
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 



THE PHYSIOLOGY O:F STAPHYLOCOCCAL ENTEROTOXIN PRODUCTION 

A thesis presented in par t i al ful fi lment o f  the 

requirements for the, degree o f  Ph. D  in 

Microb i ology at r·1assey University. 

Audrey Winifred Jarvis 

1 974 



ii 

ABSTRACr.r 

The aims of this investigation were t o  study the environmental 

fact ors which det ermine enterotoxin product ion by s taphylococci.  

Effects of pH , oxygen , medium c ompos ition , and in partic ular of 

added carbohydra t e s  in a defined medium were inves t igat ed  under 

c ontro l l ed c onditions , using several strains of each entero

toxin typ e. 

The production o f  s taphylococcal enterotoxins A ,  B and C in 

shake-flasks was s tudied throughout the growth cyc l e  for nine 

s trains of staphyl ococ c i .  Enterotoxins were firs t det e c t e d  

in the exponential phas e ,  and exc ept for. s train S-6, no 

appreciab l e  incr e a s e  in ent erotoxin o ccurr ed during the 

s tationary phas e of growth . Ent erot oxins wer e ho·wever 

produc ed in r e l at ively small quant ities by non-replicating 

c ells from lat e exponential or s tationary phas es o f  growth . 

Chl oramphenic o l  inhibit ed enterot oxin production by non-

replic ating c e l l s . A small quantity of enterotoxin B was pro-

duc ed in the pre s enc e of act inomyc in D, suggesting the accunula

t ion of a s mall p o ol of mRNA for' ·enterot oxin produc tion . 

The production of enterotoxins was investigat ed  in a f erment er 

under c ontrol l ed c onditions of pH and aeration , using a cas ein 

hydrolysate medium and a defined amino acid medium.  Entero

toxin produc tion in the fermenter was cons iderably l e s s  than in 

shake-flas ks for eight out of nine s trains of staphyloc occi .  

The reas ons for thes e differenc es b etween ferment er and shake

flask were inves t igat ed ,  particular att ention b eing given to 

pH , aeration and antifoam . 

Change s  ·in the environment c aus ed changes in the growth patt erns 

of s taphylococ c i  as shown by alt erations in the specific growth 

rat e , the duration of the transition period from exponential t o  

s tationary phas e s  of growth and the final c el l  yie ld . Att empts 

were made to d e t ermine how far the changes in the final yields 

of ent erotoxin were due to e ffec t s  on the specific rat e s  of 

ent erotoxin produc tion , and which differenc es were c ons equenc es 

of alt ered growth patt erns . 
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The optimum pH for ent erot oxin A ,  B and C produc tion in 

cas ein hydrolysat e and amino acid m edia was det ermined . 

Growth of staphylococci under c onditions of c ont roll ed pH 

resul t e d  in a higher final yield of enterot oxin than growth 

without pH c ontrol . The implic ations of the effec t of pH 

on ent erotoxin A product ion in food is dis c us s ed .  

The repress ion o f  ent erotoxins when glucos e o r  glyc ero l  were 

added to  the growth medium was s tudied under c ontr o l l ed c on

ditions of pH , and 1.,ri th c ons tantly maintained gluc o s e  or 

glyc ero l .  Sinc e ent erot oxins A ,  B and C were repress ed by 

b oth c ompounds in growin� c ells  when the pH was held c onst ant , 

repr e s s ion was not due t o  the fall in pH which occurred  v1hen 

the pH was not c ontrol l ed . The repression o f  ent erotoxin by 

gluc os e or glyc erol vms always acc ompanied by an increas e in 

growth rat e .  I t  has b e en suggested  by other workers that 

there is an invers e relationship b etwe en growth rat e  and extra...; 

cellular prot ein production ( C oleman , �967 , Stormonth and 

C o l eman , 1 973 ) . However , when S. aureus S-6 was grown in 

c ontinuous culture , it was found that an increas e in growth 

rat e c aus ed an increas e in ent erotoxin produc tion . Als o  the 

addition of gluc os e to the medium repres s ed ent erotoxin produc

tion when the growth rat e was held constant . 

Although gluc o s e  and glyc erol repres s ed ent erotoxin produc tion 

by growing c ells , neither c ompound inhibit e d  ent erot oxin 

produc tion by non-replic ating c e l l s  which had b e en grown with-

out glucos e .  However , experiments with strain S-6 showed 

that c ells  grown in the pres enc e of gluc o s e  and resuspended 

without gluc o s e  lacked the ability to produc e ent erot oxin B .  

This suggested that gluc o s e  inhibit ed the produc tion of an 

e s s ential pre-requis it e for the s ynthesis or rel eas e of 

ent erotoxin , such as  an enzyme for the final c onversion o f  

an ent erotoxin precurs or to  ent erot oxin .  Experiments with 

chl oramphenico l  had shown that ther e was no appreciab l e  build

up of pro t ein precurs or for ent ero toxin in non-replic ating 

c el l s . However , very small accumulations of a precursor 

c ould repress ent erotoxin synthesis by a f e e dback mechanism . 
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There were often marked differ enc es in the effect of 

environm ental changes on ent erot oxin produc t ion by diff erent 

s trains of the s ame ent erotoxin typ e .  One of the aims of 

this inv e s t igation was to  examine differenc es which have b e en 

r eport ed t o  exis t between mechanisms of produc tion of the 

various ent erotoxins , particularly ent erotoxins A and B. 
The differ enc es b etwe en s trains were oft en gre at er than 

suppos ed differenc es b etween enterotoxins , and throughout 

this inv e s t igation s everal s trains were us ed  for each experi

ment wherever pos s ibl e .  

Staphylo c o�ci produc e a large numb er of extrac e l lular 

prot eins . Throughout this s t udy the produc t ion o f  lipas e , 

deoxyrib onuc leas e , lys ozyme and total extrac e llular prot ein 

\vas followed  to det ermine the ext ent to which the effects o f  

environmental changes \vere s pecific t o  ent erotoxin as dis tinc t 

from a g eneral effec t on extrac el lular pro t ein produc t ion . 
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1 INTRODUCTION 

1.1 Staphylococcal enterotoxins 

1 • 

In common with other gram-positive organisms, staphylococci 

produce nwacrous extracellular proteins, includin8 such pro

ducts as henolysins, coagulase, staphylokinase and 

leucocidins. Among the toxins
. 

produced are .the staphylo

coccal enterotoxins, which when ingested are responsible for 

staphylococcal food-poisonin�. Cases of food-poisoning due to 

staphylococcal enterotoxins have been reported in the litera

ture for many years and a number of outbreaks have been traced 

to dairy prouucts (Hobbs, 1955, nausler et al., 1960, �psom, 

196L�). Staphylococcal enterotoxins are the QOst common 

cause of food-poisoning in the USA (�orld Health Organization, 

1969) and a frequent cause of iood poisoning in Britain 

(Simkovicova and Gilbert, 1971). 'J:lhe enterotoxins are extrB;

cellular proteins, and attempts to demonstrate enterotoxin 

within washed cells have not been successful (Sugiymna et al., 

1960.). l!'ors�ren et al. (1972) 
,
failed to detect cell-bound 

enterotoxin, and it appears that earlier reports of cell

bound enterotoxin (Friedman and ;,lhite, 1965, Stark and 

l'1iddaugh, 1969, Morse and Bald1.vin, 1971) may have been due to 

the presence of protein A. 

Enterotoxins consist of a series of proteins, which are dif

ferentiated on the basis of their different reactions with 

specific antibodies. In 1963 an alphabetical system of 

nomenclature was established (Gasman et al., 1963) and to date 

five enterotoxins have been identified: A (Gasman, 1960), 

B (Ber�doll et al., 1959), C (Eergdoll et al., 1965), D 
(Gasman et al., 1967) and E (Bergdoll et al., 1971). Two 

different enterotoxin C's from different staphylococcal 

strains have been purified, and classified as c1 (strain 137) 

and c2 (strain 361) on the basis of their isoelectric points 

(Borja and Bergdoll, 1967, Avena and Bergdoll, 1967). 

The enterotoxins are single-chain polypeptides, M.W. 30, 000-
34,000. They contain approximately 300 amino acid residues, 

with relatively large amounts of lysine, aspartic acid, 

glutamic acid and tyrosine. 



1 . 2  Incidence of enterotoxins. 

2 .  

The percentage of staphylococcal strains which produce entero

toxins has been reported as at least 50% ( Gasman et al., 1967, 
Bergdoll, 1972). However, the quantities of enterotoxin 

prod"LJ.ced in cultures may be extremely low, and with some 

strains it may be necessary to concentrate the culture super

natant to detect enterotoxin. It is also possible that many 

strains of staphylococci produce enterotoxins that have not 

yet been identified and purified, and for which there is 

therefore no antiserum available. 

It has generally been accepted that only coagulase-positive 

staphylococci produce enterotoxins ( Evans and Niven, 1950) . 
However, there have been a number of reports of the isolation 

of coagulase-negative strains which are enterotoxigenic 

( Omori and Kato, 1959, Bergdoll et al., 1967). Attempts 

have been made to relate enterotoxigenicity to the ability to 

produce other extracellular proteins, but no consistent 

correlations have been found ( Thatcher and Simon, 1956, 
Ghesbro and Auborn, 1967, Jarvis and Lawrence, 1971) . 
Dornbusch and Hallander (1973) reported that the factors for 

the production of enterotoxin B and j3 -hemolysin, and for 

methicillin and cephalothin resistance, were eliminated and 

transduced together. They postulated that the genetic 

determinants for these characters were on one plasmid. 

Food poisoning incidents are most commonly due to enterotoxins 

A or D ( Gasman et al., 1967, Gilbert et al., 1972, Jarvis and 

Harding, 1972) . On the other hand, enterotoxin B has more 

commonly been associated with enteritis or clinical lesions. 

Hallander and Korlof (1967) reported that 36% of staphylo

coccal strains isolated from clinical lesions produced 

enterotoxin B, as compared with 4% producing enterotoxin A. 

Jarvis and Lawrence (1970) also found that more clinical 

strains produced enterotoxin B than enterotoxin A. Gasman 

et al., (1967), however, found that of 385 clinical strains, 

28% produced enterotoxin A ,  as compared with 19% producing 

enterotoxin B. There 
.
is general agreement ( Gasman et al., 

1967, Olson et al., 1970, Jarvis and Lawrence, 1970, 1971) 
that staphylococci of bovine origin rarely produce 
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ent erotoxins A or B .  However,. 15% of b ovine strains have 
b e en reported t o  produc e entero toxins C or D, or both C and D, 
( Olson et al. , 1 970) .  

1 . 3 Differ ences b e tween ent erot oxins 

In addition t o  differenc es in the inc idenc e of the production 

o f  .the various ent erotoxins , ent erotoxins A ,  B and C differ 

markedly in the quantities in which each is generally produc ed. 

Ent erotoxin A is usually produc ed at 5-1 0 pg/ml , ( Bergdoll , 

1 970) . Ent er otoxin B is produc ed in much larger quantities ,  

frequently 200-300pg/ml , although there is c onsiderable 

variation'b etwe en strains , and. strains producing less ent ero

t oxin B have b een r eported ( Hallander and Korlof , 1 967 ) . 

Ent erotoxin C is generally pro duc ed in quanti t i es int ermediat e  

b etween A and B ( Bergdoll , 1 970) .  The isoelec tric points 

differ for the enterotoxins , being 6 . 8  for ent ero t oxin A 

( Chu et al . , 1 966) ,  8 . 6  for ent erotoxin B ( Bergdoll , e t  al. , 

1 965 ) ,  8 . 6  for ent erot oxin c1 , ( Borja and Bergdoll , 1 967 ) , 

and 7 . 0  for enterotoxin c2 ( Avena and Bergdoll , 1 967 ) . Their 

molecular weights are reported as 34 , 700 ( ent erotoxin A) , 

28 , 366 ( enterotoxin B ) , 34 , 1 00 ( ent erotoxin c1 ) and 34 , 000 

( enterot oxin c2). 

The marked  differenc es in inc idence of the various entero

toxins have prompted several studies on possible underlying 

reasons for these differenc es .  Markus and Silverman ( 1 969 ,  

1 970) r eported that the mechanisms o f  production o f  entero

toxins A and B differed in that ent erotoxin A is a primary 

metaboli t e , and B is a sec ondary metaboli t e . ( A  primary 

metabolit e  has b een defined as one which is produc e d  in the 

exponential phase of growth , while a sec ondary metab olit e  i s  

synthesised  b y  c ells that have stopped dividing ( Weinb erg , 

1 970) ) . The c onclusions o f  Markus and Silverman were b ased 

on the ir work using one strain for enterotoxin A produc t i on ,  

and one strain for entero t oxin B production .  They found 

that ent erotoxin A product i on by strain 1 00 occurred  in the 

exponential phase of growth , while ent ero t oxin B produc t i on 

by strain S-6 occurred  in the stationary phase . Enterotoxin 

A was shown to be produc ed  by non-replicating c ells only when 

harvest ed  from the exponenti al phase of growth . Ent erotoxin 
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B produc tion was shown to occur in non-replic ating c ells  

harvested in the stationary phase o f  growth , but not  thos e  

harvested in the exponential phas e .  From experiments in 

which chloramphenicol was us ed to inhibit protein synthes is , 

Markus and Silverman (1969, 1970) c onc luded that ent erotoxin 

A production required new protein synthesi s , but that entero

toxin B production occurred in the abs ence of nevr protein 

synthes i s . The s e  findings of 1"'1arkus and Silverman sugges te d  

a fundamental differenc e in the mechanism o f  synthesis  o f  

enterotoxins A and B .  

T o  acc ount for the differenc e in the inc idenc e of enterotoxins 

A and B in food pois oning , Trol l er (1971, 1972) investigated 

the effect of water ac t ivity on the production of entero toxins 

A and B .  Us ing one strain to investigate each enterotoxin , 

Troll  er found that r eduction ir1 water activity of the medium 

c aus ed  a much greater decreas e in enterotoxin B production by 

s train C-243, than in ent erotoxin A produc tion by s train 196 E. 

From the s e  results , . he p ostulat ed that the l ower inc idenc e of 

ent erotoxin B in food-poisoning outbreaks may be  due to a 

greater s ens itivity of enterotoxin B-produc ing strains t o  

r e ductions in water act ivity level s .  

It has b e en reported ( Czop and Bergdoll , 1970), that ent ero

toxin A and B differ in their produc tion by L-forms of s taphy

lococc i . Only L-forms from enterotoxin A-producing s trains 

produc ed enterotoxin . It has b e en suggested that enterotoxin 

B production is  related to the c ell  surfac e ,  whereas entero

toxin A synthes is is not ( Bergdo l l , 1970) . Friedman (1968) 
s howed that enterotoxin B formation by s train S-6 was 

inhibited by a numb er o f  c el l  wal l  b locking agents , and 

p o st ulat ed that the c el l  surfac e may contain s i t e s  important 

t o  the s ynthesis of enterotoxin B .  

1.4 Factors affec ting the production o f  s taphylococcal 

ent erotoxins 

1 . 4.1 Medium c ompos it ion 

The product i on of enterotoxins has in general b e en carr i e d  

out i n  c as ein hydrolys ate ( CH ) media, s uppl emented with 
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mineral salts and vitamins. Enzymatic digests of casein 

have been shown to be better for toxin production (Bergd.oll , 

1962) than acid-hydrolysed casein (Gasman 1958 , Kato et al. , 

1966) . Drye and Mah (1969) investi gated the production of 

enterotoxin B in four different casein hydrolysate media . 

Protein Hydrolysate Powder (PHP) gave the highest differential 

rate of enterotoxin synthesis as compared with total protein 

synthesis . A dialyzable component in PHP produced more 

enterotoxin than PHP itself. \·Ju and Bergdoll ( 1971 a) 

investiga ted the fractions of PHP responsible for stimulation 

of enterotoxin B production . They found that the stimulatory 

effect of PHP on enterotoxin production was due to the presence 

of peptides in the medium . 

Several workers have investigated the production of entero

toxin in defined media (Fildes et al., 1936 , Gladstone, 1937 , 

Burgalla , 19LJ-7 , Sulzer , 1964 , Mah et al . ,  1967 , 'Wu and Bergdoll 

1971b , Miller and Fun g ,  1973) . Media used contained a 

selection of amino acids supplemented with mineral salts, 

niacin and thiamine . In general, these investigations have 

been carried out for enterotoxin B production by strain S-6 . 

The medium of Wu and Bergdoll gave the highest enterotoxin B 

yield (125 pg/ml) of any of the defined media as compared with 

the usual yields of between 200 and 300 �g/ml in casein hydro

lysate media. 

1 .4 .2 I?.!! 

Almost all workers who have studied the effect of pH on 

enterotoxin production, have investi gated only the effect of 

the initial pH of the medium . Reiser and \Jeiss (1969) 

investi gated the effect of the initial pH of four different 

media on the production of enterotoxins A ,  B and c .  It was 

found that an initial pH of 6 . 8 was optimal for enterotoxins 

B and C .  Enterotoxin A production was less affected by 

chan ges in the initial pH, to as low as 5 .3 .  Scheusner 

et al . ,  (1973) studied the effect of pH on the production of 

enterotoxins A, B ,  C and D, usin g one strain for each entero

toxin. Growth occurred in the pH range between 4 .96 and 

9 .02 ,  and detectable production of all four enterotoxins 

occurred when the initial pH of the medium was between 5 . 15 

and 9 .02 . 
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However, in the casein hydrolysate media generally used_for 

enterotoxin production, the pH· of the medium increases during 

growth to approximately 8 . 3-8 . 8 .  By contrast many foods are 

buffered in the range 6.0-6.5. Until 1973 no reports of the 

·production of enterotoxin under controlled pH conditions had 

appeared in the literature. Metzger et al., ( 1973) studied 

the production of enterotoxin B by strain S-6 in CH medium in 

a fermenter. A comparison was made of the yield of entero

toxin B when the pH of the medium v.ras not controlled, and at 

pH 6.0, 7.0 and 8.0. Maximum enterotoxin yield was f01md at 

pH 7.0. Carpenter and Silverman (1973) also grew strain S-6 

in a fermenter under controlled pH. However, they found 

that growth under conditions where the pH was not held constant 

gave higher enterotoxin yields than growth at controlled pH. 

Maximum enterotoxin production with pH control occurred at pH 

6.5 to 7.0. The production of several extracellular proteins 

by staphylococci under controlled conditions of pH has been 

reported by Arvidson et al., (1971 ) and Arvidson and Holme 
( 1971), but enterotoxins were not included in their investi

gations. The optimum pH for the production of several enzymes 

was found to be between 6.5 and 7.5, depending on the enzyme 

a�d the strain under investigation. 

1.4.3 Aeration 

Aerated cultures have been shown to produce more enterotoxin B 

than static cultures (McLean et al., 1968) . Studies on the 

production of staphylococcal enterotoxins have commonly been 

carried out in shake-flasks (Kato et al., 1966, I'lcLean et al., 

1968, Markus and Sil verman, 1969, Re is er and 1.Jeiss, 1969). In 

shake-flasks the degree of aeration is dependent on the speed 

of shaking, the volume of medium, and the size and shape of 

flask (Freedman, 1969). Dietrich et al., (1972) investigated 

the effect of increased aeration on the production of entero

toxin B by five strains by altering the shaking rate. As 

shaking speed increased enterotoxin production increased up 

to an optimal speed of between 325 and 37 5 rpm. At higher 

speeds, enterotoxin production decreased. It was also found 

that altering other factors which affect oxygen transfer, such 

as flask size and the volume of medium, altered enterotoxin 

production. 
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In studies of enterotoxin B production in a fermenter, 

Metzger et al., (1973) maintained a constant air flow of 

10 litres per min and a constant stirrer speed. However, 

even when a constant air flow is maintained, the dissolved 

oxygen content of the medium will decrease during fermentation, 

since the rate of consumption of oxygen will increase as the 

cell numbers increase. To adequately determine the.effect of 

available oxygen on enterotoxin production it would be desir

able to monitor the concentration of dissolved oxygen in the 

medium, and maintain a constant oxygen concentration through

out growth. 

1.4.4 Temperature 

In recent years a number of reports have appeared in the 

litern�ure concerning the effect of temperature on entero

toxin B production, although very little work has been 

reported on the effect of temperature on the production of 

the other enterotoxins. It is evident that the optimum 

temperature depends on the medium and strain being used. 

Incubations for the production bf enterotoxins have generally 

been carried out at 35-37 C. Bergdoll (1970) reported that 

enterotoxins can be produced at 25 and 30 C, but in lesser 

amounts than at 37 C. McLean et al., (1968) reported that 

detectable enterotoxin B was produced at 16 C in brain heart 

infusion medium (BHI) during prolonged incubation. Tatini 

et al., (1971a) found that in BHI the optimum temperatu�e for 

the production of enterotoxins A ,  B, C and D was 45 C. By 

contrast, Dietrich et al., (1972) found the optimum tempera

ture for enterotoxin B production by strain S-6 in a casein 

hydrolysate medium was 37 C and reported that there was 

neither growth nor toxin production at 45 c .  Vandenbosch 

et al., (1973) using four different PHP media, found 40 C was 

the optimum temperature for enterotoxin B production by strains 

S-6 and 137. 

1.5 Effect of glucose on enterotoxin production 

The production of enterotoxin B by S. aureus S-6 has been 

reported to be subject to repression by glucose (Morse et al., 

1969, _Markus and Silverman, 1969, I1orse and Baldwin, 1971, 
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Burst et al., 1973, l''lorse and Nah, 1973). The pH in these 

studies was not strictly controlled, and there was a consider

able decrease in the pH of the _medium due to glucose 

metabolism. Morse et al. , (1969) found that the addition of 

glucose to a culture actively synthesising enterotoxin 

immediately repressed enterotoxin production without 

immediately affecting pH. In ·contrast, Metzger et al, (1973) 

postulated that pH rather than glucose was the limiting factor 

in enterotoxin B production. This conclusion was based on 

work with strain S-6, in which 0.2/o glucose was added to a 

casein hydrolysate medium. However, the concentration of 

glucose was low, and the pH had begun to increase by the time 

at which enterotoxin B is usually first detected in the 

medium. This suggests that the glucose had been completely 

depleted before any significant enterotoxin production occur

red. Miller and Fung (1973) used the completely defined 1 8  

amino-acid medium devised by \·Ju and Bergdoll ( 1971b) and 

found that glucose repressed enterotoxin B production by· 
strain S-6. However, the pH was not controlled and the 

concentration of glucose in the.medium did not remain constant, 

decreasing from 1% to 0.06% during the experiment. They 

reported that repression was much less pronounced in the 

definen medium than that obtained with the complex medium of 

Morse et al., (1969). As the defined medium was increasingly 

simplified by the deleticn of amino-acids, repression of 

enterotoxin B production by glucose correspondingly decreased. 

It has generally been concluded that the inhibition of 

enterotoxin production by glucose is due to catabolite 

repression. Catabolite repression has been defined as a 

reduction in the rate of synthesis of certain enzymes, 

particularly those of degradative metabolism, in the presence 

of glucose or other rapidly metabolized carbon sources 

(Paigen and \hlliams, 1970). Transient repression has been 

defined as a period of more intense repression which occurs 

immediately after cells are exposed to glucose, and which may 

last for up to one generation time (Paigen and Williams, 

1970). The production ofo< -toxin by staphylococci has been 

reported as subject to transient repression (Duncan and Cho, 

1972). However, the concentration of glucose used by these 

workers was extremely low, and it is probable that glucose 



had been depleted from the medium by the time the cell9 

showed an •apparent recovery from transient repression. 

9. 

In genera l, carbon sources which support a rapid rate of 

growth are most effective· in producing catabolite repression 

(Neidhardt and Nagasanik, 19 56, N �idhardt, 1960, Nagasanik, 

1961, Nandelstam, 1962, Gallo and Katz, 1973). Substrates 

which feed into the early reactions of glycolysis have been 

found to be the _ best· repressors of enzyme synthesis ( Okinaka 

and Dobrogosz, 1966, Hsie and Rickenberg, 1967). It is 

generally believed that both catabo lite and transient repres

sion are due to one or more intermediates in the metabolism 

of the carbon source exerting repression. Perlman and 

Pastan (1968) showed that glucose repression of j& -galactosi

dase synthesis in E.co li was overcome by the addition of  

cyclic adenosine 3 ' 5 L  monophosphate (c-AMP) to the meaium. 

De Crombu gghe et al., (1969) showed that this was also true 

for a number of inducible enzymes in other organisms. A 
number of en zymes produced by staphylococci have been shown 

to be sensitive to catabolite r epression including formimino

glutamic hydrolase and glutamic dehydro genase, and several 

enzymes of the tricarboxylic acid cycle (Strasters and 

Winkler, 1963). However, it is not known whether the 

mechanism for catabolite repression in staphylococci is 

similar to that in E.coli. 

Two factors which have been implicated in the me�hanism of 

glucose repression of enterotoxin are thiamine, and the 

presence of a functional electron transport system. Norse 

and Ba ldwin (1971) studied the effect of glucose and pyruvate 

on enterotoxin B production at pH 6.0 and 7.7. It was shown 

that the e limination of thiamine from the medium prevented 

the oxidative decarboxylation of pyruvate, and partially or 

comp letely reversed the repression of enterotoxin synthesis 

by glucose or pyruvate. Norse and Mah (1973) found that a 

change from aerobic to  anaerobic conditions during growth in 

glucose medium also reversed g lucose repression of enterotoxin. 

It was postulated that the more complete oxidation of glucose 

in the presence of oxygen resulted in a higher energy yield 

per molecule of glucose, and that this increase in available 

energy was related to glucose repression. This was supported 
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in a sub s equent paper by Mors e and Baldwin ( 1 973 ) in w4ich 

they report ed the effect of  gluc os e on enterotoxin B produc

tion by S . aureus S-6 and a heme-requiring mutant , S . aureus 

S-6 H2 . Strain S-6 H2 lacked a functional electron transport 

system unl es s the medium was s upplemented with h em e .  The 

repress ion of eneterotoxin s ynthes i s  by gluc o s e  ( at pH 6 . 0  

to 7 . 7 )  or by pyruvate ( at pH 7 . 7 )  occurred in the abs enc e o f  

a functional el ectron transport sys tem , but was s i gnific antly 

enhanc ed in its pres enc e .  I t  was postulated that a func tional 

e l ectron transport sys tem was involved in regulating the 

degree o f  gluc os e and pyruvate repression o f  ent erotoxin B 

s ynthe s i s . 

1 . 6 The c ontrol of extrac e llular protein production 

The s taphylococcal enterotoxins form part o f  a l arge c�oup o f  

extrac e llular proteins s ecreted by staphylococc i .  Although 

enterotoxins are not known to have any enzymic properties , 

the hypothes es which have b e en put forward to acc ount for the 

s ecreti on of exo- enzymes are l ikely to b e  rel evant to the 
s ecreti on o f  enterotoxins . May and Elliot ( 1 968 ) pos tul ated 

that b ac terial extrac ellular enzymes are extrude d  through the 

c ell membrane in a nasc ent form and are finally formed outs ide 

the c e l l  membrane . Both et a l . , ( 1 972 ) found evidenc e for a 

pool o f  mRNA for extrac e llular proteas e synthes i s  in Bac i llus 

amyloliquefac i ens . They propos ed that mRNA for proteas e 

migrates to specific s ites on the membrane where the enzyme 

is  synth e s i s e d .  The exis tenc e of a pool of mRNA was sub

s equently shown for the production of two other extrac ellular 

enzymes . Coleman ( 1 967 ) s tudi ed the s ecretion of three 

extrac �l lular enzymes by Bac i l lus subtilis . As a result of  

his  inves tigations , he s uggested a pos sib l e  r e gulatory 

mechanism for the obs erve d  c haracteristi c s  o f  extrac ellular 

enzyme s ecreti on .  �men the rate of increas e in c el l  mass 

was decreas ed the rate o f  enzyme  s ecreti on increas ed , and 

c ontinue d  into the s tationary phas e of growth . Col eman 

postulated that there was c ompetition for nuc l eic ac i d  

precurs ors b etween RNA f o r  c ell growth and that for extra

c ellular protein synthes i s . As growth rate decreas ed , 

ribos ome synthesis  als o decreas ed . The nuc l eic aci d  

precurs or pool then increas e d  i n  s iz e , s o  that mlfriA for 
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extracellular protein production could be formed at the 

maximum rate. It was sugges.ted that all extracellular 

enzymes are thus under a common regulatory system in B .  

subtilis. It has been reported (Iiarkus and Silverman, 1 969) 

that enterotoxin B production by s train S-6 occurs in the 

station ary phase of growth. I f  this were a general character

istic o f  enterotoxin production, a similar control mechanism 

to that proposed for B.subtilis enzymes could apply. 

It w as therefore relevant in this study to investigate the 

e ffect of  growth rate on enterotoxin production. 

There h ave been no reports in the · literature of  the growth o f  

staphylococci in continuous culture. The use o f  continuous 

culture would en able the e ffect o f  growth rate to be studied 

without making changes in the composition of the incomin g 

medium. It would also enable the e ffect of changes in the 

medium composition to be studied without any alteration in 

growth rate taking place. 

Staphylococci produce a large nUmber of  extracellular proteins. 

It was of interest to assay some of  th ese in order to determin e 

whether there was any evidence o f  a common regulatory control 

me�hanism for the production o f  extracellular proteins in 

staphylococci. Lipase, deoxyribonuclease, lysozyme and 

total extracellular prot ein (TEP) were selected as being 

readily assayed in culture supernatants, and their production 

was followed in parallel to enterotoxin production throughout 

growth in most experiments. 

1 .7 Aims of this investigation 

The aim·s of this investigation were four- fold :  

(i) To study the characteristics o f  enterotoxin produc

tion throughout the growth cycle, with p articular 

reference to differences between enterotoxins A ,  B 
and C. In order to distinguish between enterotoxin 

dif ferences and variation between strains producing 

the s ame enterotoxin type, several strains were used 

for the· production o f  e ach enterotoxin . 
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(iii ) 

(iv ) 
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To exam ine the production of ent erotoxins in a 

controll ed environment , where pH , aer ation and 

temperature were held constant, an d to determine the 

effect of these p arameters on enterotoxin production. 

To study the e ff ect of glucose and related compounds 

on ent erotoxin production in a controlled environment , 

and independen t ly of changes in growth rate. 

To determine by the study of th e production of other 

extrace llular proteins , th e extent to which the 

effects of env ironmental changes were specific to 

enterotoxin production only, or were more general 

e�fects on extracellul ar protein pr oduction. 



2 .  GENERAL C HARAC'rEHI S·riCB OF :E:N T:EROTOXIN A, B ,  C M� D D 

PRODUCTI ON BY GRO �dNG AN D  RESTING CELLS OF STAPHYLO

COCCI . 

2.1 Introduction 

13 . 

The relation between enterotoxin production by s taphylococci 

and growth of these organisms is of fundamental importance in 

understanding the control of enterotoxin synthesis . It has 

been reported (�larkus and S ilverman, 1969, 1970) that entero

toxins A and B differ in that enterotoxin A is produced in 

the exponenti al phase of growth, while enterotoxin B i e  

produced during the s tationary phase . Therefore, i n  the 

initial stage of this study, experiments were undertaken in 

which the production of enterotoxins A ,  B and C by several 

s trains of staphylococci was followed throughout the growth 

cycle. 

Markus and Silverman also found evidence of a pool of pre

cursor for enterotoxin B ,  but considered no such precursor 

was involved in the production of ent erotoxin A .  I n  order 

to determine whether the presence or absence of a precursor 

did in fact repr esent a differ ence between types of ent ero

toxin, the production of enterotoxins A ,  B ,  C and D by non

replicating cells was investigated. To separate differences 

in the production of the various enterotoxins from differences 

due to variation between s trains, several strains producing 

each of the enterotoxins were used. 

The effect of some environmental factors on the production of 

enterotoxins was also inves tigated. A comparison was made 

between enterotoxin production in a casein hydrolysate medium 

(Hallander, 1965) and a defined amino-acid medium (\rJu and 

Bergdoll , 1971b ) preparatory to work in a fermenter in a 

controlled environment (Section 3) . 

The production of lipase , deoxyribonuclease , lyso zyme and 

total extracellular protein (TEP) was also studied to deter

mine whether the effect of different conditions on entero

toxin production was related specifically to enterotoxin, or 

was a more general effect on the production of all extra

cellular proteins . 
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2 .2  .f'la t er i a l s  and m e thods 

2 . 2 . 1  Staphyl o c o c c a l s t rains 

Strains 1 00 ,  S-6 and 361 wer e kindly s upp l i e d  by M . S .  B er gdo l l  

( Univers ity o f  vl i s c ons in , l"ladi s on , \.Jis . ) ,  and ar e wi d e ly us e d  

f o r  t h e  pro duc t i on of ent erot oxins A ,  B and C r e s p e c t iv e l y . 

Strain S-6 als o pro duc e s  smal l amolmts of ent erot oxin A .  

Strains 1 0 ,  22 , 28 , 29 and 30 ar e from the Int ernational 

Pha g e  Typing S e t � s train 30 b e ing r ep ort ed in the l i t e ratur e  

as PS 5 3  ( Mc C l at chy and Ros enb lum 1 963 ) . Strain 743 was 

kindly s uppl i ed b y  R. w. B enne t t  ( FDA . vlash ingt on DC ) .  

Strains 1 0  and 743 pro duc e ent erot oxin A. Strains 22 , 28 , 
29 and 30 produc e ent ero t oxin B and a sma l l  amolUlt o f  ent ero

t oxin A ,  and i t  wa s hoped that us e o f  th e s e  s trains would 

enab l e  c omparis ons o f  ent erot oxin A and B produc t i on to b e  

made wi thin on e s t rain . Strains 3 and 3 7  ar e c l inic al 

s trains wh ich produc e l arge amolUlt s o f  ent erot oxin C .  

2.2 .2  t1edia 

Cul t ur e s  were maint ain e d  on Tryp t ic a s e  Soy Agar ( BBL ) . 

Exp erim ent s wi th growing c e l l s were c arr i e d out in c a s ein 

hydro lys a t e  m e dium as d e s c rib ed b y  Hal lander ( 1 965 )  ( r e f e rr e d  

t o  h e r e aft er a s  C H  Medium )  o r  the d e fined amino-ac i d  m ed i um  
"4 (2. 08%) " of \1u and B ergdo l l  ( 1 971b )  ( r e f err ed t o  her e a f t er 

as AA m edium ) . Th e c omp o s i t i on of thes e m edi a vm s as 
fo l l ows : 

CH me dium : F erric c i trat e  0 . 0025 g ,  K2HP04 1 . 0 g ,  

KH2Po4 1 . 0 g ,  l"'g so4 7H2o 0 . 2  g ,  1 - c ys t ine 0 . 025 g ,  

s o dium ac e t a t e  0 . 025 g ,  1 - t rypt ophan 0 . 075 g ,  c a l c ium 

pan t othena t e  500 pg , thiamine hydrochloride 40 pg , 

n i c o t inic ac id 1 , 200 pg 1 c a s amino ac i ds ( Di fc o )  20 . 0  g ,  

prot ein hydro lys at e ( BBL trypt i c as e )  20 .0  g ,  dis t i l l e d  

wat er one l itr e .  Th e pH was adj us t ed t o  7 . 3  with 

N aOH unl e s s  o therwi s e s p e c i fi e d , and the m e dium aut o 

c laved a t  10 ps i for 1 5  min . 

AA medium : Amino- ac ids ( L-forms ) pg/ml : tryp t o phan 

60 , lys ine 600 , h i s t idine 480 , arginine 360 , aspar t i c  

ac id 2 , 400 , thr e onine 2 , 400 , s erine 2 , 400 , glut am i c  
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ac id 2,400, proline 2,400, glyc ine 2, 400, alanine 2, 400, 
cy s tine 240, valin e 480, m e thionine 180, isoleuc ine 600, 
leuc ine 600, tyros ine 180, phenylalanine 200 . . Other 
compound s were added a s  follows : (mg/ml) : (NH4) 2so4 1 . 0, 

1 isod��Pil� i�r�pct; _ � �120 0 .5, I1gS047H 2o 0 .1, Ji,eso4 . 7H2o 
0 . 01 , �niac in 0 . 01 / thiam ine HCl 0 . 0005 . Tryp tophan and 
cystine were dissolved in . 0 � 2  N HCl (50 ml per litre of 
medium), aspartic ac id, glu tam ic acid and tyros ine were 
dissolv ed in 0 . 2  N NaOH (100 ml per l i tre of med ium), 
and the �emaining amino ac ids were d issolved in wa ter . 
N iac in and thiam ine-HCl \vere made up as concen tra ted 
stock solu tions and s tored at 4 C .  The pH of the 
med ium was ad justed to 6 .5 or other spec ified pH w i th 
NaOH, and the med ium autoclaved at 10 lb for 15 min .  

2 . 2 . 3  

Med ia for non-repl ica ting cells : The N-conta ining 
med ium for the resuspension of non-growing cells 
conta ined Trypticase (BBL) 411�, K2HP040 .1%, glucose, 0 . 15�b , 
pH 7 .1 (not adjusted) . N-fr ee med ium conta ined K2HP04, 
3 .  5�b, glucose 0 .15;'o, pH 7 .  � (ad justed Hi th HCl) . These 
med ia d iffered from tha t  of Markus and S ilverman (1969) 
in tha t  glucose was reduced from 0 .5/o to 0 .15%, and was 
included in both media, in v iew of the reported glucose 
repression of enterotoxin B (J:Iorse e t  al ., 1969) . Glucose 
was autoclaved separa tely at 10 psi for 10 m in and added 
to sterile medium . 

Measurement of gro\\'th 

Growth was followed by measuring the optical dens i ty (OD) of 
an appropr iate d ilution of culture on an SP 500 Unicam spectro
photometer a t  600 nm . I t  was shown that there was a l inear 
relat ionship between cell mass and OD, using the method 
described by Kavanagh (1963) . Staphylococcal cells from the 
exponential phase of growth (4 h) were killed by s team ing for 
30 min ., washed once and resuspended in ch illed d is t illed 
water . One hundred pg/ml Merthiolate (El i  Lil ly Go) was 
added as a preservative . 
four hours and decan ted . 

The cells were allowed to stand for 
A suspension which had an OD of 

1 . 0 a t  600 nm was then prepared and this concentrat ion of 
cel ls was termed 100% . D ilut ions of 80 , 60, 40 ,  20 and 1 0% 
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o f  c e lls in dis t illed wat er were then prepared and OD values 

read at 600 nm .  The resultant c urve ( Fig . 1 )  showed that 

there was a l inear relat i onship b etween OD and the c e l l  mas s 

from 0 . 0  to  0 . 7  OD units at 600 nm . All sampl es w er e  

dilut ed so that they f e l l  within thi s  range , and r ead agains t 

a medium blank that had b e en s imilarly di lut ed . OD readings 

were multiplied by the di lution for eas e of c omparis on .  

Spec i fic growth rate (p) was calculated as fo llows : 

p = 

( lo g1 0  
0Dt2 - l o g1 0  

( t2 - t1 ) 

0Dt1
) 2 . 303 

for the time int erval t1 t o  t2 ( Stanier et al . ,  1 971 ) .  

2 . 2 . 4  Cultural conditions 

Shake flasks were incub ated on a N ew Brunswick gyr a t ory 
shaker at a shaking speed of approximat ely 300 rpm which ·was 

kept c onstant exc ept as spec ified in the experiments with 

baffled flasks . Exc ept as spec ified in the experiments in 

which temperatur es were vari ed , all  incubations were at 37 C .  

The pH was rec orded on a Radiomet er pH meter .  

A Beckman oxygen s ens or was us e d  t o  measure the c onc entration 

of  dis solved oxygen where indic ated . The oxygen s ens or was 

cal ibrat ed in air s o  that a reading of 100% on a Beckman 

oxygen meter was equival ent to a parti al pres sure  o f  oxygen 

o f  1 52 mm Hg . 'rhe c onc entrati on o f  dis s olved oxygen in 

the medium was then read on the oxygen met er , and was rec orded 

on a Hitachi r e c order . 

2 . 2 . 5  Non-repl icating c ells 

N on-replic ating c ells were prepared as describ e d  

and Silverman ( 1 969 ) . Staphylo c o c c i  were grown 

medium (200 ml in 1 l i tre flask ) on the shaker . 

by I":arkus 

in CH 

At the 

r equired time c ultures  were harves t ed by c entrifuging at 

1 0 , 000 rpm for 1 5  min , then washed in 0 . 01 M pho s phat e 

buffer , pH 7 . 0 , by resuspending and c entrifuging at 

1 0 , 000 rpm for 5 min . Tests showed that after two washings 
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Figure 1 Relation between cel l  concentration and OD at 600 nm. 100 per cent 
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---._] 
• 



1 8. 

small amounts of enterotoxin c ould s till b e  detec t ed in 
supernatants o f  resuspended c ells  of  s train s S-6 and 361 .  

I t  was found that four washings \vi th buffer for ent erotoxin B 
and C-produc ing s trains and one washing for ent erotoxin A

produc ing s trains ensured removal of enterot oxin to  b elow the 

limit o f  det ec t i on and this proc edure was adopt ed for all 

non-replic ating c ell experiments . The c 8lls  were resuspended 

\ V'  the appropriat e medium s o  that a dilution of 1 in 200 gave an 

OD of  0. 15-0 .20 at 600 nm . Jm OD of 0.20 in the diluted 

suspens ion c orr esponded to approximately 1 0  mg/ml dry weight 

of c el l s  in the undilut ed suspens ion .  Fi ft e en mls of this 

c el l  suspe.ns i on were shak en in 1 00 ml flask at 3 7  C for 

spec if i ed times . 

2 .2 . 6 As says of extrac e llular prot eins 

Sampl es were c entrifuged at 1 0 , 000 rpm for 1 5  min t o  r emove 

c el l s , and 1 00 p.g/ml I'lerthiolat e  was added t o  supernatants 

which were then stored at 4 C .  I t  was shown that neither 

the addition of Merthi o l at e , nor the s torage of s ampl es for 

at l east  6 months affec t ed the det ermination of any of the 

extrac ellular proteins which were assayed . 

Ent erotoxins . Ent erotoxins A ,  B and C were as sayed 

by the s ingl e-tub e  gel-diffus ion method ( ',Je irether et al . ,  

1966). A s olution of  the spec ific ent erotoxin ant i s erum in 

0 . 02 M phosphat e  buffer , c ontaining 0 . 8 5% N aCl , and 1 00 p.g/ml 

Merthiolate , was added t o  1 %  Difc o Nob l e  Agar s olut i on at 

48 C .  Aliquots of the mixtur e (400 pl ) were then plac ed 

in 4 mm diameter gel-diffus ion tub es and allowed to s ol idify . 

Us ing a micropipette  the agar was overlaid with 250 p.l of  a 

known or unknown ent erotoxin s o lution in phosphate-buffered 

s al ine as describ ed above c ontaining an additional 2% NaC l . 

The pH and i onic strength of the ent erot oxin s o lution have 

b e en shown to influenc e the rat e of migration of the ent ero

t oxin antis erum prec ipitin band ( Weirether et al . ,  1966 ?. 

Al l s ample s  to  be  tes t ed were therefore dilut ed with phos phat e 

buffered s al ine at a c onc entration such that the samples  

c onta ined the same final c onc entration of  buffer and N aC l  as 

the ent erotoxin standards . 
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The l ength of e ach z one o f  prec ipitation was measured aft er 

the tub es had b e en incubated  at 30 C for 20 ll . The logar

ithms o f  known c onc entrations of ent erot oxin were plott e d  

against zone l ength , c overing the range of 3 t o  25  pg/ml 

ent erotoxin . Samples t o  b e  t e s t ed were dilut ed with 

phosphat e-buffered salin e  of the �ppropriate c onc entrati ons 

s o  that they fell  within this range . A new s t andard curve 

was prepared with each t es t , a typical standard curve for an 

ent erot oxin A det erminat ion b eing shown in Fig . 2 .  Ent erot oxin 

B and C standard curves were similar to that sho�m for ent ero-

tqxin A .  The s oluti ons o f  en� erotoxins and antis era wer e 

s tored  at - 20 C .  The s am e  s tandard s oluti ons o f  ent ero-

toxin were us ed for any one s et of experiments ,  and in mos t  

inst anc es samples  whos e  ent erot oxin c onc entrations were t o  b e  

c ompared  with one another were t es t ed at the same t ime . 

Under thes e c onditions , the variation b etween duplicat es was 

not greater than approximately 4%. 

Ent erotoxin D was det ermined by the vladsworth ( 1 9 57 ) micro

s lide  gel-diffus ion t echnique as _ describ ed by  :l ehren and 

Z ehren ( '1 968 ) , as antis erum suppli es were inadequate  for tub e  

gel-di ffus ion t ests . Samples t o  b e  t e s t ed wer e dilut ed 1 /2 ,  

1 /4 ,  1 /6 ,  1 /8 and 1 /1 0  in 0 . 85% sal ine . The c onc entrat i on 

of ent erotoxin D was rec orded as the highes t dilut i on which 

formed a l ine o f  precipitation with ent erotoxin D antis erum . 

The l ine of prec ipitat i on was invariably c oncurrent with that 

produc ed by known ent erot oxin D s olutions . 

D eoxyribonuc leas e .  The estimation o f  deoxyribonuc l eas e 

was c arried  out by a micro-s lide gel-diffus i on t echnique 

developed in this lab orat ory ( Jarvis and Lawr enc e ,  1 969 ) . A 
s o luti on of agar ( 2% w/v) c ontaining 1 mg/ml calf  thymus DNA 

( Si gma Chemic al Go . )  was s t eamed for 1 5  min and added t o  an 

equal volume of 0 . 1  m Tris-HC l buffer pH 8 . 7 ,  c ontaining 

0 . 02 m ea++ . One ml of this hot mixture was s pr ead on a 

micros c ope s lide over an area 2 in x 1 in . A hole  2 . 7  mm 

diameter was bored with a s teel  tub e ,  and 0 . 004 ml of the 

deoxyribonuc l eas e preparation added to  the well . 

were incubated in a moi s t  chamb er at 37 C for 20 h .  

The s lides  

The 

s lides were then dippe d  in 1N-HC1 for 1 5  s ec . , washed with 
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water and the diameters of t he zon es of clearing read with 
vernier calipers. A standard curve was prepared using 
dilutions of purified staphylococc al deoxyribonuclease, an 
arbitary v alue of 1 000 units per ml being assigned to the 
purified preparation (Fig. 3). Relative en zyme activities in 
unknown samples were read from the standard curve . Samples 
from any one set of experiments were always tested together, 
and a standard deoxyribonuclease preparation w as included 
with each test. 

Lipase. Lipase activity was estimated by the si ze of 
the zone of clearing in tributyrin a gar, using a microslide 
ge l-diffusion technique (Lawrence et al ., 1967). Five ml 
of 1 . 5% tributyrin emulsion were added to a hot solution of 
0 . 5  g Ionagar (Oxoid ) in 0 . 0 25 M phosphate buffer pH 8 . 0. 
This mixture was used to prepa�e slides and samples were 
added as for deoxyribonuclease determinations. The slides 
were incubated in a moist chamber at 37 C for 20 h, and the 
zones of clearin g measured. Relative lipase activit ies of 
unknown samples vJ Ore read from a st andard curve prepared with 
purified micrococcal lipase (Fi g . 4). S�Qples from any one 
set of experiments were always tested to gether, and a standard 
lipase preparation was included with each test . 

Lyso zyme. Lysozyme was determined essentially by the 
method used by Hawiger ( -1 968). The enzyme preparation 
(0 .1 ml) was added to 4 ml lyso zyme substrat a (Difco) (OD of 
0 . 80-0 . 90 )  which had been previously warmed to 37°. All OD 

readings were at 550 nm on an SP 500 spectrophotometer. 
Lyso zyme activity was measured as the percentage decrease in 
OD after a further 30 min incubation in a 37° water-bath, 
and recorded in units relative to the activity of dilutions 
of egg-white lysozyme Cvlorthington ( E1:JL ) by measurement from 
a standard graph (Fig . 5) .  The assumption has been made that 
all staphylococcal lyso zymes wil l  have the same s pecificity 
in action toward 1'1 . lysodeikticus as egg-white lysozyme 
(Richmond, 1959) . 

Total extracel lular protein (TEP). For t he measure-
ment of TEP a modification was made of the method of 
Stadtmah et al . ,  (1951) . Thirty per cent trichloroacetic 
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ac id (0 . 5  ml ) was adde d  t o  a m ixtur e o f  '1 . 0 ml s up ernatant 
and 2 . 0  ml 0 . 8 51'� s a l ine , an d the OD at 600 nm r e ad a f t er 
7 min . A ft er th e addi t i on o f  TCA the OD inc r e a s e d  r apidly , 
but had s t ab i l i z e d  b e f o r e  7 m in . A s t andard c urve was 
ob tained us ing d i lut i ons of b ovin e alb umin , OD b e ing a l in e ar 
func t i on o f  albumin c onc ent r a t i on over the range 0 . 1 - 1 . 5 m g/ 
ml ( Fi g . 6 ) . 

2 . 2 . 7  Spec i f i c  rat e o f  nro duc t f o rmat i on in b atch c ul tur e s  

T h e  pro duc t i on o f  an ext rac e l lul a r  pr o t e in s uc h  a s  ent ero
t oxin � ould be expr e s s ed a s  a t o t a l  yi eld at t a i n e d  when 
produc t i on has c eas e d, or as the amount pro duc e d  dur ing a 
s pec i f i e d  t ime int erval . H o w ever , chan g e s  in environment 
which r e s ul t ed in chan g e s  in the produc t i on of ent erot oxin 
were found to a f f e c t  al s o  s uc h  param e t ers a s  growth r a t e  and 
c e l l  y i e ld .  I t  ther e f o r e  b ec am e  nec e s s ary to expr e s s  th e 
rat e o f  ent er o t oxin pro duc t i on in a way which wou l d  b e  
ind e p end ent o f  gr owth rat e , c e l l  y i e l d  and th e l ength o f  t ime 
for whi c h  ent er o t oxin was b e ing pr o duc ed . 
the d e t e rminat i on o f  the s p e c i f i c  rat e of 
per uni t  o f  c e l l  mass , for e nt er o t oxin or 
pro t e in s , as f o l l ows : 

.2:.:2 
dt = 

Thi s  was done b y  
pr o duc t format i on 
other extrac e l l u l ar 

wh er e qp = s p e c i f ic rat e o f  pr o duc t ( p ) f ormat i on p e r  uni t  o f  
c e l l  m a s s  ( x )  a t  t im e  t ( Fi r t , 1 969 ) . 

During t ime int erval t 0  t o  t 1 

p = qp {t: xdt + p0 

At t i m e t ,  X =  x0 ePt , wh e r e  p = s p ec i f i c  gr owth rat e and x0 = 
init i a l  c e l l  mas s 

P = qp (t 
Xo eut dt + Po }t o 
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. • p - Po = qp xo 1 [ert - ePtoJ 
• )l 

p - Po • q = p • • 

x e)J.t - x eP.to p 
0 0 

i . e .  , the spec ific rat e o f  produc ·t formation per unit  

increas e in pro duc t mas s  = . . x snecific growth rat e .  1ncreas e 1n c el l  mas s � 
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of c el l  

A s  i t  

had b e en sho1·m that "O D  was proporti onal to  c el l  mas s , qp for 

time interval t1 t o  t 2 was c a lculated as : 

q units for batch cultures are un its o f  produc t per unit  p 
c el l  mas s p er hour , the unit of  produc t b e ing pg for cat ero-

t oxins , mg for 'rEP ,  and urii ts  as described  in Bee tion 2 .  2 .  6 

for l ipas e , de oxyribonuc l eas e and lys o zyme . 

2 . 3  Results 

2 . 3 . 1  Produc tion o f  ent erotoxins in shake-flasks 

�he produc tion of ent erotoxin A by s trains 1 00 ,  1 0  and 743 , 

enterotoxin B by s trains S-6 , 22 and 30 , and ent erot oxin C by 

s trains 361 , 3 and 37 was followed throughout growth in 200 ml 

CH medium in 1 litre  shake-flasks . Ent 8rot oxin A pro duc t i on 

b y  s train 1 00 was first  detected  in the exponential phas e 

when the OD was 2 ,  and c ontinued throughout growth ( Fig . 7 ) . 

Ent erotoxin A product i on decreas ed sharply as growth ent ered 

the stationary phas e .  A s imilar time c ours e was found for 

the  production of  ent erotoxin A for s trains 1 0  and 743 . 

H owever , the final yi e lds of  ent erotoxin A were 8 ,  3 and 2 pg/ 

m l  for s trains 1 00 ,  1 0  and 743 respec tively. 

Ent erotoxin B produc t i on by s train S-6 i s  shown in :B'i g . S .  

Ent erotoxin was firs t det ect ed in the exponential phas e when 

the OD was 3 . 7 ,  and c ontinued increas ing throughout growth . 

There was a marked increase in ent erotoxin B produc t i on in 

late exponential and early s tati onary phas e ,  but it  was f ound 

that this was not typical of ent erotoxin B produc t i on .  

Ent erot oxin B produc t i on by s trains 2 2  and 30 was fir s t  
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detec t ed in the exponential phas e \·Jhen OD was 3 . 4 and 5 . 0  

respec tively , and continued throughout growth . However , for 

thes e two s trains the rate of  ent erot oxin B produc t i on 

decreas ed as growth rat e decreas ed  and there was no appreciab l e  

increas e in ent ero toxin c onc entrat i on during the s t a t i onary 

phas e .  The final c onc entrati ons o f  enterotoxin B produc ed 

were 290 , 1 04 and 1 50 )Ug/ml for s trains S-6 , 22 and 30 

respec tively. 

Ent erotoxin C produc t i on by s train 361 is  shovm in Fig . 9 G  

For s trains 3 and 37 , the t ime c ours es for ent ero toxin C 

produc t io� wer e very s imilar to  that for s train 361 . Entero

toxin produc t i on was first det e c t e d  in the exponential phas e 

when OD readin�s were 5 . 6 ,  6 . 0  and 5 . 6 for s trains 361 , 3 

and 37 respec t ively. Ent erotoxin C production c ont inued 

throughout growth , and the rate of ent erot oxin produc t i on 

decreas ed as growth rat e decreas e d .  No  increas e in ent ero

toxin was evi dent aft er growth c eas ed.  

Figur es 7 to  9 also shov1 the changes in  pH that take plac e 

in shake-flask c ultur es . In CH medium the ini t i al pH was 

7 . 3 , and the pH at 24 h was b etwe en 8 . 1  and 8 . 6 .  Strains 1 00 ,  

S-6 , 22 and 361 showed a s light initial d ecreas e in pH . 

The changes in the c onc entrati on o f  diss o lved oxygen in the 

medium in a shake-flask culture were s tudied . A B eckman 

oxygen s ensor was fit t ed int o a flask through a s ide  port 

and the c onc entration of dis s o lved oxygen rec orded during 

24 h incubat i on .  I t  was found with strain 1 0  ( Fi g . 1 0 )  that 

the oxygen c onc entration decreas ed  rapidly from 1 22 t o  2 mm 

Hg during the f irst 2 hr , and r emained at almos t  z ero reading 

unt i l  1 9  h. 'l'he rat e of growth had then decreas ed  markedly , 

and the c onc entration of dis s o lved oxygen in the flask 

increased to 56 mm Hg by 24 h.  An experiment c arr i e d  out 

with s train 361 showed s imilar r e s ults . 

Strains 

250 ml 

and 45 

Effec t of t emperature on growth and produc t i on of 

extrac ellular proteins . 

3tol, 
1 00 ,  S-6Aand 485 were grown in 50 ml CH medium in 

shake-flasks for 24 h ,  at  t emperatures of 30 , 3 5 , 40 

C .  The effec t of t emperature  variation on s pecific  
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growth rat e , and the produc tion · of ent erot oxins and other 

extrac ellular prot eins during 24 h incubat i on i s  shown in 

Tab l e  1 .  There was c ons iderab l e  variati on b etwe en s trains . 

For all s trains the highes t final OD occurred at 30 C ,  the 

l owest growth rat e and OD occurred at 45 C .  Enterotoxin 

pro duction was maximum at 30-40 , 40 , 30-35 and 30 C for 

s trains 1 00 ,  S-6 , 361 and 485 respe c t ively.  

The ent erotoxin c onc entrations are in s ome ins tanc es l e s s  than 

that reported earli er for shake-flasks . This variation is  

probably due to  the di fferenc es in aeration and agitation in 

50 ml medium in 2 50 ml flask as  c ompared with 200 ml in 1 -1 

f l ask us ed for growth curves . · The s pecific growth rat e  was 

highes t at 35 and 30 C for s trains 1 00 and S-6 and 30-40 C for 

s trains 361 and 48 5 .  Optimum t emperatur es for TEP produc t i on 

were 40 C for s trains 1 00 and S-6 , and 45 and 3 5  for s trains 

361 and 485 respec tively. Lys ozym e  produc tion was maximum a t · 
30  C for all  strains and deoxyribonuc leas e produc t i on was . 

maximum at 30 C for s trains 1 00 ,  361 and 485 , and at 40 C for 

s train S-6 . 

2 . 3 . 3  C omparis on of  CH and AA media 

I t  b ecane evident during experiments in the ferment er ( Sect i on 

3 )  that there would b e  advantages in using a c omp l e t e ly defined 

medium ,  rather than the cas ein hydrolys at e m edium .  I t  was 

h oped that growth in such a medium might c aus e l e s s  foaming 

in the f erment er than CH medium . A defined medium was al s o  

d e s irab l e  in vi ew o f  the anticipat ed work on the effec t of  

gluc os e  and relat ed c ompounds on ent erotoxin produc tion .  

S inc e a defined amino-acid medium , d eveloped for the pr oduc t i on 

o f  ent ero toxin B us ing s train S-6 , had rec ently b e en r eport e d  

in the lit erature ( Wu and B ergdoll , 1 971 b ) , a c omparis on was 

made of the product i on of ent ero toxins A ,  B and C in this 

m edium ( AA medium) and in the CH medium previous ly us e d .  

The produc tion o f  enterotoxin A and TEP b y  s train 1 00 was 

s imilar in both media ( Tabl e  2 ) .  The specific growth rat e 

was less  and the 24 h OD and pH were great er in CH medium . 

Strain S-6 produc ed l e s s  ent erotoxin and TEP in AA medium , 

whil e  showing a small  increas e in growth rat e and OD . pH 



TABLE 1 .  The e ffect  of t emperature on the production o f  ent er9 toxin and other 

extrac e llular pro t e ins by s trains 1 00 ,  S-6 , 361 and 485 in CH medium in 

shake-flasks during 24 h incubation .  

.Strain and T empera- Specific Final Ent ero- TEP Lipas e Deoxyribo- Lys ozyme . 
ent erot oxin ture growth OD toxin ( mg/ml ) ( units/ml ) nuc l eas e ( units/ml ) 

type rat e (p.) ( p.g/ml ) ( units/ml ) 

1 00 .A . 30 c 0 . 45 20 7 0 . 08 90 66 3 . 7  

1 00 .A 3 5  c 0 . 57 20 6 0 . 0 5  9 2  36 2 . 1  

1 00 .A 40 C  0 . 55 1 2  6 0 . 1 3  84 38 . 0 . 7 

1 00 A 45 c 0 . 29 6 NDa 0 44 1 5  0 

S-6 B 30 c 0 . 66 1 8  1 23 0 . 90 41 0 230 5 . 1  

S-6 B 3 5  c 0 . 36 1 5  1 52 0 . 9 5 1 80 1 55 4 . 1  

S-6 B 40 c 0 . 37 1 3  208 . . 1 . 36 290 270 0 . 6  

S-6 B 45 c 0 . 20 1 2  8 5  0 . 48 260 245 . 0 

361 c 30 c 0 . 50 28 37 0 . 37 690 39 ) 6  

361 c 3 5  c 0 . 45 26 43 0 . 30 500 34 ') 6  

361 c 40 c 0 . 51 28 30 0 . 56 81 0 29 5 . 2 

361 c 45 c 0 . 34 1 6  29 1 . 06 51 0 30 1 . 4 

485 D 30 c 0 . 49 28 1 /6b 0 . 07 23 42 3 . 9  

485 D 3 5  c 0 . 45 25 1 /2b 0 . 1 0  200 1 7  2 . 5  

485 D 40 c 0 . 48 22 1 / 2b 0 . 05 340 1 7  1 . 1 

485 D 45 c 0 . 31 1 7  NDa 0 . 08 490 28 0 

a ND indicates  not detectabl e .  
b Ent erotoxin D reported as t i tr e  showing pos itive s lide gel-diffus i on t es t .  

\).J 
+=-
• 
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TABLE 2 .  Product i on o f  ent erotoxins A ,  B anc C in CH and AA 

media in shake-flasks during 24 h .  

Strain and Spec ific 

c��;!f)t oc9- TEP ent erotoxin l"ledium e;rowth OD ( mg/ml ) pH 
typ e  rat e (p) 

- 1 00 A CH 0 . 27 21 8 0 . 1 8  0 . 1 3 8 . 60 

1 00 A AA 0 . 1+9 1 8  7 0 . 07 0.1 4 7.25 

S-6 B CH 0 .54 1 5  3 20 2 . 1 0  2.95 8.1 5 

S-6 B .  CH a 0 .60 14 31 0 2 . 1 0  3.08 8.1 5 

S-6 B AA 0 . 63 17  1 90 1 . 0 0 .66 7- 95 

361 c CH 1 . 23 26 63 0 . 90 0.7 5 8.55 

361 c AA 0. 59 25 1 00 1 .  50 0 .64 8 .45 
------------· --� L_ ----- ------------

-

alni t ial pH 6.5 as c ompared with us ual pH o f  7 . 3 for CII medium . 

\.,'I 
\J1 

• 
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was s li ghtly d ec r eas ed in AA medium . No s igni fic ant dif

fer enc es wer e produced by adjus ting the initial pH of CH 
medium t o  6 . 5 for strain S-6 . Strain 361 showed a 60% 
increas e in ent erotoxin C produc t i on in AA medium . At the 

s ame time ther e was a marked decr eas e in growth rat e but 

litt l e  change in TEP , OD or pH as c ompar ed with CH medium . 

Eff ect o f  arginine c onc entration in AA m edium 

I t  appeared from the findings o f  \..Ju and B ergdol l  ( 1 971 b ) that 

th e dec line in enterot oxin B produc t ion by s train S-6 c o inc i d-

ed witn the depl etion of arginine from th e medium . In an 

att empt to inc r eas e ent ero toxin B pr oduc tion by s train S-6 
shake-cultur e s  were inc ubated for 24 h with varying c onc entra

ti ons of arginine in the m edium . Increas ing the c onc entrat i on 

of arginine fr om 360 pg/ml to 1 4L!-O p.g/ml did not inc r eas e the 

s pec ific growth rat e ,  or the produc t i on o f  enterotox in B .  

Adding 360 p.g/m l arginine at 4 , 8 and 1 2 hours s imi l arly 

c aus ed no c hang e in growth rat e or ent erot oxin B pro duc ti on . 

Th e omi s s i on o f  arginin e from th e m edium did decreas e ent erG

t oxin l evels from 1 91 pg/ml in ih e  AA c ontro l flask to 1 29 pg/ 

m l , and the spec ific gr owth rat e was reduc ed from 0 . 39 t o  

0 . 20 .  

+ + The e f f e c t  of K and NHL.j_ i ons in AA medium 

AA medium c ontains 14 . 7  pmol e s  o f  K+ ions as KH2Po4 and 7 . 6  
pmoles  NH4+ as ( NH4) 2so4 • As i t  had b e en report e d  ( Fr i edman 

1 966 , Kimb l e  1 970 ) that 36 . 7  p.mol e s  K+ i ons as K2HP04 c om

p l e t ely inhib i t e d  the pro duc t i on of ent erot oxin B by s train 

S-6 , the effect of K+ i ons in AA medium was inve s t i gat e d .  

Fri e dman al s o  r eport ed that NH4 + i ons overc ame this inhib i.

tion ,  and that the inhib i t ion was p artially dep endent on pH . 

Shake-flask cultures ( 200 ml AA medium in 1 litre f lasks ) 
with and without (NH4) 2 S04 , at ini tial pH values o f  pH 6 . 5  
and 7 . 7 ,  wer e inoculat ed with s train S-6 . The c onc entrat i on 

of K+ ions was increas ed by the addition o f  KC l .  The pro

duc t i on of ent erotoxin B ,  the s pec ific growth rat e (p) and 

the OD aft er 1 2  h incubation are shown in Tab l e  3 .  I ncreas

ing the c onc entration o f  K+ i ons to 50 p.mol es/m l  did n o t  

inhib i t  the produc tion o f  ent erotoxin B a t  e ither pH , i n  the 
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TABLE 3 .  Effec t o f  K+ ions on the produc tion of enterotoxin B by 

s train S-6 during 1 2  h incubation with and without (NH4) 2so4 , 
at  initial pH values of 6 . 5  and 7 . 7 . 

K+ . 
�ons 

(Jllllol es/ml ) 

1 4 . 7  

30 . 0  

50 . 0  

1 4 . 7  

30 . 0  

50 . 0  

1 4- . 7 
30 . 0  

50 . 0  

1 4 . 7 
30 . 0  

50 . 0  

Initial (NH4) 2S04 
pH 

6 . 5  

6 . 5 

6 . 5  

6 . 5  

6 . 5  

6 . 5  

7 - 7 

7 - 7  

7 - 7 

7 - 7  
7 - 7  

7 - 7  

(pmoles/ml ) 

--- --· ------

7 . 6  

7 . 6  

7 . 6  

0 

0 

0 

7 . 6  

7 - 6  

7 . 6  

0 

0 

0 

a ND indicates not detectab l e . 

Specific Final growth rat e 
(p) OD 

0 . 55 1 1 . 6  

0 . 51 1 0 . 5  

0 .  51 1 4 . 6  

0 . 39 1 0 . 5  
0 . 46 1 0 . 2  

0 . 39 1 0 . 0  

. 0 . 36 3 - 3  
0 . 46 3 - 7 
0 . 37 4 . 9  

0 . 1 0  2 . 5 
0 . 1 6  3 - 5  

0 . 1 4  1 . 9 

Ent erotoxin B 
(pg/ml )  

1 34 

1 46 

1 40 

67 
72 

72 

NDa 
. 

NDa 

NDa 

NDa 

NDa 

NDa 

\>I 
'-.] 
• 
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pres enc e or abs enc e of (NH4)  2 so4 . · \,Jh en the initial pH of 

the medium was 6 . 5 , the omi s s ion of ( NHLJ_) 2 so4 caus ed a 50% 

decreas e in the produc t i on of ent erotoxin B ,  and a l e s s er 

decreas e in growth rat e ( 20?-o) and OD ( 1 0�5) . vlith an initial 

pH of 7 . 7 , OD and growth rat e were reduc e d ,  and ent ero t oxin 

was not detectab l e  aft er 1 2  h incubation.  The omi s s i on o f  

(NH4) 2 so4 from the medium a t  t'his pH c aus ed a much great er 

decreas e in the rate  of growth than at the lower init ial pH . 

Produc t i on o f  ent erotoxin s by non-replicating c el l s  

Markus and Si lverman ( 1 969 ) report ed that ent erot oxin B 
product i on by non-repl icating c ells  from the stationary phas e 

of growth occurred in the abs enc e of n ew protein synthes is , 

but that enterot oxin A produc tion by non-r eplicating c el l s  

harve3 t e d  at any s tage o f  growth did not occur i f  protein 

s ynthes i s  was inhibited ( I"larkus and Silverman , 1 970 ) . I n  

order to  determine whether this did in fac t indicate a dif

ferenc e b etween the mechanism of s ynthesis of diff erent 

ent erot oxins , the produc tion of ent erotoxins A ,  B ,  C and D 
by non-replic at ing c ells  of s taphylococci  was inves tigat ed 

us ing s trains 1 00 and 22 for the production of ent erot oxin A ,  
s trains S-6 and 22  for the product i on of ent erotoxin B ,  s trains 

3 and 361 for the produc tion of ent erotoxin C ,  and s t rains 

293 and 485 for the produc tion of ent erot oxin D . 

Tab l e  4 shows results for s train S-6 . Btationary phas e c el ls 

produc ed 63 pg/ml ent erot oxin B and 0 . 83 mg/ml 'rEP after 4- h 

in N-medium , whereas in N-free  medium only 5 pg/ml ent erot oxin 

B and 0 . 1 0  mg/ml TEP were produc ed . In the pre s enc e o f  

chloramphenicol , the production of ent erot oxin B was reduc ed 

to 1 - 2  pg/ml , and there was no det e c t ab l e  increas e in TEP in 

either medium . The metabolism of trypticas e resul t e d  in a 

ris e in pH , even in the abs enc e of TEP increas e .  There was 

also a smal l increase in OD in N-medium . However , as this 

increas e was l e s s  than 1 0% in 4 hour s , the t erm non-replic ating 

has b e en retained to  describe thes e c ells throughout this 
s tudy. In the N-free medium there was a small increas e in 

pH , and a small decreas e in OD . A summary of the produc t ion 

of ent ero toxins by non-replic ating c ells of s even s trains o f  

staphylococci during 4 h incubation i n  N-medium and N - fr e e  



TABLE 4 .  Ent erotoxin B and TEP production b y  non-replicating c ells  of s train 
S-6 from s tationary phas e of  growth during 4 h incubation .  

I"ledium 

N-medium 

N-medium 

N-fr e e  medium 

N-fr e e  medium 
---------- ----------- I 

Cm a ODb 

· (pg/ml ) Initial 

0 0 . 1 6  
250 0 . 1 7  

0 0 . 1 6  
250 0 . 1 6  

a Cm indicates  chloramphenicol . 

nH 
Final Initial Final 

0 . 1 9 7 . 1  8 . 1  
0 . 1 8  7 . 1  8 . 1  

0 . 1 5 7 . 4 7 . 5 
0 . 1 4  7 . 4  7 - 5  

b OD i s  that o f  a 1 /200 dilution o f  c el l  suspens ion .  

Ent erotoxin B TEP 
(,ug/ml ) ( mg/ml )  

63 0 . 83 
1 0 

5 0 . 1 0  
2 0 

\..'-J 
\..0 
• 
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medium , with or without 250 pg/ml chlorarnphenic ol , i s  e; i  ven 

in r.rab l e  5. As r1arkus and Si lverman ( 1 969 ) had s tated that 

the produc t i on of ent ero toxin B by resting c el l s  var i ed 

acc ording t o  age , c ells  were harv e s ted in lat e exponential 

phas e  ( 1 0  h )  and in s tationary phas e ( 20-24 h ) . For s trains 

1 00 , 22 , S-6 � 361 and 3 ,  it Has found that c ells  from either 

phas e  of gr owth produc ed ent ero t oxin in N.:...medium . Lit t l e  or 

no ent erotoxin was produc ed in N-free medium , or in the 

pres enc e of chl oramphenic ol . For strains 293 and 485 ,  only 

s tationary-phas e c e l ls were t es t ed . Both s trains produc ed 

enterotoxin D in N-medium , but no ent erotoxin was d e t ec t ed 

in the abs enc e o f  N ,  or in the pres enc e of chloramphenicol . 

The m edium us ed in this inves tigat ion differ ed from that o f  

l"larkus and .Silverman ( 1 969 ) in c ontaining 0 . 1 5}j gluc os e  as 

c ompared ·with 0.5�1) gluc o s e .  I n  order to determin e  whether 

the lack of  ent erotoxin B pr oduc t i on in our N -fre e  medium was 

due to  the low c onc entrat ion of gluc o s e  us ed , the exp eriment 

was repeated with s train S-6 , us ing 0 . 5� gluc os e .  In the 

N-c ontaining medium , 300 pg/ml �nt erotoxin B was produc ed , 

and this was reduc ed to 2 pg/ml in the pr e s enc e of chlor-

amphenic o l . I n  the N-free medium , 20 pt./ml of ent erot oxin B 
was produc e d .  However , in the pres enc e of chloramphenic o l  

this was reduc ed t o  2 pe;/ml , indicating that the produc t i on 

of ent erotoxin in N-free  medium was due to new pro t e in 

synthesis , r e sulting from the m e t abolism of endogenous N .  

2 . 4  Discus s i on 

2 . 4 . 1  Relati on between growth and ent erotoxin produc t i on 

Markus and Silverman ( 1 969 , 1 970 ) report ed that ent ero t oxins 

A and B differed in that enterotoxin A is a primary metab o l it e 

and enterotoxin B is a s ec ondary metab olit e .  ( A s ec ondary 

m et abolite  has been defined as one which is synthes i s ed by 

c ells  which have stopped dividing as dis t inc t from a primary 

metab o li t e , which is one formed during c ell  multiplicat i on 

( hleinb erg , 1 970 ) . )  Thes e c onc lus ions of l"Iarkus and Silverman 

were bas ed on work carri ed out with s trains 1 00 and S-6 f or 

the product i on o f  ent erotoxins A and B respec tively . In  the 

pres ent · s tudy , 3 s trains were us ed to s tudy each o f  the three  
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TABL:E 5 .  Froduction o f  ent erot oxins in N-medium and 

N- fr e e  mediu� ,  with and without chloramphenic o l  ( Cm )  

b y  non-replic ating c el ls during 4 h incubatione 

Ent ero toxin (p.gll!ll-J 
Strain and 

�---------- ---- ···-··· 

1 0  h c ells  20 h c ells  
ent ero t oxin Cm a e--. 

. N - free  ·-fr:::: fre e  
type (pg/ml ) N-medium medium N -medium medium 

1 00 A 0 8 rr'ra 1 1  rr'ra 

1 00 A 250" NDb NDb 
'rra Tra 

22 A 0 6 3 6 NDb 

22 A 250 NDb N Db 
NDb 

NDb 

22 B 0 1 20 3 1 35 2 
22  B 250 NDb 1 1 1 

S-6 B 0 270 5 63 5 
S-6 B 250 NDb 2 1 2 

3 c 0 1 52 2 33  NDb 

3 c 250 NDb Tra NDb NDb 

361 c 0 22 2 20 NDb 

361 c 250 NDb 2 NDb NDb 

293 D 0 + 
NDb c 

293 D 250 NDb NDb 

485 D 0 1 /2d NDb 

485 D 250 NDb 
NDb 

a Tr indicates  trac e .  

I 

b ND indicates  not d e t e c tab l e . 
c 

+ indicat es undiluted  supernatant pos i t ive by s lide-gel 
diffus ion t est . 

d 1 /2 indicates titre of 1 /2 by s lide-gel di ffus ion t es t . 
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ent erot oxins A ,  B and C ,  throughout the growth cyc l e .  I t  

was fom1d that the time c ours e for ent erot oxin B pr oduc t i on 

by s train S-6 , in CH n1edium , was not typical of  ent erot oxin B 

pr oduc t i on .  with a l l  nine s trains , ent erotoxins were firs t 

detected  in the exponential phas e of  growth when the OD o f  

t h e  cul tures had r each ed b e tw e en 3 . 6  and 6 . 0 .  Only for s t r ain 

S-6 was t here any appr ec i ab l e  produc t i on of ent ero t oxin during 

the s tati onary phas e of growth and this was l es s  in AA mediun1 

than in CH medium . I t  was later shown U;ection 3 . 3 )  that in 

the f erm ent er ent erot oxin B produc tion by s train S-6 f o l l owed 

growth in AA medium , but there was s t i l l  s i gni fic ant ent ero

t oxin pr oduc tion in the s tationary pha s e  in CH medium .  Thi s  

finding i s  in agre ement wi th that o f  \-lu and Bergdo l l  ( 1 971 b )  

that ent erotoxin produc t ion is r e lated t o  the nutri ent c ondi

t i ons and not nec e s s arily r es tric t e d  t o  any particular phas e 

o f  growth . Klapper et a l . , ( 1 973 ) found that the stage  o f  

· growth at which pr oteas e was produc ed by Aspergil lus oryz a e  · 
was depend ent on the medium in which i t  was grown . :Pro t eas e 

produc ed in shak e  cul tur es was s ecreted in the stationary phas e 

when c e l l s  were grown on nutri ent broth , and in early g2owth 

in a d efined salts  mediun . S imi l ar findings wer e r epor t e d  by 

C o l eman and Bl l i o t  ( 1 962 ) for the produc tion of o( - amyl as e by 

B ac i l lus subtil i s . 

The pr oduc tion o f  ent erot oxins by non-repl icating c e l l s  o f  

s taphyloc oc c i  was s t udied , us ing two s trains for t h e  pro duc t i on 

o f  each o f  the ent erotoxins A ,  B ,  C and D .  I t  was found t hat 

all four ent erot oxins were pro duc ed by non-replic ating c el ls 

h arves t ed in the l at e  exp onential or s tati onary phas e ,  and 

r esuspend ed in a N-c ontaining medium .  Only very sma l l  an1ounts 

of ent er ot oxin were produc ed in the abs enc e of  N .  I n  the 

pres enc e of  chloramphenic ol ent erot oxin pro duc tion was inhib i t e d  

i n  b oth N-c ontaining and N-fr e e  media indic at ing that t h e  small 

amount o f  ent erot oxin pr oduc e d  in N-fr e e  m edium was due t o  the 

metab o li sm o f  endogenous N .  Thi s dependenc e o f  ent ero t oxin A ,  
B ,  C and D produc t i on on n ew prot e in synthe s i s  for a l l  s trains 

showed that there was no appreci ab l e  pool  of prot ein pre c ur s or 

for ent erotoxin . 

There are s ome c harac t ers that are c ons is t ent for one ent ero

t oxin typ e , e . g . in shake- flasks ent erot oxin A was always 



produc ed in small amounts ( 2-9 pg/ml ) ,  as c ompar e d  t o  1 00-

300 pg/ml for ent ero toxin B ,  and 60-90 pg/ml for ent ero t oxin C .  

However , i t  is  evident that becaus e of  the variation that 

exi s ts b etwe en s trains , more than one s train should be us ed t o  

det ermine t h e  charac t eris tics  o f  a particular ent ero t oxin typ e . 

C onc lus i ons bas ed on the us e o f  orie s train for one ent erot oxin 

typ e may w e l l  l ead to errone ous c onc lus ions with regard t o  

suppos ed diff er enc e s  � etwe en ent er ot oxin typ es . 

2 . 4 . 2  Eff ec t of  envi r onm ent a l  fac t ors on ent erot oxin 

pro duc t i on 

I t  was found that the 1 8  amino -acid medium o f  \-lu and Bergdoll  

( 1 971 b )  ( Ail medium ) wa.s suitab l e for the  pro duc t i on of  ent ero

t oxins A ,  B and C by s trains 1 00 ,  S-6 and 361 r e s p ec t ively.  

Th e spe c i f i c  rat e o f  ent erotoxin pr o duc tion was l e s s  i n  AA 
medium for strains 1 00 and · S-6 , and c ons iderab ly h i gh er in llli 
m edium for ent erotoxin C produc t i on by s train 361 , as c ompar ed 

wi th CH medium . However , yi elds of all thr e e  ent erot oxins 

indicat e d  th at it would b e  po s s ib l e  t o  us e AA m edium for further 

work . 

Fri edman ( 1 966 ) and Kimb l e  ( 1 970 ) r eported that K+ inhib i ted 

the · produc t i on o f  ent ero t oxin B by s train S-6 . Th e inhib i

t i on was r ep orted to b e  overc ome by NH4
+ and to b e  gr eat er at 

pH 7 . 7  than 7 . 0 .  Results pr e s ent e d  here show that in AA 
m edium ( init ial pH 6 . 5 ) increas ing the K+ c onc entration to 

50 pmo l es/ml had no advers e  e f f ect on ent ero t oxin pro duc t i on ,  

but that the omi s s i on of NH4
+ from th e m edium decreas ed 

ent erot oxin pr oduc tion c ons iderably more than c e l l  yi e l d .  

I ncreas ing the initial pH t o  7 . 7  decreased growth s o  markedly 

that no ·
ent erot oxin could b e  d e t ec t ed ,  and it was not pos s ib l e  

therefore t o  det ermine the eff e c t  o f  K+ on ent erot oxin produc 

t i on at this higher pH . The m edium us ed in any particular 

invest i ga t i on thus has a c ons i d erab l e  effec t on the r esults 

ob tained . 

The optimum t emperature f or e nt erot oxin produc t i on var i e d  

b e tween 3 0  and 40 C f o r  the f our s trains s tudi e d .  The 

optimum t emperatur e  o f  40 C for ent erotoxin B produc t i on by 

s train S-6 was in agre ement with the findings of Vandenbosch 
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e t  a l . , (1 973 ) us ing s trains S-6 and 1 37 ln a numb er of  PHP 
media . How ever , Tatini et _al . ,  ( 1 9?1 a ) reported for thr e e  

s tra ins , produc ing ent erot oxin AB , ABC and ABD respective l y , 

that th e opt imum t emperatur e  f or ent ero toxin produc t ion was 

45 C .  Th e pr es ent s tudy shov\'S that the opt imum t emperatur e s  
for th e produc tion o f  ent er o toxins , lipas e , de oxyrib onuc l e as e ,  

l ys o zym e  and 'rl�P shov:ed consi derab l e  variat i on b et \·le en s tra ins . 

For any one strain , th e t emp eratur e \'Ihich gave maximum c e l l  

yi e l d  or hif�hest gro Hth rat e was not nec e s s arily that wh ich 

gav e  maximum produc t i on of  extrac e l lul ar pro t e ins . The yi e l ds 

o f  l ipas e ,  de oxyrib onuc leas e ,  lys ozym e  and TEP r eport ed here 

a l s o indicate that th e optimu..-rn t emperature i s  not the s am e  for 

the produc tion o f  a l l  extrac e l lular pr oteins £or any one strain . 

I n  the ab s enc e o f  one t emp eratur e at which ent erot oxin produc 

t i on \>Vas m aximum for all  s trai:tlS the c onvent iona l t emp erature 

of 3 7  C was adhered t o  as approximating to optimum t emperature , 

and enab l ing c ompar i s ons t o  b e  made with other inv e s t i gations . 

Th e pH of th e medium increas ed dur ing growth , the final pH 

showing c ons iderab l e  vari ation b etween strains . This increas e 

in pH has sugge s t ed t o  s everal workers ( B ergdo l l , 1 970 , Hurst  

e t  a l . , 1 973 ) that an increas e  in pH may b e  nec e s s ary for the 

produc tion o f  ent erot oxins . Hvwever , it was evid ent that 

growth under c ondit i ons of co ntrol l e d  pH vJOuld be nec e s s ary 

t o  det ermine the effec t of pH on ent erot oxin produc t i on .  

The conc entrati on o f  dis s o lved oxygen in the m edium -,.ras  s hovm 

t o  decreas e rapidly during th e ex�onent ial phas e in shake

flask c ul tur es , and to inc r e as e during th e s tationary phas e .  

Th erefor e , if the c ontrol o f  ent erotoxin synthesis  v.rer e t o  b e  

s tudi ed independently o f  environm ental variation i t  would b.e 

nec essary t o  us e a s ys t em which inc orporated  c ontrol  o f  

dis s olved oxygen in the medium .  

Studies o f  the produc t i on o f  ent erot oxins under c ontro l l e d  

c ondit i ons o f  pH and a erat i on ar e describ ed in S e c t ion 3 .  
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3 . 1  Introduc t i on 

45 . 

rrhe eff ec t  o f  the init ial pH o f  the raedium on ent erot oxin 

produc t i on has b e en s tudi ed ( G enigc orgis and Sadl er , 1 966 , 

Reis er and He i s s , 1 969 , G enigeorgis et al � ,  1 971 , T at ini e t  al . ,  

1 971 b , Scheusner et al , 1 973 ) . However , exc ept for two rec ent 

invest icati ons on ent erot oxin B produc tion (. Net z ger e t  al . ,  

1 973 , C arp enter and Silverman , 1 97 3 ) no work has b e en rEpor t ed 

on the produc t i o11 of ent erot oxins under control l e d  pH . 

Aeration has b e en shown t o  gr eatly affec t the produc t i on o f  

ent erot oxin 13 ( l"lci,ean et a l_ . , 1 968 ,  Di etrich e t  al . ,  1 972 ) . 

Al thoue;h in the f erment er exp erim ents of I1etz ger e t  a l . ,  ( 1 973 ) 

and C arpent er and Silv erman ( 1 97 3 ) the flow o f  a ir was c ons t ant , 

no s tud ies  hav e  b e en r eport ed where the dis s o lved oxygen in 

the medium has b e en measur ed , and maintained at a c ons tant 

c onc entra.t i on .  I t  was shown in B e c t i on 2 that th e pH and the 

c onc entrati ons of dis s olved oxyg en in th e m edium a l t er ed during 

growth of s taphyl oc oc c i  in shake- f l asks . Therefor e ,  in ord er 

to s tudy the e f f ec t  o f  pH and aerat i on on ent ero t oxin pro duc t i on , 

s t aphyl oc oc c i  were grown in a ferment er with the pH and th e 

c onc entration o f  dis s o lved oxygen c onstantly mainta ine d .  In 

this  s ec t i on the produc t i on o f  ent ero toxins A,  B and C by nine 

s trains of s t aphylococ c i  in the f ermenter is c ompared wi th that 

in shake-fl asks . Ent erot oxin pro duc tion when the pH was not 

held c ons t ant , and a t  c ontroll e d  pH over a range b e t w e en 6 . 0  

and 8 . 0 ,  in t wo different media i s  describ ed .  �h e e ffec t of  

a eration on the produc t i on o f  ent er otoxins A,  B and C in shake

fl asks and in the ferment er is r ep ort e d .  

A s  i n  t h e  work describ ed i n  Sec t i on 2 ,  the produc t i on o f  o ther 

extrac e l lular prot e ins was d e t ermined to find out the ext ent 

to which c hang e s  in pH or a erat i on affect ed ent erot oxin 

s pecifical l y , as dis t inc t from an effect  on extrac e l lular 

pro t ein produc t ion g enera lly . 



3 . 2  Materials and m ethods 

L�6 . 

Organi sms , media and the m e thods f or the det erminat i on o f  

ent ero toxins and other extrac e l lular prot e ins were a s  desc r ib ed 

in S ec t i on 2 . 2 . 

3 . 2 . 1  Des ign and opera t i on o f  f erm ent er 

The ferm enter is  i l lus trat ed diagrammatical ly in Fig . 1 1 . Two 

litr e s  of medi UL1 w ere maintained at 37 C in a 5-l i  tre  glass 

ferm ent er . The pH was automat i c a lly c ontroll ed by the add i t i on 

of 1 N HC l or HaOH by Sigma pumps as required , and was 

c ont inually . rec orded . In pr e l iminary c omparis ons of f erm ent er 

and shake-flask cultur e s  in CH medium , air v-ms supp l i e d  to  the 

f erm ent er at the rate o f  4 litres per min thr oughout the 

experiments . In all other experiments the f erment er was 

a erated  by means of a mixture o f  air and ni trogen maint ain e d  

a t  a c onstant flow rat e . The c onc entration o f  dis s o lved oxyg en 

in the m edium was c ontrol l ed by int ermitt ent addit i ons of a ir 

into the nitrogen stream through a s o l enoid valve ac tuat ed by 

a Beckman oxygen s ens or and oxye;en c onc entrat i ons wer e 

c ont inually rec orded . Th e culture was agi t a t ed by an imp e l l er 

with 2 in . b l ades , run at  1 , 000 rpm unless otherwi s e  spec i fi e d .  

Samp l e s  were t aken with a s t eri l e  syringe through a s ampl ing 

port in the bas e of  th e f erment er . Additi ons of  s t eri l i z ed 

s i l i c one ant ifoam ( Dow-C orning)  were made through the s ampling 

port with a s t eriliz ed s yr inge as re�uir ed . 

The f erment er was autoc l aved at 30 psi  for 30 min , then 

s ec ur e d  in plac e and s t eamed for 30 min with all l ines  c l os ed 

exc ept the l ower exit l in e . During s t eaming a c heck was made 

for l e aks and the ac id and alkal i  inl e t  lines were c onnec t e d .  

The pH elec trodes were s t eri l i z ed i n  2% hypochlor i t e  for 

1 5  min and ins ert ed int o  the f ermenter j us t  b e fore s t eaming 

was c ompl eted . Air f l o w  ( 0 . 5  l i tres p er min) was then turne d  

o n  and the oxygen s ens or was s t eri l i z e d  f o r  1 5  min i n  1 %  HC l 

70�6 ethanol , and ins ert e d  into the f ermen t er when th e t emp era

tur e  was 65 C .  

The. inoculum for the ferm ent er c ons i s t ed of c el l s  grown for 

1 6  h on a New Brunswick gyrat ory s haker , washed and r esus p ended ,  
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a l l  thes e operati ons b e in� carri e d  out in the medium t o  b e  us e d  

in t h e  fermbnt er . The c e l l s  wer e added t o  2 l i t r e s  o f  m edium 

prewarm ed t o  37 C ,  and t h e  OD adjus t e d if n e c e s s ary , s o  that 

experim ents whi c h  were t o  be c ompar ed b e gan wi th s imil ar 

inoculum .  

The inoculat e d  m e dium was then r un  int o the f erm ent er through 

the m edium inl e t , and the s t irrer s et at 1 , 000 rpm . I n  CH 

medium a mixtur e of air and N 2 was then turn e d  on at the 

r equir e d  flow rat e .  As there was s om e  foamin g immediat e l y , 

anti f o am ( 0 . 3  mg/ml ) was added . The oxyg en t itrator was 

adjus t e d  m1t il the req ui r e d  c onc entration of di s s olved oxyg en 

was ob t ain ed . In AA m edium i t  was found that i f  no ant i foam 

were added t o  the ferment er , the c e l l s  wer e extrem e ly s ens i t iv e  

t o  t h e  init ial f l ow o f  gas and lys i s  occurr e d .  Thi s  Has 

particularly s o  f or s train 1 00 and this wi l l  b e  furthei d i s -

cus s ed i n  S e c t i on 3 . 3 . 8 .  The f o l l owing s t andard operat ing 

pro c e dure was therefore adopt e d .  l:i11en grov:th \vas e s t ab l i sn e d  

i n  t h e  exponen t i a l  pha s e  and OD h a d  r eached approxima t e ly 1 . 0 ,  
0 . 3  mg o f  ant i f o am per m l  o f  cultur e  Has adde d , and air and N 2 
were turned on and maint aine d  at 0 . 3  l itres p er min . N o  

further addi t i ons of ant i f o am were mad e . 

Samp l e s  were t aken at appr oxima t e ly hourly int erva l s . Growth 

was f o l l owed by OD det erminations . Sampl e s  were then c entri

fuge d  and ent erot oxin and other det erminati ons c arr i e d  out a s  

d e s c r ib ed iD S e c t i on 2 . 2 . 6 .  A t  4 hourly int erva l s , s amp l e s  

wer e tak en from the f erment er and p l a t e d  t o  nutri ent at;ar , t o  

check f o r  the pr e s enc e o f  c ontaminants in t h e  f erment er . 

3 . 3  R e s u l t s  

3 . 3 . 1  Comnar i s on of shaker-�r own an d ferm ent er-grown cultur e s  

Nine s trains o f  s taphyl o c oc c i  wer e grovm i n  200 ml o f  C H  medium 

in 1 l i tre shake-flasks . The s ame nine s trains were gro\m 

in CH m edium in the ferm en t er with the pH not c ontro l l ed and 

with an air f l o w  of 4 l i t r e s  per min . The produc t ion o f  

ent ero t oxins and TEP was f o l l owed thr oughout growth , and i s  

shown for nine s trains und e r  b o th s e t s  o f  c ondi t i ons i n  Tab l e 

6 .  Shake-flask figur e s  ar e tho s e at 24 h ,  f ermen t er figur e s  

a r e  tho s e  at 1 2-1 4 h ,  b u t  in every c as e  the fermenta t i on was 



TABLE 6 .  Produc tion o f  ent erotoxins and TEP in shake-flask 
and ferment er in CH medium initial pH 7 . 3' .  

Strain and Final }'inal Ent erot oxin TEP Vess el ent erot oxin OD u (pg/ml ) I ( qp ) ( mg/ml ) type pu 

Shake-flask 1 0  A 29 8 . 1 3 I I 0 . 02 0 . 98 
) I Ferment er 1 0  A 24 8 . 9  N Da - 0 . 22 

Shake-flask 1 00 A 21 8 . 4  8 0 . 21 0 . 1 3  
Ferment er 1 00 A 1 6  9 . 3  8 0 . 39 0 . 04 

Shake-flask 743 A 28 8 . 4 2 I 0 . 1 9  1 . 1 0  
Ferment er 743 A 25 8 . 8  1 0 . 01 0 . 38 

Shake-flask 22 B 22  8 . 4  1 0-+ 1 . 20 0 . 28 
Ferment er 22 B 23 ' 8 . 9  66 0 . 63 0 . 1 7  

Shake-flask 30 B 24 8 . 4  1 50 1 . 60 0 . 55 
Ferment er 30 B 25 8 . 9  52  0. 46 0 . 1 5 

Shake-flask S-6 B 1 6  8 . 2  290 3 . 60 2 . 95 
Ferment er S-6 B 20 9 . 0  1 1 4  1 . 25 0 . 97 

! 
Shake-flask 3 c 24 8 . 4  62 0 . 41 0 . 59 
Ferment er 3 c 22 8 . 9  1 1  0. 03 0 . 27 

Shake-flask 37 c 27 8 . 3  86 0 . 68 0 . 22 
l<,erment er 37 c 24 8 . 9  3 0 . 04 0. 71 

Shake-·flask 361 c 26 8 . 2  63 0 . 83 0 . 75  
J?ermenter 361 c 25 9 . 0  3 0 . 09 0 . 09 

______ _____..._ ____ 

a N D  ind icat es not d e t e c t a� l e .  

..p
'-.0 
• 
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c ontinued unt il the OD had b ec ome s tab l e , and s ub s equ ent t es t s  

s h owed that ent er o t ox i n  l evels  had a l s o  s t ab i l i s ed . For 

e i ght s trains , the p1·oduc t i on o f  ent erot oxin in the f erment er 

wa s markedly l e s s  t�an in shake-flasks , the exc ept i on b e ing 

s train 1 00 ,  which produc ed s imi lar amount s of ent er o t oxin 

under b o th s e ts of c ondi t i ons . 

I n  thes e pr e l iminary experiment s , it  was ob s erved that the 

increas e d  yi elds of ent ero t oxins in shak e - f l asks wer e  

generally a s s oc i a t e d  w i th a l onfer tran s i t i on p eriod from 

expon ent ial to s t a t i onary pha s e  and a s i gni ficant ly l ower 

rat e of inc reas e in pH in the cultur e s  during growth a s  shown 

for s trains S-6 and 361 in Yig . 1 2  and 1 3  r e s p e c t ively . Th e 

s p ecific rates o f  ent ero t oxin produc t i on ( qp in Tab l e  6 )  were 

c al c ulat e d  for the period o f  maximum ent erot oxin pro duc t i on . 

I t  was found that for the e i ght s trains whi c h  produc ed a l o ·:: er 

yi e l d  of ent erot oxin in the f erment er , th ere was al s o  a l ower · 

s p ec ific r a t e  of ent erot oxin produc t i on in the f erm ent er . than 

in shake-fl asks . 

I t  was als o  found that the y i e l ds o f  l ipas e , lys o z ym e , 

d e oxyrib onuc leas e and TEP w er e  alm o s t  invariably higher in 

s h ake- f l asks than in th e f erm ent er ( c ompar e first two r ows f o r  

each s train in T ab l e  1 0 ) . 

Fac t ors which c ould acc ount for t he s e  di f f er enc es b e twe en 

the shak er and f erment er-gro\olm c ul tur es wer e  ther e fo r e  examin e d ,  

particular att en t i on b e ing given t o  the e f f e c t s  o f  a er at i on , 

pH and the addit i on o f  ant i f o am during growth in the f erment er . 

3 . 3 . 2  Eff ec t o f  ant ifoam 

I n  the f erment er , the amount o f  ant ifoam r equir ed dep ended on 

the s train , thos e such as S-6 and 361 with a high TEP r e quir

ing a t o tal o f  3-4 mg/ml in CH medium .  Additions o f  ant i foam 

c aus ed an immedi a t e d ecr e a s e in oxygen in s o lution a s  r ec o rd e d  

by t h e  oxyg en s ens or , whi c h  was c ompens at e d  f o r  rapidly b y  

increas e d  additi ons o f  a ir . T o  d e t ermine the effec t o f  

antifoam o n  the produc t i on o f  ent ero t oxins and o ther extra

c ellular proteins , s hake-flasks wer e inoculated with over

n i ght c ul t ures of s t aphyl o c oc c i , and add i t i ons of anti foam 
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were made at t imes  c orr es ponding t o  addi tions on the fermcnt er 

( 0 , 4 ,  5 ,  6 ,  7 and 1 0  hours ) t o  give final c onc entrati ons of 

0 ,  1 . 5  and 5 mg/ml s i l ic one ant i f oam .  Thr e e  s trains pro duc ing 

ent erot oxin A ,  thr e e  produc ing B and thre e  produc ing C were 

t es t ed , and r e s u l t s  with thes e nine s trains are pr e s ented in 

Tab l e  7 . The additions of ant ifoam did not affec t the rat e 

of gr owth or the yi eld o f  c el ls in shake-flasks . The pr o duc

t i on of ent erot oxins. B and C was c ons iderab ly reduc ed , but 

ent erot oxin A pr oduc t i on app eared to  b e  l e s s  affec t ed by the 

pr es enc e o f  ant i foam � b e ing unaff ected by 1 . 5 mg/ml in the 

t�r e e  s trains t es t ed ,  and 2 5;; r educ ed by 5 mg/ml for one 

s train only . \hth all nine s trains , antifoam c aus ed a 

general depre s s i on of the produc t i on of extrac e l lular prot e in , ·  

c ausing reduc t i ons in l ipa s e , lys o z yme , deoxyrib onuc l eas e and 

TEP . 

Ef fec t o f  increas e d  a erati on in shake-fl asks 

Th e cultures in the f erment er VJere gro\'m under c ondi t i ons o f  

c ons i d erab l y  higher a era t i on than that in shake-fl asks . 

Ther e f ore , pr e l iminary exp eriments were c arri ed out in shake

flasks to det ermine the e ffect of incr e as ed aerati on for nine 

s trains , using 1 litre f lasks with and wi thout s ide b a ff l e s . 

Side b affles have b e en r eport ed t o  increas e oxyg en ab s orpt i on 

-rat e s  approximat e ly thre efold ( Fre edman 1 969 ) . Baffl e d  and 

non-b affl ed c ontrol flasks for exp eriment s with any one s train 

wer e  inoculated with a l i quots of the s ame c el l  susp ens i on ,  and 

inc ub at ed on the shak er t ogether . To avo i d  exc e s s iv e  foaming 

in the baffl ed flasks it was nec e s s ary to  r e duc e shaker s p e ed 

cons i derably .  'rhe exp on ent i al growth rat e  was almo s t  doub l ed ,  

and th� final pH was hi gher in the more a erat ed f lasks . 

Tab l e  8A shows the eff e c t  of inc reas ed aeration on the l ev e l s  

of ent erotoxins and TEP produc ed during 2 4  h incub at i on i n  C H  
medium . Ent erot oxin produc t i on was great er in baffl e d  f l asks 

for s even out o f  the nine strains , and was s imilar in both 

flasks for s train 1 0 .  However , ent erotoxin C produc t i on by 

s train 361 was reduc ed in the b affl ed flask from 67 to 28 pg/ 
ml . This was evidently not a charact eris tic of entero t oxin 

C produc tion , as s trains 3 and 37 showed an increas e in growth 

and a c orresponding increas e  in ent erotoxin C produc t i on in 

the b affled f lasks . I t  was also  notic eab l e  that s train S-6 



TABLE 7 .  Effect  of s il i c one antifoam on the pro duc t i on o f  extrac e l lular prot eins 

by  nine s trains of s taphylococci  in CH m edium in shake�flasks during 

24 h incubation . 

Strain and Anti foarn i:nt e r o t oxin Lipa s e D e o xyr ib onuc l e a s e Lys o zym e I rrzp 
type ( rng/ml ) (yg/ml ) ( units/ml ) ( uni t s /m l ) ( w.J.i ts/m l )  ( !Lc;/Jl.l ) 

1 0  A 0 2 90 62 3 - 5  0 . 06 

1 0  A 1 . 5 2 58 5 2  2 . 4  0 . 05 

1 0  A 5 . 0  2 64 43 1 L! . . 0 � 04 
1 00 A 0 8 260 1 1 2  1 . 45 0 . 04 

1 00 A 1 . 5 8 1 70 1 08 0 . 6  0 . 03 

1 00 A 5 . 0  6 1 00 51 0 0 . 03 

743 A 0 2 1 1 0  6 2  3 - 5 0 . 07 

743 A 1 . 5 2 88 
" 

6 2  3 - 5 0 . 07 

743 A 5 . 0  2 84 45 1 . 3 0 . 07 

22 B 0 76 1 50 1 200 1 . 0 0 . 07 

2 2  B 1 . 5 72  1 40 640 0 . 3 0 . 07 

22 B 5 . 0 40 70 560 0 0 . 06 

30 B 0 1 06 1 6  290 2 . 3 5 0 . 09 

30 B 1 . 5  45 1 4 1 40 1 • L�O 0 . 07 

30 B 5 . 0 1 5  1 2  82 0 . 70 0 . 0 5 

I 

\..r• +:-



Strain and Ant i  foam Ent erot oxin 
typ e ( mg/ml ) (pg/ml ) 

S-6 B 0 256 
S-6 B 1 . 5 21 4 
S-6 B 5 . 0  72 

3 c 0 42 
3 c 1 . 5 23 
3 c 5 . 0  '1 9 

37 c 0 44 
37  c '1 . 5 30 
37 c 5 . 0  26 

361 c 0 38 
361 c 1 . 5 28 
361 c 5 . 0  1 3 

Tab l e  7 ( C ontd . ) 

Lipas e De oxyrib onuc l eas e 
( uni t s/ml ) ( units/ml ) 

280 700 
21 0 440 
1 40 240 

1 40 62 
1 1 6  62 

84 62 

'1 30 72  
9 2  82 
90 70 

. 

280 44 
280 36 
1 70 35 

- ---------

Lys o zym e 

( units/rul ) 

0 . 95  
0 . 40 
0 

3 - 5  
1 . 3 
0 .. 4 

3 . 0 
1 . 6 
0 . 65 

3 . 5  
3 . 2  
1 . 95 

TEP 
( mg/ml ) 

0 . 20 
0 . 1 6  
0 .. '1 2  

0 . 20 
0 . 20 
0 . 1 2  

0 . 23 
0 . 1 9  
0 . 1 0  

0 . 35 
0 . 21 
0 . 1 9 

I 

\Jl 
\Jl 

. 
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TABLE SA . Effec t o f  a erat i on on produc t i on o f  ent er o t oxins 

and TEP in CH medium in shak e - flasks dur ing 24 h incub at i on .  

Strain and Final }'inal l::nt ero t oxin 'l1EP A erat i on enter o t oxin UD pH (pg/ml ) ( mpjrul ) type 

C ontrol 1 0  A 21 8 . 1 0  2 0 . 22 

Baffled 1 0  A 1 9  8 . 50 2 1 r 50 

C ontrol  '1 00 A 1 7  8 . L�O 6 0 . 03 

Baff l e d  1 00 A 1 7  8 . 70 1 2  0 . 08 

C ontrol 743 A 1 8  8 . 1 5  ND 0 . 3 5  

·Baffl ed 7L�3 A 24 8 . 60 1 1 . 5 5 

C ontrol 22 B 1 6  8 . L�O  94 0 . 34 

Baffl ed 22 B 1 6  8 . 90 1 05 0 . 61 

C ontrol 30 B 1 7  8 . 1 5 90 C) .. 3 6  

Baffl ed · 30 B . 20 8 . 50 1 1 6  1 . 3 4 . 

C ontrol S-6 B 1 4  8 . 1 5 1 1 6  2 . 3 5 

Baff l ed S-6 r 1.\ 1 L� 8 . 80 1 96 2 . 32 

C ontro l  3 c 1 2  8 . 0 5 27 0 . 50 

Baffl ed 3 c 21 8 . 45 40 1 . 0 3  

C ontrol 3 7  c 1 0  8 . 1 5 3 3  0 . 1 5 

Baffl e d  3 7  c 1 9  8 . 60 5 5  0 . 60 

C ontr o l  361 c 25 8 . 1 5  67 1 . 45 

Baff l e d  361 c 23 8 . 70 28 5 . 0  
I 



f:" '? 7 • 

produc e d  c ons i�erub ly l e s s  ent er o t ox in B ( 1 96 pg/m l ) , even in 

the b a f f l e d f l n s k , at th e r eQuc ed s h aking s p e e d us e d  in thi s 

experiocnt than w as g en e r a l ly ob t ained in shake-flasks at 

h i gh er s h aking s p e e ds ( 300 pg/ml ) .  

As pH 6 . 5  \va s  C OifiTilOnly us e d  in f eru ent er ex. � J c r im ent s , exp er i 

m ent s v.ri th baf f l e d  and n on-b a f f l e d  fl a s ks vwre c arr i ed out ln 

m e diw:1 at an in i t i a l  pH o f  6 . 5 .  Sioi l ar r e su l t s t o  tho s e  at 

pH 7 . 3  w e r e  ob t ained at this l ower pH . 

I ncr eas e d  a era t i on c aus e d  an inc � e a s e in fBP f or a l l  s trains 

when gr m·m in ba ffled flas}�s ( Tabl e  SA) . fr o duc t i on o f  

l ipa s e  and deoxyr ib onuc l e as e  vvas a ls o hit;her for a l l  n i n e  

s tra ins , and lys o � ;yL'l e  pr oduc t i on hit;h er for five s t rains i n  

b a ff l ed f l a s k s  ( T ab l e 8B) . Th e s e  r e s ul t s , in g eneral , agr e e  

H i  t h  t h e  d a t a  from ant i f o <:u:'l exp eriments wh i c h  ind i c a t e  that 

high yi e l ds of ent er o t oxins vl e r e  a s s o c i e.t e d  v:i th h i gh yi e l ds 
o f  o ther extrac e l l u l lir pr· o t e in s . The maj or exc e p t i on ...... Jas 

the pr o duc t i on of ent e r o t oxin C by s t ra in 361 , wher e a d ec r e as e 

in ent e r o t oxi n l).r· o cluc t i on \·m s as s o c i a t ed w i th an inc r e n s ed ·�O.IJF 
in th e b af f l e d  f l a s k  ( �able  81 ) .  

E f f e c t  o f  a era t i on on ent ero t oxin pro duc t i on in th e 

f erment er 

Str ains 1 00 ,  S-6 and 3 61 Her e gr own in th e f erm ent er at a 

c ons t ant pH o f  6 . 5 ,  and ':!i th di s s o lved oxyg en c onc entrat i on 

maint ain e d  a t  e i th er 5-7 mm Hg or 30-40 m.n Hg . Ant i f o am 

add i t i ons w e r e such tha t  f o r  any one s train , s im i l ar add i t i ons 

were mad e a t  s im i l ar t im e s  a t  b o th l ev e l s  of a er a t i on . Th e 

e f f e c t  o f  oxyg en c onc ent r a t i on on the pr oduc t i on o f  ent ero-

t ox ins and 'I'EP i s  s hown i n  IJ.' ab l e 9 .  The pr oduc t i on o f  

ent er o t oxin A by s train 1 00 was s imi l ar a t  b o th c onc entrat i ons 

of oxygen v-Thi l e  OD and T:SP w e r e s l ightly inc r e a s e d  at h i gh e r  

aerat i on . Strain S-6 pr oduc ed c ons i d erab l y  mor e ent e r o t oxin 

B at th e higher oxygen c onc entr at i on , and at t h e  s an e  t im e  

s howed a smal l er incr e as e i n  OD and TEP . 



rl'ABLE 8B . Effec t o f  a er at i on on pr o duc t i on o f  l ipas e ,  

d e oxyrib onuc l e as e and lys o zym e  in CH m e dium in 

shak e- f l a s ks during 24 h inc ub at i on . 

B train and L i na s e D e oxyrib o - Lys o z ym e  

58 . 

Aerat i on t yp e  ( un i t s /m l ) nuc l e as e ( uYLi t s /m l ) ( uni t s /ml ) 

C ontr o l  1 0  A 1 85 94 Lt- . 1 5  

B a f f l e d  1 0  A 3 50 250 3 . 45 

C on t r o l  1 00 A 21 0 1 50 1 . 0 

Baffl ed 1 00 A 3 20 1 60 0 . 50 

C on t r o l  743 A 37 43 4 . 5 

B af f l e d  743 A 1 1 0  1 20 ) 6 . 0  

C on t r o l  22 B 390 1 700 1 . 20 

Baffl e d  22 B 1 250 4000 1 . 7 5  

C on tr o l  30 B '7 1 1 0  2 . 40 ( 

B a f f l e d  3 0  B 3 7  600 3 . 0 5  

C ontro l S-6 B 780 700 4 . 0  

Baffl ed S-6 B 31 20 ,  21 00 0 .  50 

C on t r o l  3 c 58 3 6  4 . 0  
-

Baff l ed 3 c 7 5  80 5 . 20 

C ontr o l  3 7  c 1 40 28 4 . 25 

B a f f l e d  3 7  c 530 67 5 . 60 

C ontr o l  361 c 700 59 ) 6 . 0 

B a f f l e d  361 c 1 060 1 70 ) 6 . 0  



'l'ABLE 9 .  Eff ec t o f  dis � olved oxygen c onc entra-

t i on on ent ero t oxin and 'i'EP production in the 

f ermenter . 

�train and 
I . 

Final ! Ent erotoxin 'rEP Oxygen 
type ( mm Hg ) OD I (pg/r:ll ) ( mg/ml ) 

1 00 A 5-7 2 2 - 21 0 . 1 2  

'1 00 A 30-40 26 21 0 . 1 4  

S-6 B 5-7 21 1 22 0 . 69 

S-6 B 30-4-0 2 5  1 69 0 . 73 

3 61 c 5-7 27 5 0 . 1 2  

361 c 30-40 2 5  4 0 . 27 -

59 . 

Th e produc t i on o f  ent erot oxin C was extremely l o w  ( 4  pg/ml ) 

c ompar � d  t o  that in shake-flasks ( approximat e ly 60 pg/ml ) , 

and was s imilar at b o th l ev e l s  of aeration . This was s imi l ar 

t o  the finding ( Tabl e  6 )  that s train 361 produc ed only 3 pg/ml 

in the f erment er at unc ontro l l ed pH as agains t 63 pg/ml in 

shake- f l a s k . 

In an att empt t o  f ind an ent erotoxin C -pr oduc ing strain that 

would give adequat e ent erot oxin C production in the ferment e� 
s trains 3 and 37 were gr own in the ferment er with dis s olv e d  

oxyg en l evels o f  5-7 mm Hg , and a t  unc ontrol l ed pH . Shake

flask cul tures ( 200 ml CH medium in 1 litre f l asks ) were gro wn 

at the s am e  tim e  with the s ame batcb of medium and using the 

s ame inoculum . Strain 3 pr o duc ed 62 pg/ml ent erotoxin C in 

the shak e-flask , but only 1 1  pg/ml in the ferm ent er , and 

s train 3 7  produc ed 86 pg/ml in the shake-flask and only 3 pg/ml 
in the f erment er . Strain 361 was then grown in the f erm ent er 

with no ant ifoam additions , with the stirr er s p e ed r educ ed 

t o  200 rpm , and the c onc entration o f  dis s o lved oxyg en reduc ed 

t o  4f mm H g .  N o  s i gnifi c ant increas e in ent ero t oxin C pro duc

tion was h owever obt ained . �-Jhen the flow o f  gas vJas reduc ed 

from 2 l itres per min t o  0 . 03 litr e s  per min , enterotoxin C 

produc t i on was incr eas ed t o  21 pg/ml . Further decreas e in 

gas flow or s t irrer s p e e d  evidently produc ed an oxygen l imita

tion , and growth and ent ero to xin produc t i on were reduc ed . 



, ,  

60 . 

E f f e c t  o f  addit i on s o f  HC l t o  th e f erm ent er 

T o  maintain c ons tant pH c ond it ions during a ferment er exp eri
ment , HC l giving a f ina l c onc entr at i on of up t o  0 . 1  M in the 
medium was r e quired . rr o det ermine vJh e thcr t h e  Cl c onc entra
t i on aff ec t ed t h e  pr o duc t i on o f  ent er o t oxins , the effec t o f  
s imi l ar c onc entra t i ons o f  NaC l on ent er o t oxin produc t i on was 
det ermined for s trains 1 00 ,  S-6 and 361 . NaC l  was added t o  
shake- f l a s k  c u l t ur e s  a t  int ervals wh en the OD o f  each c ultur e  
c orr espond ed t o  O D  l n  ferment er experiment s a t  w h i c h  maximum 
HCl addi t i ons w e r e  r equir ed . rrhi s  reduc ed th e pr o duc t i on o f  
en't er ot ox ins A ,  B and C b y  7 ,  2 5  and 1 0/� respec t ive ly ,  and TEP 

by 0 ,  29 and 1 2% in the s e  thr e e  s trains . 

Eff e c t  o f  pH on the pr o duc t i on of enterot oxins and 

o ther extrac e l l ul ar Dr o t e ins in CH m ediwn 

Th e pr o duc t i on o f  ent erot oxins and other extrac e l lular pr o t eins 
by s trains 1 00 ,  S-6 and 361 was s tudi e d in the ferm ent er over 
a pH range o f  6 . 0  to 8 . 0 ,  by us ing CH m ed i um , s t andardi z ed. 
addi t i ons o f  ant i f o am , air - N 2 'fl o w  o f  2 l itres p er min and 
a partial pr es sure o f  d i s s o lved oxygen of b etwe en 30 and 
40 mm Hg . 

Eff e c t  o f  pH on ent ero t ox in A produc t i on . Ent erot oxin pr o 

duc t i on w a s  fo l l owed throughout growth in all  experiment s .  
Ent erot oxin A pr o duc t i on and OD for strain 1 00 are shovm ln 

Fi g . 1 4  at pH 6 . 5 ,  and wh en the pH was not c ontro l l e d . 
C ontro l l ing pH at 6 . 0 , 6 . 5  or 7 o 3  c aus ed a marked incr eas e in 
ent ero t oxin A p r o duc t i on by s train 1 00 ,  with an opt imal pH of 
6 . 5 ( Tab l e  1 0 ) . Str a in S-6 ,  which did not produc e d e t e c t ab l e  
quant i t i es o f  ent erot oxin A in t h e  shake-flask , or i n  the 
ferment er without pH c ontro l , pr oduc ed 3 pg/ml in the f erm ent er 
at pH 6 . 5 .  Thre e  A-pro duc ing s trains , 1 0 , 22 and 743 , w er e  
then grovm i n  t h e  ferm ent er at pH 6 . 5 and without pH c ontro l .  
Strain 743 showed a s l i ght increas e in ent erot oxin A pro duc t i on 
but s train 1 0  d i d  not show any inc reas e in 
produc t i on under c ontr o l l e d  pH c ondi tions . 
produc e d  2 t o  3 pg/ml ent erotoxin A in the 

ent erot oxin A 

Strain 22 , whi c h  
shake-flask , d i d  

no t produc e d e t ect abl e ent erotoxin A in t h e  ferm en t er under 
any c omb ination o f  a erat ion and pH . The e ff ec t o f  varying 



20 

0 
d 

20� 
E 

..._ 

10 � 
<! 
c 

· -

� +J 
0 
L 
� 
c 
w 

0·1 L-----'----�-�:----�1·0 
0 4 8 12 16 

Inc u bat ion t ime ( hours)  

61 0 

9 
8:t: 

0.. 
7 

6 

Figure 1 4  Growth and enterotoxin A production by strain 1 00 i n  a fermenter i n  C H  
medium at uncontrolled p H  (open symbols) and at p H  6.5 (closed symbols). 
OD, .6; enterotoxin A, o; pH, o. 



TABLE '1 0 .  Effect  o f  pH on the produc tion o f  ent erot oxins A ,  B and C and 

other extrac e l lular proteins in CH medium . 

Deoxyrib o-Strain and Ent ero t oxin Lipas e Lys o zyme rrEP 
type  pH ( ;ug/ml ) ( qp) ( units/ml ) nuc l eas e ( units/ml ) (mg/ml ) ( units/ml ) 

'1 00 A SF a 8 0 .  2'1 '1 90 1 6 5 0 . 8  0 . 1 3  

'1 00 A NCb 8 0 . 39 7 90 0 0 . 04 
'1 00 A 6 . 0  1 '1  0 . 1 1  236 22 0 O o 04 

'1 00 A 6 . 5 22 0 . 27 1 96 38 0 . 9  o .  '1 4  

'1 00 A 7 - 3  '1 5  0 . 21 2 96 1 . 0 0 . 04 
'1 00 A 8 . 0  7 0 . 1 6  2 7 5  1 . 0 0 . 04 

S-6 B SF a 290 3 . 60 1 21 0  960 1 . 2 2 . 95 
S-6 B NCb '1 1 4  1 . 25 4'1 5 2600 0 0 . 97 

' 

S-6 B 6 . 5c 
1 69 1 . 30 920 31 0 ) 6 . 0  0 . 73 

S-6 B 7 . 3c '1 80 1 . 90 1 1 80 71 0 4 . 4  1 . 67 
S-6 B 8 . 0  1 24 1 . 20 41 5 970 2 . 1  1 . 1 4  

361 c SF a 63 0 . 83 1 470 32 ) 6 . 0  0 . 75 
361 c NCb 3 0 . 09 21 4 3 2  1 . 25 0 . 09 
36'1 c 6 . 5  4 0 . 07 1 68 1 7  4 . 0  0 . 27 

361 c 7 - 3  5 0 . 05 21 4 36 4 . 8  0 . 70 

361 c 8 . 0  7 0 . 1 3  1 1 5  37 1 . 55  0 . 40 

a SF indicates shake-flask cultures . All other exp erimffilts  c arri e d  out in the 

ferment er . 
b NC indicates pH was not c ontro l l e d .  

I 

I 

Final 
OD 

2'1 

1 6 
1 1  

26 

1 7  

1 1  

1 6 
20 

· 25  

24 

2 5 

26 
2 5  

2 5  

3 0  

24 

c 
Btrain S-6 als o produc ed ent ero toxin A at pH 6 . 5 ( 3  pg/ml ) and pH 7 . 3  ( 2  pg/ml ) .  

()\ 
[\) 
• 



pH on ent erotoxin A produc t i on was therefore a charact er

istic o f  the s train under examination.  

63 . 

The increase in ent erotoxin A produc tion at pH 6 . 5  was 

ass oc iat e d  with a longer trans ition period from exponent ial 

to  s tationary phase for s trains 1 00 and 743 , as shown for 

strain 1 00 in Fig . 1 4 .  The specific rate . of  ent erot oxin A 

produc t i on was det ermined for s train 1 00 ( q  in Table  1 0 ) . p 
I t  was found that qp was ac tual ly highes t when the pH was 

not c ontrolled in the ferment er , and that the increas e in 

enterotoxin yi eld during 1 2  h incubation at pH 6 . 5  was 

apparent ly due to the change in growth patt ern , rather than 

to an increas e in the spec i fic rat e of ent erotoxin produc t i on 

at a c ontrol l ed pH . A c omparison of  qp at pH 6 . 0 ,  6 . 5 ,  7 . 3  

and 8 . 0  showed that when pH v>as c ontrolled , pH 6 .  5 gave the 

highes t s pecific rate  of  ent erot oxin A produc t i on for s train 

1 00 .  

Effec t o f  pH on enterot oxin B produc t i on.  Ent erotoxin B 

produc t i on by s train S-6 was higher under c onditions of c on

trol l e d  pH than without pH c ontrol  and showed an optimal pH 
of 6 . 5 t o  7 . 3  ( Table 1 0 ) . Ent erotoxin B produc tion by 

s train 22 was not , however , higher under c ontrolled  pH 

c ondi t i ons . This result for s train 22 was in agre ement with 

the finding that the produc tion of  ent erotoxin A by this 

· s train also  did not increas e under controlled pH . 

The increas e in ent erotoxin B produc tion by s train S-6 was 

ass oc iat ed with a slightly longer trans i t i on p eriod from 

exponent ial t o  stationary phas e and a higher c el l  yi eld 

( Fig . 1 5 ) .  Det erminati on of  the spec i fic rate o f  ent erotoxin 

B pro duc tion showed that this was highes t at c ontrol l ed pH , 

and the increas e in ent ero t oxin yield as c ompared with that 

without pH c ontrol vms not due s olely t o  the change in growth 

patt ern . I t  was als o  found that at contro l l ed pH , the 

optimum pH for enterot oxin B production was 7 . 3 .  

Effec t of pH on ent erotoxin C production . Ent ero toxin C 

product i on by s train 361 in CH medium was extremely low in 

the f erment er under all c onditions of pH , as c ompared with 

that iri shake-flasks ( Tabl e  1 0 ) . Ent erotoxin C yield  was 
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Figure 1 5  Growth and enterotoxin B produ ction by strai n  S-6 in  a fermenter in CH 
medium at u n contro l led pH (open symbols )  and p H  6.5 (closed symbols) .  
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s l ight l y  h i gher at c ontr o l l e d  pH as � ompar e d  with produc t i on 

vJhen pH Has not c ontrol l e d  in the f erment er , w i th an optimum · 

pH o f  8 . 0 .  

Th e s p e c i fic rat e of ent er o t oxin C produc t i on under any 

c ondi t i ons o f  pH in the f erm enter was extremely low ( b etwe en 

0 . 05 and 0 . 1 3  pg/unit c e l l  mass/h )  as c ompar e d  with $ hake 

flasks ( 0 . 83 ) , with an opt imum pH o f  8 . 0  in the ferment er . 

Ther e wa s very l i t t l e  differ enc e in �r owth patt ern b etween 

that wh en the pH was not c ontroll ed , and at pH 6 . 5 ,  7 . 3  and 

8 . 0 .  

Eff e c t  o f  pH on other extr ac e l lular prot eins . The produc t i on 

of l ipas e , de oxyrib onuc l eas e ,  lys o zym e  and TEP during 1 2  h 

incub a t i on in the ferment er was higher at c ontr o l l ed pH than 

at unc ont r o l l e d  pH , exc ept for d eoxyrib onuc l eas e produc t i on 

by s tr a in S-6 ( Tab l e  1 0 ) . Y.iaximv.m yi e lds were g en erally 

ob t ained b etwe en 6 . 5 and 7 . 3 ,  b ut the opt imum p H  vari ed c on

s iderab l y  b e tv1 e en s trains . 

3 . 3 . 7  �ffec t of pH on th e produc t i on o f  ent erot ox ins and 

o ther extrac e l lular pr o t eins in L A  m e d itun 

I t  had b e en found in pr e l iminary shake-flask exp erim ents 

( S ec t i on 2 . 3 . 3) that in .u.A m ed i um ,  the produc t i on o f  ent ero

toxin A b y  s train 1 00 was s imilar t o  that in CH medium . 

bnt erot oxin B produc t i on in AA medium was l es s  than in CH 

medium , b ut s t i l l  app ear e d  to b e  adequat e for further exp eri

ments . The produc t i on o f  ent erotoxin C ,  which in th e 

f erment er in CH medium had b e en extremely l ow , was hi ghe r  

i n  AA m edium than i n  CH m e dium i n  shake-flasks . Growing 

the s t aphyl o c o c c a l  s trains in AA medium in the f ermen t er a l s o 

had t h e  great advantage over CH medium that v ery l i t t l e  f o aming 

oc curre d  and c ons e quently ant i f o am was not n e e d e d. , apart from 

an ini t ia l  0 . 3  mg/ml a s  d e s crib ed in Sec ti on 3 . 2 . 1 . The 

pr oduc t i on o f  ent erotoxin in AA m edium was there for e d e t ermined 

at varying pH values , with the partial pr e s s ur e  o f  d i s s o l v e d  

oxygen a t  b e tw e en 30 and 40 mm Hg . 

Effe c t  o f  pH on ent erot oxin A pr oduc tio�. When the pH was 

not h e l d  c ons t ant , s t rain 1 00 grew mor e s l owly in AA than in 

CH m edium with a c orr e s p onding l es s er inc reas e in pH , and 
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and the final yi eld of ent erotoxin A \.vas c ons iderab l y  h i c.;her 

in th e .A .. A ' med ium ( Fi g . 1 6 ) . ·nowever , the spec i f ic rat e  o f  

ent erot oxin produc tion in the f ermenter v1i thout pH c ontr o l  

was 0 . 1 8  pg/uni t  c e l l  mass/h i n  AA medium , a s  c omp ar e d  with 

0 . 39 in CH medium ,  in d i c a t inG that the higher f ina l yi e l d  of  

ent erot oxin A in AA m edium was due t o  the change in grO\·Jth 

patt ern result ing in c ontinued ent erotoxin produc t i on . 

The produc t i on o f  cri t erotoxin A by strain 1 00 was hi gh e s t  

under c ontro l l ed pH c ondi t i ons i n  AA m edium , with an optim1illl 

pH o f  6 . 5  in agr e ement with the findings in CH medium .  The 

p'att ern of gr o'.·:th was s imilar in the f erm ent er under a l l  pH 

c ondi ti ons . The spec ific rat e of ent er ot oxin produc t i on 

( qp in Tab l e  1 1 )  indicates that the variat ion in yi e l ds o f  

ent erot oxin A under different pH c ondi t i ons in AA m edium v.'as 

due to a di fferenc e in the s p ec ific rat e  of ent erot oxin pro

duc t i on .  

Eff e c t  of pH on ent ero toxin J3 "Pr oduc t i on .  rrh e  produc t i on of 

ent erotoxin B by s train S-6 during 1 2  h in the ferm ent er �as 

l ovJ er in AA medililll und er all c o.rid i t i ons o f  pH . Ho;,-..r ever , the 

s pec ific rat e s  of ent erot oxin produc t i on v1er e higher in iu"l 
medium _ ( qp in Table  1 1 ) ,  than in CH rnedi1rrn ( qp in T ab l e  1 0 ) o 

In AA medium ,  the yi e ld and s p e c i fic  rat es o f  ent erotoxin 

produc tion w er e  both highest  at c ontrolled pH as c ompared 

wi th unc ontr o l l ed pH . 'I'he hi ghes t yi eJ_d  during 1 2  h was 

ob tained at a pH of b e t w e en 6 . 5 and 7 - 3  whi l e  the opt imum pH 

for the spec i fi c  rat e  of ent erot oxin produc t i on was 6 . 5 .  

Effec t of pH on ent erot oxin C produc tion .  The yi e l d  and 

spec i fic rat e s  of ent ero toxin C produc t i on by strain 361 were 

much higher in AA m edium in the shake-flask and f erment er , 

under all c onditions of pH . In AA medium , the ent erot oxin 

yi e l d  was highest under c ontr o l l e d  c ond itions o f  pH , with an 

optimum pH o f  7 . 3 .  The spec i fi c  rat es of ent er o t oxin C 
pr oduc tion ( q  in Tab l e  1 1 ) were a l s o  higher at c ontr o l l e d  pH p ' 
with an opt imum pH o f  6 . 5 . 

Eff e c t  o f  pH on other extrac e l lul ar prot e ins . The produc -

t i on of l i pas e ,  deoxyrib onuc l e as e ,  lys ozym e  and TEP was 

generally higher under c ondi t i ons of c ontr o l l ed pH than at 
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TABLE 1 1 . 

S train and 
ent erotoxin 

type 

1 00 A 

1 00 A 

1 00 A 

1 00 A 
1 00 A 

S-6 B 
S-6 B 

S-6 B 

S-6 B 

S-6 B 

S-6 B 

36'1 c 

361 c 
361 c 

361 c 

361 c 

Effect of pH on the produc tions o f  ent ero toxins A ,  B and C and other 

extrac e l lular proteins in AA m edi� . 

l.J e oxyrib o-
I 

Ent erotoxi� Lipas e Lys o z yme TEP :Final pH (pg/ml )  ( qp ) ( uni t s /ml ) nuc l eas e ( uni ts/ml ) ( mg/ml ) OD ( units/ml ) 

SF a 7 o . o6 I 27 8 0 . 1  I 0 . 1 4  1 8  

NCb 20 0 . 1 8  20 1 3 0 0 . 1 6  24 

6 . 0  2L� 0 . 20 5 1 7  0 0 . 06 27 

6 . 5 3 2  0 . 25 5 1 0 0 . 2  · 0 . 0 5 27 
7 - 3  20 0 . 1 8  48 1 5 0 0 . 1 5 25 

BFa 1 94 1 .  54 59 86 . 0 . 1  0 . 68 1 7  

NCb , c 97 1 . 70 1 00 84 0 . 2  0 . 45 26 

6 . 0c 96 1 . 83 I 38 28 0 . 2  0 . 46 3 5  
. 

6 . 5c 1 29 2 . 1 2 240 37 0 . 3  0 . 67 25 
7 . 3 c 1 31 1 .  91 '1 1 0  47 0 '1 . 1 2  23 

8 . 0  78 '1 . 02 '1 1 4  1 25 0 . 1  0 . 46 1 7 

SF a '1 00 1 . 20 67 1 0  1 . '1 0 . 64 24 

NCb 3 5  0 . 5 5  9 0  1 9  1 . 1 0 . 53 28 

6 . 0  25 0 . 34 48 1 2  0 . 9  0 . 21 1 7  

6 . 5 53 0 . 71 320 8 3 . 1  1 . 02 23 

7 - 3  30 0 . 3 7 3 20 1 9  3 . 0  0 . 90 26 

I 

I 

I I 
a SF indicates  shake-flask cultures .  Al l other exp erime�t s carri ed out in the f erment er . 
b NC indi c at es pH was not c ontrol l e d .  
c Strain S - 6  al s o  produc ed ent er o t oxin A at unc ontrol l ed pH ( 2  pg/ml ) ,  pH 6 . 0  ( 3  pg/ml ) ; 

pH 6 . 5 ( 2  pg/ml ) and pH 7 . 3  ( 2  f-g/ml ) . 

m 
(X) 
0 
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unc ontro l l ed pH ( Tab l e  1 1 ) . Alth ouBh there was a c ons ider-

ab l e  s t ra in var i c::.t i on , m G.ximum yi e lds of th es e extrac e l lular 

pro t eins were ob tained b e tween pH 6 .  5 and 7 .  3 in mo s t  cas es . 

3 . 3 . 8  Eff e c t  o f  gas f l ow on s t anhyl o c o c c a l  c e l l s  i n  AA 
medium 

I n  initial exp erim ent s  vvi th A A  ri1 e cl ium in the f erment er , the 

same aera t i on pr o c e dur e was adopt ed as for CH m edium ,  i . e . 

air and N2 ( 2  l i t r e s  per min ) were turned on and the oxygen 

t i trat or adjus t ed s o  that the part i a l  pres sur e  of dis s o lved 

oxye;en was maintained at 30-40 mm H g .  Ilov1ever , as l i t t l e  

foaming oc c urr ed in AA m edium , n o  ant i f oam vms added , wher eas 

0 . 3  mg/ml ant i f o am was add ed ini t ially to CH medium . I t  was 

f ound vv-i th s train S-6 that th e r e 'dO. S  a lag p eriod o f  approxi

mat ely 1 0  h .  Kubitschek ( 1 9 / 0 ) r ep o r t e d  that a cultur e  may 

fail to grow in a c hemo s t a t  if i t  i s  aerat ed immedi a t e l y .  

'rher efor e , aeration was d el ayed m1t i l  gro1·1th \·..ras e s t ab l ished 

and OD r e ached appr oxim a t e l y  1 . 0 ,  and thi s gr eatly r e duc ed the 

l ag peri od for s tra in S-6 . 

H owever , when strain 1 00 vms gro1·m 1n AA m e dium in the · 

f erm ent er , there was inme diat e lys is o f  c e l l s , anG. the OD 
rapidly decreased ( Fi g . 1 7 ) . Thi s  e ffect was extr emely r epro 

duc ibl e ,  and was n o t  p eculiar t o  s train 1 00 e  I f  s train S-6 

was subj e c t  to an air and N 2 f l m-.r o f  4 litres p er min as s o on 

as the f erment er had b e en inocul ated , a cul tur e  with an ini t ial 

OD o f  0 . 20 was r educ ed to 0 . 01 in 4 h.  Shake-flask exo eri

m ents showed that c el l s  taken from the ferment er were c aoab l e  

o f  normal grmvth , and that th e medium did not c on t ain an 

inhibitor . I t  has b e en r eport e d  (Kubitschek , 1 970 ) that in 

order t o  a dapt t o  chemos tat  c ul tur e s ome c e l l s  r e quir e co2 • 
The ni trogen in the air and N 2  mixtur e was therefore r eplac ed 

with co2 , but this  did not pr event lys is o f  th e s taphyloc oc c al 

c ells . Lys is  was not decreas ed by using an inoculum of 

younger c e l l s  or of higher c e ll dens i ty . 

Experiment s with s trains 1 00 and S-6 in which air ( 0 . 3  litres  

p er min ) was  bubb l e d  through cultur es in b oi l ing t ub es showed 

that it was pos s ib l e  t o  lys e c e l l s  vrhich had b e en grown in 

either AA or CH m edium . Thi s  sugges t ed that the s i gnifi c ant 
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Figure 1 7  Effect o f  a i r  and N2 o n  O D  o f  cel ls  o f  strain 100 in  a fermenter i n  A A  
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d i f f er enc e b et vJ e en t h e� effect of a erati on on cul tur e s  gr oHn 

in CII me di um , c.:md tho s e  �rown in .!.il. m edi um in t h e  f erm ent er 

m i e;ht b e t lw t  s i l i c on e  ant ifo am 1m s add e d to f orm er as s o on 

as t h e  air and N ')  f l o v: ·\\' iJ. S  b e gun . I t  1r1 a s  s h o·dn that i f  
L 

0 .  3 mp;/l!ll o f  o.n t i f o am V! er e add e d  t o  the cul tur e i n  f�A medi urn 
one rriinut e b e f o r e  air ond N2 \'i e_J. e turned on no l ys i s o c c urred. 

wi t h  e i th er s tr a in 1 00 ( Fi G . 1 7 )  o r  s trai n L-6 . Th i s  pro

c e dur e  w a s  ther e f o r e  adopt ed f or a l l  f er� cnt er exp eriments 1n 

A.A medimn , as u e s c r ib ed in S e c t i on 3 . 2 . 1 .  

\,l ebb ( 1 963 ) f ound that ther e '�-'Jas a sub s t ant i a l dro p  in c e l l  

c o unt o f  s.ta�;hyl o c oc c al s us p ens i ons throue;h whi c h  oxygen , 

n i t r o g en , or h e l ium \'J er e bubb l e d . Inac tivat i on o f  c e l l s by 

bubb l ing has a l s o  b e en r eport e d  b y  Dal e et a l . ,  ( 1 961 ) and 
Ginsb crg and J a�ger ( 1 962 ) . I t  hns b e en s ucge s t e d ( W ebb 

1 963 ) th a t s ev e r e  forc es of s ur fac e t en s i on are as s o c i a t e d  

w i t h  bubb l inc; . I t  i s  p o s s ib l e  that t h e  e f f e c t  o f  ant i fo ao  

in pr ev en t ing c e l l  lys i s  is d u e  t o  t h e  abi l i t y  o f ant i fo am t o  

r e duc e sur fac e t ens i on .  

3 . 4 D i s c us s i on 

3 . 4 . 1  Di ff er enc e s  between s t r a i ns 1n r c s n ons e t o  c ondi t i ons 
of p,r o vJth 

The p at t e rn of pro duc t i on of ent erot oxins from nine di ff er ent 

ent erot oxi g enic s t rains o f  s t aphyl o c o c c i  in respons e t o  a wid e  

range o f  gro wth c ondit i ons var i e d  c ons iderab ly . rrh e s train 10 
s train d i ff e r enc e s  b et w e en s t aphyl o c o c c i  pr oduc ing a s p e c i fi c 

ent erot oxin wer e very mark ed . Thi s  was part i c ul ar l y  w e l l  

d e11ons trat e d  b y  s trains S - 6  and 22 \vhi c h  produc e d  b o th ent ero

t oxins A and B .  Thus the yi e l d  o f  b oth ent e r o t ox ins was 

inc r e a s e d  by gro wth o f  s train S-6 und er c ont r o l l e d  pH c ondi

t i ons , wh e r e a s  the pr oduc t i on of n e ither ent e r o t oxin A nor B 
vms inc r e as e d  uh en s train 22 "�Has gr01vn at c ontr o l l e d pH . ·rh e r e  

have b e en a numb er o f  r eport s in t h e  l it eratur e  s ugg e s t ing 

differenc e s  in mec hani sms of s ynthe s i s  of ent e r o t oxins A and 

B ( I"Iarkus and S i l verman 1 969 , 1 9 70 ; Tro l l er 1 9 71 , 1 97 2 ) . 

How ever , t h e  var i at i on b e t w e en s trains r e p or t e d  her e throws 

s om e  doub t  on th e val i d i t y  of c onc l us i ons b a s e d  on r e s ul t s  

obt ain ed from one s train pro duc ing one ent e r o t oxin only . 



3 . 4 . 2  D i ff er enc e s  in ent erot oxin produc t i on ln the 

f erment er and in shak e -fl asks 

7 2 .  

The hi gher produc t i on o f  ent erotoxins A ,  B and C b y  eight out 

of nine s trains in shake-flasks as c ompared with the f erment er 

may b e  at tribut ed to several fac tors . Growth in the ferment er 

was fre qu ent ly as s oc iated \•Ji th an exponent ial  phas e of shorter 

durat i on and a short ened trans i t i on period from exponential to 

s tationary phas e .  This genera l ly resulted in a decr eas e in 

the time for which ent erotoxins were produc ed . However , 

det erninat i on of the s p ec i fic rate o f  ent erot oxin produc tion 

showed that this change in cr owth patt ern a l one did not 

acc ount for the decreas e in ent erotoxin produc t i on in the 

f erment er as c ompar ed ·with that in shake-flasks . 

I t  was sholArn in s hake- flas ks t:CJ.at the addi t i on o f  antifoam 

t o  the medium decreas ed the pr oduc t i on of a l l  extrac el lular 

prot eins , a lthough the ext ent t o  which this occurr ed depende d  

on the s train . Ant i foam dec reas ed the diffus i on o f  oxygen 

into the me dium , and may have a ffec t ed extrac el lular protein 

produc t i on by lowerin6 the rat e  of  diffus i on o f  oxygen int o 

the c e l l . The produc t i on o f  ent ero t oxin A by thr e e  s trains 

was l e s s  s ens itive to the pres enc e of ant i f o am than the pro

duc t i on of ent erot oxins B and C from s ix other s trains . 

Produc t i on of  the other extrac ellular prot e ins measured 

however wer e s imi larly reduc e d  for all nine s t rains . I t  is 

therefore probab l e  that the addi t i on of  ant i foam t o  the 

f erment er was a fac tor c ontribut ing to  the decreas e in ent ero

t oxin produc tion in CH medium . I n  AA mediun , much sna l l er 

additi ons o f  ant i f oam were required , and i t  i s  l e s s  likely 

that the s e affec t ed ent erot oxin pr oduc tion .  

The addi t i on o f  0 . 1  M Na C l  d ecreas ed the produc t i on o f  all  

three ent erotoxins , and the o ther extrac e l lular pro t e ins 

measur e d . This is l ower than the c onc entrat i on r eport ed by 

other w orkers t o  r educ e ent erotoxin yi eld ( Genigeorgis and 

Sadl er , 1 966 ; MacLean e t  a l . , 1 968 ) . I f  this e ff e c t  is 

attributab l e  to  the chloride i on ,  then s imilar additions of 

HC l may have l ow ered yi e l ds of ent erotoxins and other extra

c e l lular proteins in exp eriments where a c ons t ant pH was 

maint ained . 
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Effe c t  o f  aeration on ent ero toxin produc t i on 

The finding that cultures in baff l ed flasks produc e more 

ent erot oxin than their c ontrols i s  in general agr e em ent wi th 

the findings o f  Di etrich et al . , ( � 972 )  that increas ing a era

tion .increas es ent erot oxin produc t i on . ·I'hes e workers found 

that b eyond an optimal shaking s p e e d  there was a cie c r e as e in 

ent erot oxin produc t ion .  I t  may b e  that the r educ t i on in 

ent erotoxin C pr oduc t i on by s train 361 in baffl e d  flasks 

occurr ed becaus e this strain has a l ow optimal aerat i on .  

However , the inc r eas es in ent erot oxin produc t i on ob s erved in 

baffl ed fl�sks are s i gni ficantly l e s s  than incr eas e s  whic h  

have b e en report ed t o  b e  ob tained by increas ing shaking spe eds 

( Dietrich et  a l . , ( 1 972 )� I t  is p o s s ib l e  that baffl es have 

s ome effect on ent erot oxin produc t i on other than that due t o  

increas ed a erat i on .  

I n  the ferment er , aerat i on did not aff ect the produc t i on of 

ent erotoxin A by s train 1 00 ,  provided the partial pr e s s ur e  of 

oxygen v1as ab ove approximat ely 5 mm Hg . Ent erot oxin C pro

duc t i on by s train 361 similarly was not improved by incr eas ing 

diss olved oxygen ab ove a minimwn l evel of 5-7 mm Hg . However , 

ent erotoxin C produc t i on was s li ghtly increas e d  by r e duc ing 

the gas fl ow from 2 litres per min to 0 . 3  l itr e s  per min . 

Ent erot oxin B produc tion by s train S-6 was s igni fic antly 

higher wh en the oxygen was increas ed from 5-7 mm Hg t o  

30-40 mm IIg , and s o  did s e em t o  b e  more aff ec t e d  b y  the 

c onc entration of dis s o lved oxygen than ent erot oxin A and C 
produc tion by s trains 1 00 and 361 respectively . 

3 . 4 . 4  Eff ec t of pH on ent erot oxin produc t i on 

For th e thr e e  s trains studi ed in detail ( � 00 ,  S-6 and 36� ) the 

yi eld of  ent erot oxin in the f erment er during � 2  h inc ubation 

was higher und er c ontro l l ed c ondi t i ons , c ompared with produc 

t i on when pH was not c ontrol l ed . For strain � 00 in AA medium , 

and s trains S-6 and 361 in b oth media , the s pec i fi c  rat es o f  

ent erot oxin pro duc t i on in the ferment er were als o highes t  

under c ondi t ions o f  c ontr o l l ed pH . However , f or s train � 00 

in CH medium , it \vas found that the spec ific rate o f  ent ero

t oxin produc t i on was high e s t  in the f erment er when the pH \·ms . 

not c ontro l l ed , indic ating that the high yi elds ob t ained at 



pH 6 . 5 and 7 . 3  in the fermenter had o c c urred b ec aus e o f  

the chanBes in growth patt ern .  

74 . 

The inc r e as e in the f inal y i e l d  o f  ent erot oxin A whi c h  

occurr e d  1:Jh en s or.1 e  s trains 1:1ere grovm a t  c ontro l l e d  pH may 

b e  of c ons iderab l e  s i gni fic anc e . For s train 1 00 ,  the yi e l d  

was incr eas ed from 8 pg;ml i n  th e c onvent i onal l ab oratory 

shake-flask to 3 2  pg/ml at pH 6 . 5 in AA mediW!l . li.:nt erot oxin 

A was not det ec t ed in shake-flask c ultur e s  of strain S-6 , but 

3 pg/ml of ent ero t oxin A was produc e d  at c ontro l l ed pH in th e 

f erment e r . As many foods are buffered at pH 6 . 0-6 . 5 ( Lowe , 

1 9 5 5 ) , s tr ains o f  s t aphyl o c o c c i which produc e l i t t l e  o r  no 

ent er o t oxin A und er the us u a l  c ondi t i ons o f  l ab orat ory t es t s  

may in f o o d  produc e suffic i ent ent erot oxin t o  c aus e f o o d

poisoning . Th e l ow yi e l ds o f  ent erot oxin A ( 1 -6 pg/rnl ) 
produc e d  in var i ous synthe t i c  media , even at different ini t i a l  

pH values ( Reis er and Wei s s , 1 969 ) and henc e the r e l a tive 

unava i l ab i l ity o f  b o th the toxin and i t s  ant i s erum ,  have 

gr eatly l imi t e d  s tudi es on ent erotoxin A .  Th e us e o f  the 

chemic a l ly defined amino-ac id medium in a ferm ent er as d e s 

c rib e d  in this s tudy would b e  a sui t ab l e  means o f  pr o d1.1cing 

large q uanti t i e s  of ent erotoxin A . 

In s tudying the e f f ec t s  of pH , aerat ion , ant ifoam , NaC l and 

change in growth patt ern on ent ero t oxin produc t i on ,  th e yi e lds 

o f  lipa s e , de oxyrib onuc l eas e , lys o z ym e  and 'rEP have a l s o  b e en 

det ermined .  I t  app ear ed that s om e  effe c t s , suc h  a s  the 

decreas e in ent erot oxin pr oduc t i on in the f ermenter as c om

pared wit h  in shake-flasks , or the decreas e r e s u l t ing from 

pres enc e of ant i f o am or NaCl , were general e ff e c t s  on the 

produc t i on o f  extrac e l lul ar pro t e ins . The higher ent ero t oxin 

yi elds ob tained in baffled flasks a l s o  was as s o c i at e d  with a 

general increa s e  in extrac el lular pro t ein produc t i on for m o s t  

strains . However , there were a numb er o f  ins tanc es wher e a 

decr eas e in ent ero t oxin produc t ion was acc ompani e d  b y  an 

increas e in other extrac e l lular pro t e ins . The exp e r iments 

at c ontr o l l ed pH showed that the pH whic h  gave maximum 

ent erot oxin yi e l d  was not always that whi c h  gave the high e s t  

yi e l d  o f  other extrac e llular pro t e ins . 
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Ent erot oxin B pr o duc t i on by s t rain S-6 has b e en r e port e d  t o  b e  

s ub j ec t  t o  gluc o s e  r epr e s s i on ( l"lor� e et al . ,  1 969 , l"'arkus and 

S i lvermo.n , 1 969 , 1"'1ors e and Bal dwin 1 971 , l"Ior s e  and l"'ah , 1 973 ) . 

N o  s t udi e s  o f  the ef£e c t  o f  gluc o s e on the produc t i on o f  

ent ero t o xins A o r  C have b e e n  des c r i b e d  in t h e  l i t eratur e . 

\·Jh en s t a phyl oc o c c i  ar e e;r o \·m in c as e in hydr o lys at e  medi a c on

t a ining gluc o s e , ther e i s  a rapid d ec r e a s e  in pH , and a f t e r  

24 h inctib a t i on the p H  may b e  a s  l o w  a s  5 . 1 . O n  the o th e r  

hand , in c a s e in hydrolys a t e  m e dium wi thout gluc o s e , th e pH 

inc r e a s e s  during f_;rm·Jth t o  approxirna t e ly 8 .  5 .  I n  order t o  

s a t is fac t or i l y di f f erent i a t e b e tw e en the e f f ec t  o f  pH 2.:1.d t h e  

e f f ec t o f  gluc o s e  p er s e  on ent er o t oxin produc t i on ,  i t  vlas 

n e c e s s ary t o  gr ow s t aphyl o c o c c i  und er c ontr o l l e d  c ondi t i ons . 

Such s tu d i e s  are d e s c r ib e d f o r  en t ero toxins A ,  B an d C in this 

s ec t i on .  Dur ing e;r ov1th in shake- fl asks , th e gluc o s e in the 

m edium is rapidly ll.t i l i z e d .  rr o '  pr event this c h ange in Q;luc o s e  

c onc entr a t i on dur ing gr owth , exp eriments wer e c arr� ed out in 

which t h e  c onc en trat i on o f  g l uc o s e  in the f erm en t er was c on

s t arit ly m a intain ed at 0 . 1  M .  The e f f e c t  of o t h er c arb o

hydra t e s  and r e l at e d  c omp ound s , s uc h  as glyc ero l and pyruva t e , 

on ent e r o t oxin produc t i on was a l s o inve s t i gat e d . 

I t  was f ound that r epr e s s i on o f  ent ero t oxin pro duc t i on by 

gluc o s e  or glyc e r o l  was a c c ompan i e d  by an inc r e a s e  in gr owth 

rat e .  Exp eriments v-1i th non-r epl i c at ing c e l l s  w er e  c arr i ed 

out in an att emp t t o  s ep ar a t e  the e f f ec t o f  gluc o s e  and g l yc er o l  

on ent efo t�xin produc t i on from a c hange i n  ent e r o t oxin pro duc 

t i on r e s ul t ing f r om an a l t er e d gr owth r at e . 

4. 2 M a t erials and methods 

4 . 2 . 1  S trains 

Staphyl o c o c c a l  s trains wer e as d e s c r ib e d in S e c t i on 2 . 2 . 1 . 

Es c h e r i c h i a  c ol i  K 1 2  PB 240 (A+ ) was s upp l i e d  b y  the 

D ep artm ent o f  l"'icrob i o l o gy and Genetic s ,  .Mas s ey Univers i t y .  
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LJ- . 2 . 2  I'1cdia 

rrh e  defin ed arnino a c i d  medium C\A medium )  d e s c r i b e d in i:> e c t i on 

2 . 2 . 2 , was us ed in the ma j ority o f  exp eriment s .  �or experi-

m ent s with non-r epl i c a t ine; c e l l s  0 . 2  M pho s phat e buffer 

( pH 7 . 0 )  vms inc luu_ e d  in i\_A m e di um . I n  s p e c i fi ed experinent s ,  

t h e  c onc en trat i on o f  hg+ + v as reduc e d  from 0 . 4  1�1 t o  0 . 2  mN . 
For exp e r iment s inc l uding cyc l ic ad enos in� 3 ' 5Lmonopho s phnt e  

( c ..iuiP) , m e di w:1 !-:.. as de s c r ib e d by l er lman and 1--a s t an ( 1 9G8 ) was 

us e d . Thi s c ons i s t e d  o f  1 4 . 0  g o f  K2Hl OLJ- ' 6 . 0  g o f  KH2J)01� , 
2 . 0  g o f  ( NH4) 2 so4 , 0 . 2  g o f  MgS04 . 7  H2o and 5 g Elyc e r o l  p e r  

l {t r e . Th e p H  was 7 . 0  wi thout adj us tment . hodifi c a t i ons 

wer e made t o  this I!ledium as indi c at ed . Gluc o s e , gal ac t o s e , 

glyc erol and lac t o s e v1 e r e  aut o c l av e d  s eparat ely , and pyruvat e  

wa s s t er i l is ed us inr:; a mi l l ipore f i l t er ,  and added t o  s t eri l e  

media as r equir e d . 

4 . 2 . 3  Cultural c ondi t i ons 

Th e inoculum for th e f erment er c _ons i s t e cl of c e l l s  c;ro 1m for 

1 6  h in shake-fl asks , was h e d  and r e s uspended in jA medium . 
Ci1he f erm en t er and i t s  opera t ine; pro c edur e have b e en d e s c r ib e d  

i n  Sec t i on 3 . 2 . 1 . For exp er iment s inc luding c;luc o s e  or 

gly� ero l the f o l l owing modific at i on was mad e . Sinc e with 

the s e  sub s trat es in the mediun , ther e was no inc r eas e in pH 

dur ing th e f erment a t i on , only N aOH was r eq uired for pH adj us t 

m ent . r.rh c  b ur e t t e  c ontaining HC l \vas r ep lac ed b y  one 

c ontaining s t er i l e  gluc o s e  or e;lyc er o l , vJhich \Jas c onn ec t ed 

t o  the alka l i  inl e t  vri thout go ing through the S i gma pump . Th e 

r e quir e d  addit i ons o f  gluc o s e  or glyc erol wer e then made 

manually by op enin g the bur e t t e . 

4 . 2 . 4  J:Ieasur em ent o f  gluc o s e c onc entrat i on 

Gluc os e  was det ermined enzymat i c a l ly by the gluc o s t a t  m e thod 

( Calb i o c h em ,  Los Ang e l e s , C a l iforni a ) . 'l'h i s  dep ends on the 

f o l l owing r eac t i ons : 

Gluc o s e  + A.TP � g luc o s e-6-ph o s phat e + ADP 

gluc o s e -6-pho s ph a t e + NADP � NADFH + H
+ +6-ph o s ph o gluc ona t e  

NADI-R was meas ur e d  by t h e  c hang e i n  the ab s orb anc e at 3LJ-O nm in 
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in the e n z yme - s ub s trat e s o lut i on · a f t e r  the gluc o s e  s o lut i on 

has b e en added , and the reac t ion all owed t o  proc e ed t o  c ompl e

tion at room t emp erature . Gluco s e  c onc entration was c al c ulated 

from the  r e l at i onship that the ab s orb anc e of  one  microm o l e  p er 

ml of  N liDI H  at 3LJ O nm in a 1 cm l i ght path i s  6 . 22 .  r_I'hi s  

method m e as ur e s  c onc entrati ons o
_
f glucos e betHeen 0 . 002 1": and 

0 . 01 M .  Dilut i ons o f  s o.mpl es r equired to bring gluc o s e  

c onc entrati ons in to thi s range wer e made with AA raedium . 

Ini t ia l l y ,  lLnown c one entrat i ons o f  gluc o s e  in itA medium were 

det ermined to  check the va l idity an d  specific ity of the a s s ay 

in this medium . 

4 . 2 . 5  Contro l o f  rluc o s e  and glyc erol c onc entra t i ons 

Gluc o s e  det erminations Her e c arr i ed out on s amp l e s  t aken 

through out a f erment er exp er iment vJh ere the medium c ontained 

an initial gluc o s e  c onc entration o f  2� . At the s ame t ine , 

the additions o f  N NaOH required t o  maintain pH a t  6 . 5  w ere 

rec orded . I t  was found that the u t i l i z at i on o f  0 . 294 e; 
gluc o s e  r e q uired the addi t i on of  

,
1 ml 2N NaOH . Ther efo r e  by 

the manual addition of  2 m l  o f  0 . 441 g/ml gluc o s e s o lut i on for 

each 3 ml N aOH added automat i c a l ly t o  maintain pH , it was 

pos s ib l e  to maint ain th e c onc entrat i on of  gluc o s e  b e t w e en 0 . 09 

and 0 . 1 1  M .  

The c onc entra t i on o f  glyc erol was maint ained a t  approximat e ly 

0 . 1  M by making the assumpt i on that the utilizat i on o f  2 mol e s  

glyc ero l and 1 mo l e  gluc o s e  requir e d  the s ame vol ume o f  NaOH 

to k e ep the pH c ons tant . 

4 . 2 . 6  Measur em ent o f  gro Hth 

Growth in shake-flask and ferment er exp eriments was fol l owed 

by measuring OD , as describ ed in Section 2 . 2 . 3 .  

4 . 2 . 7  Det erminati on of  extrac e l lular proteins 

As s ays of ent erotoxins , lipas e , d e oxyribonuc l eas e ,  lys o zyme 

and TEP were c arri ed out a s  des crib ed in Section 2 . 2 . 6 .  
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D e t ermin a t i ons o f;<S' - galac t o s i das e lv er e c arr i ed out by a 
m o di fi c a t i on o f  t h e  method d e s c rib e d  b y  Eagon ( 1 968 ) . Fiv e ml 
s t a vhyl o c o c c al c e l l  sus p ens i on were c entri fuged at 1 0 , 000 rpm 
for 5 · min , a l l  c en tri fugat i ons b e ing c arr i e d  out in a r e fr i g era
t e d c en t r i fug e . Th e c e l l s  were - then washed in c o l d  d i s t i l l ed 
wat er , and r e s u s p ended in 1 ml c o l d  d i s t i l l e d  wat er . Us ing a 
m i cropi p e t t e , 0 . 2  m l  c e l l s  vra s  add e d  t o  7 . 8  ml 0 . 2  r1 s o dium 
pho s pha t e  buffer pH 7 . 25 ,  and 2 ml 0 . 01 l'I o -nitroph enyl-(5-d
gal a c t o pyranos i d e  ( ONPG ) ( C a l b i o c h em , L . A . ) A b l ank was 
pr epar e d  in whi c h  2 ml wat er replac e d  ONPG . Both t ub e s  \v e r e  
inc ub a t e d  3 h at 30 C .  T h e  c e l l s  w e r e  th en c entr i fuged a t  
1 0 , 000 r pm f o r  5 min , and 1 ml s up e rnatant added t o  3 m l  0 . 3  M 
s o dium c arb ona t e  t o  pr event further r ea c t i on and int ens i fy 
th e c a l or .  The c a l or d eve l op e d  1-.ra s  r ead at 420 nm . A 

s t an dard c urve was pr epar ed o f  ONP agains t OD at 420 nm 

( Fi g . 1 8 ) , and on e uni t  o f(3 - ca l ac t o s i da s e  was t ak en as tha t  
which hydr o lys e d  1 pino l e  ONPG in 3 h a t  30 C .  Al t hough i t  
has b e en repor t e d  ( .hors e e t  a l . , ,  1 968 ) that s t apb.yl o c o c c a l  
� -galac t o s idas e i s  a c t i v e  only a gains t pho s phoryl a t e d  ONFG , i t  

was found that ONFG v:as a s at i s fac t ory sub s trat e when int a c t  
c e l l s  w e r e  us e d , presum ab l y  due t o  t h e  pho s phoryl a t i on o f  O�PG 
by the c e l l s  in t h e  pr o c e s s  of ac cumul a t ing the s ub s trat e 
( Mors e e t  al . ,  1 968 ) . 

4 . 2 . 9  N on-r e n l i c a ting c e l l s  

Th es e w e r e  pr e p a r e d  from c e l l s  grown i n  AA m e dium i n  s hak e
flasks , a s  d e s c r ib e d  in S ec t i on 2 . 2 . 5 .  Washed c e l l s  wer e 
r e sus p ended in t h e  appr opri a t e m edium s o  that a d i l ut i on o f  
1 i n  200 gave an O D  o f  approxima t e l y  0 . 20 .  Forty m l  o f  c e l l  
sus p en s i on p e r  1 50 m l  f l a s k  wer e then shak en a t  3 7  C f o r  
s p ec i f i ed t im e s . 

4 . 3  R e s u l t s  

4 . 3 . 1  Effec t o f  gluc o s e  on ent e r o t oxin B produc t i on in 
s hak e - f l asks 

I n  pr e l iminary exp erim ent s ,  s ix ent e r o t oxin B-pro duc ing s trains 
of s t aphyloc o c c i  were incub a t ed i n  50 ml AA m e dium in 250 m l  
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shnke- flaskr.> , wi th and without 2)a gluc o s e in the m e d ium .  1l'h e 

e f f e c t  o f  gluc o s e on ent ero t oxin B and TEP pr o duc t i on during 

2LJ- h inc ub .'l t i on is shm·m in 11' ab l e  1 2 .  For a l l  s ix s t rains , 

th e produc t i on of ent er o t oxin B was a lm o s t  c ompl e t e l y  repr e s s ed 
and TEP pr o duc t i on vras r educ (� U  by b et w e en 2 5  and 80i� in th e 

pre s enc e o f  g l u c o s e .  I n  the c ontrol fl asks w i thout gluc o s e , 

th e pH inc r e a s e d  from 6 . 5 t o  b etween 8 . 3  and 8 . 8 ,  whi l e  in the 

gluc o s e  m e d i1.:un the pH d e c r e a s e d  t o  b c t vJ e en 5 . 0  and 6 . 0 .  

TABl.:'i, 1 2 .  Effect o f  20 gluc o s e  on ent er o t oxin B 
and TEP pr o duc t i on by s ix s trains o f  S .  aur eus 

in shak e - f l a s ks in ..:\.A medium , ini t i a l  pH 6 . 5 

during 24 h incub a t i on .  

Strain G l uc o s e  F ina l Final J�n t e r o t oxin B TEP 
( p er c ent ) OD pH ( pg/ml ) ( mg/ml ) 

S-6 

S-6 

22 

22 

28 

28 

29 

29 

30 

30 

39 

39 

0 1 8  8 . 3  1 1 6  o .  51+ 
2 1 4  5 - 3 5 0 . 1 0  

0 26 8 . 5  9 3  0 . 56 

2 21 6 . 0  1 0  0 . 20 

0 21 8 . 4  61 0 . 65 

2 22 5 . 4  4 0 . 25 

0 20 8 . 5 9 3  0 . 4'7 

2 26 5 . 6  4 0 . 3 5 

0 20 8 . 5  98 0 . 4'7 

2 2 2  5 . 2 3 0 . 1 0  

0 ' 20 8 . 8 1 1 6  0 . 80 

2 21 5 . 0  9 0 . 31 

Eff e c t o f  added c arb ohydra t e s  and r e l a t e d  c omo ounds 

on t h e  pro duc t i on o f  ent e r o t oxins and o th er ext ra

c e l lu l ar pro t eins 

I I 

I n  furth er pr e liminary exp erim ent s t h e  eff e c t  o f  0 . 1  n g l uc o s e , 

pyruva t e , glyc er o l , galac t o s e  and l ac t o s e  on th e produc t i on o f  

extrac e l lul ar prot e ins was det ermined f or five s tr ains o f  

s t aphyl oc o c c i  in AA medium i n  s hak e - f l asks . Th e a ddi t i on o f  

a l l  five c ompounds c aus e d  an inc r e a s e i n  the s p e c i fi c  growth 

r a t e Cf) in the five s trains . The s p ec i f i c  rat e o f  p r o duc t 



f o iTla t i on ( q
p

) was c al c u l a t e d  for t h e  t im e  int erv a l  whi c h  

gave ad equdt � ent e r o t ox in l ev el s  w i t h  l e a s t  chanBe i n  pH . 

For c onveni enc e o f  pr e s ent a t i on t h e  r e s u l t s  have b e en 
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expr·  . : ; e d  as the perc ent a g e  c hane; e s  in q o f  the ext r ac e l lular p 
pro t e ins examined for t h e  f i ve s t ra ins wh en groHn in t h e  

pr e s enc e o f  gluc o s e ,  gl yc er o l  o r  p·yruvat e ,  ( Tab l e s 1 3A and 1 3B ) , 

and g a l ac t o s e  or l ac t o s e  ( Tab l es 1 4/\. and 1 4B ) , as c ompa r e d  with 

c on t r o l  fJ. a s ks v.rh er e _t h e s trains wer e grovm in AA m edium on l y .  

Gluc o s e  gr e a t l y  d e c r e as e d  t h e  produc t i on o f  al l extrac e l l u l ar 

pro t e ins inv e s t i gat ed for a l l  five s trains . At t h e  s am e  t ime 

there was a mark e d drop in pH of t h e  m e dium . The add i t i on 

of glyc e r o l  pro duc e d  a s imi l ar e f f e c t  to that o f  gluc o s e f or 

all s tr a ins . 

I n  th e pr e s enc e o f  pyruvat e , t h e r e  was a s l i ght inc r eas e in 
pH s im i l ar to that in the c ontr o l  f l a s ks . Pyruvat e  s t imul at e d  

the produc t i on o f  d eoxyrib onuc l e a s e and lys o z ym e  f o r  a l l  s t rains 

but the e ff e c t on o th er extrac e l lu l ar pr o t e ins var i e d  gr e a t ly 

b e t w e en s t rains . Strains S-6 and 3 61 showed inc r e a s e s a l s o 1n 

ent er o t oxin and lipas e pr o d u c t i ori , s tra ins 1 00 and 30 showed a 

d e c r e a s e in ent er o t oxin and l ipas e pr o duc t i on , and s tr a i n  3 

showed no change in ent er o t oxin or l i pas e pr oduc t i on . The 
e f f e c t s  of gal a c t o s e  and l ac t o s e ( T ab l e s 1 4A and 1 4B ) w er e 
int erm e di at e b e tw e en tho s e  o f  gluc o s e  and pyruvat e ,  b o t h  

c omp ounds c aus ing a d e c r e a s e i n  th e prodt<c t i on o f  ent er o t oxin 

in thr e e out of five s trains and of l ip a s e in four out of five 

s trains . 

I t  was po s s ib l e  that the d i f f e r enc e s  in e f f e c t s  o f  var i ous 

c ompounds , part i c ular l y  t h e  d i f f e r en c e s  b e twe en pyruvat e and 

gluc o s e  in th e i r  e ffec t s  on ent e r o t oxin and d e oxyrib onuc l e a s e , 

were s imply a r e s ult o f  t h e  d i f f er en c es in pH deve l o p e d  i n  t h e  

medium . 'rh er e fo r e  the e ff e c t  o f  g luc o s e  and glyc ero l , whi c h  

had given the gr e a t e s t  r e pr e s s i on o f  extra c e l lular pr o t e in s  

and t h e  mo s t  marke d  dro p  in p H  o f  t h e  medium , w a s  inv e s t i ga t e d  

i n  t h e  f erm ent e r  und er c ondi t i on s  o f  c ont r o l l e d  pH . 



82 . 

TABLE 1 3A .  Effeet  o f O o 1  I1 glu c o s e , glyc erol and pyruvat e  

on the spec ific rat e o f  format i on ( q p ) a o f  ent ero toxins by 

five s trains of  s taphyl o c o c c i  in shake-fl asks in Aii medium 

dur ing 2L� h incub a t i o n .  

Stra in C arb on Initial
b 

Finale C ontr o l  
d 1-erc ent a g e

e 

and c omp ound c hange in 
typ e added 

pH pH pH 
ent e r o t ox i n  q p  

1 00 A r;luc o s e  6 . 0 5  5 . 6 5 7 . 20 -88 

1 00 A glyc erol 6 . 0 � 5 . 90 7 . 20 -76 

1 00 A :pyruvat e 6 . 65 6 . 80 7 . 20 -29 

S-6 B gluc os e  6 . 20 5 . 60 6 . 80 -65 

S.;..6 B glyc erol 6 . 25 5 - 7 5 6 . 80 -74 

S-6 B pyruvat e  6 . 50 6 . 65 6 . 80 +7 

30 B gluc os e 5 . 5 5 5 . 20 6 . 90 -96 

30 B glyc ero l 5 - 9 5 5 . 6 5 6 . 90 -7 5  

30 B pyruvat e  6 . 50 6 . 60 6 . 90 -32  

361 c gluc o s e 5 . 50 5 . 20 '7 . 1 5 -1 00 

361 c g l yc e r o l  6 . 0  5 . 60 7 . 1 5  -1 00 

361 c pyruvat e 6 . 65 6 . 80 7 . 1 5  +270 

3 c gluc o s e  5 . 30 5 - 05 7 . 0  -1 00 

3 c glyc erol 5 . 50 5 . 1 0  7 . 0  -1 00 

3 c pyruvat e  6 . 6 5 7 . 1 0 7 . 0  0 

a Time int erval ::: for which figur es are rep orted are 7-1 2 h 

( s tra in 1 00 ) , 4-6 h ( s trains S-6 and 30 ) , 6-9 h ( s trains 

361 and 3 ) . 
b pH at the b eginning , and c pH at the end o f  the s p ec i fi ed 

d 
t im e  int erval for whi c h  q p values are r eport ed . 

pH in th e c ontrol fl ask at the end of the spec ified t im e  

int erva l . 
e 

p erc ent age change i s  r e lative t o  c ontrol  containing no 

glucos e ,  glyc erol or pyruvat e .  -1 00 indic ates c omp l e t e  

r epress i on .  

I 
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rrABLE 1 3B .  l�ff e c t of 0 .. 1 1"1 gluc o s e ,  gl yc erol and pyruvat e 

on t h e  spec ific  rat e o f  f ormat i on ( qp ) 8 o f  extrac e l lular 

prot eins by five strains of s t aphyl o c occ i in shake-f lasks 

in AA me dium durinp; 24 h incubat i on .  

.Perc ent a g e  chan gEf in q r e l ative 
p 

t o  c ontr o l s \ 
Btrain C <1rb on 

an d c omp ound I iJ:J�P Lipas e De oxyrib o-
typ e  add e d  nuc l eas e 

1 00 A gluc o s e  - 50 -1 00 -1 00 

1 00 .. f1. glyc ero l  -1 00 -1 00 . -1 00 
1 00 .A pyruvat e  0 - 6 5  +1 90 

s .... 6 B gluc o s e  -41 -1 00 -1 00 
S-6 B glyc ero l  -42 -1 00 -1 00 

8-6 B pyruv <J.t e + 55 +20 + 5 5  

3 0  B gluc o s e  -1 00 -1 00 -1 00 
30 13 glyc erol  - 57 -1 00 -1 00 
30 B pyruvat e  -29 -81 +20 

361 c gluc o s e -1 00 -1 0 0  -1 00 
361 c glyc erol  -1 00 -1 00 -1 00 
361 c pyruvat e +200 +1 0 0  +1 70 

3 c gluc os e  -9 4  -1 0 0  -1 0 0  

3 c glyc erol  -1 00 -1 0 0  -1 0 0  

3 c pyruvat e  +1 00 0 +28 

a Time int ervals  as in u o t e ' a '  Tab l e  1 4  A .  
b S e e  n o t e  ' e '  Tab l e  1 3 A .  

Lys o z yme 

� 

-1 00 

-1 00 

+300 

-1 00 
-1 00 

+60 

-1 00 

-1 00 I +65 

- 50 

-1 00 
+600 

-1 00 

-1 00 

+1 1 0  I 



TABLE 1 4A .  Eff ect of 0 . 1  M gal ac t o s e  and lac t os e on the produc tion 

of ent erotoxins and other extrac e l lular pro t eins by five s trains 

of s t aphyloc o c c i  in i� medium in shake-fl asks during 24 h .  

Perc ent age change
a 

in q re lat ive t o  c ontrols
b 

p 
1 00 A S-6 13 30 3 

Extrac el lular 
prot e in Galactos e / Lac t o s e / Galac t o s e Lactos e ! Galac t o s e  j Lac t os e 

Ent erotoxin 

De oxyrib onuc l eas e 

Lys o z yme 

Lipas e 

TEP 

Initial pHc 

Final pH
d 

e
pH o f  c ontro l 

flask 

Time int erval 

hours 

-29 

-20 
0 

-1 00 

+1 00 

6 . 3 5 

6 . 1 0  

7 . 20 

7-1 2 

-35 1 
+1 50 

+33 

-46 
0 

6 . 73 

6 . 90 

7 . 20 

7-1 2 

a -1 00 indicat e s  c ompl e t e  repr e s s i on .  

+ 5 
+L�O 
-70 

+21 

+79 

6 . 45 
6 . 45 

6 . 80 

4-6 

+1 6  
-45 

0 

+4 

-1 0 

6 . 55 

6 . 76 

6 . 80 

4-6 

b C ontro l  flasks c ontained no galac t o s e  or lac t os e .  

-21 

-1 00 
-70 

-1 00 

+43 

6 . 3 5  
5 - 55 

6 . 90 

1+-6 

-1 1 

-43 
-30 

-42 

0 

6 . 7 5 

6 . 1 2  

6 . 90 

4-6 

c 
pH at the b eginning , and 

d
pH at the end of the spec ifi ed time int erval for 

which q values ar e  report e d . 
p -

e pH given is  that in c ontrol flask at end o f  s p ec ified t ime int erval . 

--

CO 
,._ -r 

• 
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'l1AB1Jl� 1 4B .  Ef f e c t  o f  0 . 1  .r-·1 g0. l ac to s e and l ac t o s e  on t h e  

pro duc t i on o f  ent c r o t oxins and o th e r  extro..c e l lular 

pro t eins by five s t r a i ns o f  s t aphyl o c o c c i  in AA 
m e dium in s l:J ak e - f l a s ks durinp; 24 h .  

:Extrac e l lular 

l_)erc ent a g e  chc:m l� e  
a 

in r e l ative q p 

S t o  
(

c ontr o l s  . . c C"Y'I)vvl.. Jb1 - ' � f'l'i\ 1 n .! • 

prot ein G a l ac t o s e  i Lac t o s e  Galac t o s e  Lac t o s e 

Ent e r o t oxin +? +70 - 71 -1 ? 
D e oxyr ib onuc l e as e  - 21 -26 -? 2 - 3? 
Lys o z ym e  +1 00 +200 +40 +1 60 

Lipas e -67 -88 -1 00 -34 

TEP +1 00 + 50 -23 0 

· I n i t i a l  pH
c 6 . 24 6 . 5 5 6 . 1 5 6 . 70 

Final pHd 5 . 45 5 . 60 5 . 4 6 . 20 
e 

pH o f  c on t r o l  7 . 1 5  7 . 1 5  7 . 0  7 o 0  
fl ask 

Tim e int erva l 6-9 6-9 6-9 6-9 (hou:cs ) I I I --
a -1 00 indic a t e s  c ompl e t e  r e pr e s s i on .  
b 

C on tro l fl asks c ont a i n e d  n o  galac t o s e  o r  lac tos e .  
c pH at th e b e(Sinning , and dpH at the end o f  t h e  s p ec i f i ed 

t im e  int erva l for whi c h  q values are report ed . 
e p 

pH given i s  that in c ontr o l  f l a s k  at end o f  s p ec i f i ed 

t im e  int ervn l . 



4 . 3 . 3  

86 . 

Effec t o f  5_luc o s e  on ent e r o t oxin and TEP -pr oduc t i on 
in t h e  f erm ent er 

Fi r,ur e '1 9  shows the e f f e c t o f  an ini t i al c onc entrat i on o f  2;;6 

gluc o s e on th e produc t i on o f  ent erot oxin � by s tra in S-6 dur i n g  
1 2  h ,  and t h e  ut i l i z a t i on o f  gluc o s e during that p er i o d .  By 
1 2  h ,  g l uc o s e  c onc ent rat i on ho d. dropp e d  to 0 . 006;-� . Ent er o 
t oxin B c onc entra t i on r e a c h e d  50 pg/ml a t  a t im e  wh en '1 ?; 

gluc o s e  s t i l l  r emained in th e m e dium . However , the final 
c onc entrati on of ent ero t oxin was 7�� l e s s  than in th e c on tr o l  
exp erim ent v1i thout gluc o s e .  At the s c-un e  time th e s p ec i fi c  
gro wth r a t e  v;as 8 5�b r;r e a t er i n  the gluc o s e  exp erim ent . 
Simi l ar exp erim ents w e r e  c arri e d  out with s t rains '1 00 ,  30 and 
361 , and the pr o duc t i on o f  ent e r o t oxins and TEP f o l l ow e d  
thr oughout c;ro \vth . T h e  e f f e c t  o f  an ini t i a l  c onc ent r a t i on 
o f  2i(; gluc o s e  f o r  the s e s tr ains during '1 2  h inc ub a t i on i s  

. s hovm i n  Tab l e  '1 5 . 

The pr o duc t i on o f  ent er o t oxin \·: a s  mark edly r e duc e d  f o r  a l l  f o ur 
s trains , a l t hough the T�P pro duc t i on was r e duc e d  onl y  f o r  
s train 361 . A t  th e s am e  t ime t h e r e  w a s  a n  inc r e a s e in t h e  
s p ec i fi c  gro\vth rate o f  b e twe en 28 a n d  48/) . During growth , 
the c on c entr a t i on o f  gluc o s e  in the m e dium d ec r e as e d  rapi d l y  
f o r  s tr a ins S-6 , 30 and 36'1 . The s l ow ut i l i z at i on o f  gluc o s e 
b y  s tr a in 1 00 i s  indi c at i v e  o f  the s l ower growth c harac t e r i s t i c  
o f  t h i s  s train , part i c u l ar ly i n  AA m e d i um .  

Eff e c t  o f  c ons t an t ly ma int ain ed 0 . 1  M gluc_o s e  and 0 . '1  h 
glJc e r o l  on th e pro duc t i on o f  extrac e l lular pr o t e ins in 
the f erm ent er 

As th e final c onc entra t i ons o f  g luc o s e  in t h e  f e rm ent e r  we� e 
ext r em e ly l o w , the exp e r im ent s w ith s tr8 ins 1 00 ,  S-6 , 3 0  and 
361 w e r e  r e p e a t e d  with t h e  c onc entrat i on o f  gluc o s e  in th e 
f erm ent er c ons tantly maint ained at 0 . 1  M .  The pr o duc t i on o f  
ent e r o t oxins , l ipas e ,  d e oxyribonuc l e as e and TEP were f o l l m·1 e d  
thr oughout gr o wth and 1 2  h f i gur e s  are given in T ab l e  1 6 .  

The r e duc t i on in ent e r o t oxin } pro duc t i on b y  s tr a ins 1 00 ,  30 

and 3 61 was s im i l ar to that in the pr evi ous exp erim ent . F o r  
s tr ain S-6 , t h e  produc t i on o f  ent e r o t oxin B was r ep r e s s ed b y  
60% , a s  c ompar e d  t o  43% when the gluc o s e c onc entrat i on was n o t  
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TABLE 15 . Effect o f  an initial c onc entration of 2% gluc o s e  on the 

produc tion of ent erot oxins and TEP by s trains 100, S-6 , 30 and 361 

in the ferm ent er at pH 6 . 5 ,  during 1 2  h inc ub ation .  

Strain and Initial 
ent erot oxin gluc o s e  

typ e ( per c ent ) 

100 A 0 

100 A 2 

S-6 B 0 

S-6 B 2 

30 B 0 

30 B 2 

361 c 0 

361 c 2 

J:i'inal Final gluc o s e  OD ( per c ent ) 
0 26 . 8  

1 . 5 14 . 0  

0 24 .. 8 

0 . 006 23 . 2  
0 22 . 4  

0 . 003 26 . 8  

0 22 . 8  

0 . 004 24 . 6  

Specific 
gr oHth 

rat e Cp) 
O o 38 

0 . 71 

0 . 46 

0 . 86 

0 . 45 

0 . 86 

0 . 47 

0 . 65 
--- ---

Ent ero toxin 
(}lg/ml ) 

32 

2 

129 

75 

136 
32 

53 

10 
- --·-

------- �-

TEP 
(mg/m l ) 

I 0 . 05 I 

0 . 05 

I 0 . 84 
I 1 . 36 ; 

0 . 89 

1 . 42 
1 .02 

0 . 38 

(X) 
(X) 
• 



TABLE 16 . Eff e c t  o f  0 . 1  M gluc o s e  ��d 0 . 1  M glyc ero l  on the produc t i on o f  ent erotoxins A ,  

B and C and other extrac e l lular prot e ins b y  four s trains o f  s t aphyloc o c c i  during 

1 2  h incub a t i on at pH 6 . 5  in th e ferment er . 

Strain and Spec i fic _)�nterotoxin . . Lipas e Deoxyrib o- TEP 
ent erotoxin OD gro wth ( y.g/ m 1 ) I ( qp ) ( uni t s /ml ) nuc l eas e (mg/ml ) type rate (p) ( uni t s /ml ) 

C ontrol 1 00 A 26 . 8  0 . 38 3 2 0 . 21 5 r 0 . 05 / 
0 . 1 M gluc os e 1 00 A 1 4 . 2  0 . 71 :z, 0 . 1 2  0 8 0 . 0 5 ./ 

C ontro l  S-6 B 2 5 . 8  0 . 46 '1 29 i 2 . 1 2  240 37 0 . 8L+-

0.1 r1 gluc os e S-6 B 3 6  0 . 91 51 "1 . 34 1 47 500 0 . 46 

0.1 I1 glyc erol S-6 B 3 5  0 . 82 29 1 . 00 34 450 0 . 5 5 

C ontrol 3 6 1  c 22 . 8  0 . 47 53 0 . 59 3 20 8 1 . 0 2  

0.1 M gluc os e 361 c 24 . 6  0 . 80 1 5  0 . 1 6  201 1 4  0 . 36 
C ontr o l  30 B 22 . 4  0 . 45 1 36 i 2 .  79 1 7  2 5  0 . 89 

0.1 .M gluc o s e  3 0  B 28 . 8  0 . 82 26 0 . 99 7 1 25 0 . 70 

0 . 1 .M glyc erol 30 B 26 . 4  1 . 1 8  3 5  
: 

0 . 94 1 3  246 0 . 68 

I I .  
i 

---· -- - -- ----� -.. ---------- --- ---- -- -

CO 
\..0 
• 
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maint a in ed . All :f our s t r a ins s h o H e d  a marl� ed decreas e in 

l ip as e pro duc t i on ,  and th r e e out o f  f our a dec r e as e  in TEP 
pr o duc t i on i n  th e pr es enc e of gluc o s e . At the s am e  t ime the 

s p ec i f i c �r o wth rat e inc r ea s ed for a l l  f our strains , wi th a 

s h o r t er trans i t i on p er i o d  fr om expon ent i a l  t o  s t at i onary phas e 

o f  gr o wth , and a r educ t i on in the l ength o f  t im e  for whi ch 

ent e r o t oxin i s  produc e d . 
li'i g  • 20 e 

�his i s  s h own for s train S-6 in 

The e ffec t of 0 . 1  M gly c ero l on ent er o t oxin , l ipas e , d e oxyr ib o 

nuc l e c:w e  and Tl<;P pr o duc t i on vms det erm in ed for s trains S-6 

and 30 ( Tab l e  1 6 ) . As with gluc o s e ,  there was an inc r e a s e 

in gr owth rat e , and a decreas e in the produc t ion o f  ent ero

t oxin B ,  l ipas e and TEP . 

In an at t empt t o  det ermine th e e f f ec t  of gluc o s e  on ent er o t oxin 

. pro duc t i on ind e p endent l y  o f  growth r a t e  and th e t ime f o r  vvhich 

ent ero t o xi n  was pr oduc e d , t h e  s p ec i f i c  rat e o f  ent er o t oxin 

( a  ) was c a l c ul a t ed for the n er i . o d of maximum ent e r o t oxin 
-p -

produc t i on as d e s crib e d  in S ec t i on 2 . 2 . 7  and is  s h mvn in 

Tab l e 1 6 .  For all four s tr ains , qp s ho ws a c ons i de r ab l e  

d e cr e as e  i n  th e pr e s enc e o f  0 . 1  M gluc o s e  o r  0 . 1 M Blyc er o l . 

D e oxyr ib onuc l eas e pr oduc t i on sh o H e d a di ff er ent r e s p ons e t o  

th e p r e s enc e o f  0 . 1  � gluc o s e o r  glyc er o l  fr om that o f  the 
o th er pr o t e ins as s aye d .  ( T ab l e  1 6 ) . De oxyr ib onuc l e as e p r o duc -

t i on was incr eas e d for a l l  four s tr ains, showing a 1 3 - and 

5-fold inc r e as e  in the pr e s enc e o f  gluc os e  and a 1 2- and 1 0 -

fold  incr eas e in th e pr es enc e o f  g l yc er o l  f o r  s trains S-6 

and 30 res pec tivel y . 

Eff ect o f  add ing Bluc o s e dur ing expon ent i al growth 

on the pr o d uc t i on o f  ent er o t oxin 

I n  a further exp erim ent 2}� gluc o s e  was added to a cul ture o f  

s train S-6 growing in the ferment er a t  pH 6 . 5 ,  when the 

c u l tur e had b e en incubated for 4 h .  At thi s point the cul tur e  

was i n  t h e  exponent ial phas e o f  growth and ent ero toxin produc 

t ion had j us t  b e gun . The speci fic rat e o f  ent erot oxin 

produc t i on . ( q
p

) value und er thes e c ondi t i ons was 1 . 52 ,  as  

c ompar ed with 1 . 34 when 2-jb gluc os e  was added with the inoc ulum 

and 2 . 1 2  when no gluc o s e  was in the medium at all . The t ot al 
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yi e l d  o f  ent e r o t oxin was 7 2  p�/ml wh en e; l uc o s e was added a t  

4 b ,  a s  c omp3.r e d  w i t h  7 5  pg/ml wh en e;luc o s e  was added w i t h  

the inoculum and 1 29 pg/ml wh en no gluc o s e  was add e d  t o  t h e  

m e di um .  

Ei�fe_c t o f  or:1i t t inc; tll i am i n e  from J.A m e d i  urn 

I t  has b e en r e p ort ed ( Nors e an� B a l dwin 1 971 ) .  that for 

S . aurcus S-6 , e l imirn t i on of thia..mine fr o:n a c a s e in hydr o l ys a t e  

m e d i um part i a l ly or c ompl e t e ly r ev er s e d  the r e p r e s s i on o f  

ent e r o t oxin B s ynthes i s  b y  gluc o s e . A s  th e AA m e d i um us ed 

thr oughout this inve s t i e;a t i on c ontained 0 . 5  pg/ml thiamin e , 

i t  was d e c i d e d  to inv e s t i ga t e  t h e  e ff e c t  on g luc o s e r e pr e s s i on 

o f  om i t t ing thiamine from th� m e d i um .  Strain S-6 v..ras gr o hrn 

in AA m e di um f o r  1 6  h ,  the c e l l s  wer e then was h e d  four t in e s  

i n  0 . 01 11 pho s phat e buff er , pl1 7 . 0 ,  t o  r emove t rac e s  o f  

thiamine , an d us ed t o  inoculat e 200 ml medium , w i th and 

with out t h i amine , in 1 l i tr e  shak e - f l a sks . Growth , pH , TEP 
and ent erot oxin B p r o duc t i on wer e f o l l owed for 24 h . 

I n  the f l a s k  without thi amin e ,  th e s p e c i f i c  gr o vJth rat e was 
0 . 50 ,  as c ompa r e d  v,·ith 0 . 51 in the usua l AA m e d i um .  I n  b o th 

f l asks , ent erot oxin B pr o duc t i on was 1 50 pg/m l , and TEP 

produc t i on 0 . 48 mg/ral a f t er 2LJ- h inc ub at i on .  rl'h e  f inal OD 

and pH \v e r e  1 5 . 6  and 7 .  9 r c s p e c  t i  ve l y  in the c ontro l f l a s k  

a s  c ompared with 1 7 . 0  and 8 . 0  in t h e  ab s enc e o f  t h i amine . 

An exp eriment \vas then c arri e d  out t o  det ermine th e e f f e c t o f  

gluc o s e  o n  en t erot oxin pr oduc t i on in the pr e s enc e and ab s enc e 

o f  thiamin e . I n  order t o  prevent any c arry- over o f  thiamin e 

w i t h  the inoc ulum , c e l l s  w er e  grown in AA m e d i um w i th out 

thi amine and wa shed four t im e s  in buffer b e f o r e  b e ing us e d  t o  

inoc ul at e two shak e - f l asks . B o th f l a s k s  c ontain e d  0 . 1  M 
gluc o s e .  On e flask c ontain ed the usual c onc entrat i on o f  

t h i amine i n  AA m edium , and one c ontained no thi am ine . Gro wt h , 

pH , TEP and ent er o t oxin B produc t i on ,  and gluc o s e  ut i l i z a t i on 

w e r e  f o l l ow e d  throughout gr ov;th .  Again , i t  was f ound that 

the omi s s i on of thirunine from AA m e dium made n o  s i gn i f i c ant 

d i f f e r enc e s  t o  any of th e s e param e t ers . In b o th f l a sk s  

entero t oxin B pro duc t i on was r e duc e d  t o  1 0  fg/m l  and t h e  
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final pH was 5 . 0 5 .  The uti l i z j t i on 6 f  gluc os e  was very 

similar in both fla sks . In th e c ontro l  flask , gluc o s e  

c onc entrations w ere 0 . 081 , 0 . 068 and 0 . 045 M a t  5 i , 7� and 24 h .  

I n  th 2 flask from ivhich thi amine vms omitted , Gluc o s e  c onc en

trat i ons were 0 . 084 , 0 . 063 and 0 . 057 � at the s e  t imes . 

I t  i s  evid ent that the omi s s i on o f  thin1:1ine from "'di m edium 

had no effe c t  on Growth , ent erot oxin B produc t i on o r  gluc os e 

ut i l i z ation by S . cmreus S-6 . rrhiamine has b e en shown to  

play a · highly s i gni fic ant part in the m e tabolism of gluc o s e  

by s taphyl oc o c c i  ( .l3lum enthal , 1 972 ) . I t  is prob ab l e  there

fore that . tb o  r e sul t s  pres ented here ind icate tha t in AA 
medium , strain S-6 i s  ab l e  t o  s ynthesis e its thi amine require

ment s . Thi s  f ind ing would b e  in agre ement with the  r eports 

of I driss and Blumenthal ( 1 967 ) and 1''�ah et a l . ,  ( 1 967 ) that 

the vitamin r equirem ents of  s taphyl oc o c c i  depended part ly on 

th e growth m edimn .  

4 . 3 . 7  J::ffec  t o f  r�1 uc o s e o� ent e r o t o x i� oroduc t i on under 
1 • • r d d ' . ++ c onn 1 t 1 ons o f  r e  �e o Ng 

Ent erot oxin s ynthes i s  in the ferment cr exp erim ent at c ontrol l ed 

pH was never c ompl e t e ly repr es s ed by gluc os e . I t  has b e en 

shown (l"Iand e l s tam 1 961 , Falm er and Mal l et t e , 1 961 ) that in 

E . c o l i  the r epr es s i on o ff3 -gal ac t o s idas e  b y  gluc o s e  was 

increased wh en the s upply of  o ther nutri ents was l im i t e d .  To 

demons trat e whether or not thi s  a l s o  appl i ed to  the appar ent 

c atab o l i  t e r epress i on of ent er o t oxin s;ynthesis  by gluc o s e ,  

the e ffec t o f  gluc os e  was s tudi ed under c ondit ions o f  r e duc ed ++ Mg c onc entra t i on .  

The c onc entrat ions o f  �g++ that w ould limit growth were  

d e t ermined i n  shake- flasks for s trains 1 00 ,  S-6 and 3 61 as  a 

pre liminary t o  ferment er exp eriments des igned t o  d e t ermine 

whether suc h  an inc r eas e in c a t ab o l i t e  repress i on c oul d b e  

obtained with ent ero t oxin produc t i on . The relati onship 

b e tween Ng++ c onc entrat ion and s p ec i fic growth rat e (y) , c el l  

yi eld as meas ured by increas e i n  OD , and ent ero t oxin B produc 

t i on during 1 2  h is shown for s tr ain S-6 in Fig . 21 . A decreas e 

in I"1g++ from 0 . 4 ml"I t o  0 . 1  mM r e duc ed p from 0 . 49 t o  0 . 37 5 , 

the c e l l  yi e l d  from 1 1 . 2  t o  5 . 0 ,  and ent erotoxin B produc t i on 

from 1 04 yg/ml to 1 6  yg/ml . The large reduc t i on in ent ero-
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t ox in B pr oduc t i on as c ompar e d  with the d ecreas e in c e l l  yi e ld 

sugge s t ed tha t ent ero t oxin B pro duc t i on was aff ec t e d  by the 

c onc entrati on of Mg
++ 

indep endently of the e ff e c t  on growth . 

I t  was ther efore dec i d ed t o  us e 0 . 2  mM Mg+ + which c ould b e  

exp ec t ed t o  l im i t  growth , but s t i l l  give adequa t e  yi e l ds o f  

ent erot oxin B .  

F o r  s t rains 1 00 and 361 i t  was found in shake..:...flasks that 

groHth r at e s  and c e l l  yi e lds of th e s e s trains \v ere l e s s  

s ens i t ive than s train S-6 t o  a r e duc t i on in the c onc entrat i on 

o f  �'lg++ . I t  vms dec i d e d  t o  us e O . OL� an d 0 . 08 w1 1'-lg
+ +  

for 

s train s 1 00 and 3 61 , r e s p e c t iv e l y , in ferm ent er exp erim ents . 

Thes e thr e e  s trains w ere then us ed t o  d e t ermine th e eff e c t  o f  

0 . 1  M gluc o s e  o n  t h e  pr oduc ti on o f  ent erot oxin and o ther 

extrac e l lular pro t eins at pH 6 . 5  in the ferment er , with the 

r e duc ed c onc entrat i on of I1g 
++ 

d e s c r ib ed ab ove . Al though th.e 

r educ t i on in I'ig + +  
from 0 .  4 mi'1 t o  0 .  2 ml'1 vms no t suffic i ent t o  

r educ e the s p e c i f i c  growth rat e  f o r  s train S-6 in the f erm ent er , 

the c e l l  y i e l d  was decreas ed by 5�� without gluc o s e , and by 

77� in th e pr es enc e of gluc o s e  ( Fi � . 22 ) , by the r educ t i on in 

Mg++ c onc entrat i on ( c ompare fab l e s  1 6  and 1 7 ) . I n  th e c ontrol 

exp eriment s without gluc os e ,  the s p e c i fic rat e o f  produc t i on of 

ent erot oxin was r educ e d  by 43% �1en the Mg
+ +  

c onc entrat i on was 

reduc ed by 50�b . 

Th e t o tal yi e l d  o f  ent erot oxin B was r educ ed by 94�:S and t h e  

s p e c i f i c  rat e o f  ent ero t oxin pr o duc t i on was reduc ed by 91 � in 

the pr e s enc e o f  gluc o s e  and 0 .  2 rnl'I l"Ig ++ ( Tab l e  1 7 ) . Thi s  c an 

b e  c ompar ed w i th a 60% r e duc t i on in the yi e l d  o f  ent ero t oxin B ,  

and a 38% reduc t i on in the s p ec i f i c  rate o f  ent e r o toxin B 

pr oduc t i on in th e pre s enc e o f  gluc os e  wi th the higher l ev e l  

o f  0 . 4  mM Mg ( Tab l e  1 6 ) . Simi l arly , t h e  reduc t i on in l ipas e 

and TEP produc t i on in 0 .. 2 ml"l l"J.g
+ +  

in the pr es enc e o f  gluc o s e  

was als o  great er than the reduc t i on due t o  gluc o s e  i n  0 . 4 mi'1 
+ +  + +  M g  • Howeve r , at t h e  l ower c onc entrat i on o f  Mg , the 

s t imulati on of d eoxyribonuc l eas e pro duc t i on by gluc o s e  was not 

obs erved . 

For s trains 1 00 and 361 , r e duc ing the c onc entr at i on of l'-lg
+ +  

t o  0 . 04 and 0 . 08 mM r e s p e c t ively c aus ed a reduc t i on in the 
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TABLE 1 7 .  Effect  of 0 . 1 M gluc o s e  on the pro duc t i on o f  ent erot oxins and other 

extrac ellular proteins under c ondi'ti ons of r educ ed r-1g + + , during 1 2  h incubati on. 

Strain 
Gluc o s e  Final and ( molarity) OD 

typ e  

1 00 A 0 3 - 5 

1 00 A 0 . 1  3 . 3 

S-6 B 0 1 1 . 5  

S-6 B 0 . 1  8 . 3  

361 c 0 9 . 0  

361 c 0 . 1  8 . 4  

.up e c l .1. lC J-..:nt er o t oxin Lipas e 1 ...., e oxyr� o - 1 1f.t,P 
. " Lmu I I ' i b  I I r���ViC�) Cpgimi-)1-� (q-�)· ( uni ts/ol ) I (���:/!� ) ( mg/ml ) j 

0 . 34 ·l'r I l 3 . 6 I 0 I 
0 . 08 

: 
- I I I I 

0 . 3 3  'J:r I 
2 0 0 . 0'+ - I 

0 . 1+1 3 5  1 . 1 9  70 1 7  0 . 28 

0 . 98 2 0 . 1 1  8 '1 5  o . o8 I I 
0 . 56 5 - '7 3 0 . 01 I 0 . 62 N D  - 0 2 0 . 01 

I 

\..0 
-...,J 
• 
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s p ec i f ic growth r a t e  and c e l l  yi e l d  ( Tab l e  1 7 ) a s  c ompar e d 
w i th 0 . 4  nh l"lg++ ( TG.b l e  1 6 ) . rrh e pr oduction o f  ent e r o t o xi n  C 
and l ipas e by s tr a in 361 w a s  c oMpl et e ly r e pr e s s e d , and th e  

pro duc t i on o f  TEP b y  s tr a in 1 00 50% r epr e s s ed i n  t h e  pr e s enc e 

o f  gluc o s e .  H o w ever , t h e r e  w a s  s uch a l Br�e decreas e in a l l  

extrac e l lular pr o t eins m easur ed a t  thes e reduc ed c onc entra t i ons 

of I'lc; ++ that it was not p o s s ib l e  f r om th e s e experir:J ents t o  

d e t e rmin e c onc lusively t h e  e f f e c t o f  r educ ed Mg+ + on th e  

r e pr e s s i on o f  thes e cn t er o t ox i n s  b y  gluc o s e .  

h f f e c t  o f  �1 uc o s e  and pl y c p r o l on -ca!ac t o s idas e and 
ext r_�:�-� l l u l a r  nr ot e i n nr o (luc t i on by non-rer,_lic atinr: 
c e l l s o f  s taDhyl oc occ j . 

I n  f ernl Gnt er and shal-:e-flask exp e r im ent s , i t  vJas f o und that 

r e duc e d  ent er o t oxin pr o d u c t i on in th e pr e s enc e of � l uc o s e or 

g l yc er o l  w a s  always a c c onp an i e d  by an inc r e as e in th e s p e c i f i c  

gr o ·  .. ;tll ra t e . I n  ord er t o  d e t ermin e whether th e e ff e c t o f  

gl uc os e  and � l yc e r o l  on en t er o t oxin pro d uc t i on o c c urr e d  

i nd e p end ent ly o f  t h e  c h�n� e  i n  � r o w t h  ra t e , exp e r im e n t s  w e r e  

c arr i e d o u t  i n  whi c h  the 1)r o duc t i on o f  ent e r o t ox ins by non

r epl ic a t ing c el l s  in the pr e s enc e and ab s enc e o f  gluc o s e  and 
glyc e r o l  was i nv e s t igat e d . 

Staphylococcal c e l ls a r e  kn own t o  produc e � - ga l ac t o s i das e in 

the pr e s enc e o f  a s ui t ab l e induc e r  ( �c C la t c hy and R o s enb luo ,  
1 963 ) .  I t  was th e r e f o r e  d e c ided t o  add an induc e r  o f  

� -galac t os idas e  t o  non -r epl ic a t in � c e l l s  o f  s t aphyl o c o c c i , a s  

thi s woul d all O\v c ompar i s ons t o  b e  made wi th a n  enz yra e lmmm 
t o  b e  s ub j e c t  t o  c at ab o l i t e repr e s s ion ( B lum entha l , 1 972 ) . 

N on-r e p l ic a t ing c e l l s  \-Je r e  gr o1..m in AA m e d i um  in sh ak e - f l a s ks 

harve s t e d at 1 6  h and was h e d  in buffer as d e s c rib e d  in 

S e c t i on 2 . 2 . 5 .  Pr e l iminary exp e r iments s h o w e d  that i f  c e l l s  

o f  s t rain 1 00 ,  S-6 , 3 0  o r  361 w e r e  r e s us p end e d  in .� m ed ium 

c on ta ining 1 }b galac t o s e ,  and incub a t e d  in shak e - f l as k s  at 

37 C ,f - g a l ac t o s i das e was induc e d . N ei t h e r  I PTG n or m e l ib i o s e 

was found t o  b e  a sui t ab l e  induc er for s ta phyl oc o c c a l  

(1 - g a l ac t o s i das e ,  i n  agr e ement ,,.;i t h  r epor t s  o f  Hengs t enb erg e t  

a l . ,  ( 1 968 ) . 'I'he incub at i on o f  non-r ep l i c a t ing c e l l s  w i t h  

g l uc o s e  o r  glyc ero l pr o duc e d  a c on s i d erab l e  d e c r eas e in pH . 

Further pr e l iminary exp e r iments were ther e f or e c arr i ed out 
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with s tr a in S-6 t c  d e t ernine th e c onc entrat i on o f  pho s phat e  

buff er which would pr event a large decreas e in pH ( Tab l e 1 8 ) . 

T'ABLE 1 8 .  Eff e c t  o f  0 . 2  M and 0 . 4  N pho s -

r-· 

pha t e  b u f f e r  �I 7 . 0  on pH changes in AA 
medium }>rocluc ed by non-r epl i c at ing c e l l s  

o f  S . aur eus S - 6  i n  th e  pres enc e and 

ab s enc e o f  gluc os e .  

Pho s phat e  buffer Gluc o s e  pH at pH at 
( molarity) ( m o larity) 2 h 4 h 

-

0 0 7 . 8 8 . 5  

0 0 . 1  6 . 2  5 . 4  

0 . 2  0 7 . 2 7 . 4  

0 . 2  0 . 1  6 . 7  6 . 4  

0 • L� 0 7 . 0  7 . 0  

0 . L� 0 . 1  6 . 8  6 . 7  i 
I t  was found tho..t VJhi l e  in the ab s enc e o f  b u f f er , gluc o s e  

c aus e d  a f al l  i n  pli t o  5 . 4- , in 0 . 2  and 0 . 4  I''1 buffer , the pH 
d e c r e as ed t o  6 . 4  and 6 . 7  r e spec t iv e ly from an init i a l  pil of 

7 . 0 .  

Th e e f f e c t  o f  1 %  galac t o s e and two c onc entrati ons o f  pho s phat e 

buffer on the pr oduc t i on of ent er o t oxin B ,  l i pas e ,  d e oxyrib o 

nuc l eas e and TEP by non-r e p l i c ating c e lls o f  s train S-6 during 

4 h inc ub a t i on Has then d e t e rmined ( Tab l e  1 9 ) . Th e addit ion 

of 1� g a l ac to s e  had no e f f e c t  on the produc t i on o f  ent erot oxin 

B or TEP and c aus e d  an increas e i n  the produc t i on of l i pa s e  and 

d e oxyrib onuc l e as e . r.rhis c one entra t i on of galac t o s e was 

therefore us e d  in subs equent exp eriments wh er e {3 -galac t o s idas e 

i nduc t i on was r equir ed . Howeve r , 0 . 2  M buffer d e c r e a s ed th e 

produc t i on o f  ent er o t oxin , l ipa s e and de oxyrib onuc l e as e ,  and 

'l'EP by 50 , 5 2 , 6 5  and 25�-� r e s p e c t iv e ly .  The produc t i on o f  

thes e extrac e l lular pro t e ins was further d e c r e as e d  i n  the 

pr e s enc e o f  0 . 3 M buff er . I t  was th er e f or e  d e c i de d  t o  us e 

0 . 2  M pho s phate buff er , as  giving s at is f a c t ory pH c ontro l , 

and all owing ent ero t oxin produc t i on whic h  though part i a l ly 

r e duc ed ,  was s t i l l  adequa t e  t o  d e t e c t  di f f e r enc e s  produc e d  by 

change s  i n  environment . 
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TABI,E 1 9  • Eff e c t  o f  phos pha t e  buffer pH 7 . 0  and 4 %  
• 

galac tos e on the produc t i on o f  extrac e l lular pro t e ins 
b y  non-r epl i c ating c e l l s  o f  S . aureus S-6 during 4 h 

inc ubat i on .  

il..d d i  t i ons t o  Final .t:nt ero- "'JlEP Lipas e D e oxyribo-
t oxin B nuc l ea s e Ail m edium pH p.g/ml mg/ml tmi t s  uni t s . 

N i l  7 - 9 5  224 0 . 84 450 86 
1 %  galac t os e 7 . 47 224 0 . 87 560 1 0 3 
0 . 2  1'1 buffer 7 - 25 1 1 4  0 . 63 ' 2'1 5 3 0  
0 .  3 .1"1 buffer 7 . 1 6  

I 
86 o .  56 '1 3 7 '1 4  I 

Th e d i f f erenc e in gluc os e e f f ec t  on ent erotoxin B and 
� -galac t o s idas e produc tion by non-r e p l i c a t ing c e l l s  of s train 

s:....6 i s  shown in Fi g . 23 . (j -:-ga l ac t o s idas e synth e s i s  was alm o s t  
c ompl et e ly inhib i t ed by the pr es enc e o f  g luc os e .  By c ontra s t , 
gluc o s e  s t imul a t ed the pro duc t i on o f  ent erot oxin up t o  2 h .  
Aft e r  3 h incub o..t i on ,  pH had d e c r e a s ed to 6 . 0  in gluc o s e ,  a s  
c ompared with 7 . 0  i n  t h e  c ontro l, f l ask , and th e r e  had b e en a 
c orr esponding smal l decr eas e in ent erotoxin pr oduc t i on .  

Tab l e  20 shows the effec t s  of 0 . 1  M gluc os e and 0 . '1  M glyc erol 
on the produc t i on o f  ent erotoxins , lipas e , d e oxyr ib onuc l eas e ,  
TEP and � -galac t os idas e by non-r e p l ic at ing c e l l s  o f  s trains 
1 00 ,  S-6 , 30 and 361 . Fi gur es f o r  s trains S-6 , 3 0  and 3 61 
a r e  tho s e  aft er 2 h incub a t i on , wh en the d e c r eas e in pH was 
not suffic i ent to aff e c t  ent erotoxin produc t i on .  For s train 
1 00 ,  4 h figur es are given b ec aus e o f  the l o w  yi e l ds o f  extra-
c e l lular pro t e ins from thi s s train . Entero t oxin pr o duc t i on 
was s imilar t o  or greater in the pre s enc e o f  g l uc o s e  c ompared 
to that in the c ontrol f las ks , where gluc os e  was ab s ent . 
However , at th e s ame t ime th e synth e s is offi - ga l ac t o s i das e 
was alm o s t  c ompl et e ly inhib i t e d  by 0 . 1  M gluc os e . Lip as e and 
TEP produc t i on showed no s i gn i fi c ant decreas es in the pr es enc e 
o f  gluc o s e  exc ept for s train 1 00 ,  which showed a d e c r e as e in 
l ipas e pro duc t i on .  De oxyribonu c l eas e produc t i on a f t er only 
2 h incub a t i on was l ow for all f o ur s trains , but t h e r e  was a 
s ma l l  decre as e in the pres enc e o f  gluc o s e  for s tr a in S-6 . 
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Figure 23 Effect of 0.1 M glucose on enterotoxin  B and (3 -galactosidase production by 
non-repl icating cel ls  of strain S-6 without glucose (open symbols) and with 
0.1 M glucose (closed symbols ) .  
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TABLE 20 . Eff ect  of 0 . '1  I"l gluc o s e  and glyc ero l on the pro duction o f  ent erot oxins A ,  B and 

C and other extrac e l lular pr o t e ins , and o f  � -galac tos idas e ,  by non-r eplic at ing c e lls  o f  

s taphyl o c oc c i  during 2 ha incubation . 

8train and Ent er o-
(3-�al ac t o s idas e TI.P Li nas e De oxyrib o- Final 

ent erot oxin toxin ( oe;/ml ) ( units/ml ) nuc l eas e pH 
typ e  (pg/wl ) units/rr;.l ) ( units/mi ) I 

C ontrol . 1 00 A 2 0 . 0 58 0 .  '1 4  '1 9  I 0 7 .  '1 5  
0 . 1  M gluc o s e  1 00 A 2 0 . 003 0 .  '1 2  7 I 0 6 . 30 

0 . 1  M glyc ero l  1 00 A 1 0 � 005 0 . 1 0  7 I 0 6 . 8 5 

C ontrol S - 6  B 29 0 . 022 0 . 1 5 46 1 3  7 . 00 

0 . '1  M gluc o s e  S-6 B 40 0 . 001 0 . 20 57 1 0  6 . 65 

0 . 1  M glyc erol S-6 B 3 5  0 . 00 5  0 . 21 46 1 0  6 . 40 

C ontr o l  361 c 1 0  0 . 022 0 . 1 0  55 Trac e 7 � 20 

0 . 1 M gluc o s e  361 c 1 2  0 . 00 5  0 . 1 1 55 rrrac e 6 . 70 

0 . 1  M glyc ero l 3 61 c 1 0  0 . 007 0 . 1 1  55 Trac e 7 . 1 5 

C ontrol 3 0  B 6 0 . 008 0 . 20 9 I 5 7 . 1 0  I 

0 . 1  M gluc o s e  3 0  B 1 1  0 0 . 1 8  1 2  I 3 6 . 55 I 
0 � 1  1'1 glyc erol 3 0  B 5 0 0 . 1 8 1 0  ' 4 6 . 90 I 

! 
a Strain 1 00 figur es at 4 h .  

I 
I 

I 

� 
0 f\) 
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Glyc ero l produc e d  a s im i lar e f f e c t  t o  gluc o s e  for a l l  strains , 

exc ept that glyc er o l. exert ed a s l ightly l es s  inhib i t ory e f f e c t  

than g l uc o s e  on� - galac t o s idas e .  

Eff e c t  o f  c h l o ramnh en i c o l  an d ac t in omyc in D on th e 

produc t i on o f  ent e r o t oxin · B  and� -gal ac t o s i da s e by 

n on-repl i c a t ing c e l l s  

I t  was po s s ib l e th a t · th e produc t i on o f  ent erotoxins b y  non

repli c at ing c e l l s  in g luc os e mi�ht b e  due t o  the pr e s enc e o f  
a prec urs or ( I-Iarkus an d  S ilverman , 1 969 ) o r  o f  a p o o l  o f  

mRN A ,  ( C o l eman , 1 967 ) which enab l ed ent erot oxin produc t i on t o  

c ont inue . However , i t  was found ( :B, i g . 24 ) that ent erot o xin 

B produc t i on by n on-rep l i c a t ing c e l l s  o f  s train S-6 was 

c om p l e t e ly inhib i t ed b y  1 00 pg/ml chlorampheni c o l , in agr e e 

m ent wi th the findings report ed i n  S ec t i on 2 . 3 . 6 .  Th 8 
produc t i on o f  (3 -galac t o s idas e wa s s imi l arly inhib i t e d  b y  

chlorampheni c o l . 

Ac t inor.ayc in D is r epor t ed t o  in_h.ib i t the produc t i on o f  m nN A  

v1i thout inhib i t ing pro t ein synth e s i s  ( Hash , 1 972 ) . N on

r e p l i c at ing c el l s  of s train S-6 wer e incubat ed for 3 h wi th 

1 0  uni ts/ml o f  a c t inomyc in D and the produc t i on of ent erot oxin 

B and (3 -galac t o s idas e f o ll owed ( }'i g . 24 ) . A small amount 

( 7  pg/ml ) o f  ent erot oxin was pro duc ed as c ompar e d  with 59 pg/ml 

in the c ontr o l , sugge s t ing the pr e s enc e o f  a smal l  p o o l  o f  

mRl� A .  HO\._rever , � -galac t o s idas e was c ompl et e ly and im.m edia t e ly 

r epres s ed ,  showing that the d el ay in the repr e s s i on o f  ent ero

t oxin B was not due to a d e l ay in the penetrat i on of the c el l s  

b y  a c t inomyc in D .  

4 . 3 . 1 0 Produc t i on o f  ent erot oxin B by non-replic ating c e l l s  

o f  S . aur eus S-6 gro.,,m i n  the pr es enc e o f  gluc o s e  

Exp eriments had sho\m that the pr o duc tion o f  ent er o t oxin by 

non-r eplic ating c e l l s  was inhib i t e d  by chl oramphenic o l , and 

there fore r e quired new pro t e in synth e s i s . However , i t  was 

p o s s ib l e  that c el l s  grovm in AA m edium without gluc o s e  and 

r e s uspended in the pr es enc e o f  gluc o s e  alr eady c ont a ined s om e  

nec es s ary prer equis i t e ,  pos s ib l y  an enzyme invo lved i n  ent er

t oxin synthes i s . I f  the produc t ion of thi s  were inhib i t e d  
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by g l uc o s e  in 5row inc c e l l s , thi s wo�ld expl a in the d e c r e a s e 
1n ent erot oxin pro duc t i on in growinB c e l l s ,  and th e  ab s enc e 

o f  �luc o s e  repre s s i on in non- r epl i c a t ing c e l l s . T o  t e s t  

this hyp o t h e s i s  the f o ll owin g exp eriment was c arr i e d  out : 

Strain S-6 vms grov-rn in AA m e di um i n  shal;: e - flasks c ontaining 
0 . 1  h gluc o s e and harv e s t ed at 1 6  h .  Th e c e l l s  w e r e. wash ed 

four t ime s in pho s pha.t e buffer and r e s us p ended in the pr e s enc e 

and ab s enc e o .f gluc o s e  in AA m e dium c onta ining pho s phat e 

bu f f er . The c e l l s  w ere r e sus p end e d  s o  tha t a d i lut i on o f  

1 /200 gave an O D  o f  approximat e ly 0 . 20 ,  and inc ub a t e d  o n  t h e  

s ha k er as d e s c rib e d  i n  S ec t i on 2 . 2 . 5 . Dur ing 2 h incub at i on , 

only 2 pg/ml ent erot oxin B was pr oduc e d  in each f l a s k . 

Growing c e l l s  in t h e  pr e s enc e o f  gluc o s e  had ther e fo r e  a lmo s t  

c ompl e t e l y  inhib i t ed th e pr o d uc t i on o f  ent e r o t oxin ·h·h en the 
c e l l s were r e s u s p end e d  w i th or w i th out Gluc o s e .  At t h e  s am e  

t ime , c e l l s  cr own i n  th e ab s enc e o f  gluc o s e  produc e d  90 pg/nl 

o f  ent er o t oxin 1r1h en r e s us p en d e cl in gluc o s e - c ont a ining m e diun , 
ancl in agr e em ent v;i th ear l i er r e s u l t s  ( ;:) e c  t i on 4 .  3 .  9 )  en t er o 

t oxin pr o duc ti on was c omp l e t e ly � epr e s s ed by add i t i on o f  

c hl oramph enic o l  t o  t h e  m e dium .  

Eff e c t  o f  cyc l i c  ad en o s i n e  3 ,  ' 5.!.. monopho sphat e ( c JoJ'lF) 
on ent ero t o xin B produc t i on 

U yc l i c  Al'1P has b e en r eport e d  ( Per lman and l;as tan , 1 968 ) , t o  

overc·om e gluc o s e  r e pr e s s i on o f  (3 - g a l ac t o s i c_as e ,  and t o  s t i L1u

l a t e  the produc t i on of (3 - galac t o s i d as e in t he ab s enc e o f  

gluc o s e .  Befor e a t t empt ing t o  inv e s t i ga t e  the e f f ec t o f  c .;,J-1F 

on gluc o s e  repr e s s i on in s t aphyl o c o c c i , exp eriment s w e r e  

carri e d  out t o  dup l ic at e t h e  work o f  Perlman and �as t an . 

E c o l i  K1 2 FB240 ( A+ ) was grown f o r  1 6  h in m edium A ( S e c t i on 

4 . 2 . 2 ) . Twenty- five ml s o f  this c u lt ur e  were added t o  200 ml 

fresh m edium . A . Aft er 4 h incub at i on , t h e  c u l t ur e  was 

ac t iv e l y  gro\rJing i n  the expon ent i a l  phas e o f  gr m..,rt h .  The 

c e l l s  were then c entri fug e d  at 1 0 , 000 rpm for 1 5  min , wa s h e d  

i n  0 . 01 M phos phat e  buffer ( pH 7 . 0 ) , and r e s us p en d e d  in 

medium A s o  that th e OD o f  a 1 /1 0  d i l ut i on was appr oxima t e ly 

0 . 50 .  T1denty- f i v e  ml o f  c e l l  s u s p ens ion wer e th en incubat e d  

in e ach of thr e e  1 00 m l  shak e- f l asks a s  f o l l ows : F l a s k  1 



) -4 D ( c ontro l  flask c ont a ined 5 x 1 0  M is opropyl- - -

1 06 . 

thi ogal ac to s ide ( I PT.G ) ) ( SigJ-:Ia · CheJ:-Jic a l  C o ) ,  t o  induc e 
� -galac t o s idas e .  F l a s k  2 c ont a in e d  5 x 1 0-4 M IFTG and 
0 . 1  M gluc o s e .  F l a s k  3 c ontained 5 x 1 0-4 � IPTG , 0 . 1  M 
g l uc o s e  and 5 x 1 0-3 H c .., IJ··JP ( Si r;ma C h em i c a l  C o ) .  'J�he flasks 
were incub a t ed on the shak er a t  Y? C ,  and OD , pH and 

(3 -galac t o s i das e d c t e rlu in<;. t i ons c a::::·r i cd out aft er 1 0 ,  20 , LJ.O 

and 80 min inc ubati o:p. .  For (3 -r;a l <:,c t os idas e d e t erminat i ons , 
2 . 5  ml c e l l s  w e r e  c ent ri fuged , wash ed in c o ld dis t i l l ed wat e r  
and resus p ended i n  1 m l  c ol d  dis t i l l ed wat er . 0 . 2  ml c e l l  
s �s p enfj i on was incubat ed at 3 0  C v! i th ONFG-buffer mixture , 
and� -Galac tos idas e ac tivity m ea s ur ed a s  th e hydr o lys i s  of  
ONPG aft er 20 min. 

It Has found ( Fi r� . 25 )  a f t e r  80 11 i n  incubat i on that the produc 
t i on o f � � galac t o s idas e in t h e  pr e s enc e  of 3luc o s e  was only 
207� of that in th e c ontr o l  flask . c l'J"lP ov erc am e  gluc o s e 
r epres s i on ,  and increas ed the pro duc t i on o f �  -galac t o s i das e 
to  60% ab ove that in the c ontro l flask . Dur ing this t in e  
ther e was an approximat e ly thr e e- fold  inc r eas e in OD , end a 
d e c r e a s e in pH fron 7 . 0  t o  6 . 9  in all thr e e  flasks . 

Simil ar experiments were then c arri ed out with S . aur eus s t rain 
30 , whi c h  pr oduc e s  higher yi el ds o f  (3 -gal ac t o s idas e than s train 

S-6 .  S inc e s t aph;yl oc o c c i  r equi r e  an organic N s ourc e ,  :o ed ium 

A wa s SUIJpl em ent ed with LJ.�·� tryptic a s e  ( m adiwn AT ) .  Al s o ,  i n  

th e s t aphyl o c o c c al exp eriments 1 �; gal ac t o s e r eplac ed I FTG a s  

an induc er o f (3 -galac t os idas e .  C ells wer e grown in .AA m edium , 

harve s t ed at 1 6  h and wash ed in phosphat e buffer . The c e l l s  
w e r e  r e sus p ended i n  medium .AT s o  that th e OD o f  1 /1 0  d i l ut i on 

was approximat e l y  0 . 5 ,  and 25 ml p er 1 00 ml shake-flask 
inc ub a t ed f o r  3 h .  Aft e r  1 ,  2 and 3 h ,  OD and p H  w e r e  

m e a s ur e d , and f3 -galac t o s idas e d e t e rminat i on s  ·wer e c arri e d  out . 

Five m l  c e l l s  wer e wash ed in c o l d  di s t i l l e d  wat er and r e s us 

p ended in 1 ml c o ld di s t i l l ed wat er , 0 . 2  m l  o f  r e s us p ended 

c e l ls b e ing inc ub a t e d  w i t h  ONPG and buff er . f - ga l ac t o s i da s e 

a c t iv i t y  was m easur e d  a s  the hydrolys i s  o f  ONFG aft er 3 h 

inc ub a t i on at 30 C .  The pro duc t i on o f � - ga l a c t o s i da s e during 

3 h incub at i on in the pre s enc e o f  gluc o s e  was 0 . 001 uni t s/m l  

a s  c ompa r e d  wi th 0 . 026 uni t s/m l  i n  the c ontr o l  f l ask w i thout 

gluc o s e .  The addi t i on o f  c ill1P d i d  not overc ome the 
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r epres s i on of� -G&l ac t o s i da s e by gluc os e . The exp erim ent 

was r ep e at ed w i th the c onc entrat i on of cANP incr eas ed t o  

1 0-'1 I1 . Thi s c onc en trat i on r educ e d  the pH o f  the medium t o  

5 . '1  and i t  was r e adj us t ed t o  7 . 0  with 2 N NaOH . However , 

this hi gh e r  c onc ent rat i on o f  cl�EP. s t i l l  d id n o t  overc om e 

gluc o s e  r epr e s s ion o f � - gal ac t o s i das e . During 3 h i n c ub a 

t i on ,  th e OD of t h e  c e l l  s us p ens i on increas e d  appr o xima t e ly 

t w o - fo l d  in the c ontrol f l ask , and thr e e - f o l d  1n the f l asks 

c ontaining Gluc o s e .  T h e  pH r ema i n e d  at 7 . 0  in th e c ontro l 

f l ask and d e c r e a s e d  t o  6 . 4  in the pr e s enc e o f  gluc o s e .  

Ent ero t ox i n  pr o c1uc t i on d m:· ing 3 h incub a t i o n  o f  th e s e c el l s  

growing i n  the pr e s en c e o f  gluc o s e was r educ ed from 3 2  t o  21 

p.g/ml o In the pr e s enc e o f  gluc o s e  and c)J·ll\ 1 9  pg/ml o f  

ent erot oxin Has produc ed , indi c a t ing that c ;;JJI..l did not over

c ome th e r epr e s s i on of en t er o t oxin B by gluc o s e  for s tr a i n  30 � 

I t  was p o s s ib l e  that the di ff erenc e  in the effect o f  c AI'lP 

obtained with E . c o li and S . aur eus w a s  due t o  the d i f f er enc e in 

the mediu.m in the t w o  exp erimen t s . The work which had b e en 

c arr i ed out with � . c o l i  was th erefor e rep eat ed with �� 
trypt ic as e add e d  t o  the medium , and 1 9j ga l ac to s e r e p l ac ing 

I PTG as an induc er o f0 -galac t o s i das e .  Al though ga l a c t o s e  

was a l e ss e ff e c t iv e  induc er than I PTG , i t  was again found 

that t h e  r epr es s ion of {3 -galac tos idase pr o d uc t i on by g l uc o s e  

was overc ome by 5 x 1 0-3 1'1 c .Al1P. 

L� . 4  Discus s i on 

4 . 4 . '1  The pro duc t ion o f  ent e r o t oxins at c ons t ant nH in 

the pr e s enc e  o f  0 . 1  M gluc o s e  or 0 . 1  H glyc ero l 

Growth of  staphyl o c oc c i  in the pr es enc e o f  gluc o s e  or glyc er o l  

in shake- flasks r es ult ed in an almo st c ompl e t e  repr e s s i on o f  

ent erot oxins and o ther extrac e l lular pro t e ins s tudi e d .  Sinc e 

metab o lism of  gluc o s e  or glyc ero l under thes e c ondi t i ons l e ads 

t o  a l ar ge decr eas e in pH , the very low extrac e l lular prot e in 

produc t i on c ould b e  due t o  the l ow pH , rather than t o  

r epre s s i on by gluc os e  ( Met z ger e t  al . , 1 973 ) . However , when 

s trains 1 00 ,  S-6 and 3 61 wer e grovm in th e ferment er under 

c ontroll ed c ondit i ons of  pH and a eration , the produc t i on o f  
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ent erot oxins A ,  B and C v m s  s t i l l  r;r eat ly reduc e d , a l thoug!1 
not c ompl e t e ly repr es s ed .  Thus it is c l ear that gluc o s e  
inhib i t s  ent ero t oxin produc t i on ind e p endently o f  i t s  effec t on 
pH .  This finding i s  in agr e ement with the c onc lus ions of 
Nors e e t  al . ,  ( 1 969 ) and liors e and I"lah ( 1 973 ) for ent erot oxin 
B ,  although their s tudi es wer e c arri ed out in c ompl ex media 
and wi thout hi g;hly c ontro l l ed c ondi t i ons of pH . Ih l l er and 
Fung ( 1 973 ) s im i larly r eport ed. that in shak e - flasks , us ing 
the d efined AA m edium of \-Ju and B ere;do l l  ( '1 97 1 b ) , ent erot oxin 
B produc t i on was r epre s s ed by gluc o s e .  However , in their 
exp eriments during 2L+ h inc ub a t i on th e c onc entrat i on o f  gluc o s e  
d e c r e a s e d  from 1 5c t o  0 . 06;,) , and the pH decre a s ed from 6 . 0 t o  
5 . 0 .  I n  the s ame medium without gluc os e ,  the pH incr eas ed 
from 6 . 0  to 7 . 5  during 24 h .  

The findings pr es ent e d  here are in c ontras t t o  tho s e  of 
· Ne t z ger e t  al . ,  ( 1 973 ) . ·rhe s e  \vorkers greH s tra in S-6 a t  pH · 7 

in a ferm ent er in a pro t ein hydro l ys a t e  medium , and c onc lud ed 
that pH rather than gluc o s e  app ear ed to be the l imi t ing fac t o r  
in t h e  r e l eas e of ent erot oxin B . . However , t h e  init i al Bluc o s e 
c onc entra t i on in the med ium v..ras only 0 . 2/� , and this was no t 
maintained throughout the ferm ent a t i on . There was no s i gn i f i 
c ant ent e r o t oxin produc t i on during t h e  fir s t  thre e  hours 
inc ubati on .  In the f erm ent er Hi thout pH c ontro l , the pH 
b egan t o  incr eas e at that po int , and it i s  probab l e  that the 
gluc o s e in the medium had b e en depl e t e d .  

4 . 4 . 2  Gluc o s e  r e pr e s s i on of ent ero t oxin in r e lat i on t o  the 
synth e s i s  o f  o ther extrac e l lular pro t e ins 

The produc t i on of ent erotoxins , l ipas e and TEP was r epr e s s e d  
G f  by gluc o s e  or glyc ero l ,  with of:r wi thout pH c ontro l . Howeve r , 

when the pH was h e l d  a t  6 . 5 ,  the produc t i on of d eoxyrib o
nuc l eas e was s timul a t ed . Produc t i on of d e oxyrib onuc l eas e b y  
s train S-6 was inc r e as ed 1 3 - f o l d  i n  the pr e s enc e o f  gluc o s e  and 
1 2-fold in the pr e s enc e o f  glyc ero l . Produc t i on by s train 3 0  
increas e d  5-fold i n  th e pr es enc e o f  gluc o s e , and 1 0- f o l d  in th e 
pres enc e of glyc er o l . 

St ormonth and C o l eman ( 1 973 ) s tudi e d  the pro duc t i on o f  thr e e  
extrac e l lular enzym e s  i n  Bac i l lus amyl o l iquefac i ens and 
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p o s t ul a t e d  tha t  a l l  extrac e l lular enz ym e s  are und e r  a c orr@on 

r e gulat ory s ys t em .  The d a t a  pr e s ent ed here indi c a t e  that 

in st aphyl o c o c c i  t h e r e  is mor e than one c ontro l m echan i s m  for 

t h e  pr oduc t i on o f  extrac e l l u l ar pro t e ins . 

R e l a t i on o f  t h e  chan�e in t h e  s n e c i f i c  �rowth r a t e  

in t h e  pr e s enc e o f  ;duc o s e or r:lyc er o l  t o  th e 

JZ..�.rres s i on o f  ent e r o t oxin pro duc t i on 

Th e d ec r e as e in the produc t i on o f  ent erot oxins and o th e r  

extrac e l l u l ar p r o t e ins by gluc o s e  or glyc e r o l  w a s  i nvar i ab ly 

ac c ompani e d  by an inc r e a s e in t h e  s p e c i f ic growth r at e .  This 

was so in the ferm ent er or shak e - f l a sks , al t h o ugh i n  th e 

f e rm ent er wh er e the pH was c ontro l l ed the inc r e a s e i n  growth 

r a t e  was muc h  gr e a t er , and the final c e ll yi e l d  g en era l ly 

h i 3her , than i n  shak e- f l a sks . Th i s  i s  in agr e ec ent w i t h  t h e  

f inding o f  Hand e l s t am ( 1 962 ) and Ga l l a  and K a t z  ( 1 97 3 ) that 

t h e  c arb on s o urc e s  Hh ich s upport a rapid gr ovJth rat e \·Jer e m o s t  

e f f e c t ive i n  pr o duc ing c a t ab o l i t e  r epr e s s i on . However , an 
increas e in growth rat e due t o  an add ed s ub s t r a t e was n o t  

a l ways a c c ompani e d  b y  r epr e s s i on o f  extrac e l lul ar pr o t e ins , 

s inc e pyruvat e  whi c h  pro duc ed an inc r eas e in growth r a t e 

s im i l ar t o  that c aus e d  b y  gluc o s e in shak e - flasks , inc r e a s e d  

the pr o duc t i on o f  ent er o t oxin an d  l ipas e for s trains S-6 and 

361 . N e i dhardt and I''Iaga z anik ( 1 9 56 )  repor t e d  that f o r  E . c o l i , 

gluc o s e and glyc e r o l  pr o duc e d  a s im i l ar inc r e a s e i n  gro wth 

rat e , b ut gluc o s e  c aus e d  muc h g r e at er repr e s s i o n  o f  

� - galac t o s idas e than glyc ero l .  

The inc r e as e in s p ec i fic gr ah t h  rat e in t h e  f erm ent er in t h e  

pr e s enc e o f  gluc o s e  or glyc e r o l  w a s  ass o c i a t ed w i t h  an 

exponent i a l  pha s e of shor t e r  durat i on ,  and a c or r e s ponding 

d e c r e a s e  in the l ength of t im e  f or which ent er o t oxins 1H e r e  

produc e d . However , b y  c a l c u l at ing the s p e c i fi c  gr owth rat e 

o f  ent e r o t oxin pr o duc t i on p er un i t  o f  c e l l  mas s ( q  ) i t  was 
-p 

pos s ib l e  t o  ob t ain a fi gm� e  for ent erot oxin pr o duc t i on whi c h  

was indep endent o f  the rat e o f  growth , and the l ength o f  

t ime dur ing whi c h  ent erot oxin was b e ing pr o duc e d . Ther e was 

a c ons i d er ab l e  d ec r eas e in the s p e c i fi c  rat e of ent ero t oxin 

produc t i on in th e pres enc e of gluc o s e  oi· glyc ero l .  However , 

f or thr e e  out o f  f our s trains , t h e  dec r e as e i n  t h e  f inal 
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c onc entrat i on o f  ent er ot oxin c aus ed by gluc os e  was great er 

than the decreas e in the s p ec ific rat e of ent ero t oxin produc - · 

t i on .  Thi s  indi c at e s  that the d ecreas e in ent erot oxin 

c onc entrat i on at 1 2  h r esul t ed part ly from a d e c r e as e in the 

rat e o f  produc t ion , and partly from a change in growth pat t ern 

in the pr es enc e o f  gluc os e .  

4 . 4 . 4  Effect o f  �luc o s e  on the produc t i on o f  ent er o t oxi ns 

und er c ond i t i ons of r educ ed hg+ + 

S . aur eus S-6 was grovm at pH 6 . 5 ,  in the pres enc e and abs enc e 

o f  gluc o s e , with the c onc entrat i on o f  l1g++ in the m e dium 

r educ ed from 0 . 4  rrJl t o  0 . 2  mM . Thi s  reduc t i on in the 

c onc entra t i on of Mg+ +  r e s ul t ed in a marked d e c r eas e in the 

c e J .l  yi e l d .  At the s ame t ime , there was a c ons iderab l e  

inc reas e i n  the d e gr e e  o f  repr e s s i on o f  ent erot oxin B ,  as 

m e asured by the s p ec i fic rat e  o f  ent erot oxin pr oduc t i on ( q
p

) . 

The d e gr e e  o f  repr e s s i on by gluc o s e  o f  l ipa s e and TEP produc 

t i on was als o gr eat er when t h e  c onc entrat i on o f  l":ig++ was 

r e duc ed .  Reduc t i on in Mg+ +  c onc entrat i on thus had the 

c onvers e effect on gluc o s e r e pr es s i on t o  that r eport ed when 

thiamine was omi t t ed from the medium ( hors e and Baldwin , 1 971 ) .  

I t  has b e en pos t ul a t e d  ( Pai g en and \Ji l li am s  ( 1 970 ) ) ,  that the 

c onc entrat i on in a b ac t erial c e l l  of the int ermediat es in the 

m e t ab o l i sm of gluc o s e  vJhich ar e r e s pons ib l e  for gluc o s e  

r epr es s i on wi l l  d e p end b oth on the rat e a t  which the s e  c om

pounds ar e formed , an d  the rat e at which they are further 

metab o l i s ed .  I t  i s  pos s ib l e  that the decreas e in �g+ +  c on

c entrat i on in thes e exper iment s a ff e c t ed the metab o l ism of 

gluc o s e  in such a \·Jay that there vJas an ac cumul ation of s om e  

int erm e diat e in th e metab o lism o f  gluc o s e  which was r e s pons 

ib l e  for gluc o s e  r epr e s s i on .  

4 . 4 . 5 1-roduc t i on o f  ent erot oxins and � -ga l ac t o s i das e by 

non-rep l i c ating c e l ls o f  s t aphyl o c o c c i  

N on-r eplic ating c el ls o f  s t aphyl o c o c c i  produc ed ent er o t oxins 

and � -galac t o s i das e in the pres enc e of an exogenous s ourc e  o f  

N .  Th e produc t i on o f  b o th thes e prot eins was d ependent on 

new pr o t e in synthe s i s . There have b e en s imi l ar r eports of 

� -ga l ac t o s idas e produc t i on by r e s t ing c el l s  o f  n . c o l i  
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( l"Iae;as anik , 1 9 57 ) , in \·Jhich � - e;n. l ac t o s i d as e v1o.s s ynt h e s i s ed 

us ing end o g enous s ourc e s  o f  N ,  b ut again inhib i t i on o f  pro t e ih 

s ynthe s i s  pr event ed t h e  pr oduc ti on o f  t5'-galac t o s idas e .  The 

addi ti on o f  0 . 1  M g luc o s e o r  glyc er o l  r e sul t e d in an a lm o s t  

c omp l e t e  r epr es s i on o f � - g a l a c t o s i das e s ynth e s i s  f o r  four 

s trains o f  s t a phyl o c o c c i . Houevcr , the pro duc t i on o f  ent e r o 

t oxin was not s i gni fic ant l y d e c r e as ed in th e pr e s enc e o f  

gluc o s e  o r  glyc er o l , gluc o s e even inc r e as inc t h e  produc t i on 

of ent erot oxins for thr e e;  o u t  o f  t h e  f our s trains . At the 

s am e  t im e , ther e w e r e  no s i gn i f i c ant decreas e s  in TEF or l i pa s e 

pr o duc t i on by non- r epl ic a t ing c e l l s  in the pr e s enc e o f  g l uc o s e  

o r  glyc er o1 for thr e e  out o f  f o ur s trains . 'I'h e s e findinss 

are s imi l ar t o  th o s e  of Mand e l s t am ( 1 961 ) , that 0 - ga l ac t o s i do.s e 

s ynth e s i s  b y  r e s t ing c e l l s  o f  .t: . c o l i  vms inhib i t ed by added 

c arb on s ourc e s , but at the s am e  t im e  ther e Has a s l i ght 

inc reas e in th e pr o duc t i on o f  t o t a l  extrac e l lular pr o t e in .  

H ow ev er , i t is n o t i c e ab l e;  that glyc e r o l  c aus e s  gr eat er r epr e s � 

s i on of (3 - galac t o s idas e  pr o duc t i on in s ta:ohyl o c o c c i than has 

b e en r ep ort e d  f o r  .t; � c o l i  (N e i dhard t and hae;as anik , 1 9 56 ) . 

Th es e f i n d inGS s ugg e s t that t h e  w e chanism f o r  r epr e s s i on o f  

ent er o t oxins by gluc o s e  i s  no t t h e  s am e a s  that f o r  r epr e s 

s i on o f � -galac t o s i das e i n  s t aphyl o c o c c i . Suc h c onc l u s i ons 

are in agr e ement with o th er r ep o r t s  that c at ab o l i t e  r epres s i on 

o f  pro t e in s;ynth e s i s  may b e  m ediat e d  in d i f f er ent ways in the 

s ame organism ( Tanaka and I uc hi , 1 971 , R o tham- d en e s  et a l . , 

1 973 ) . 
Experim ent s with chl oramph en i c o l  indic at e d  that the pr o duc t i on 

of ent e r o t oxin i n  the pres enc e o f  gluc o s e  o r  g lyc e r o l  was n o t  

due t o  t h e  pre s enc e of a prot ein pr ecurs or in the r e s t ing 

c e l l s . The pr oduc t i on of a sma l l  amount o f  ent er o t oxin B in 

the pr e s enc e of ac t inomyc in D was also r eport e d  by Katsuno 

and Kondo ( 1 973 ) . The s e r e s ults are s imi l ar t o  the findings 

of Both et a l . , ( 1 972 ) who showed that c ont inu e d  pr oduc t i on 

of pro t e a s e oc c urs in the pr e s enc e of act inomyc in D ,  but n o t  

i n  t h e  pr es enc e of chl oramphenic o l . Th ey pr e s ent ed evidenc e 

which indi c at ed that there was pr e s ent i n  harve s t e d  c e l l s  an 

accumul at ed p o o l  of mRNA whi ch s upported enzyme s ynth e s i s  f or 

a p er i o d  aft er an inhib i t or of Rf'i" A  synth e s i s  had b e en added 

t o  the c e l l  s us p ens i on .  
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H o w ever , t h e  amo1mt o f  ent e r o t oxin B pro duc e d  in t h e  pr e s enc e 

o f ac t inonyc in D ind i c a t e d  a v ery muc h sma l l er mmu. p o o l  t han 

was found b y  t h e s e vv o rkers in B. s ub t i l i s . 

Al th oue.;h i t  was s h o v.,rn tha t n e w  :pro t e i n  s ynth e s i s  Has r eq u ir e d 

f o r  ent e r o t oxin p r o duc t i on by non-r e p l i c at ing c e l l s , exp e r i 

m ents w i t h s tr a i n  S-6 ind i c at e d  that c e l l s  gr o tm i n  t h e 

ab s en c e o f  cluc o s e  c ont a in ed s om e  pr e r e q ui s i t �  for ent er o t oxin 

B produc t i on tha t wa s l acking in c e l l s  grovm in th e pr e s enc e 

o f  gl u c o s e . Thus , c e l l s  gr own in e; l uc o s e  and harve s t ed a t  

1 6  h \'Je r e  n ot c apab l e  o f  pro duc inp; ent e r o t oxin B wh en r e s u s 

p ended i n  a non- r ep l i c a t ing s t at e , e i th er w i th o r  w i th o u t  

gluc o s e .  

The exp e r i LJ. ent s w i th r e s t ing c e l l s  w e r e  und e r t aken i n  an 

a t t em p t  t o  d e t erm i n e  VJhe ther g :Luc o s e and glyc er o l  r e pr e s s ed 

t h e  pro duc t i on o f  ent e r o t oxins und e r  c ond i t i ons wh e r e  t h e r e  

w a s  n o  inc r e as e in gr owth r a t e a s s o c i a t ed w i t h  t h e  add e d  

c om p oun d . H o w ever , t h e  di f f er enc e b e t vr e en t h e  e f f e c t  o f  

gluc o s e  on ent er o t oxin p r o duc t i on b y  n on-r e p l i c a t ing c e l l s  a s  

c ompar e d  w i th gr o wing c e l l s  was s h o wn to b e  due t o  t h e  pr e s enc e 

in non-r e p l i c at i ng c e l l s  o f  s om e  pr er e qui s i t e  o f  ent er o t oxin 

produc t i on ,  rath e r  than to a d i f f e r en c e in t h e  e f f e c t  o f  

gluc o s e  on growth rat e und er t h e  t \·J O s e t s  o f  c ondi t i on s . 

Th er e f or e , t o  d e t e rmine th e e f f e c t o f  gluc o s e  on ent er o t oxin 

pro duc t i on b y  growing c e l l s  w i t h o ut any c hange in gr o \vth r a t e 

o c c urrine; , i t  w o u l d  b e  n e c e s s ary t o  s tudy ent e r o t oxin pr o duc 

t i on under c ond i t i ons o f  c ont inuous c ul t Qr e . Suc h  s tud i e s 

are d e s c rib e d  i n  S e c t i o n  5 .  
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I n  s tudying th e e f f e c t of gluc o s e and glyc er o l  on ent erot oxin 

produc t i on under c ontro l l e d  c ondi t i ons ( Sec t i on 4) it was 

found tlwt r c::pr e s s i on of ent erot oxin '.vas inv2.ri ab ly 

acc ompani ed by an inc reas e in growth rat e .  I t  has b e en 

r ep ort ed 0'lande l s t am ,  1 96? , Gal l o  and Katz , 1 97 3 ) that c arb on 

s ourc e s  vih ich s upport a rapid rat e of growth are J"Jo s t  effec tiv e  

i n  produc inG c a tab o li t e  r epr e s s i on . I t  has al s o  b e en found 

that for B Q s ub t i l i s  e;rowth rat e appears to  b e  as s oc i ated  \'lith 

a r egulat ory m e c h n n i s m . f o r  s ecret i on of extrac e l lul ar e n z ym e s . 
I t  was po s tulat ed thnt wh en th e gr ov! th rate vvas inc r e as ed , the 

s ec r et i on of all extrac e l li.:tlar enz ymc.=:s vias d ec r eas e d  ( C o l eman , 

1 967 ) . I t  was there for e des irab l e  t o  s eparat e the effec t of 

� change in the rat e of growth on ent ero t ox i n  pr o duc t i on an d 
the eff e c t  o f  gluc o s e per s e  in r e pres s ing ent er o t oxin pr oduc 

t i on .  

A."l att empt had b e en made ( S e c t i on Li- . 3 . 8 )  t o  d o  this with non

replicating c e ll s , but there app e ared to b e  d i f f er enc e s  

b e tw e en non-r eplicating an d gro wing c e lls  whi c h  were  not  due 

s o l ely t o  th e differenc e in growth rat e .  Studi e s  o f  the 

produc t i on o f  ent ero t oxin B by S . aureus S-6 und er c ondi t i ons 

of c ontinuous culture were the r e fore undertaken in ord er to 

answer the f o l l owing thr e e s p e c i fic ques t i ons : 

1 .  Do e s  gluc o s e  repr e s s  the pr o duc t i on o f  ent erot oxin 

B independent ly of any change in growth rat e , i . e .  

do e s  gluc o s e  r epr e s s i on o c cur if th e growth r a t e  i s  

kept c ons tant ? 

2 .  D o e s  a change in growth rat e without any change in 

the c ompos i t i on of the inc oming medium al t er the 

produc t i on o f  ent erot oxin? 



3 . D o  the rat e s  o f  pro duc t i on p er unit c e l l  m a s s  o f  

en t er o t o x i n  B ,  l i pas e , d e oxyr ib onuc l e as e , l ys o z ;ym. e , 

(3 -h er.w lys in and TEP a l l  a l t er in th e s am e  way \<Vh en 
I 

Gluc o s e  i s  add e d  t o  t h e  medium a t c ons t nn t  gr o wth 
ra t e , or �hen th e �r o wth rat e is chan g e d  w i th o ut 

c ho.nc;e in the rn e d im;1 , as vwu l d  b e  exp ec t e d i f  a l l  

ex trac el lul ar pr o t eins o f  s t aphyl o c oc c i  \\' e r e  und er 
on e c oo.mon r c r;u l a t ory m e c han i s m ?  
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The r e s ul ts ob t <:t i n e d  from an inv e s t i c:� at i on o f  ent e r o t o x i n  B 
pro d uc t i on i n  c on t i nuous c ul t ur e  ar e d e s c rib e d  in S e c t i on 5 .  

5 . 2 Hat er i a l u  and m e t h o d s  

5 . 2 . 1  S t r a ins 

.§_. aur eus_ 0-6 vl3 S  us e d i n  a l l  c ont inuous cul t ur e  exp e r ir:wn t s . 

5 . 2 . 2  l' 1 e dium 2.ncl c u l t u r a l  c on<ii t i ons - --

'rh e  i::10c u l um f o r  the ferir1 c:c.t er c ons i s t e d o f  c e l l s  e;r o wn in 

shak e - f l a s ks for 1 6  h ,  \-;a s h ed arid r e s us p en d e cl , a l l th e s e  
op erat i ons b e ing c arri ed out i n  JJ� m edium . 

AA m e dium wa s a l s o  us e d  in th e  f erm ent er . I t  had b e en snown 

i n  b atch c ul tur e  ex-:.) er ir.1ents tha t 0 . 2  ml'l 1vJg++ as c ompar e d  H i t h  

the u s u a l  c onc entrat i ons o f  0 . 4  m M  would r educ e th e c e l l yi e l d  

o f  s train S - 6 , and exc ept wh e r e  o t h erwi s e  s t a t e d  this c onc ent ra

t i on was us ed . M g+ +  was thus th e l imi t ing nut r i ent . Th e 

rn e d i un c ontained 0 . 3  mg/ml s i l ic one ant i fo am ( D o w  C orn in g ) . 
The f ern ent er was a s  d e s c r ib e d  in S e c t i on 3 . 2 . 1  with th e 

f o l l oviin r:; m o d i f i c at i ons mad e for c on t inuous cultur e . An ov e r 

f l o w  exi t  l ine w a s  put in s o  that the ve s s e l  h e l d 1 870 m l s �  

M e d i um  was f e d  in thr o ugh a n  air- j ac k e t e d  port b y  a S i gma 

plLrnp s e t at the r e q uir ed s p e e d . To prevent exc e s s iv e  s p l a s h 

over int o the exi t  l i n e , the s t ir r e r  s p e e d  was r educ e d  t o  

800 rpm , a s  c ompar e d  with batch c u l tur e s  ( 1 000 rpm ) . The pH 
o f  the m e d ium was m a intained at 6 . 5  b y  t h e  addi t i on o f  N HC l 

i n  th e ab s enc e o f  gluc o s e or 2 N N aOH i n  gluc o s e  exp er iment s .  

G l uc o s e  s o lut i ons w e r e  aut o c l av e d  s eparat e ly and adde d  t o  

s t eri l e  m e dium .  Di s s o lved oxyg en c onc entrat i on vias mainta in e d  

a t  30 mm Hg a s  d e s c r i b e d  i n  S ec t i on 3 . 2 . 1 . 
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'.I'he f e rm ent er w a s  inoc u l a t e d  Hi t h  Hn s h e d  c e l l s  from 1 6  .hour 

s hak e - c u l t ur e s  vJh i c h. v1 er e t h en gro'.-Jn up in batch c u l tur e , 

us ing the s am e medium as that which would b e  added during 

c ont inuous c ultur e . \Jhen the OD vras ne ar tb e expec t ed final 

OD for c on t inuous c u l t ur e , the exit l in e was o p ene d , and th e 

addition o f  m e d i wn c oiil..menc ed . Sampl e s  wer e  c o l l e c t e d from 

tb e exi t  l ine int o a gradua t ed c yl ind 8r for m e as ur e d  t im e  

i n t erva l s  t o  det ermine th e flow rat e .  'I'h e  s p e ed o f  the pump 

'.vas adj us t ed unt i l  th e r e q u ir e d f l o w  rat e had b e en ob tained 

and no further a l t e r a t i ons t o  the pw'llp speed vwr e  made dur in g  

a n  exp erim ent . 1I'h e d i lu t i on rate ( D ) v;as c a l c ul a t e d  a s  
f o l l ov:s : 

f l ow rat e l i tr e s  
vo lwne o f  cul tur e  

S amp l e s  w er e  t ak en at 2-3 h int erval s through the s ampl ing 

p ort , and the s up erna t an t s  us e d  for the d e t erffiina t i on o f  

extrac e l l ul ar pr o t e i ns . A t  l es s  frequent int erva l s , 6 0  m l  

s amp l e s  w e r e  c o l l e c t ed v i a  t h e  exit l ine , f o r  d e t err.1ina t i on 

o f  c e l l dry w e i g h t s  and hg++ d e�ermina t i ons on s u p erna t ant s . 

C ontrol o f  gl uc o s e c onc ent r a t i on 

Gluc o s e  c onc entrat i ons w e r e  det ermined by t h e  gluc o s t at method 

as d e s c r ib ed in S ec t i on 4 . 2 . 4 .  

I f  e; luc o s e was t o b e  adde d  t o  the m e dium , 0 . 1  l"I gl uc o s e \ve,s 

added to the f erm ent er ini t i a l ly , and the c onc entrat i on o f  

gluc os e naintained throughout t h e  batch c ul ture s tage b y  manual 

addi t i ons of gluc o s e as d e s c rib e d  in Sec t i on 4 . 2 . 5 . �fu en 

c ont inuous cul t ur e  was ini t i at ed , the gluc o s e inl e t  from the 

bur e t t e ·  was d i s c onn ec t ed .  The c onc entrat i on o f  gluc os e in 

the f erm ent er was then maintained aut oma t i c ally , s inc e gluc o s e 

vJas pr e s ent in the medium b e ing fed into the f erment er . 

The yi e l d  c ons t ant ( Y) for a par t i c ul ar nutr i ent i s  d efined 

as the c e l l  mas s produc e d  p er uni t  of sub s trat e ut i l i z e d  

(Kub i t s chek 1 970 ) . In · c ont inuous c ultur e , the yi e l d  c ons t ant 

( Y) f o r  any nut r i ent is given by the equat ion : 

x = Y ( sR - s ) , 
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wh er e s R  i o  th e c onc entrat i on o f  nutri ent ent er in� the 

ferment er , and i and � a r e  the s t e ady s t a t e  values for the 
c onc entra t i ons o f  c e l l s  and nutri ent r es pec t ive l y in the 
f erment er . 1rh e c onc entrat i on o f  £;lu c o s e  in the m e dium r e q u i r e d  

t o  giv e  a s t eady s t a t e  c onc c:ntro. t i on in th e c ul t ur e  o f  approxi 

mo.t e ly 0 . 1  fl gluc o s e  was c a l culat e d as f o l l o v.'s : I t  was found 

exp er im e nt a l ly in b a t c h  c ul t ur e that for s tr a in S-6 , an 
inc r e as e in c el l  muss  of 1 . 06 mg ut i l i z ed 0 . 0 2 mmo l es o f  
� luc o s e . The r e f o r e  the yi e l d  c ons t ant was appr oximat e ly 
50 mg dry w ei ght o f  c e l l s  p cr ,1)lllo l e  o f  gluc o s e  ut i l i z ed .  Th e 

approxirnut e c el l  c onc entr a t i on exp e c t ed in t h e  s t e ady s � at e 
in a part i c u l ar (�l uc o s e experiment c ould b e  pr edi c t e d from 
the c orrespondinB c el l  c onc entrat ion in a c on tr o l  exp erimen t 

c arr i ed out at th e s am e  di l u t i on ra t e ,  in the ab s enc e o f  
gluc o s e �  U s in g  the ab ove eq uat i on ,  m d th e yi e ld c ons t ant 
of 50 mg , it was th en po s s ib l e t o  c al c u l a t e  the gluc o s e  
c onc entration r e quir e d  i n  t h e m edium ent ering the f erment er 
t o  result in a s t e ady s tat e c onc entration o f  0 . 1  M gluc os � . 
Thus , the c el l  c onc entrat i on without gluc o s e  at D = 0 . 07 h-1 

was 3 . 2  mg/nl . 8ub s t i t ut inr'; thi s in the ab ove equa t i on , 

3 . 2  = 50 ( sR - 0 . 1 0 ) , 

sR = 0 . 1 6 , i . e .  0 . 1 6  M gluc o s e  would b e  

re quir ed in th e inc oming medium in order t o ob t ain a c onc entra
t i on of 0 . 1  I· in the m edium in f erment er in th e s t e ady s t at e .  
Th e c onc entrat i on o f  g l uc o s e in th e medium i·.ras m e as ur ed a t  
int ervals dur ing th e s t e ady s t at e , and it w a s  c onfirmed that 
b y  thi s method the c onc entrat i on of gluc o s e  was maint ain ed at 
b et w e en 0 . 09 and 0 . 1 1  M .  

5 . 2 . 4 Measur ement o f  gr owth 

Gro -v1th \vas f o l l owed by d e t erminat i on of OD of suit ab l y  
di l ut ed s ampl e s  a s  d e s c r ib e d  i n  S e c t i on 2 . 2 . 3 .  O D  valu e s  
were mult i p l i e d  b y  the dilut i on for eas e o f  c omparis on .  Dry 
w e i ght s were det erm in e d  by c entri fuging s amp l e s  at 1 2 , 000 rpm 
for 1 0  min t o  c onc entrat e the c el l s . C el ls were washed and 
r e su s p ended in c ol d  d i s t i l l ed wat er , and dup l i c at e aliqu o t s  
dri ed i n  tared aluminium d i s h e s  a t  1 05 C for 3 h .  
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Det err: 1 in a.tions  o f  extra c e l lular :@' o t e ins 

D e t e rminat i ons o f  ent e r o t oxin B ,  l ipg. s e , d e oxyribonuc l e as e , 

lys o z yme and ':Ll.Sl' were c arri e d  o ut a s  de s c ri b e d in S e c t i on 2 . 2 . 6 .  

�-hemolys in t i t r e s  vv-er e d e t e rm i n e d  as des e r i b e d  by C h e sb r o  e t  

a l . , ( 1 965 ) . �ha e p  erythr ocyt es w e re wa she d and r e s us p ended 

to a 1� sus p ens i on in 0 . 01 M pho s phat e b uf f e r  pH 6 . 8 ,  c on

t ain ing 0 .  85;;.; EaC l and 0 .  01 lv� I''lgLO 4_ . 0 .  5 llll o f  this c e l l  

s us p ens i on was adde d  t o  0 . 5  m l  o f  s er i a l  t w o - f o l d  d i l ut i ons 

of e ac h  s ampl e ,  and t h e  mixt1.rr e s · vr e r e  i nc ub a t e d  for 1 h at 

37 C ,  f o l l ov1ed by 4 h at L� C .  The t i tr e  Has t h e  hi f�h es t 

d i lu t i on v;hi c h  pro duc e d )O?·:i lysis  as me a s ur ed agains t a c ont r o l  

s us p ens i on o f  m e c hani c a l ly lys e d  c e l l s . 

5 . 2 . 6  Spec i f i c  r a t e o f  nrodue t f o rma t i on i n  c ont inuous 

c u l tur e 

Under c ondi t i ons o f  c ontinuous c u ltur e , the s p e c i f i c  rat e o f  

inc r e as e i n  th e c onc entr a t i o n  o f  a pr o duc t i n  t he oedium wi l l  

d ep end on the rat e o f  produc t forli1at i on , and the rat e at 

whi c h  the pr oduc t i s  b e ing washed out of the f erm ent er l i . e .  

t h e  di lut i on rat e . 

Thus , .2:£ 
dt = 

qpx - Dp 

whe r e  q = s p e c i f ic rat e of produc t f ormat i on p er uni t  of c e l l  
p 

ma s s , at t im e  t ,  D i s  t h e  d i lut i on rat e , x i s  the c onc entra-

t i on of c e l l s  and p th e c onc entrat i on of pr o duc t ( Pi r t , 1 969 ) . 

I n  the s t e ady s t a t e , Q£ =  0 dt 

- -
• . qp 

X = D p 

-
D • • qp = .E 

X 

i . e . in t h e  s t eady s t a t e , t h e  s p ec i fi c  rat e o f  produc t f orma

t i on p e r  unit o f  c e l l  mas s , 

di lut i on r a t e x uro duc t c onc ent rat i on 
qp

· = c e l l  c onc entra t i on 
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I n  thi s  s ec t ion on c on t i nuous c ul tur e , th e c e l l  c onc entr at i on 

i s  m e a s ur ed as clry v�e i e;h t  o f  c e l l s  p er m l , and thi s f i gur e 

i s  u s e d  t o  c al c ul at e  q value s . 
p 

The s p ec i fi c  rat e o f  pr o duc t 

forma t i on in b a t c h  c ul t ur e s  was c a l c u l a t ed us ing an inc r e a s e 

in OD t o  me asur e  an inc r e a s e in c e l l  mas s ( S ec t i on 2 . 2 . 7 ) . 

1\r. ++ d t 
. t .  l lg e e r m l n a  - l e n s  

'l'h e  c onc ent rat i on o f · he;++ v:a s  d e t ermin ed b y  flame ab s orpt i on 

ph o t om e try , us inr; a Z e i s s  PW�I I s p e c tropho t on e t er f i t t e d  w i t h  

a n  li'AZ f l ame at t achmen t . An ac e tyl ene air f l am e  and a 

m o du l a t e d :F erkin-Elm er m a gn e s iu..11 ho l l ow c a thod e l amp vJ er e 

us e d .  S t andards w i th a c onc en trat i on o f  0 . 02 , 0 . 04 and 
++ . . 1 h .  l 0 . 08 ml'1 1'1g wer e r e ad , lnt ersp ers ed I.H th s o..m p  E. S  w l C 1 had 

b e en d i l ut ed s o  tha t t h e y  f e l l  wi thin thi s  rang e .  

Th e yi eld c ons t ant ( Y )  for Ng++ was c al c ul a t ed as d e s c r ib e d  

for gluc o s e i n  G e c t i o n  5 . 2 . 3  ac c ord ing to the e quat i on 

i = Y ( s R - � ) , wh e r e  sR is the c onc entrat i on o f  l im i t i ng 

nut r i en t  ( Mg+ + )  b e ing f e d  int o th e f erm ent e r  and i and � ar e 

th e s t eady s t a t e  va l u e s  of dry w e i Bht o f  c e l l s  p er ml and 

Mg++ c onc entra t i on r e s p ec t iv e l y .  

5 .  3. R e s u l t s  

5 . 3 . 1  The e f f e c t  o f  Gr o wth ra t e  on the pr o d uc t ion of 

ent e r o t ox in B and o t h er extrac e l l u l ar pr ot e in 

The pr oduc t i on o f  ent e r o t oxin B and o ther extrac e l l ul ar pro t e in s  

wa s det e rmined i n  c on t inuous c u l t ure us ine; AA m edium i n  t h e  

ab s enc e o f  gluc o s e at thr e e  d i f f erent growth rat e s  t o  inv e s t i 

gat e v1h e th e r  a chang e o f  growth rat e � s e  was impo r t ant in 

d e t ermining the pro duc t i on of ent e r o t oxin . The thr e e  d i lu t i on 

rat es us e d  were 0 . 07 ,  0 . 1 4  and 0 . 24 h-1 , c o rr e s p onding t o  

r e s iden c e  t im e s  o f  1 4 . 3 ,  7 . 1  and 4 . 2 h r e s p ec t iv e l y . At each 

d i l ut i on rat e , the f e rment a t i on was c ont inued for at l ea s t  two 

r e s idenc e t imes a f t e r  the s t eady s t a t e  had b e en e s t ab l i sh e d . 

D e t erminat i ons o f  dry we i ght o f  c e l l s , Mg++ c onc entrat i on , 

ent erot oxin B ,  l ipa s e ,  d e oxyrib onuc l eas e and lys o z ym e  w e r e  

c arri e d  out on s amp l e s  t ak en a t  int erval s  thr o ughout t h e  

f erment a t i ons . T h e  averag e s  o f  thr e e  d et erm ina t i ons f o r  

e ach o f  thes e in t h e  s t eady s t a t e  o f  growth a r e  r e p or t e d  in 
T ab l es 21 A and 21 B .  



TABLE 21 A. Bff e c t o f  dilut i on rat e on c e l l  c onc entra t i on and 
pr o duc t i on o f  ent er o t oxin B b y  S . aur eus S-6 

Di lut i on C e l l s  
rat e ( h-1 ) (ng/t1l ) 

0 . 07 3 . 24 

0 . 1 4  2 . 30 

0 . 24 1 . 66 

0 . 24a 2 . 6 5 

li:nt ero t oxin B v ++ I Y · l d 1 g  l e _ c ons t an� 
Cpr.;/tJ.l ) I ( qp )  (r.:Jl )  (rr:e; c e l l s /rrJ·l l"lg + ) 

1 23 
88 

80 

1 44 

2 . 66 0 . 04 

5 . 36 0 . 06 

1 1 '1.. 50 0 .  07 

1 1  3 • 00 I 0 • 09 
I 

20 . 2  

1 6 . 4  

1 2 . 7  
8 . 6  

J I 

TABLE 21 B .  Eff ec t o f  di l ut i on rat e on the produc t i on of 'l1EP , l ipas e ,  
d e oxyrib onuc l e as e and lys o z )� e by S . aur eus S-6 

Diluti o� '11EP 
rat e ( h- ) ( mg/ml )  ( qp ) 

0 . 07 1 . 64 0 . 035 
0 . 1 4 0 . 72 0 . 043 

0 . 24 0 . 39 0 . 0 56 

0 . 24a 0 . 80 0 . 072 ' 

Liuas'" l)eox:vribcnuclea c. e Lvsozle 
( units/ml ) 

1 61 
1 00 

1 23 
91 

( qp )  ( v.ni ts/ml ) ( qD )  ( uni ts/m l�( a  ) 
. -p 

3 . 46 56 1 .  21 0 . 5 5 
6 • 1 0 

I 
26 1 • 59 0 .  1 0 

1 7 . 82 23 3 - 33 0 

8 . 00 44 3 - 97 0 . 3 3  
-- ----- -------- ---�---�---------------·---�----���-------

I 
0 . 01 2  

0 . 006 

0 

0 . 0 3 0  -----------
aMg++ in inc oming medium 0 . 4 mi'1 ,  as c ompar e d  with usual c onc entra t i on o f  0 . 2  mM .  

� 
f\) 
0 
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The s t eady s ta t e c onc entrati ons· o f  eitrac el lul ar pr o t e ins are 

not by thems e lves a val i d  measur e  of extrac e l lular pro t e in 

produc t i on , s inc e the c onc entrat i on in the medium depends bo th 

on the ra t e  of produc t i on and th e rat e  of r emoval , i . e . th e 

di lution rat e ( D ) . Ther e f or e , b oth the s t ead y  s t a t e  c onc entra

t i on� per ml and the s p e c i fic �at es of produc t i on ( qp ) per 

unit c e l l  mas s per hour are given for ent erot oxin and o ther 

extrac el lular pr ot e ins . 

I n  the s t eady s t a t e  in c ontinuous c ulture , th e growth rat e (p) 
e quals the di lution rat e  ( D ) . �fuen the growth rat e was 
increas e d  .from 0 . 07 to 0 . 24 ,  there was an inc r e as e from 2 . 66 
t o  1 1 . 5  pg/mg c e l l s/h in the s p e c ific rat e o f  ent erotoxin 

produc t i on ( T ab l e  21 A) . Th e sp ec i f i c  rat e o f  TEP produc t i on 

showed a much smal l er inc r ea s e from 0 . 03 5  t o  0 . 0 56 mg/mg 

c el ls/h ( Tab l e  21 B ) . The s p e c i f ic rat e of produc t i on o f  l ipas e 

inc reas e d  from 3 . L� t o  1 7 . 82 ,  and o f  deoxyrib onuc l e as e from 
1 . 21 t o  3 - 33 units/mg c e l l s/h . Lys o z yme was the only extra

c e l lul ar pro t e in as s ayed which s howed a d ec r e as e in the 

s p ec i f i c  rat e of produc t i on a s  growth rat e incr e a s ed . At 

D = 0 . 07 ,  0 . 01 2  uni�s of lys o z ym e/m g c el l s/h wer e produc ed , 

whereas no lys o z ym e  ac t ivity was det ected at D = 0 . 24 a t  this 

c onc entrat i on of Mg++ . Th e r e lat i onship b etwe en growth rat e 

and the produc t i on o f  th e s e  extrac e l lular pro t eins i s  s hown 

in Fig . 26 .  The c onc entrat i on o f  c e l l s  in the s t e ady s t a t e  
decreas e d  from 3 . 24 t o  1 . 66 mg dry weight/ml as t h e  gro wth 

rat e  was increas ed from 0 . 07 t o  0 . 24 h-1 • Thi s  is  in acc ord

anc e with predi c t i ons for c ont inuous cultur e  ( H erb ert et al . ,  

1 9 56 ) . 

T ab l e  21 A shows the s t eady s t ate c onc entrat i on o f  Mg++ in the 

medium , and the yi e l d  c ons t ant for l'1g ++ . Uhen the growth 
. -1 rat e was lncreas ed from 0 . 07 to 0 . 24 h , the yi e l d  c ons tant 

decreas e d  from 20 . 2  to 1 2 . 7  mg c e l l s  per mM Mg++ . Thi s  

sugg e s t s  that the mor e rapi dly growing c e l l s  c ontain a high e r  

intrac e l lular c onc entrat i on o f  Mg+ + . 

Tab l es 21 A and 21 B a l s o  s h ow the e ffec t o f  incr eas ing the 

c onc entration of Mg+ +  in the inc oming m edium from 0 . 2  t o  

0 . 4  mM .  This r e s ul t e d  in an inc reas e i n  c el l  c onc entra t i on 

( Fi g . 27 ) as woul d b e  exp e c t e d  o f  a limit ing nutri �nt . The 
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spec i fic r a t e  o f  pr o duc t i on of ent erot oxin B ,  TEP , d e oxyrib o

nuc l eas e and lys o zym e  was higher at the hi gher c onc entra t i on 

o f  l'lg+ + . An unexp ec t ed findinc; was that l i pa s e pr o duc t i on 

was r e duc e d  at th e hi gher Mg+ + c onc entrat ion . The yi e l d  

c ons tant was r educ e d  from 1 2 . 7  t o  8 . G  m g  c e l l s  p e r  ml''i J.VJ g++ 
when the l''"g++ in th e inc om ine; nutri ent ·vms inc r eas ed to 

0 . 4  mM , s u�ges ting that a high e r  intrac el l ul ar c onc entrat i on 

of Mg++ had r e s ul t e d .  The change in yi e l d  c ons tant r ep ort e d 

h e r e  has als o b e en found v:i th o ther organi sms . 'f emp e s t  

( 1 970 ) s t at e s  that the Mg+ + , K+ and P c ont ents o f  mi c ro 

organi sms ar e known t o  vary with growth rat e , and that 

ther e f or e  the yi e l d  may b e  exp e c t ed t o  vary with di lut i on 

rat e ·wh en the ava i l ab i l i ty o f  any o f  th es e s ub s t anc es i s  made 

t o  l imit grohrth . 

Lff e c t  o f  gluc o s e  on crowt h  in c ont inuous c u l tur e  

'..Jh cn the m e d i ULJ.  c ont a ined 0 . 1  l'i gluc o s e , there wer e mark ed 

trans i ent o s c i l l a t ion s  in OD , ent er o t oxin B and TEP . Th e s e 

o s c i l l a t i ons \·rer e h i gh ly r e pr o duc ib l e .  \ -.;hen th e di l ut i o n  
-1 ' 

r a t e  was 0 . 24 h , a s t e ady s t at e  w a s  only achi eved a f t er 

appr oximat e l y  s ev en r e s iden c e times  ( 28 h ) in the pr es enc e o f  

gluc o s e , as c ompar ed with approximat e ly four r e s i d enc e t im e s  

( 1 7  h ) in the c ontr o l  exp erinent wi thout gluc os e  ( Fi g . 28 ) . 

When the d i luti on rat e was 0 . 07 h-1 , a s t e ady s t a t e  was only 

achi eve d  aft er approximat e l y  s ix r e s idenc e times ( 87 h ) when 

gluc o s e \vas in the m edium , as c ompared v'rith one r es i d enc e t im e 

( 1 4  h ) in the c ontrol without gluc o s e  ( Fi g . 29 ) . The addi t i on 

o f  gluc os e al s o  resul t e d  in trans i ent o s c i ll a t i ons when the 

.l'lg++ c onc entrati on in the inc oming medium was inc r e as e d  to 

0 . 4  ml-1 ( Fig . 30 ) . 

The mor e pro l onged o s c i l l a t i ons at the l ower dilut i on rat e 

s ugg e s t ed that there may b e  an inhibi tory produc t o f  f ermenta

t i on which was pro duc ed at the end of the b atch cultur e  phas e 

o f  growth . Such an inhib i t or would b e  l e s s  rapidly washe d  

out at the l ower dilution rat e .  Such end produc t inh ib i t i on 

was c ons i d e r e d  r e s p ons ib l e  for damped o s c i l lati ons ob s erved 

in c ontinuous c ultur e by Yano and Koga ( 1 97 3 ) . 

' ! 
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Pr e l iminary exp er irn ent s  in s hak e - f l asks indic at ed that an 

inhib i t or of growth m i ght b e  pr e s ent . Samples  of m e dium 
from two f ernent er exp eriment s �  one wi th and one without 

g luc os e , wer e c o l l e c t e d 2 h aft er the addition of medium t o  
th e batch c ul t ur e  was b e gun . Gluc os e and l\1g+ + d e t e rmina t i ons 

were . c arri ed out and the c onc entr a t i on s  of the s e  in b o th 
s ampl e s  adj u�; t e d to 0 . 065 f'l cl�c o s e and O . l.j- ml'I T-1g+ + .  The 
s amp l e s  were then mi l l ipore f i lt ered , and 25 ml of e ach added 

to 2 5  ml of fresh 1"'-A m edi um in each of t wo 250 m l  flasks . 
The fl asks were inocul at ed with was h e d  c e l l s  of s t rain S-6 

and inc ub at ed on th e shak er , and gr o\·Jth f o l l ow e d  for 1 2  h .  
In the fla'sk c ontaining medium from the gluc o s e  exp erime nt 
the maximum growth rat e was O . Ll-6 , as c ompar ed with 0 . 66 in the 

c ontro l f l ask . Thi s  s ugges t e d that a gro·wth inhib i t or may 
have 'li e en produc e d  v:h en s t a ')::hyl oc o c c i  VJcre grown in AA medium 
in the pres enc e o f  gluc o s e .  

£ffec t o f  r;luc os e  on th e nr oduc t i on o f  ent e ro t oxin B 
and o th er e x t r D c e l lu l:·u:__rr o t e in s_ 

The e ff e c t  o f  gluc o s e  on the produc t i on o f  ent erot oxin B and 

other extrac e l lular pro t e ins a t  c ons t ant (irO\vth rat e was 

d e t ermined at two different di lut i on rat es ( D  = 0 . 07 and 
D = 0 . 24 ) . At t h e  higher d i lut i on rat e , the effect o f  gluc o s e 

was det ermined f o r  two diff erent c onc entrat i ons o f  Mg++ in the 
inc oming medium ( 0 . 2  o.i'i and 0 . 4  ml'l l"1g++ ) .  The produc t i on of 
ent erot oxin B and T:CP was foll ovwd throuc:;hout gr owth , and 1 s  
sho wn f o r  thes e thr e e  s e ts o f  c ondi t ions i n  Fig . 28 ,  2 9  and 
30 . I n  each graph growth in batch cultur e  i s  a l s o  s hOivn , and 

z er o  residenc e t ime indicates  when th e add i t i on o f  m edium was 
b egun . Lipas e ,  deoxyrib onuc l eas e ,  lys o z;yme , f3 -hemo lys in and 
TEP produc t i on wer e also  followed throughout growth and the 
averages of thr e e  s t eady-state  values of each of thes e are 
given in Tab l es 22A and 22B . 11he  det erminat i on o f � -hemolys in 
was inc luded b ecaus e the genetic det erminant s for ent ero t oxin 
B and � -hem o lys in have rec ently b e en r ep orted t o  b e  on the s am e  
p lasmid ( Dornbusch and Hall ander , 1 973 ) .  I t  was c ons idered 
p o s s ib l e  ther e fore that the produc tion o f  thes e two prot eins 
might respond s imilarly to the pr e s enc e of gluc os e .  



TABLE 22A . 

Dilution 
rat e  ( h-1 ) 

0 . 07 
0 . 07 
0 . 24 
0 . 24 
0 . 24a 

0 . 24a 

TABLE 22B . 

Dilutio� 
rate ( h- ) 

0 . 07 
0 . 07 
0 . 24 
0 . 24 
0 . 24a 

0 . 24a 

Effec t o f  0 . 1  M gluc o s e  on the pro duc t i on o f  ent e r o t o xin B and TBP by 

S . aur eus S-6 . 

Gluc o s e  
( l"I)  

0 
0 . 09 
0 
0 . 1 0 
0 
0 . 1 0  

-- - ---------

C ells 
( mg/ml ) 

3 . 24 
3 . 49 
1 . 66 
1 .  50 
2 . 65 
3 . 0  

Ent er o t oxin B 
(pg/ml ) I ( qp ) 

1 23 2 . 66 

39 0 . 77 
80 1 1 . 50 

1 1  1 . 7 5  

1 44 1 3 . 00 

1 8  1 . 44 

TFJ;. r r 
++ 

Yi eld c ons t ant 'lg 
( mg/ml ) ( q_p ) (rn.l'-l )  (mg c e l 2_ s/ml·l l"'"g++) 

1 . 64 0 . 03 5  0 . 04 20 . 2  
0 . 65 0 . 01 3  0 . 04 22 . 0  
0 . 3 9 0 . 0 56 0 . 07 1 1 2 . 7  
0 . 1 8  0 .. 029 0 . 09 1 3 . 5  

0 . 80 0 . 07 2 0 . 09 8 . 6  

0 . 22 0 . 01 7  0 . 1 0  1 0 . 0  

Effect o f  0 . 1  M gluc o s e  on th e pro duc t i on o f  l ipas e ,  d e oxyrib onuc l e as e ,  

lys o zym e and � -h em o lys in b y  S . aur eus S-6 . 

Gluc o s e  Lipas E 
( 1"'1 ) ( units/ml ) ( qp)  

0 1 61 3 . 46 
0 . 09 76 1 . 52 
0 1 23 1 7 . 82 
0 . 1 0  51 8 . 20 
0 91 8 . 00 
0 . 1 0  53 4 . 24 

D e oxyrib onuc l eas e 
( uni ts/Ql )�qD ) 

56 

56 

23 
26 
44 

1 3 7 

! .L 

1 . 21 

1 . 1 2  
3 - 33 

I 
4 . 1 6 
3 - 97 

1 1  .. 00 

Lvs o z:-m e (3 -hem o lys i n  
( uni ts/ml) ( qp) ( t i t r e ) 

0 . 55 0 . 01 2  1 /64 

0 . 3 5 0 . 006 1 /4 
0 0 1 /3 2  
0 0 0 

0 . 33 0 . 030 1 /64 
0 . 1 3  0 . 01 0  1 /4 

a l"Ig
+

+ in inc oming m edium 0 . 4  rnl"1 , as c ompar e d  VJi th us ual c onc entrat i on o f  0 . 2  mi·l . 
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1 30 . 

At the l ower di l ut i on rat e ,  t h e  add i t i on o f  gluc o s e  t o  the 

m e dium r educ e d  t h e  s p e c i fic rat e s  o f  pro duc t i on of ent e r o t oxin·  

B by 70�o and TEP b y  60, � .  Th e s p e c i f i c  rat e  of l i p a s e produc 

t i on wa s d e c r e a s e d  by 56�·�, and that o f  lys o z yme pr o duc t i on was 

d e c r e a s ed by 50� . The p  -h emo lys in t i tre was r e duc e d  1 6- f o l d 

in t h e  pr e s enc e o f  gluc os e .  I n  c ontras t , gluc o s e  had no 

s i gn i fic ant eff ec t on d e oxyr ib onuc l e as e produc t i on .  

-1 + + At the h i c;h c r  di luti on rat e o f  0 . 2'+ h and wi th 0 . 2  rni'l l"ie; 
c onc entr a t i on in the inc oming nutr i ent , gluc o s e  in the m e d iULl. 

r e duc e d  th e s p ec i fi c  r a t e  o f  ent e r o t oxin pr oduc t i on by 85% 

( 'T ab l e  22.A ) .. 'rh e  s p e c i fi c  rat e s  o f  produc t i on o f  TEP and 

1 i pas e v.re r e  r e duc e d  by 50;u and 55/::J r e s p ec tiv e l y  ( Tab l e s  22A 
and 22B) . No lys o z ym e  was d e t ec t e d with or wi t hout gluc o s e .  

�1h e  pr e s enc e o f  gluc o f3 e  c omp l e t e ly inhib i t ed t h e  pro d uc t i on o f  

� -hem o l ys in , a s  c ompared w i th a t i tre o f  1 /3 2  in th e c ont r o l  

without g l uc o s e .  B y  c on t ra s t , t h e  produc t i on o f  d e oxyr i b o 

nuc l e a s e via s  s l i ght ly s t imul a t e d  b y  gluc o s e .  

At a dilut i on r a t e o f  0 . 24 h-1 and wi th 0 . 4  mM Ng++ c onc entra

t i on in the inc oming nutri ent , o ; 1 M gluc o s e  in the medium 

s imi l ar l y  c au s ed d e c r e a s e s  in th e s p ec i fi c  rat e s  o f  produc t i on 

o f  ent ero t oxin ( 90%) , o f  'rEP ( 75�.J) , o f  lipas e ( L�B�.J) , o f  lys o z yn1 e 

( 70�) , and o f fi -h em o lys in ( 1 6- f o l d ) . However , at t h i s  Mg+ + 
c onc entrat i on there was m o r e  than a thr e e - fo l d  s t imul a t i on o f  

de oxyrib onuc l e as e produc t i on in t h e  pres enc e o f  g l uc o s e .  

Th e c onc entration o f  l imi t inB nut r i ent in t h e  f erm ent er durine; 

the s t e ady s tate is th e or e t ic a l ly independent o f  the c onc en tra

t i on o f  nut r i ent in the inc oming m e diwn ( b e c t i on 5 . 2 . 7 ) . I n  

t h e  pr e s enc e of gluc o s e , t h e  s t eady s t at e c onc ent r a t i ons o f  

Mg+ +  wer e v ery s imi lar , whe th e r  th e inc oming m edium c ontained 

0.  2 :ml'1 }Tg o r  0. 4 mM Mg + +  ( T ab l e  22A) . However , vl i th 0 .  4 m.l'1 Mg ++ 
the yi e l d  c ons t ant was 1 0 . 0 , a s  c ompared w i th 1 3 . 5 mg c e l l s  p er 

ml'1 1'1g+ +  a t  the l o wer ini t i a l  I"'g+ + c onc �ntra t i on . Thi s  sugg e s t s  

that wi t h  the h i gher ini t i a l  c onc entrat i on o f  Mg++ , the int r a 

c e l lul ar c onc ent ra t i on o f  Mg+ + in the s t e ady s t a t e  w a s  

inc r e a s e d .  
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5 o 4- D i s c u s s i on 

5 . 4 . 1  Ef f 8 c t o f  e;l uc o s e  on the pr o_duc t i on o f  ent er o t oxin B 
and o th e r  ext r a c e l l ul ar nr o t e i ns a t  c on s t an t  �rowth 

ra t e  

Ent er o t o:{in 13 produc t i on by S . aur eus S-6 was r e duc e d  by b et w e en 

70 and 90�-:; by the addi t i on o f  0 . /l I1 e;luc o s e  t o  the m e d i um with

out any c hans e in gr owth rat e t ak i n g  p l a c e .  G l uc o s e  r epr e s 

s i on o f  ent er o t oxin pr o duc t i on i n  b a t c h  cul t ur e s  i n  the 

f erm ent er or in shak e - f l asks was inva r i ab l y  a c c ompan i e d  b y  an 
incr eas e in �ro wth rat e  ( S e c t i on 4 . 4 . 3 ) . Oth er work er s have 

r e port ed that c a1"b on s ourc es \·rhich s upport a r api d rat e o f  

growth ar e mo s t  e f f e c t ive in produc ing c at ab o l i t e r epr e s s i on 

( Mand e l s t am , 1 96 2 , G a l l o  and K a t z , 1 9 73 ) . However , it i s  

shovm by t h e  r e s ul t s  pr e s ent e d  h e r e  that an inc r eas e i n  c;ro wth 

r a t e is not nec e s s ary for gluc o s e  r epr es s i on to o c c ur .  I nd e e d , 

g l uc o s e  r e pr e s s i on o f  th e s p ec i f i c  r a t e o f  ent er o t oxin pr o duc 

t i on by S . n ur eus S-6 n t  c ons t ant gr ovrth ra t e  in c ont im.wus 

c u l t u.:r.e was gr e a t e r ( 8 5-90;� ) than· in batch c u l t u r e  ( 387� ) VJh er e 

th er e was an i nc r e a s e i n  gr owth ra t e in t h e  pr e s enc e o f  sluc o s e .  

T h e  inhib i t ory e ff e c t  o f  g l uc o s e  v1a s  n o t  s p e c i fi c  t o  the pr o duc 

t i on· of ent e r o t oxin B .  Lipas e ,  lys o z ym e , fo -h em o lys in and TEP 
produc t i on was als o c on s id erab ly r educ ed in the pr e s enc e o f  

gluc o s e .  HoHever , t h e  produc t i on o f  d e oxyr ib onuc l ea s e Has n o t  

d e c r e as ed i n  th e pr e s enc e o f  gluc o s e wh en t h e  c onc entra t i on o f  

l"lg+ +  in t h e  inc oming m edium was 0 . 2  m.l'-1 , and wa s inc r e a s e d  mor e 

++ t han thr e e - f o l d  by gl uc o s e wh en Mg was 0 . 4 m.l'-1 . r.rh e s e r e s u l t s  

a r e  s im i l ar t o  tho s e  ob t ained in b at c h  cul ture ( S ec t i on 4 . 3 . 4 

and 4 . 3 . 7 )  wh ere d e oxyr ib onuc l eas e pro duc t i on was gr e a t l y  

s t imulat �d b y  gluc o s e  \•Jh en t h e  ini t i al c onc entrat i on o f  1"1g + +  
was 0 . 4  ml'l , b ut was unaff e c t e d  b y  gluc o s e  when t h e  ini t i al 

c onc entra t i on o f  rig+ + was 0 . 2  mi1 . I t  i s  l ik e l y  tha t  i nc r e as ing 

t h e c onc ent rat i on o f  Mg+ +  to 0 . 4  mM in th e inc om ing me dium in 

c on t i nuous c ultur e , inc r eas e d  th e intrac e l lular c onc entrat i on 

o f  Mg++ . A h i gh intra c e l lular c onc entrat i on o f  Mg+ + may 

t h e r e fore b e  nec e s s ary for t h e  addi t i on of gluc o s e t o  r es u l t  i n  

i n c r eas ed s ynth e s i s  o f  de oxyr ib onuc l eas e .  



:rt c l a t i on b c t \·i e cn r;r o l ! t h  r a t e a n d  t h e  p1�<;2ji u� t i on o f  

en i oro t oxin D and o t h � r  ext rac e l l u l ar Br o t e ins 

Th e gr owth o f  s t aphyl o c o c c i in c ont inuou 3 c u l tu� e has n o t 
p� evi ous ly b e en r e� ort e d . I n  t h i s  s t udy , ent er o t oxin 3 has 
b e en 11r o duc c d  in c ont inu ous c ul t ur e  at thr e e d i f f e r ent d i l u-

t i on rat e s . �h e hi fh e s t s p e c i f i c  r a t e  o f  ent er o t oxin pr o �uc -

t i on ( qp )  vJas 1 3 . e pc/ng c e l l s/h . I f  c el l  ma s s  i s  11 e a Emr e d  

as OD , in;.� t e i.id o f  c e l l  tlry H e i f, h t , t h e n  thi s S t > e c i f i c  r2t e o f  

ent r.: r o t oxin pr' o duc t i on b e c om es /1 . 7 3 pr;/c ell  uni t  mas s/h . 'l'his  
f i t;;ur e c an b e  c ompar e d v.' i t h  8. s p e c i f i c  r at e o f  ent e r o t oxin 

pr o d uc t i on of 2 . 1 2  in b atch c ul tur e ( 0 ec t i on � . 3 . 5 )  b y  s tr a in 
S-6 , in ;,__i;_ m e cl i  um o v e r  t h e  p er i o d o f  rnaxirnmn ent er o t oxi n  

pr oduc t i on . 

Z. • lob 
'l'h e  s p e c i fic ra t e of ent er o t ox in produc t i on inc r ens c d  i:'ro:n � 

t o  1 1 . 5  p�/mc c c l l s/h wh ei the Gr owth ra t e  was inc r e as ed f r oTI 
0 . 07 t o  0 . 24 h-

1 
L i p a s e , de oxyrib onuc l e as e and 'l'i:.P pr o duc 

t i on a l s o incr e a s e d  �i th the inc r e a s e in �rowth ra t e , b ut 
exc c�t for l i pas e t h e  inc r e a s e s  ·w er e mu c h  l e s s  nark e d  than � i t �  

ent ero t oxin . C o l e:Llan ( 1 967 ) s t tJ.d i e d  tn e .s ec r e t i on o f  thr e e  
extrac e l l u l o.r enz ym e s  b y  Bac i l lus s ub t i l i s . H e  s h o w e d  tllD. t  

ther e was an inv e r s e r e la t i onsh i p b e t \i e en gr o v.Jth rat e anci 

s yn t h e s i s  o f  a l l  thr e e  extrac e l lul ar enz ym e s . Hm;ev e r , the 

inc r e a s e s r ep or t e d  here in the s p ec i fi c  rat e s  of pro duc t i on o f  

ent er o t oxin B ,  l i p as e , de oxyr ib onuc l e as e and �BP a s  gr owth 

r a t e inc r e a s e d  indic a t e that this was n o t  s o  for t h e s e e x t r a 

c e l lul a.r pr o t e ins of s taphyl oc o c c i .  Lys o z ym e ·Has the only 

extr ac e l lul ar pr o t e in s tudi e d  for whi ch pr o duc t i on d e c r eas e d  

a s  t h e  gro wth rat e inc r e as e d . 

Th e synth e s i s  o f  a l l  extrac e l lul ar pr o t e i n s  ·was n o t  r epr e s s e d 

b y  g luc o s e  in the s am e  way . I nd e e d , in s om e  ex? eriment s , 

gluc o s e c aus e d  a mark e d  s t imul at i on o f  d e oxyrib onuc l e as e pr o cuc 

t i on .  I t  was als o f o und that chang e s  in grm-vth rat e a f f e c t e d  

d i f f er ent extrac e l lular pr o t e ins in di f f e r ent ways . Ent e r o 

t oxin B produc t i on w a s  incr eas e d  at t h e  s am e  t im e  t h a t  lys o z yne 

pr o duc t i on was dec r e as ed . S t orm onth and C o l eman ( 1 973 ) s tudi e d  

t h e  pro duc t i on of thr e e  enz yme � by Bac i l l us amyl o l i C1 u e fac i e ns , 
and sugg e s t ed that a l l  extrac e l lular enz yD e s  w e r e  und e r  a 

c ommon r e gula t ory s y s t em .  Howev er , from t h e  f indi ng s  pr e s en t ed 

h e r e , i t  i s  evid ent that n o t  a l l  extrac e l lular pr o t e ins 

pr o duc e d  by s taphyl o c o c c i  ar e under a c ow..m on r egul at ory s ys t e:G:: . 
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I n  addi t i on t o the c onc lus i ons pre s ent ed in the dis c us s i on 

f o l l owing each s e c t i on ,  th e f o l l o wine; genera l  c onc lus i ons are 

dra·wn from the overal l  findint;s o f  thi s inv e s t igat i on . 

1 .  That s trains pro�uc in g a p ar t i c ul ar ent ero t oxin typ e 

do n o t  always r es pond t o  gro wth c ondi t i ons in th e 

s am e  way . I t  i s  ther e f o r e  inadvis ab l e  t o  drmv c on

clus i ons r e r;ardine; the phys i o l o gi c al c harac t er i s t i c s  

o f  a part i culnr ent erot oxin t yp e  from s t ud i e s  c arri e d  

out with o n e  s t rain only .  

2 .  That produc t i o n  o f  the ent er o t oxins i s  c l os e l y  r e l at e d  

t o  gro wth , and i s  gre a t e s t  f o r  act ively growing c e l l s . 

3 .  1l'hat whi l e in m o s t  exn eriments there 1-ms a c l o s e  

s imi l ar ity i n  th e way in whi c h  ent erot oxin and 

l ipas e produc t i on r es pond e d  ·to changes in environm ent , 

o ther extrac e l lular pro t e ins · were diff e r en t l y  a f f ec t e d .  

Ther e f or e, c ontro l o f  ent e r o t oxi n  produc t i on app ears in 

c er t a in r e s p e c t s , at l e as t , to be indep endent of the 

c ontro l  o f  general extrac e l l ul ar prot e in pro duc t i on .  

4 .  That gluc os e  i nhib i t e d  ent erot oxin produc t i or.l 

ind e p end ent l y o f  i t s  e ff e c t  on pH and r,ro wth . \/hi l e  

this app ears t o  b e  due t o  c a t ab o l i t e  r epr e s s i on , i t  

is unl ik ely that i t  i s  a dir ec t  repr e s s i on o f  the 

synth e s i s  o f  mill�A for ent erot oxin . 

5 . 2  Strain variat i on 

Strains o f  the s am e  ent ero t oxin t yp e  frequently showed c ons id er

ab l e  diff erenc es in their res pons es to environmenta l  changes . 

Thi s was w e l l  il lus trat e d  by the eff e c t  o f  pH c ontro l on the 

pro duc t i on o f  ent erotoxins A and B in CH medium i n  the 

f e rment er . Thus for s train S-6 the produc t i on of b oth ent er

t oxins A and B was inc r eas ed when grown at a c ons t ant pH o f  

6 . 5  c ompar e d  wi th - produc t i on under c ondit i ons whe r e  pH was 

n o t  c ontro l l e d .  For s train 22 , on the other han d , there was 
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n o  incr eas e in e i ther ent e r o t oxin A o r  B at any c o nt r o l �Gd pH • 

. 
Th e pro duc t i on o f  entBr o t oxin C in baff l ed shak e - f l asks was 

l e s s  than that in c ont ro l  f l a s ks without b a f f l e s . H owever , 

exp erim en t s  wi th s trains 3 and 37 sh owed that t h i s  was a 

c harac t er i s t i c  o f  s tr ain 361 , and n o t  true o f  o t h e r  s tr a ins 

pr o duc in(-; ent er o t oxin C .  In inve s t i c;at ine; the e ff ec t s  of 

add ed c arb ohydra t e s on ent er o t oxin protuc t i on ,  the addi t i on o f  

�al ac t o s e and l ac t o s e . t o  c ul t ur es o f  t w o  ent er o t oxin B 
pr o duc ing s trains c aus ed an inc r e a s e in ent er o t ox i n  B pro duc 

t i on in s t r a in S-6 and a d e c r e as e i n  s t r a i n  30 . Oth er work ers 

have fr e q u ent ly r e p or t e d  findings whic h th e y  c ons i d er ind ic a t e 

g en era l d i f f er enc e s  in th e  mod e o f  produc t i on o f  the d i f f e r ent 

ent ero t ox ins , par t i c ularly in c ompar i s ons b e t w e en ent e r o t oxin 

A and ent e r o t ox i n  B pro duc t i on ( l"Iarkus and S i lverman , 1 969 , 

1 970 ;  Tr o l l er 1 9 71 , 1 97 2 ) . Results pr �s ent e d h e r e  s ug� e s t  

such appa r ent di f f er enc e s m a y  w e l l  have b e en due t o  t h e  us e o f  

on e s tr a i n  only i n  th e s e exp e r iment s ,  and t h e r e f o r e  due t o  a 

d i f f e r en c e b e t w e en s t rains , r a ther than b et w e en ent ero t oxin 

typ e s . 

6 . 3  R e l a t i on b e t w e en ent er o t oxin nroduc t i on and gro wth 

I t  has b e en gen er a l l y  ac c ept e d  that ent er o t oxin B pr o duc t i on 

o c c urs only in t h e  s t at i onary phas e o f  growth ( 1-larkus and 

Si lv erm an , 1 969 , 1 970 , J:Iors e and Baldwin , 1 9 73 ) .  H ov1 ev er , i t  

has b e en s h ovm i n  thi s  inve s t i gat i on that f o r  e ach o f  the 

t hr e e  ent er otoxins s tudi e d  i n  nine d i f f er ent s t r a ins , th e  

amount o f  ent er o t oxin pro duc e d  i s  c l o s e ly r e l a t e d  t o  t h e  gr ovJ t h  

patt ern , and t h a t  th e rat e o f  ent ero t oxin pro duc t i on i s  gr e a t e s t  

in ac t iv e ly growing c e l l s . I n  b a t c h  cultur e s , a l l  thre e 

ent e r o t o x ins wer e firs t d e t e c t ed during the exp onent i a l  phas e 

o f  growt h .  Onl y  s tr a in S-6 s h o w e d  any s i gn i f i c ant incr eas e in 

ent e r o t oxin dur ing s t a t i onary pha s e ,  and this was evid ent onl y  

i n  shak e - fl asks , and n o t  i n  t h e  f erm ent er . Ev en i n  shak e 

flasks , th e s p e c i f ic rat e o f  ent er o t oxin p r o duc t i on ( q  value ) 
p 

for S-6 was 3 . 6  in the expon ent i a l  phas e ( fr om 3 t o  4} h in 

Fi g . 8 ) , a s  c ompar ed with 2 . 8  in t h e  early s t a t i o nary pha s e 

( fr om 6 t o  7 h ) . 
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The f inding that ent e r o t oxin B was pro duc e d  by ac t iv e ly growing 
c e l l s  \·:as fUrther s upp o r t ed by ·c ont inuous c ul tur e exp erimen t s . 
I n  a c t ively Gr o w ing c e l l s  in a b a l anc e d  s t at e , the r a t e  o f  
ent e r o t oxin pro duc t i on a t  a d i l ut i on r a t e  o f  0 . 24 was 1 . 74 ( qp 
val u e  p er uni t OD ) ,  whic h  was on ly s l i ght ly l es s  than the qp 
va l u e  o f  2 . 1 2  in b a t c h  c ul tur e in t"he f erm ent cr . T h e  s p ec i f i c  
r a t e o f  ent e r o t oxin p r o duc t i on a c t u a l ly i nc r e a s e d  wh en t h e  
di l ut i on r a t e was inc r e a s e d  from 0 . 0 7 t o  0 . 2L� . Ther e f or e , i t  
c ou l d  b e  exp ec t e d  that i f  th e di lut i on r a t e had b e en fur t h e r  
inc r e a s ed t o  b e  m o r e  n e ar l y  that o f  the gr owth rat e  ob t a in e d  l n  
b a t c h  c ul tur e ( 0 . 46 ) , e n t erot oxin produc t i on i n  c ont inuous 
c ul t ur e  would hav e b e en at l e a s t  as h i gh as that in b atch 
c ul tur e . 

I t  h a s  b e en suc;r; cs t ed from s tud i e s  in B o sub t i l i s  ( C o l em an , 1 9 67 ) 
tha t extrac e l lular en z ym e s  ar e uncl e r  a c ommon c ontro l m e c han i sm 
r e l a t ccl to �rowth rat e .  As the gr o wth rat e d e c r e a s e d  the 
pr o duc t i on o f  extrac e l lu l ar en z yr.J. e s  inc r ea s e d , an d it was 
c on c l u d ed that this vJas due t o  an inc r e a s e i n  the ava i l ab i l i ty 

o f  nuc l e o t i d e  pr e c urs ors f o r  cxtr,a c e l lular prot e i n  rnl N A  s ynth e s i s  
Evi d enc e was found in t h e  pr es en t inv e s t i e-;o.t i on for a s ma l l  p o o l  
o f  mm� A for ent e r o t oxin produc t i on s uch a s  -vJ as r ep o r t ed f o r  
pro t e as e pr o duc t i on i n  B . s ub t i l i s  ( Both e t  a l , 1 97 2 ) . Hov:ev er , 
i t  i s  c l e ar from the inc r e a s e s  in ent ero t oxin B ,  l ip as e ,  
d e o xyri b onuc l e as e and TEP pr oduc t i on ob t a i n e d  wh en gr o\vth r a t e 
was inc r eas e d  in c ont inuous c ul tur e o f  s t r a in 8-6 , t h a t  a 

c on t r o l  me chanism whe r e b y  extrac e l l ul ar pr o t e in pr o duc t i o n  i s  
inv e rs e ly r e l at e d  t o  gr owth rat e i s  not pr e s ent i n  s t aphyl o c o c c i . 

Al l thr e e  ent ero t oxins s tudi e d  w e r e  p r o duc e d  b y  non-r epl i c a t in g  
c e l l s . Bowever , ent e r o t oxin produc t i on p er un i t  c e l l  mas s w a s  
c on s i d erab ly l e s s  f o r  n on-r e p l i c at ing c e l l s  than f o r  growing 
c e l l s , again s up p o r t ing the c onc lus i on that ent e r o t oxin pro duc 
t i on i s  c l o s e l y  as s oc i a t ed with gr o wth . Thi s  is i l l us tr a t e d  b y  
s t r a in S-6 , f o r  whic h  t h e  s p e c i fi c  rat e o f  ent e r o t oxin pro duc 
t i on ( p er mg dry w e i ght o f  c e l l s p e r  uni t  t im e ) was 1 . 6 f o r  
non-r e p l i c a t ing c e l l s  in a N-c ontaining m e d i um  a s  c ompar e d  w i t h  
1 3 .00 f o r  c e l l s  ac t iv e l y  gr owing in c ontinuous c ul tur e w i th a 
gro wth rat e o f  0 . 24 h-1 . 
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I n  as s es s ing the e f f e c t o f  changes in the envir onment on 

ent erot oxin produc t i on , it is - nec e s s ary t o  s eparat e thos e 

c hang es in ent erot oxin yield whic h  r e f l e c t  an a l t eration in 

the growth pat t ern , fr om thos e Hhich are due t o  a c hang e in 

the pr oduc t i on of ent e r o t oxin per unit c e l l  mas s per un i t  
t ime . A chan� e in environment may inc reas e the final c on

c entrat i on o f  ent erot oxin in the m edium r e ached during a 

t o t a l  inc ub a t i on p eri od by inc r e as ing the durat i on o f  expo

n ent i a l  growth , th e c e l l  yi e l d ,  or growth rat e .  For exampl e ,  

grovJth o f  s taphyl oc o c c i  under c ontro l l e d  pH c onditi ons in two 

diff erent media incr e a s ed the t o tal pr oduc t i on of ent e r o t oxin 

by thr e e  s trains . In all cas es but one , ther e was als o an 

inc r eas e in th e s p ec i f ic rat e o f  ent erotoxin pro duc t i on .  

However , for s train '1 00 the increas e in ent er o t oxin yi e l d  due 

t o  c ontr o l l ed pH was due to an ext ende d  trans i t i on p eri od from 

exponent i a l  t o  s t at i onary phas es o f  growth , no t t o  an inc r e a s e 

in the s p ec i fic rat e o f  ent erot oxin produc ti on . The inc r ea s e  

i n  ent erot oxin A yi e l d  which Has ob t ained for thr e e  out o f  

f ive s trains v1hen c;rown under c ondi t i ons o f  c ontro l l e d  pH 

c ould b e  highly s igni f i c ant in food , v.rhere pH is frequent ly 

b uf f ered at pH 6 . 0-6 . 5 .  Strains which do not produc e d e t e c t 

ab l e  ent erot oxin A i n  t h e  c onvent i onal laborat ory s hak e - flask 

may produc e suffic i ent ent erot oxin und er the buffer ed c ondi

t i ons whic h  frequent ly exis t  in food to b e  r e s pons ib l e  for 

fo o d-po i s oning . 

6 . 4  Ent erot oxin pr o duc t i on r e l a t ive t o  th e synthe s i s o f  

other extrac e l l ular prot e ins in s t aphyl o c oc c i 

Throu�hout this inv e s tigat i on th e produc t i on o f  l ipas e ,  

d eoxyrib onuc l eas e ,  lys ozym e  and TEP has b e en s tudi e d  in 

parall e l  with ent erot oxin produc t i o n .  S om e  c hanges in the 

environment , such as the addit i on of ant i fo am to the medium , 

appear e d  t o  exert an overal l  e f f e c t  on extrac e l lular pro t ein 

produc t i on .  I n  g en e ral , the r e s p ons e of l ipas e produc t i on 

t o  environment al change was very s imilar t o  that o f  ent ero

t oxin , and changes in ent erot oxin produc t i on in r e s p ons e t o  

environm ent wer e  the r e for e not ent i rely s p ec i fic t o  ent ero-

t oxin . However , · ins t anc es such as the gluc os e  s t imula t i on o f  

d eoxyrib onuc leas e produc t i on showed c le arly that the e f f ec t s  

o n  ent e r o toxin produc t i on o f  c hange s  in growth c ondit i on w e r e  

n o t  always general e ff e c t s  o n  t o t a l  extrac e l lular pro duc t i on . 
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G l uc o s e  repr e s s ed t h e  produc t i on of ent cr o t oxins A ,  B and C b y  

e;r o wine.; c e l l s . Exp erinents i n  \·lh i c h  s t aphyl o c oc c i w e r e  gro wn 

in n f e rm ent er und er c o ndit i ons o f  c ontro ll e d  pH showed that 

t h i s was ind e n end ent of pH c hang e s  pr oduc e d in shake-flasks . 

G l uc o s e  in the m edium r e s ul t e d in a sh or t er exp onen t i a l  pha s e  

and a m o r e  ra�id ra t e o f  e;rowth . However , t h e  s p ec i fic  rat e 

o f  ent erot oxin produc t i on was reduc ed by gluc o s e , s h o wing that 

the e ff e c t  of �luc o s e w a s  n o t  due t o  a change in Gr o wth pat t ern . 

Exp e r iment s  with s t rain S-6 in c ontinuous cultur e  shoved tha t 

gluc o s e  repr e s s ed ent e r o t oxin B pr o duc t i on wh e n  th e growth r a t e 

was he l d  c ons tant , i . e .  Eluc o s e r e pr e s s i on was indep end ent o f  

chanp;es in e;rovrth rat e .  Ent er ot oxin repr e s s i on was n o t  

s p ec i fi c a l l y du e t o  g luc os e , s inc e o ther re ad i ly ferm entab l e  

c omp ounds s uc h  as glyc ero l prod.uc e d  the s am e  e f f e c t . I n  fac t , 

· glyc ero l c aus ed an ev ei) e;r e a t er d e gr e e  o f  ent e r o t oxin r e pr e s s.i on· 

than sluc os e .  

S inc e the inh ib i t ory e f f e c t  o f  gluc o s e on en t er o t oxin pro duc t i on 

is not due t o  chang e s  in pH or rat e o f growth , i t  s e em s  r e a s on

ab l e  t o  invoke c at ab o l i t e  r epr e s s i on to ac c ount for th e gluc o s e  

e f f e c t , as has b e en don e by s ev eral authors ( Nor s e  e t  al . ,  1 969 ,  

Markus and S i lv erman , 1 969 ) . Howev e r , t h e  g eneral d e fini t i on o f  

c at abol i t e  r epr e s s i on ( Pa i e; en and Wi l l i ans , 1 970 ) merely 

d es c r ib e s a phenom enon , but do e s n o t  n ec e s s ar i l y  inp l y  a s p ec i fic 

m e chani s m . One o f  t h e  f e w  sys t ens uh ere t h e  m e chan i s m  i s  

und ers t o o d  in s om e  d e t ai l  i s  th e c -AJW-m e d i a t e d  repr e s s i on o f  

� -galac t o s i das e in E . c o l i . H er e , the pr es enc e o f  gluc o s e  

reduc es the intrac e l lular c onc ent r a t i on o f  c - AI'lP , and s inc e 

th i s  c ompound is r equired for t h e  ini t iat i on o f  trans c r i pt i on , 

en z ym e  s ynth e s i s  i s  r e pr e s s e d .  C l early gluc o s e  repre s s i on ·  o f  

ent erot oxin synth e s i s  i s  not c ontr o l l ed d i r e c t ly i n  th e s am e  

w a y .  A l t hough gluc o s e  r epr e s s e d  ent erot oxin pr o duc t i on b y  

gro wing c e l l s , i t  d i d  not r epr e s s  produc t i on o f  ent e r o t oxin b y  

n on-r ep l i c at ing c e l l s . Exp eriments with c h l o r amphenic o l  and 

a c t inomyc in D showed that ent erot oxin produc t i on by non

r e p l i c at ing c el l s  r equi r e d  ne1v pr o t ein s ynth e s i s  and that only 

a small p art o f  t h e  ent ero t oxin s ynthes i s  c ould be a c c ount e d  

for by a . p o o l  o f  mRNA. However , a l though in non- r ep l i c at ing 
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c el l s  ent erotoxin pr oduc t i on was · not inhib i t e d  by g l uc o s e ,  a t  

t h e  s c:.un e  t ime B - ga l ac t o s i das e syn th es i s  Has a lmo s t  c omp l e t e ly 
' -
I 

r epre s s ed .  'l'hi s  ind i c at es that the m e c hani sms b y  lvhich 

gluc o s e decreas e s the pro duc t i on of en t ero t ox ins i s  di f f e r ent 

from that by 1·:hi c h  f.> -c;a l o.c t o s i das e is inhib i t e d . .Att empt s t o  

overc o6 e r epres s i on of � - gal ac t o � i da s e in s t aphyl oc o c c i  b y  

c -/J·TP vJ e re  unsuc c e s s ful , b ut t h i s  may hav e b e en due t o  l ack o f 

upt ak e  o f  c - Xi'Ll-' by the c e l l s . Th e i nhib i t i on by c h l oramphenic o l  

o f  ent ero t oxin pr o duc t i on in non-r epl i cating c e l l s , and l a c k  o f  

repr e s s i on b y  gluc o s e , ind i c a t es that t h e  s i t e s a t  whi c h  the s e  

two c ompo unds ac t in inhib i t ing ent e r o t oxin s ynth e s i s  ar G not 

th e s ame . 

I f  c e l l s  o f  ( '  u . G.ur eus S-6 were f irs t grovm in gluc o s e and then 

res us J) ended w i t h  or wi thout r.;l uc o s e ,  they w e r e  no l one; er ab l e  

pr oduc e ent erot oxin . I t  i s evident that c e l l s  1J'lhi c h  had b e en 

gro wn in the pr e s enc e o f  c;luc o s e  lacked some e s s ent ial pre

requi s i t e  for ent erot oxin pro duc t i on o r  r e l e as e .  

t o  

This d i f f erenc e i n  c;luc o s e  e ff ec t o n  ent er o t oxin pro duc t i on by 

non-r e p l i c at ing c e l l s  gro wn in the pr es enc e o f  gluc o s e ,  as c om

par e d  'Hi th c e l l s  grown wi thout r.;luc o s  e may b e  r e lat ed t o  the 

di f f e r enc es in t h e  gluc o s e  metab o l ism of such c e l ls . Stras t ers 

and \Iink l er ( 1 963 ) found that if c e l l s  wer e [_2;rmm 1,vi thout 

gluc o s e  and r e s us pende d in gluc os e , 6�b o f the gluc o s e  was 

oxidi z ed via the hexos e monophosphat e path way ( Hl'IP ) . I f  the 

c e l l s  w ere p:;r mn1 in g l uc o s e and r e s us p end ed in gluc o s e ,  only 

3Lt-�o of gluc o s e  Has oxidi z ed via t h e  HIVIP pathvmy . f'Iont i e l and 

Blum enthal ( 1 96 5 )  s im i l ar ly found a 50% r educ t i on in HI'IP 
ac t ivit y  in r es t ing c e l l s  which had b e en grovm in gl uc o s e . 

The tric arb oxyl i c  ac i d  cyc l e  was a lm o s t  c omp l e t e ly r epres s ed 

in c e l l s  which ltlere gro wn in gluc os e ,  as c ompar e d  wi th an ac t i v e  

T C A  c yc l e  i n  c e l ls grovm wi thout gluc o s e  ( Stras t ers and \hnk l e r , 

1 963 ) . 

I t  i s  als o pos s ib l e  that gluc o s e  r epres s es an enzym e  c onc ern ed 

with the r e l eas e of ent er ot oxin from the c e l l . A sma l l  

ac c umulat i on o f  ent e rot oxin may t h en b e  r e s p ons ibl e  for the 

inhib i t i on of further ent ero t oxin produc t i on by a f e e d-back 

m e c hanism . 
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Y e t  ano th e r  po s s ib i l i ty i s  t ha t  t h er e  i s  a p o lyp ept i d e  

pr ecurs or o f  ent erot oxin h'h i c h  requir es a modific a t i on b y  
a n  en6 J1Tl e  to pro duc e tr1 e  final irmmmo l ogi c a l ly-iden t i fi ab l e  

form . buch an en z yme mi [ht b e  pr e s ent i n  c e l l s  harves t ed at 

1 6  h if r;rm,m wi thout gluc o s e ,  but abs ent in c ells  e;ro';!ll in 

the  pres enc e of cluc o s e .  T'hi s  hyp o the s i s  'N'Ould s uzg e s t that 

c;luc os e repr e s s i on ac t s  on an enz yn c  c onc ern e d in ent er o t oxin 

pro cluc t i on , .r a th e r  than ac t inc; dir e c t ly on the s ynthe s i s  o f  

m}lJ'U\. f o r  ent ero t o x in . 
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