ere a d ju s te d  to  m ak e  all sam ples to  th e  sam e c o n c e n tra tio n  b ased  on  K le tt  Sum - 
m erso n  read in g s m a d e  a t  th e  tim e o f  sam pling .) A fte r a d d itio n  o f  75 /¿g./lysozym e/m l., 
1 5 /ig. R N A se/m l. an d  1 2 /ig. D N A se /m l., a  30 m in. in c u b a tio n  w as ca rried  o u t a t  37° in 
o rd e r  to  lyse th e  o rg an ism s p r io r  to  su b seq u en t d e te rm in a tio n  o f  sucrose  hydro lysis activ ity . 
N o  levan syn thesis ac tiv ity  w as detec tab le  by tu rb id ity  assay.

c a u s e d  a b r u p t  a n d  c o m p le t e  c e s s a t io n  o f  f u r t h e r  e n z y m e  p r o d u c t io n  f o r  a  p e r io d  o f  

t im e  w a s  r e la t e d  to  th e  a m o u n t  o f  g lu c o s e  a d d e d .  T h i s  c o n t r a s t s  w i t h  le v a n - s u c ra s e  

w h ic h  is  n o n - g lu c o s e  r e p re s s ib le .
S u c r a s e  B  a ls o  d i f f e r s  f r o m  th e  p r e d o m in a n t ly  e x t r a c e l lu la r  le v a n - s u c ra s e  in  t h a t  i t  

a p p e a r s  t o  b e  c o m p le t e ly  in t r a c e l lu la r .  W h e n  s u c ra s e  B  is  in d u c e d  b y  lo w  c o n c e n t r a t io n  

o f  in d u c e r ,  a n d  th e  c e l ls  a n d  m e d iu m  s e p a ra te d  b y  c e n t r i f u g a t io n  a re  a s s a y e d  in d e p e n -
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d e n t ly ,  a l l  o f  th e  a c t iv i t y  is  f o u n d  w i t h  th e  r e s u s p e n d e d  c e lls .  L y s i s  b y  ly s o z y m e  o r  

s o n ic  t r e a tm e n t  is  r e q u ir e d  f o r  f u l l  e x p r e s s io n  o f  th e  in t r a c e l lu la r  e n z y m e .

F in a l l y ,  s u c ra s e  B  c a n  b e  m o s t  c le a r ly  d is t in g u is h e d  b y  i t s  d i f f e r e n t  p a t t e r n  o f  

in d u c t io n  u n d e r  c o n d i t io n s  c o m p a r a b le  t o  th o s e  u s e d  b y  D e d o n d e r  t o  s t u d y  t o t a l  

le v a n - s u c ra s e  in  th e  c u l t u r e  ( i.e . s a lt s  A  w i t h  g ly c e r o l  c a r b o n  s o u rc e ) .  W h e n  B S 5 
o r g a n is m s  w e re  s e p a ra te d  f r o m  th e  s u p e r n a t a n t  m e d iu m  a n d  m a in t a in e d  in  th e  

p re s e n c e  o f  E D T A  t h e i r  s u c r o s e  h y d r o ly s is  a c t iv i t y  p a t t e r n  w a s  th e  re v e rs e  o f  t h a t  

a s c r ib e d  t o  le v a n - s u c ra s e .  T h u s ,  a t  th e  lo w e s t  s u c r o s e  c o n c e n t r a t io n  ( i - 2 X i o - 4M ) 

m a x im u m  s u c r o s e  h y d r o ly s is  a c t iv i t y  w a s  p r o d u c e d  w i t h o u t  a s s o c ia te d  le v a n - s y n th e s is  

a c t iv i t y .  F ig u r e  1 i l lu s t r a t e s  th e se  r e s u lt s .

D I S C U S S I O N

T w o  d is t in c t  s u c r o s e  h y d r o ly s in g  a c t iv i t ie s  c a n  b e  in d u c e d  in  th e  s a m e  c u l t u r e ; o n e  

( s u c ra s e  B )  b e in g  in t r a c e l lu la r  a n d  p r o d u c e d  w i t h  g re a te s t  a c t iv i t y  a t  £  lo w e r  in d u c e r  

c o n c e n t r a t io n  ( 1-17 x  i o ~4m  o r  le s s ) , a n d  th e  o t h e r  ( le v a n - s u c ra s e )  f o u n d  b y  D e d o n d e r  

p r e d o m in a n t ly  in  th e  s u p e r n a ta n t  m e d iu m  a n d  p r e s e n t  w i t h  m a x im a l  a c t iv i t y  a t  h ig h  

in d u c e r  c o n c e n t r a t io n s  (5 x  i o ~2m  o r  h ig h e r ) .
T h e  tw o  e n z y m e s  a re  p r e s u m a b ly  s u b je c t  t o  d i f f e r e n t  g e n e r ic  c o n t r o ls .  T h e  M C 2 

m u ta n t  s t r a in  o f  Bacillus subtilis  168 ( c la s s if ie d  a s  le v a n - s u c r a s e  ‘ c o n s t i t u t iv e ’ b y  

D e d o n d e r )  p r o d u c e d  o n ly  a  lo w  le v e l o f  le v a n - s u c r a s e  u n d e r  c o n d i t io n s  w h e re  le v a n -  

s u c r a s e  is  f u l l y  in d u c e d  in  b s  5. T h e  in d u c t io n  p a t t e r n  o f  s u c ra s e  B  is , h o w e v e r ,  id e n t ic a l  

in  b o t h  M C 2 a n d  B S 5.

T h e s e  o b s e r v a t io n s ,  t o g e th e r  w it h  o b s e r v e d  d if f e r e n c e s  in  th e  p r o p e r t ie s  o f  le v a n -  

s u c ra s e  a n d  s u c ra s e  B  w i t h  re s p e c t  t o  th e  e f fe c ts  o f  E D T A  a n d  g lu c o s e  r e p r e s s io n  

p r o v id e  s t r o n g  e v id e n c e  f o r  th e  e x is t e n c e  o f  tw o  s e p a ra te  in d u c ib le  s u c r o s e  h y d r o ly s in g  

e n z y m e s  in  Bacillus subtilis.

T h e  a u th o r s  a r e  in d e b te d  t o  D r  R .  D e d o n d e r  f o r  s e v e ra l o f  th e  s t r a in s  u s e d  a s  w e l l  

a s  f o r  h is  in t e r e s t  in ,  a n d  s t im u la t in g  d is c u s s io n  o f ,  th e  in v e s t ig a t io n .  W e  a re  a ls o  

a p p r e c ia t iv e  o f  th e  h e lp f u l  s u g g e s t io n s  a n d  c r i t i c i s m  o f  D r  L .  R u t b e r g  m a d e  in  th e  

c o u r s e  o f  th e  w o r k .  T h i s  w o r k  w a s  s u p p o r t e d  b y  P u b l i c  H e a l t h  S e r v ic e  G r a n t  

H D -02807 f r o m  th e  N a t i o n a l  I n s t i t u t e  o f  C h i l d  H e a l t h  a n d  H u m a n  D e v e lo p m e n t  a n d  

b y  A E C  c o n t r a c t  A T ( o 4*3)632.
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S O C I E T Y  F O R  G E N E R A L  M I C R O B I O L O G Y

T h e  S o c ie ty  fo r  G e n e r a l  M ic ro b io lo g y  w a s  fo u n d e d  to  p r o m o te  th e  a d v a n c e m e n t  o f  m ic ro b io lo g y ,  p r o 
v id in g  a  c o m m o n  m e e tin g  g r o u n d  fo r  th o s e  w o rk in g  in  v a r io u s  sp e c ia liz e d  f ie ld s in c lu d in g  m e d ic a l ,  
v e te r in a ry , a g r ic u l tu r a l  a n d  e c o n o m ic  m ic ro b io lo g y . T h e  S o c ie ty  is c o n c e rn e d  w ith  th e  m o r e  f u n d a 
m e n ta l  a s p e c ts  o f  th e  s tu d y  o f  b a c te r ia ,  v iru se s , m ic ro - fu n g i,  p r o to z o a  a n d  m ic ro s c o p ic  a lg a e  a n d  
in  th e i r  v a r io u s  b io lo g ic a l  a c tiv i t ie s ,  i ts  m e m b e rs  b e in g  u n i te d  b y  th e  c o m m o n  a im  o f  d e v e lo p in g  
sc ie n tif ic  k n o w le c g e  c o n c e rn in g  m ic ro -o rg a n is m s .

T h e  a n n u a l  s u b s c r ip t io n ,  w h ic h  e n t i t le s  O r d in a ry  M e m b e rs  t o  re c e iv e  b o th  j o u r n a l s ,  is £ 4  p a y a b le  to  
th e  S o c ie ty  f o r  G e n e r a l  M ic ro b io lo g y , 7 W a rw ic k  C o u r t ,  H o lb o r n ,  L o n d o n ,  W .C . 1, o r  f o r  r e s id e n t  
m e m b e rs  in  th e  U .S .A . S 12 .00  p a y a b le  to  th e  C a m b r id g e  U n iv e r s i ty  P re ss , A m e r ic a n  B ra n c h , 32 E a s t  
5 7 th  S tre e t ,  N e w  Y o r k ,  N .Y . 1 0 0 2 2 . S u b s c r ip t io n s  a r e  p a y a b le  o n  25 M a rc h  e a c h  y e a r . T h e  a n n u a l  
s u b s c r ip t io n  f o r  A s so c ia te  M e m b e rs  w h o  d o  n o t  re c e iv e  e i th e r  J o u r n a l  is £ 1, a ls o  p a y a b le  o n  25 M a rc h  
e a c h  y e a r .

A ll c o r re s p o n d e n c e  c o n c e rn in g  a p p l ic a t io n s  f o r  m e m b e r s h ip , c h a n g e s  o f  n a m e  a n d  a d d re s s ,  o r  
p a y m e n t  o f  s u b s c r ip t io n s  s h o u ld  b e  s e n t  to  th e  S o c ie ty  fo r  G e n e ra l  M ic ro b io lo g y , 7 W a rw ic k  C o u r t ,  
H o lb o r n ,  L o n d o n ,  W .C . 1.

A ll c o m m u n ic a t io n s  c o n c e rn in g  th e  p u rc h a s e  o f  th e  J o u r n a ls ,  in c lu d in g  th e  p u rc h a s e  o f  b a c k  n u m b e r s  
b y  m e m b e r s  o f  th e  S o c ie ty , s h o u ld  b e  a d d re s s e d  to  th e  C a m b r id g e  U n iv e r s i ty  P re ss .
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