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A:B~3'l'RACT 

Ph.D. Richard Degre ~~icrobiology 

STUDIES ON THE EFFECT OF THE PHENOLIC. JI.NTIOXIDA!::T 

BUTYLATED HYDROXYANISOLE ON STAPH\'LOCCOCCUS J>.Ull.TXJS 1·100D ~6 

The antimicrobial activity of the pher.olic antioxidant butylated 

hydroxyanisole (BP~) has been kno~m for several years but the lack of 

kno,-Jledge of its specific effects on bacterial metabolism :)ro:npted us to 

study hovT the antioxidant affected the food-borne pa"t?hogen Staphylococc1:0 

aureus Y.!ood 46. 

Bt~ was shovm to be possibly mutagenic for 2· aureus, leading to 

the formation of membrane mutants different from the parent strain 't:d th 

respect to beta-toxin and staphylokinase activities; the mutants v:rere a1so 

less sensitive to the antibacterial activity of BHA but thin property was 

probably the result of a phenotypic adaptation since it vms lost when the 

cells were grolm in the absence of the antioxidant. Subinhibi tory concen

trations of EHA resulted in growth delay and depressed alpha-hemolytic 

activity. s. aureus was more sensitive to the antioxidant under anaerobic 

conditions than under aerobic conditions lvhile ca
2

+ and EIJrA respectively 

reversed and potentiated the antistaphylococcal activity of RqA. The 

latter v1as rapidly adsorbed onto bacterial cells and was shown to be a 

membrane-active aeent on the basis of leakage of intracellular material 

and lysis of protoplasts. Under aerobic conditions the inhibition of 



dehyd.rogenBse and respiratory autivi tics as v;ell as the inhibition of 

amino a~ids uptake probably lead to inhibition of erovrth and of cellular 

division. Glucose uptake was less sensitive to inhibition. BHA \·ras also 

shovn1 to stimulate adenosine triphosphatace aCtivity, l-rhich possibly lc~d 

to ATP depletion and rrowth iru1ibition under anaerobic conditions. The 

results are discussed in view-1 of Mitchell 's chemiosmotic hypothesis ;:mcl 

of the possible use of BHA as a food preservative. 
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ETUDE DE L 'EFFE'r DE 1' .JI.,NTIOXYDAJ:..TT P!:IENOLIQ.UE 

BUTYLHYJ)ROXYAN'ISOLE GHEZ STAPHYLOCOCCUS AURFUS WOOD 46 

1-iicrobiol oc;ic 

L'activite antimicrobienne de !'antioxidant ph6nolique butyJ

hydroxyanisole (BHA) est connue depuis quclques annees d6ja mais scs e::

fets sur le meta.bolisme bacterien demeurent cepende.nt inconnus. 1~ous 

avons done etudier ses effets chez St.aph;y:lococous aureus 1·food 46, un 

microoreanisme implique dans de nombrcuses intoxications alimentair~s. 

Le :SHA s'est avere possiblement mutag(me pour §.• aureus,men<mt 

a la formation de mutants de membrane differents de la souche parent~.le 

en ce qui a trait a la production de 1 'hemolysinc-beta et de la staphy-

lokinase. Les mutants etaient aussi mains sensible a l'activite antih~c-

terienne du :SHA mais cette propriete etait probablement le resultat d'une 

adaptation etant donne qu'elle etait perdue lorsque §.. aureus etait 

cultive en absence de l'antioxydant. Un ralentissemcnt d.e la.cro:ts~~ron-

ce et une diminution de 1 'activite alpha-hemolytique ont ete notes Jars

que des concentrations de :SHA inferieures a la concentration minim<?.1e 

inhibitrice etaient ajoutees au milieu de culture. §.. ~ureus etait 

aussi plus sensible D. 1 'antioxyda.nt en annerobiose qu' en aerobiose alors 

que l':ion Ca
2+ et l'EIYI'A renversait et auonentait respectivement l':wti

vite antibactcricnnc du BHA. Celui-ci etait tres rapidement adsorb6 p~r 
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les celJ.ules bacteriennes et induisai t le relargaee du m8.tcd el intrn

cellulaire et la lyse des protoplastes; ces deux proprictes sont le 

propre d'agents agissant au nivea:u do la membrane cytoplasmique. L'i~hi

bi tion des activi tes dcsydrogenasique et respir<:d.oire ninsi que l' j nti

bition du transport des acides amines et~ient rroba.blemcnt a 1 'oric~ne 

de 1 'inhibition de la croissance et de la division cellula.ire. Le 

transport du glucose etait cependant moins sensible a 1' inhibition pr 

le BHA. Nous avons aussi mis en evidence une stimulHtion de 1 'enz;;""r: 

adenosine triphosphatase par le BFJI.. Cette stimul3.tion conduit pro

bablement a un epuisement des reserves cellulaircs d 'A111P, ce qui o:xrU

querait 1 'inhibition marquee de la croissa.nce en a.nelirobiose. Ces 

resultats sont discutes en fonction de la theorie chemiosmotique de 

l~itchell et de 1 'utilisation du BHA comrne preservatif clirnentaire. 
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CLAThl OJi' COl\"TRI:mJTIOU TQ KNOHLE:OOE 

- Staphylococcu,s aureus Uood 46 -vms more sensitive to BHA under anaerobic 

conditions than under aerobic conditions. 

- Subinhibitory concentrations of BHA caused c;ro-vrth delay in~· a:ureus 

l'Tood 46 and depressed alpha-hemolytic activity. 

- EDTA potentiated and ca2+ ions partially reversed the antistaphyloco~cal 

activity of' BHA. 

- BHA v!as possibly mutagenic for .§.. aureus ~iood 46, leadinc to the forma-

tion of variants that had gainedthe property of producin~~ the beta

toxin and lost the property of producinr the staphylokinnse. Colonie0 

of the variant shot.ved double zones of hemolysis. 

- The variant was a membrane mutant dif'fercnt from the p2-rent strain 

with respect to pH and bacitracin sensitivity and osmotic stability. 

- The variant was less sensitive to BHA than the pa.rer.t strain but t!tis 

relative resistance vms lost if the variants v1ere grr.:r;·m in. ·the absence 

of BF.A. 

- Adsorption of' BHA onto the cells of' both parent and ve.riant vms rapid, 

both strains adsorbing approximately th~ same amount. 

- BRA vras a membrane-active agent causing leakage of intr2cellular mde

rial and lysis of' protoplasts. 

- BHA inhibited oxyf:en consumption in§.. aureus Hood 46 vlith lactate, 

succinate, NADH, glucose, malate or nscorbute as substrate but at 

the oame time reduced the cytochromes. 



- BJ!A inhibited dchydroeenase cctivities associated with succinate 

malate, lactate or elucose as substrata in vthole ce1ls of ~· n.ur-cun 

vlood 46. 

- BHA inhibited uptake of elutnmic acid, isoleucine and. ly;:dne by \·ihole 

cells of ~· aureus vlood 46. Glucose uptake v~as less ocnsi tive to inf:i

bition. 

- BRA stimulated ATPase activity associated vd th membrane fre.ctiono of 

.§.. aureus Uood 46. 

X 
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LI 11ERATlffiE REVIEW 

Since they increase the shelf-life of a variety of foods 1 the :food 

additives are economically vital to food industry. Phenolic antioxidants 

are among them.. This review will consid~r the regulations on the use of 

antioxidants, the toxicological data and the antimicrobial activity of 

phenolic antioxidants. However, we will first describe the mechanism of 

autoxidation of lipids and those involved in its prevention by antioxi

dants. The information given on the mechanism of action and biological 

activities of antioxidanwwill allow us to define in a final chapter the 

objectives of this thesis. 

1.1 Lipid oxidation mechanism 

Autoxidation of oil and fat molecules is that pvocess which 

occurs spontaneously under relatively mild conditions resulting in ran

cidity, reversion and other types of 9ff-flavors and -odors (Sims and 

Fioriti, 1980). The radical "autott refers to a self-propagating process 

leading to a chain reaction. The reaction involves the addition of an 

oxygen molecule to a carbon atom adjacent to an unsaturated c-c bond. 

This reaction is initiated by a free radical and results in the formation 

of hydroperoxides (Sherwin, 1976). The overall reaction can be depicted 

as follow: 



Initiation 

RH + 02 ---+ R. + .OH 

Propagation 

R. + 02 --+ ROO. 

ROO. + RH -to ROOH + R. 

The reaction is initiated by the generation of a free radical 

(R.) under the influence of light. The resulting fatty free radical (R.) 

is highly reactive and reac1s with atmospheric or dissolved oxygen to pro

duce peroxides (ROO.) and hydroperoxides (ROOH). Thus the process gene

rates a second free radical which propagates the reaction. The hydrope

roxides may undergo further changes producing a wide variety of very 

odoriferous compounds: aldehydes, ketones, fatty acids, alcohols and 

hydrocarbons (Loury, 1967).These compounds give the rancid odor and fla

vor that characterize rancid fats. The last step or termination occurs 

in one of the following ways: 

R. + R. ---J) R-R 

ROO • + R. --+ ROOR 

ROO. + ROO. -+ ROOR + 02 

R. + AH ~ RH + A. 

where A. is a stable radical. 
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Several parameters can interfere with the autoxidation process 

of fatty acids. These include: the degree of unsaturation of the mole

cule; the oxygen tension; the temperature; the presence of ultra-violet 

light. Some pigments and enzymes (chlorophylls, cytochrome c, myoglobin, 

hemoglobin and hemin) and some metals can accelerate the process (Sherwin, 

1976, 1978; Marcuse 1973; Vigneron, 1956). Thus, by lowering the oxygen 

tension, the temperature and the concentration of catalysts (pigments, 

enzymes, metals) and by minimizing the action of light, one can expect to 

significantly reduce the autoxidation reaction. However it is not always 

feasible and some alternative means must be considered. One of them is 

to use antioxidants and the next section will explain their mechanism of 

action. 

1.2 Mechanism of antioxidant action 

It was known for some time that several vegetable oils contai

ning high leve~of unsaturated fatty acids and of tocopherols were less 

susceptible to autoxidation than others (Sherwin, 1976). The structure 

of tocopherols, which include vitamine E, is illustrated in Fig. 1. The 

concentrations of tocopherols in differe~t vegetable oils is variable 

(Table 1) but a residual level in processed oils is important to ensure 

oxidative stability of these oils. As postulated by Bolland and Have 

(1947) the functional structure of tocopherols is the phenolic ring which 

allow them to give a proton to a fatty acid free radical. Phenolic anti

oxidants added into processed food for preservation act 0ssentially in 

the same way. Fig. 2 depicts the mechanism o~ action of phenolic antio-
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Fig •. l. Tocopherols found in vegetable matter. 
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Table le Concentrations of tocopherols in vegetable oils. 
(After Sherwin, 1976) 

Vegetable oil 

Coconut 
Palm 
Olive 
Peanut 
Rape seed 
Cottonseed 
Sesameseed 
Corn 
Sunflower-seed 
Soy bean 
Safflowerseed 

TYPical tocopherol contents 
of finished vegetable oils 

(ppm) 

83 
560 

30-300 
480 
580 
870-950 
180 
900 
700 
940-1000 
800 

6 



xidants. The phenolic moiety gives a proton to a free radical and the 

antioxidant free radical generated is stabilized by the formation of 

stable resonance hybrids. 

1 

The evidence that phenolic antioxidants could act as reducing 

agents was provided by the work of Kurechi et al (1980). These workers 

investigated the hydrogen or electron donating ability of several anti

oxidants including butylated hydroxyanisole (BHA) and reported that ferric 

ion Fe3+ was reduced to ferrous ion Fe2+ by many antioxidants. 

Thus, phenolic antioxidant appear .. to act as hydrogen don~rs 

and perform their useful function by preventing the propagating step of 

the free radical reaction. By doing so they inhibit the formation of 

rancid fats, a reaction leading to many typical off-flavors detectable 

only in advanced stages of oxidation. · Hm·1ever they are not effective in 

preventing flavor reversion, a reaction connected with the initiation step 

and detectable at very early stages of oxidation (Sims and Fioriti, 1980). 

Phenolic antioxidants, tocopherols and gum guaiac ( a resinous 

exudate from a West Indies tree) are referred to as primary antioxidants 

since they inhibit the free radical mechanism of autoxidation. Synergists 

are substances that are able to enhance the activity of primary antioxi-

dants but do not show any significant antioxidant activity when used 

alone (Sherwin, 1976). Citric acid, isopropyl citrate, ascorbyl palmitate, 

tartaric acid and lecithin are part of this group. The mechanisms by 

which they could interact with primary antioxidants is not known but some 

mechanisms have been postulated and these include (Sherwin, 1976): 

-chelation or deactivation of prooxidant metals in oil, 

- regeneration or sparing of primary antioxidants, 
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Fig. 2. Phenolic antioxidant mechanism in vegetable oil. 
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inhibition of peroxide decomposition, thus interrupting the 

autoxidation process. 

1.3 Regulations on the use of antioxidants 

Primary antioxidants used by the food industry for human con

sumption are divided into h1o large groups: 

- natural antioxidants like the tocopherols and gum guaiac, 

- synthetic antioxidants, including butylated hydroxytoluene 

(BHT), butylated hydroxyanisole(BHA), propyl gallate (PG) 

and tertiary butylhYdroquinone(TEHQ).The structure of these 

compounds is illustrated in Fig. 3. 

Table 2 presents the primary antioxidants and synergists used 

10 

in the preservation of vegetable oil in different countries (Sherwin, 1976). 

According to Table 2 nordihydroguaiaretic acid (NroA) is the only antioxi

dant used in Rumania even if this antioxidant is banned in Canada and in 

the United States, partly on the basis of Canadian feeding studies showing 

. toxicity (Goodman U 3!1, 1970). 

In Canada, PG, BRA and BHT are the only synthetic primary anti

oxidants that are approved as additives in vegetable oil. 2,4,5-

trihydroxybutyrophenone (THBP), 4-hydroxymethyl-2, 6-di-tert-butylphenol 

and tert-butylhydroquinone (TBHQ), which are banned in Canada, have been 

approved by the u.s.A. Food and Drug Administration (FDA). 
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Fig. 3. The structure of phenolic derivatives. 
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Table 2. Primary antioxidants and synereists for vegetable oils in various countries' 
(A£l~t ~nerwig 1 1~76l 

Primary antioxidants Synereists 
.. 

1d 
41 ,; 
1d 0 .... 
,; 1'1< 
0 

~ 'tl .... ... 1'1< 

~ 0 .... Gl 
G) 1-< 'tl 1G 1G A 0 

Gl 'tl 0 ... .... +' 
41 1G "' ..... .... 'tl ..: .... 

1G 0 Gl +' la s:l 0 +' 'd a 'tl 

1G 1G .... .... 0 .... ..... ';3 .... 
Ill .... .... 'tl 0 ..... ..: ~ ~ g .... M i .... .... ~ ..... 0 A +' A e ~ 

.... ~ ~ 
.... e 0 

·~ ~ 1-< .... i 0 

~ 
0 1:.1 

G.l 
~ 0 0. i7 ..... ..... .... a ~ .... 

* 
0 

~ a ..... p ~ A 
~ .... 

~ 0 ..... "0 a +' 1-< +' 
0 h fl) < 

~ 
f§ 0' 

'"' 
(I} 0 0 0 0 .... ·rl 

0 a 0 +' .... 'tl 8 ~ E-o ~ +' 0 0 .... .... 0 0 0 ill 0 
Countries 0 '"' ~ 0 .s m S'i Ill .... (I} If ..<:: ..... •rl 11.1 Cl 1-< .3 E-o C> p.. 0 z Ill E-o 0 H E-o A A < < E-o 

Australia X X X X 
Austria X X X X X X X X X 
Belgium X X X X X X X 
Brazil X X X X X X 
Canada X X X X X X X X X X X 
Ceylon X X X X X 
Czechoslovakia. X 
Denmark X X X X X X X X X X X X X 
Finland X X X X X X X X X 
France X X X X X X 
Britain X X X X X 
Greece X X X 
Haiti X X X X 

c Hong Kong X X X X X 
India X X X X X X X X X X X X 
Italy X X X X X X X 
Jamaica X X X X X X 
Japan X X X 
Korea X X X 
Malaysia X X X X X 
Mexico X X X X X X X 
Morocco X X X X 
lletherlands X X X X X X X X X X 
New Zealand X X X X X 
Nicaragua X X X X X X X X X X 
Norway X X X X X X X X X 
Pakistan X X X X X X X X X 
Peru X X X X X X 
Poland X X X 
South Africa X X X X X X X X X X 
Rumania X 
Spain X X X X X 
Sweden X X X X X X X X 
Switzerland X X X X X X X X 
Turkey X X X X X X 
Taiwan X X X X X X 
USA X X X X X X X X X X X X X X X X X X 
USSR X X X 
Wales X X X X X 
Yugoslavia X X X X X X X 

• 4-hydroxymethyl-2, 6-di-tert-butylphenol 

0 
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The amount of antioxidant ~cceptable in foods is also .impor

tant to consider. Table 3 lism the maximum leve:S of the 3 major phenolic 

antioxidants tolerated as food additiv~in the United States and Canada 

nowadays. BHA, BHT and PG can be used alone or in combination but the 

amount added must stay under a threshold iimit which is defined for each 

type of food. In general the concentration allowed for each individual 

antioxidant added to food is 0,02% of the fat content of food. As for 

meat and poultry products, the acceptable level for each individual anti

oxidant is limited to 0,01%, but they might be used in combination up to 

a total of o,o2%. 

1.4 Biological activities of phenolic antioxidants 

Phenolic antioxidants are widely used by the food industry for 

the preservation of lipid-containing foods and their effects on the shelf

life of those products are so beneficial that it would be very difficult 

~to cope without them., 'Moreover they are used on a large scale. As a 

result the daily intake of BHA and BHT in the United States is estimated 

to be 0,2 mg/kg body weight of each food ·additive for adults ("Comprehen

sive Survey of Industry on the Use of Food Chemicals Generally Recognized 

As Safe". National Academy of Sciences, Washington, D.C. 1972), which is 

within the limit of 0,5 mg/kg body weight of both BHA and BHT recommended 

by the Joint Food and Agriculture Organization/ World Health Organization 

(FAOjwHO) Expert Commi~ee on Food Additives in 1974. Hence, the daily 

intake of phenolic antioxidants is significant. These figures become 
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Table 3.. Addition limits of antioxidant(s) to various 
foods in ppm based on total weight of food*. 

Food BRA BHT PG 

Beverages 2 
Cereals 50 50 
Chewing gum base 1000 1000 1000 
Stabilizers for 200 200 

shortenings 
Fruit, dry glaceed 32 
J.1eats, dried lOO lOO 100 
Potato flakes 50 50 
Potato granules 10 10 
Potato shreds, 50 50 
dehydrated 

Rice, enriched 33 
Sausage, dry 30 30 30 
Sweet potato 50 50 

flakes 
Yeast, active dry 1000 

Total 
permissible 

2 
50 

1000 
200 

32 
lOO 
50 
10 
50 

33 
60 
50 

1000 

*• From Stuckey, B. l~., in The Handbook of Food Additives, 2nd ed., 
l''uria, T. E., Ed. CRC Press, Cleveland, 1972, 215. 

J) 
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important in view of the fact that some phenolic antioxidants, as it 

was shown for BHT, accumulate to a higher concentration in the fatty 

tissues of man than of the rat {Collings and Sharrat, 1970) in which 

most of the toxicological studies have been carried out. Moreover, 

many biological activities have been associated with phenolic anti-

oxidants. Some of these biological effects will be described in this 

section. Among the biological effects, phenolic antioxidants have 

been shown to inhibit microbial growth and a complete section will be 

devoted to this aspect. 

The liver is the major target of phenolic antioxidants. BHT 

(Brown !! !1,, 1959; Pascal and Terroine, 1970; Saheb and Saheb, 1977) 

and BHA (Gaunt !! !1,, 1965; Gilbert ~~d Goldberg, 1965; Martin and 

Gilbert, 1968) were shown to cause hepatic hypertrophia in rats, which 

is accompanied by histological changes. Hence, BHT causes a prolifera-

tion of the smooth endoplasmic reticulum and an increase in the mitotic 

activity and in the size of hepatocytes (~otham et al, 1970; Brown~ al, 

1959; Lane and Lieber, 1967). BHA has similar effects in monkeys but at 

lower concentrations (Allen and Engblom, 1972). TBHQ does not have any 

significant effect in rats J:.or dogs at concentrations up to 0,5% of the 

diet (Asti11 !! !1,, 1975) but PG causes a significant increase in the 

mitotic activity of liver cells in rats (Feuer !l!!t 1965). More 

recently Hirose !1 !1, (1981) reported that BHT-treated rats showed in-
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creased liver weight and increased blood cholesterol. 

Ingestion of BHT also affects different enzymatic sys

tems. It has been shown to induce the activity of a group of liver 

enzymes called "Processing enzymes" that are involved in the trans

formation of drugs and this induction is accompanied by an increase 

in the P
450 

cytochrome content (Gray!! !!t 1972). However, at the 

same concentration, BHA stimulates only two microsomal enzymes: BET

oxidase and biphenyl-4-hydroxylase (Martin and Gilbert, 1968). Curi-

ously in vitro testing has shown that BHT, BHA and PG inhibit liver 

microsomal monooxygenases (Yang!! !!t 1974; Torrielli and Slater, 1971; 

Yang and Strickhart, 1974). Among other enzymes affected by BHT are the 

glucose-6-phosphatase (EC 3.1.3.9), the acid phosphatase (EC 3.1.3.2) 

and the mitochondrial cytochrome oxidase (EC 1.9.3.1) activities that 
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are reduced (Feuer !! !lt 1965; Gaunt et al, 1965; Pascal, 1969; Pascal 

and Terroine, 1969) and the glucose-6-P-dehydrogenase (G6PD, EC 1.1.1.49) 

activity that is stimulated (Feuer et ~' 1965). The same stimulatory 

effect on G6PD was reported for DHA and PG (Feuer et !!r 1965). It is 

.interesting to note that BHT and PG act as uncouplers of oxidation and 

phosphorylation in liver mitochondria (Pascal and Terroine, 1975). TBHQ 

does not seem to affect significantly those enzymatic systems (Astill 

!!. &, 1975) •. 

The lung is another major organ affected by BHT. Stud!ies 

have shown that this antioxidant induces pulmonary injury in mice after 

intraperitoneal (Marino and Mitchell, 1972; Saheb and vlitschi, 1975) or 



per 2! administration (Witschi and Lock, 1978). Omaye !1 ~ (1977) 

reported increased activities of pulmonary glutathione (GSH) peroxidase 

(EC 1.11.1.9),GSH reductase (EC 1.6.4.2), G6PD and superoxide dismutase 

(EC 1.15.1.1) while Arany !1 ~ (1981) reported enhanced activities of 

hexokinase (EC 2.7.1.1), phosphofruotokinaBe(EC 2.7.1.11) and pyruvate 

kinase (EC 2.7.1.40) in the lungs of mice. 

Ford !1 ~ (1980)reported that the renal function was also 

affected by this class of food additives. Hence, administration of Bl~ 

and BHT adversely affected electrolyte balance in rats and these anti

oxidants had a specific, depressive effect on organic transport. 

A.growing awaJ:oenessof the effects of exposure to drugs and 
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food additives during early life on emotional, intellectual and neuro

logical development have become a matter of great concern in recent years 

and it has been shown that BHT at doses up to 0,5% of the diet produces 

marked physical as well as preweaning behavioral toxicity in rats 

{Vorhees !i ~' 1981). 

1,4.2 Mutagenicit~ 

In view of the high correlation between cardnogenieity and mu

tagenicity, the possible mutagen~city of a food additive is of gTeat in

terest. Most of the techniques involved in such testing rely on the 

hypothesis that most chemical carcinogens are able to interact with DNA 

or can be processed in the body to do so. 

Using Salmonella TA98 and TA1538, which detect frameshift muta-
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gens, BHA, BHT, PG and TBHQ were shown to be non-mutagenic in the Ames 

assay (Bonin and Baker, 1980). However, tests with Saccharomypes D-3 

showed a biologically significant increase in the frequency of recom

binants (Fabrizio, 1974) and BHA and BHT were also shO\in to induce sis

ter chromatid exchanges in hamster cells.(Abe and Sosaki, 1977). She1ef 

and Chin (1980) ascertained that BHA, BHT and PG were not mutagenic for 

Salmonella strains TA98 and TAlOO, the latter being used for the detec

tion of base substitution mutagens. The same authors (Shelef and Chin, 

1980) also reported that ERA and BHT substantially increased aflatoxin 

B1-induced mutagenesis in the two tester strains. It was also reported 

that BHA, BHT and PG potentiated the X-ray-induced chromosome damage in 

barley and onion (Kau.l and Zutshi, 1977; Veena and Kai.Ll, 1979; Kaul, 

1979). In association with the chemical mutagen propane sultone, it 

was observed that BHA, BHT and PG increased chromosome brerucage as well 

as seedling injury (Veena and Kaul, 1979). Ben-Gurion (1979) presented 

evidence§that pyrogallol and purpurogallin, antioxidants used in hydro

carbon fuels or lubricants (J.ierck index, 9th ed., 1976, p. 1031) were 

both inducers of colicine E2 as well as mutagenic for Salmonella strains 

TA1537 and TAlOO. 

1.4.3 Carcinogenicit~ 

Few reports have been published on the carcinogenic effect of 

the phenolic antioxidants. In 1974 Clapp !1 al reported that BHT at a 

dose of 0,75% of the diet, causes after 18 months of administration, an 

increase in the frequency of pulmonary adenoma in BALB/C mice. However 
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Hi rose £1 .f:!_ ( 1981) could not detect a.ny carcinogenic effect of this 

antioxidant in Wistar rats. Ito !i ~ (1982) subsequently reported 

that BHA was carcinogenic in F344 rats, primarily affecting the fore

stomach, when administered orally in the diet. 

1.4.4 Antioxidtmh llnd ctJ.rcinogons metabolism 

Although there are some reports suggesting that BHA and BHT 

might be carcinogens it is interesting to note that there are many 

reports in the literature of antioxidants preventing the carcinogenic 

effect of several carcinogens. Wattenberg (1980) has reviewed these 

effects that are summarized in T'able 4. The most extensive work was 

carried out with BHA, BHT and ethoxyquin (Ero), the latter being a 

phenolic antioxidant used in commercial animal diets. 

It is now generally accepted that most carcinogens are not 

active per ~ but need metabolic activation by different enzymatic sys

tems present in the mammalian cell. It is beyond the scope of this re

view to discuss the different mechanisms proposed for the activation of 

procarcinogens into potential carcinogens but the most accepted hypo

theses include formation of a.lkylating groups, formation of carbonium 

ions from primary or secondary oxides and formation of nitrenium ions 

(Kahl, 1982). Hence, it has been proposed that phenolic antioxidants 

could interfere with the formation of procarcinogens by interacting 

with the enzymes responsible for their activation and thus, could lead 

to the formation of metabolites of detoxication (Lam and Wattenberg, 
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Table 4· Inhibition of carcinor.en-induced neoplasia by BHA, Bl~ and ETO*. 

Site of neoplasm 
Carcinogen Antioxidant Species inhibited Ref. 

BP
1 

BHA Mouse Lung Wattenberr-, 1973 
BP BHA, BHT Mouse Forestomach Wattenberr, 1972a 
Il·1BA 2 BHA, ETO ~~ouse Forestomach Wattenberg, 1972a 
Jl.1BA BHA, BHT Mouse Skin Slaga and Bracken, 

1977 
~BA BIIA, BHT, Rat Breast Wattenberr, 1972a 

ETO 
DMBA 3 BHA Mouse Lung \·lattenbere, 1973 
7-HMB BHA Mouse Lung Wattenberg, 1973 
an!hracene 
DB BHA Mouse Lung rlattenberg, 1973 
anth5acene 

ETO Mouse Lung Wattenberg, 1972b DENA 6 BIIA, 
4-NQ-oxide BHA, ETO Mouse Lung \·lattenberg, 1972b 
Uric BIIA f•1ouse Lung \·lattenberf", 1973 
mustard 
Urethane BHA Mouse Lung Uattenberg, 1973 
FAA 8 BHT Rat Liver Ulland !:.1 al, 1973 
N-OH-FAA BHT Rat Liver, breast Ulland et &, 1973 
Azoxy- BHT Hat Large intestine Zedeck !:.1 a1, 1972 
methane 

* From vlattenberr;, L. tl., in Carcinogenesis, a Comprehensive Survey •. 
Vol. 5· Slaga, T. J., Ed. Raven Press, New York, 1980, 87. 

1 Benzo(a)pyrene 

2 7,12-dimethylbenz(a)anthracene 

3 7-Hydroxymcthyl-12-methylbcnz(a)anthracene 

4 Dibenz(a,h)anthracene 

5 Diethylnitrosamine 

6 4-Nitroquinoline-N-oxide 

7 N-2-fluorenylacetamide 

8 N-hydroxy-N-2-fluorenylacetamide 

?1 
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1977; Lam~~' 1980). Howev~r the possibility of a direct chemical 

reaction between the inhibitor and the active metabolite should not be 

overlooked as well as an inhibition of ill~ activation processes 

(Calle and Sullivan, 1982). 

1.5 Antimicrobial activity of phenolic antioxidants 

Among the various biological activities that have been asso

ciated with phenolic antioxidants, antimicrobial activity is one of the 

most interesting. Hence the use of these additives as preservatives 

alone or in combination with other chemicals might be very attractive 

for the industry. First, it is obvious that additives with dual func

tion, i.e. antioxidative and antimicrobial activities, will be parti

cularly beneficial in the future since it would tend to limit the 

amount of chemicals added to foods. Moreover, new applications could 

originate with respect to this antimicrobial activity. For example, 

BHA has already been included, on an experimental basis, in the compo

sition of mouthwashes to enhance their poor cidal action (Kabara, 1980); 

BHT was used to treat herpes virus cutaneous infection in mice (Keith 

~~~ 1982). 

This section will review the nature and properties of the 

antimicrobial activity of phenolic antioxidants against different groups 

of microorganisms, namely, viruses, protozoa, fungi and bacteria. 
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1.5.1 Activity against viru~ 

Snipes et a.l (1975) were the first to report on the antiviral --
activity of phenolic antioxidants. They showed that three lipid

containing viruses, the herpes-simplex v~rus (HSV) and two phages, ~6 

and ~~2, were inactivated by 50% when exposed 30 minutes to 10-4 to 10-5 

M of BHT. However non-lipid-containing viruses such as polioviruses 

were not affected. The effect of BHT on bacteriophage Pl-12, specific for 

a. marine pseudomonad, '~ere further investigated by Cupp et al (1975) --
who reported that phage killing occmred rapidly, with the majority of 

the killing taking place during the first 5 minutes of exposure. They 

also showed that the phages were disrupted in the presence of 0,2 M BHT. 

However the degree of inactivation was dependent upon the original phage 

titer and the number of bacterial cells. 

Wanda ~ ~ (1976) showed that bacteriophage ~6 was totally 

inactivated by 3 x 10-5 1>1 BHT and 10-4 M BHA. The phage envelope was 

not removed by BHT treament and BHT-treated phages were morphologically 

indistinguishable from controls but were unable to attach to the host 

cell, Pseudomonas phaseolicola.. It was also found that a drastic drop 

in the degree of inactivation by 3 x 10-5 M BHT occurred when the tem

perature was lowered from 20 to 15° c. Calcium, barium and strontium 

but not magnesium were also effective in enhancing the activity of BHT. 

Most interesting is the finding that chickens fed on diets 

containing BHT (100-200 pJlil) did not die when exposed to virulent New

castle disease virus (NDV), also a. lipid containing virus. Also, chi-

23 



ckens fed on a BHT-containing diet did not show any appreciable humoral 

immune response when exposed to avirulent NDV (Snipes ~ ~' 1975; 

Brugh, 1977). Among other pathogenic viruses investigated with respect 

to their susceptibility to BHT, K:im ~ .§!];_ (1978) showed that human and 

murine cytomegaloviruses (Cl{V) were inactivated by more that 90% with 

40 ug of BHT/ml and Semliki Forest virus was inactivated by about 75% 

after incubation for one hour at 37°C with the same concentration of 

the antioxidant. They proposed that the interaction of Bl~ with lipid-

containing viral envelopes somehow disturbed the proper function of the 

viral envelope during ad£orption of viral particles to host cell membra-

ne. Although vaccinia virus is also one of the lipid-containing viruses, 

for an unknown reason BRT had only a slight inactivating effect. 

More recently Keith et al (1982) reported that hairless mice --
with cutaneous infections of herpes simplex virus type 1 (HSV-1), were 

successfully treated with BHT. Hence the agent was found to be effective 

in reducing the clearance time of HSV~l lesions when applied topically 

to the infected area. 

1.5.2 Activity against protozoa 

The effect of BRA on TetrahYmena pyriformis has been extensi-

vely studied by Surak and his collaborators. In a first report Surak 

et al (1976a) showed that 20 ppm of BHA in the medium inhibited the cell --
growth by 50% and the synthesis of DNA, RNA and proteins also by 50%· 

The protein and nucleic acid synthesis inhibition occu:rred within 10 
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minutes after the addition of the antioxidant in the medium. Glucose trans

port and lipid synthesis were not significantly affected. Microscopic 

examination did not reveal any membrane alteration like it was previously 

reported for BliT (Surak ~ ~t 1976b). Contrary to their previous re-

port (Surak ~ ~' 1976a), they later showed 'that EfiA altered lipid 

synthesis of !• PY!iformi~ (Surak, 1980). Among the major changes noted 

within 3 hours of exposure were a decrease in the relative incorporation of 

radioactive acetate into tetrahymenol and an increased incorporation of 

the label into triglycerides. After 24 hours of exposure to increasing 

levels of BliA (3,12 to 12,5 ug/ml) there was a decrease in the relative 

synthesis of polar lipids and an increase in the relative synthesis of 

triglycerides, tetrahymenol, squalene and free fatty acids. 

Surak and Singh (1980) brought more precisions on the kinds 

of alterations caused by BHA in polar lipid synthesis. llence, they 

showed that BHA at concentrations up to 12,5 ug/ml inhibited the synthe

sis of cardiolipin and the incorporation of labelled acetate into 

lysophosphatidylcholine, 2-aminoethyl-phospholipids and an unknown polar 

lipid while increasing the incorporation of radiolabel into phosphatidyl

ethanolamine and another unkno\in polar lipid. The authors proposed 

that the striking differences between th~se results and others according 

to which lipid synthesis and membrane were not affected may be attributed 

to the carrier used to administer the antioxidant, since dimethylsulfoxide 

was used in the previous study (Surak ~ ~' 1976a) and ethanol in the 

others (Surak, 1980; Surak and Singh, 1980). 
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1.5.3 Activity against funrri 

One of the first repor~ on the antifungal activity of phenolic 

antioxidants vras published by Chanc: and Branen (1975). They shovred that 

growth and z.flatoxin production by Aspergillus parasiticus mycelium was 

inhibited in a glucose/salts medium containing 250 ug BH.JI./ml while 

1000 ug/ml -.~ necessary to inhibit spore germination. 

Fung!:! E1_ (1977) studied the effect of BHT and BHA on A. 

fla:vus gro";-rth and toxin production. The antioxida.Y!ts were added at 

0,005 to 0,02 g per plate of solid media (60 or 100 mm in diameter). 

While BHT was ineffective in inhibiting !• flavus growth and toxin 

production, BHA inhibited the growth under the conditions ment·ioned above. 

Moreover, using a 60 mm diameter petri dish containine 0, 01 g of BliA, 

they showed that the production of aflatoxin :s2 , a1 and a2 \·ms comple

tely inhibited while that of aflatoxin B
1 

vras only partially inhibited. 

Turcotte and Saheb (1978) reported on the antifuncal activity 

of three antioxidants, namely BHA, BHT and ETO. They show·ed that the 

minimal inhibitory concentrations (mic) for BHA and BHT against Saccha

romyces cerevisiae l-mre 100 and 25 ug/ml respectively. 'En'O did not 

inhibit significantly the growth of this .microorganism. The mic of 

BliA against Candida albicans was lOO ug/ml. At the same concentration 

BHT and ETO inhibited only partially the growth of this yeast. 

Becgs !:! El. (1978) showed that BHA, PG and NDGA enhance ampho

tericin B activity against two strains of £.• al bica.ns and one of £.• 
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parapsilosis. In fact it 'I'Jas found that subinhibi tory concentrations 

of any one of three different antioxidants in combination with fun

gistatic or weakly fungicidal levels of amphotericin B were highly 

lethal to those three strains. Although synergism was not seen in 

tests with a strain of Torulopsis glabrata, antioxidants prolonged the 

inhibitory action of this antibiotic. On the basis of these findings 

the authors proposed that antioxidants prevented autoxidation of the 

drug, a polyene macrolide with seven conjugated double bonds, thus 

stabilizing its activity. In addition the antioxidants had their own 

antifungal spectra of activity. 

Ahmad (1979) reported that Geotrichum, Penicillium and Asper

gillus were inhibited by 200 ug BHA/ml in glucose/salts medium and that 

BRA did not have synergistic antimicrobial activity with sorbates against 

!• flavus. 

1.5.4 Activity ~ainst bacteria 
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Microorganisms involved in food poisoning are those that have 

been the most extensively tested for their susceptibility to antioxidants. 

The first study dealing with the antibacterial activity of BHT 

was carried out by Ward and Ward (1967). They reported only partial 

inhibition of Salmonella senftenberg grown on brilliant green agar con

taining 1% antioxidant. Growth of .§.. ty:ghimurium however was totally 

inhibited at 37° C in nutrient broth containing 400 ug BfU/ml (Chang 

and Branen, 1975). Turcotte and Saheb (1978) reported that BHT did not 
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significantly affect the growth of li• tX£himurium and ~· montevideo 

when 100 ug/ml ~ms added to brain heart infUsion broth. 

At the same concentrations BHA and ETO inhibited the growth 

of li• tX£himurium by 3J/'o and 26% respectively but had no significant 

effect on the growth of li• video. Other.members of the 

Enterobacteriaceae such as Escherichia £21!, Proteus mirabilia, ~· 

vulgaris and Enterobacter cloacae were also relatively resistant to 

the action of those three antioxidants in the same conditions. Tur

cotte and Saheb {1978) also reported that the association of ETO with 

BHT increased the inhibitory activity. This observation plus the fact 

that the sensitivity of ~· ££!! cells was increased after an osmotic 

shock treatment led these authors to postulate that the cell wall struc

ture of Enterobacteriaceae might play a~role in the resistance of this 

group of microorganisms to BHT. These results · substaAtiated·those of 

Shih and Harris (1977) according to which BHA at concentrations up to 

200 ug/ml did not affect ~· £21! growth significantly. However both PG 

and NJXIA at 400 ug/ml were strong inhibitors of ~· £21! growth. These 

studies were carried out in trypticase soy broth (TSB) at 35°C. With 

another strain of ~· typhimurium, Davidson et al (1979) were ab~e to 

totally inhibit the cell growth by adding 150 ug BHA/ml in TSB at 32° c. 

It is thus possible that there might be differences in sensitivity to 

BHA between strains of the same species. However since the conditions 

used in the reports mentione«. above were different we should be cauti-

ous in our conclusion. 

Davidson !1 !1 (1981) reported that combinations of potassium 
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eorbate and BRA inhibited synergistic'ally by 50% to 80}& the final growth 

of §.• typhimurium. These authors estimated growth by turbidity measurements 

after 72 hours of incubation of 32° C in TSB with the following levels of 

sorbate and BHA: 500 ppm sorbate/50 ppm BRA, 500 ppm sorbate/100 ppm 

BRA, 1000 ppm sorbate/50 ppm BRA and 1000· ppm sorbate/100 ppm BRA. 

Pierson !ll, !l, (1980) showed that 400 ug BHA/ml caused a de-

crease followed by an increase in viable cell counts of §.. typhimurium. 

However the culture reached only 107 cells/ml after 48 hours of incuba

tion in TSB at 35° using an inoculum size of 105 cells/ml. Combination 

of 150 ug/ml of BHA and of 150 ug/ml of propylparaben shol1ed the same 

result. 

Davidson!! !1. (1981) reported that TBHQ had little or no 

effect on grol'rth of §.. typhimurium. 

Although there are some discrepancies on the mic's of anti-

oxidants using Salmonella as target, most of the reports agree that the 

mic for Staphylococcus aureus grown in nutrient broth or TSB is 

150 ug/ml ( Chang and Branen, 1975; Davidson !! !1. 1979; Turcotte and 

Saheb, 1978). Shih and Harris (1977) is the only exception as they 

found a mic of 400 ug/ml. These resul~s tend to demonstrate that 

phanolic antioxidants are more active against Gram-positive bacteria 

than against Gram-negative ~acteria belonging to the 

Enterobacteriaceae. We cannot however extend these considerations to 

all other Gram-negative bacteria since Turcotte and Saheb (1978) shovred 

that the growth of Bacteroides species was significantly affected by 

6,25 ug/ml, 100 ug/ml and lOO ug/ml of BHT, BHA and mo respectively. 



They suggested that the greater senr.::i tivi ty of Bacteroides to antioxi

dants reflects the differences in tho structure of the lipopolysaccha

rides of Bacteroides species which do not contain 2-keto-3-deoxyoctonate, 

nor heptoses (Hofstad, 1974). 

Ayaz ~ al (1980) reported complete inhibition of §• aureus 

growth in BHI broth containing 202 ug BHA/ml or 154 ug BET/ml as \vell 

as 'I'IHih 45 ug/ml of both BHA and Bh"T. Growth \vas evaluated by turbidi

ty measurements in BHI broth during a period of 24 hours. '\'Ihen concen

trations greater than 151 ug BHA/ml or than 103 ug BHT/m1 lvere added to 

the culture, grovlth l'l'as inhibited to the extent that enterotoxin A could 

not be detected after 24 hours of incubation. 

Pierson ~ ~ (1980) showed that a combination of 50 ue/ml 

of BRA-propylparaben was needed to produce a gradual reduction in via

ble cells of ~· aureus, a concentration much lo;.rer than those needed 

with these two agents added separately. Davidson ~ ~ (1981) also 

showed that combinations of potassium sorbate, BHA and rrBEIQ were effec

tive in inhibiting synergistically §. aureus growth. Hence combina-

. tions of 500 ppm sorbate/50 ppm BHA and 1000 ppm sorbate/ 10 ppm TBHQ. 

inhibited the final growth of s. aureus by 40 and 55~~ respectively. 
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Growth was evaluated by turbidity measurements after 72 hours of incu

bation in TSB at 32° c. Robach and Stateler (1980) also reported that 

combinations of sorbate, TBHQ, sorbate and BRA resulted in synergistic 

inhibition of growth of this microorganism. Finally Lahellec !d. .§d. 

(1981) reported that potassium sorbate at'l, 3, and 5% levels in com

bination with BRA, BHT and PG (50 and 100 ppm) showed greater bacteri-

cidal or bacteriostatic effects on ~· aureus strains at pH 5 than at 

pH 7 and that 50 ppm of TBHQ with or 1r1i thout the addition of sorbate 

was highly inhibitory to ~· aureus strains. 

BRA was also tested as inhibitor of Vibrio Earahaemolyticus, 

which is an etiological agent in foodborne illness arising from inges-

tion of contaminated seafood {Robach !d_ al, 1977). It was shown that 

this microorganism, when grown in TSB supplemented with 2,5% (w/v) 

NaCl, was inhibited by 50 ug/ml but that 400 ug/ml were needed in a crab 

meat homogenate. However 200 ug/ml caused a 90% decrease in the 105 

cells/ml inoculum before growth was initiated. In both media growth 

0 was measured at 35 c. 

Robach and Pierson (1979) tested BRA, BHT and PG against 

Clostridium botulinum in prereduced thiot0ne yeast-extract glucose medium 

at 37°C. Spore growth was prevented by addition of 50 ug BHA/ml and 

200 ug BHT/ml for at least 21 days but when exposed to 200 ug PG/ml spore 

growth resumed after only two days. The similarity of structure between 

BHA and esters of parahydroxybenzoic acid led these authors to speculate 

that phenolic antioxidant could possibly act at the membrane level or 

as reducing agent. Hence they would compete with the electron donor 
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systems within the cells and thereby inhibit growth. However they had 

no experimental evidence to support these hypotheses. Reddy et al --
(1982) reported that 200 ug/ml of BHA, BHT, NDGA and TBHQ inhibited_ 

C. botulinum growth and toxin production for 7, 7, 7 and l day(s) - .. 
respectively in thiotone yeast-extract glucose medium. 

Clostridium perfringens was completely inhibited by 150 ug 

BHA/ml in Fluid Thioglycollate Medium at 37°C but the strains tested 

were more resistant at 45°C (Klindworth ~ ~' 1979). These authors 

also reported that BHA was bactericidal for non-growing cell suspen

sions at 100 ~g/ml. 

Vardaman et !:!, (1978) showed that 10 ug BHT/ml totally inhi

bited M1coplasma sypoviae growth at 37° c. 

Saheb ~.!!., (1978) reported that the combination of BHT and 

lauric acid were synergistic against 2• aureus and BHT and palmitoleic 

acid against 2• aureus and Bacteroides fragilis ss. fragilis. 

Most of the work reported iri this section was carried out in 

the last 15 years. However few attempts were made to elucidate the 

.mechanism of action of phenolic antioxidants. The most extensive study 

of the antimicrobial activity of these agents were carried out on a 
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protozoan, !.• pyriformis {Surak !!! !:!,, 1976a, 1976bj Surak, 1980;Sura.k and 

Singh, 1980) but the mechc:mism of antibacterial activity ::r.3 never beer: studied. 

Hence, all the studies reported in this section were dealing with the 

determination of the mic's under different conditions. The similarity 

of structure of BHA and the esters of parahydroxybenzoic acid and phe-

nols is striking and the mechanism of action could also be closely 
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related. According to thi~ BHA could-possibly act at the membrane level 

and affect systems associated with the membrane: specific transport. 

mechanisms, electron transport and oxidative phosphorylation, protein 

and DNA synthesis (Hamilton, 1971). 

Phenolic antioxidants may play ~n important role in the pre

servation of foods in the fUture since they possess antimicrobial and 

antioxidative activities. On the basis of these 2 properties Branen 

~~ (1980) mentioned that ERA appears to be the most useful anti

oxidant. In our study we considered the effect of BHA on ~· aureus, 

a microorganism that has been shown to be very sensitive to the anti

oxidant, like other Gram-positive bacteria. BHT was not selected 

because of its high toxicity and the recommendation of the u.s. F.D.A. 

to restrict the use of BHT (Federal Register, pg. 27603 to 27609; May 

31, 1972). 

The elucidation of the antibacterial activity against ~· 

aureus might give some clues on the resistance of Gram-negative orga

nisms and even on the possible action on eukaryotic cells. It may also 

help to find out whether the presence of BHA in foods may lead to the 

selection of a resistant population. 
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~· aureus is also a very important microorganism involved in 

both contamination of food supplies and in food poison.ing and therefore, 

a major target for any antimicrobial added to food. It is also a widely 

studied microorganism whose physiology is reasonably well understood .• 

Staphylococcus aureus is a typical Gram-positive coccus 0,8 

to 1 um in diameter forming smooth, convex colonies with an entire edee. 
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The cell wall is composed of peptidoglycan, ribitol teichoic acid and 

protein A, which is a group specific precipitinogen. It is a faculta-

tive anaerobe obtaining its energy via the glycolysis, pentose and 

citric acid cycles and forming mainly lactate anaerobically and acetate 

aerobically. Like other facultative anaerobes, the glucose catabolite 

repression is an important characteristic of their metabolism. Hence, 

glucose represses the enzymes of the tricarboxylic acid cycle succinic 

dehydrogenase and fumarase and the cytochromes. In this organism, the 

uptake of amina acids is powered by the proton motive force (PMF) ~enerated 

across the cytoplasmic membrane while the 

phosphotransforase system is responsible for the transport of sugars 

(Saier, 1977). ~· aureus also produces several exoenzymes which inclu-

de hemolysins (alpha, beta, delta and epsilon), enterotoxins (A,B,C,D,E), 

coagulase, protease, staphylokinase, nuclease and lipase. 
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MATEltiALS AND METHODS 

2.1 Strains 

The strain of Staphylococcus aureus Wood 46 used throughout 

this stuuy was obtained from J. DeRepentigny (University of Montreal) 

while strains of Streptococcus aBalactiae and Corynebacterium 

pseudotuberculosis, used for the determination of hemolysins, were 

kindly supplied by R. Higgins from the same institution. Six other 

strains of 2• aureus were from our own collection. 

2.1.1 Stock cultures 

In order to minimize any changes that could occur upon serial 

transfers, stock cultures of 2• aureus Wood 46 were prepared. Cultures 

inoculated from a lyophylized culture or a slant kept at 4°C were grown 

overnight in one of the 4 media listed in para. 2.2. Then they were 

frozen at -70°C in 2 ml volumes. When required, the appropriate number 

0 of tubes were thawed rapidly in a water bath kept at 37 c and used to 

inoculate the corresponding medium. 

2.2 Media 

The strains were maintained on nutrient agar slants with perio

dic transfers every 4 weeks. The slants were incubated at 37°C for 24 
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0 hours and kept at 4 C. In most experiments the liquid culture medium 

used was the Brain Heart Infusion (BHI, Difco). This medium was soli-

dified by adding 1.5% agar (Difco). Blood agar medium was obtained by 

adding 5% citrated sheep blood 'to the BHI agar or Columbia agar 

(Institut Armand-Frappier Production, appendix 1). Bacitracin agar 

was prepared by adding bacitractn to a final concentration of 50 ug/ml 

(2,8 U/ml, Sigma) to BHI agar just before pouring. Other media used in 

specific experiments will be described in the appropriate section. 

2.3 Bacterial susceptibilitl to BHA 

The minimal inhibitory concentration (mic) of BHA towards 

~· aureus was determined by adding serial twofold dilutions of this 

food additive in broth. The mic was defined as the lowest concentra-

tion of BHA preventing visible growth of the bacteria. after 6 hours of 

incubation at 37°C with inocula ranging from 2 to 5 x 106 colony forming 

units (CFU)/ml. The mic was determined in the following 4 media: brain 

heart infusion (BHI, Difco and Carr Scarborough), tryptic soy broth 

(TSB; Difco), nutrient broth (Gibco) and in the special medium of 

Collings and Lascelles (1963t appendix 2~. BHA was added as an ethano-

lie solution and the volumes added were such that the final concentration 

of ethanol in the medium was 2% (v/v). Controls containing 2% (v/v) 

ethanol were always run in parallel. 

BHA was purchased from Sigma (St-Louis, Mo.), ICN (Cleveland, 

o.) and BDH (Montreal, Que.). 



2.4 Effects of EHA on growing and non-growinG cell suspensions of 

s. aureus 

A mid-log phase culture was used to inoculate EHI broth 

containing either EHA added as an ethanolic solution or ethanol as a 

control. The flasks were shaken (250 rpm) at 37°C and the CFU 

determined at intervals by dilutions and plating on Columbia blood 

agar and tryptic soy agar (TSA, Difco) supplemented with 0,5% sodium 

pyruvate, the latter being used as the optimal medium for counting 

injured and uninjured cells (Hurst and Hughes, 1981). At intervals 

microscopic examinations were carried out to ensure that clumping 

of the cells was not responsible for eventual drop, in viable counts. 

A similar procedure was used with non-growing cell suspensi

ons using cells harvested by centrifugation at 4°C (11,000 x £, 10 

minutes) at ·late log phase, washed twice in phosphate· ·buffer (0,05 M, 

pH 7 ,o) and resuspended at a concentration of 108 CFU/ml in the same 

buffer. Incubation was carried out at 30°C. 

2.4.1 Effect of BHA on cellular morpholo~ 

~· aureus Wood 46 (107 CFU/ml) was incubated for 6 hours in 

BHI broth containing 0,28 mM mA 0 at 37 c. Samples from the inoculum 

and taken at 3 and 6 hours were centrifuged (1,000 x ~' 10 minutes) 

and fixed with glutaraldehyde and osmic acid. They were then coated 

with Vestopal (Polysciences, Warrington, Pa), cut into thin sections 
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with an ultramicrotome and examined under the electron microscope. 

Technical assistance £or the preparation of the thin sections was 

provided by the Centre de recherches en virologie o£ the Institut 

Armand-Frappier. 

2.4.2 Reversal and P?tentiation o£ inhibition caused b~ BRA 

The effects of different agents, added alone or in combina-

tion with BHA, on the growth of ~· aureus were determined after 24 

hours of incubation in the same conditions as those described for mic 

studies (para. 2.3). The effect of cae12, MgCl2 and EDTA were deter

mined in BHI broth. For the effect of glycerol, the medium of Hugo 

and Stretton (1966) was used (appendix 3) and ~· aureus was subcul-

tured 10 times in this medium before its susceptibility towards BRA 

was tested.· 

2.4.3 Determination of lipase activity 

Lipase activity was determined accordine to the method of 
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Lawrence et al (1967) \-.rith supernatants of both parent and variant strt.ins -- . 
grown for 18 hours in BHI broth. Ten ml of a 1% emulsion of tribu-

tyrin prepared in distilled water was added to 90 ml of a hot solution 

of agar {1,2% purified agar, Oxoid) in 0,05 M phosphate buffer (pH 8). 

One ml of this preparation was spread over a microscope slide and a 

hole punched in the agar. Aliquots of the supernatants were added into 
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the well and the slides incubated for 24 hours at 37°C. Clarification 

around the hole was considered as an indication of tributyrin hydroly-

sis. 

2.5 Characterization of the BRA resistant variant 

2.5.1 He~olyjic activity 

2.5.1.1 Qpalitative determination of the hemolyjic pattern 

A preliminary characterization of the hemolytic 

pattern was carried out by the method of Elek and Levy (1950) accor

ding to which the alpha-hemolysin produces a zone of complete hemolysis 

on sheep blood agar while the beta-hemolysin produces a zone of dis

coloration, also called partial hemolysis, and forms lines within the 

zone of discoloration. 

2.5.1.2 Reverse CAMP test 

Further characterization of the hemolytic pattern was 

carried out by the one-plate method, also called the reverse CAMP test, 

described by Skalka ~ ~ (1979). This test makes use of Streptococcus 

a5alactiae and Corynebacterium pseudotuberculosis, whose exoproducts 

are known respectively to detect small amounts of beta-hemolysin by 

completion of partial hemolysis and to inhibit staphylococcal alpha- and 
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beta-toxins. ~· aureus, ~· agalap~iae and £• vseudotuberculosis were 

streaked on blood agar plates along single lines perpendicular to each 

other but not touching each other. These plates were then incubated 

overnight at 37°C. Completion of partial hemolysis of ~· aureus by 

~· agalaetiae exoproducts was interpreteQ as an indication of the pre-

sence of beta-toxin. 

2.5.1.3 Electrophoretic localization 

Alpha- ru1d beta-toxins were detected by the elec-

trophoretical method of Haque (1967). The supernatants fro;l8 hours old 

cultures of the bacterial strain grolin in BHI at 37°C were centrifuged 

at 4°C (11,000 x ~' 10 minutes) and filtered through a 0,20 um membrane 

filter. The last preparation was kept at -70°C until used. 

The hemolysins present in these preparations were 

separated from each other by electrophoresis in a 1% agar gel (purified 

agart Oxoid) using barbital buffer (pH 8,4). The melted agar was pou

red onto a glass slide (9 x 11 cm). Wells were then punched in the so-

lidified agar and these were filled with.the culture filtrates. Electro-

phoresis was run for 2 hours at a constant current supply of 45 ma per 

plate. After this time, the agar gel was covered with a suspension of 

rabbit or sheep red blood cells in melted 1% agar held at 45°C. The 

plates were then incubated for 1 hour at 37°C under lOo% humidity. In 

the case of the beta-toxin, the first incubation was followed by a se

cond incubation of 30 minutes at 4°C. According to this method, the 
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alpha-toxin migrates 18 mm tol..rards the cathode and lyses rabbit ery-

throcytes l"Ihile the beta-toxin migrates 36 mm towards the cathode and 

lyses sheep erythrocytes. 

The hemolytic ti ter was determined \-ti th BHI super-

natanto as prepared in para. 2.5.1.3 and the alpha- and beta-toxin 

activities were estimated with rabbit and sheep erythrocytes respecti-

vely. The supernatants '\'Iere diluted in 0,05 M phosphate buffered 

saline (PBS, pH 7,0) containing 0,1% bovine serum albumin as stabili-

zing agent. To 1 ml of a series of dilutions was added 1 ml of a 3 

times washed suspension of erythrocytes which was standardized so that 

a sample, after hemolysis with saponin and adding an equal volume of 

diluent, gave an absorbance of 1,0 at 545 nm. The mixtures of red blood 

0 cells and supernatants were incubated in a 37 C water bath for 60 minu-

tes and then centrifuged briefly and the absorbance of the supernatant 

read at 545 nm. One unit of hemolysin (H.U.) was defined as the amount 

which releases half the hemoglobin of the red blood cell suspension 

under the conditions mentioned above (Bernheimer and Schwartz, 1963). 

It can be calculated as follow: 

1 H.U.= 1/dilution x O.D.* of the sample 
o.n

50 
of the standardized erythrocytes suspension. 

* Optical density. 



For the measurement of the beta-toxin activity, also 

known as a hot-cold hemolysin, the incubation at 37°C was followed by 

a 30 minutes incubation at 4°C (Bernheimer et al, 1974). --
2.5.1.5 Cell-associated beta-t2xin 

Cell-associated beta-toxin was determined in cell ly

sates obtained by an enzymatic treatment (McNiven and Arbuthnott, 1972) .. 

Cells from 25 ml of culture in BHI were harvested at the onset of the 

stationary, phase (11,000 x i£.1 10 minutes), washed twice in PBS (0 105 M, 

pH 7 ,o) and resuspended in 2 ml of 0,05 'M tris (hydroxy) aminomethane

HCl (Tris) buffer (pH 7,5) containing 0,145 M NaCl and 55 U of lysos

taphin (Sigma). After the addition of 0,05 ml saline containing 150 ug 

of deoxyribonuclease (Sigma), the volume was adjusted to 2,5 ml. The 

reaction mixture was incubated for 60 minutes at 37°C and then centri

fuged at 13,000 x $. for 15 minutes at 4°C. Hemolytic activity in the 

cell lysate was determined as described previously (para. 2.5.1.4) 

using sheep erythrocytes. 

2.5.2 Staphylokinase activity 

Qualitative determination of staphylokinase was done accor-

ding to the method of Lack and Wailling (1954). A plasma-agar mixture 

was heated at 56°C for 20 minutes before pouring. This produced an 

opaque medium and fibrinolysis was judged by the zone of clearing around 
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colonies after 18 to 48 hours of incubation at 37°C. To ascertain that 

the fibrinolysis was due to plasmin {staphylokinase), we also incorpora

ted soybean trypsin inhibitor into the medium, which inhibits fibrinoly

sis by plasmin but not by staphylococcal protease. 

The analysis was performed by the Laboratoire de Sante publi

que du Quebec (Ste-Anne de Bellevue, Quebec) using the technique des

cribed by Blair and Williams (1961) 

2.5.4 Susceptibility to bacitracin 

Bacitracin mic against a• aureus was determined in BHI 

according to the technique described for BHA mic determination 

(para. 2.3.). 

· 2.5.5 pH sensitivity 

43 

Sensitivity of a• aureus to pH.was determined according to the 

method of Kent and Lennarz (1972) for a• aureus. Colonies of~·. aureus 

grown on blood agar were selected on the basis of their hemolytic pattern 

on sheep blood agar and streaked .onto the pH media ( appendix 4) adjusted 

to pH 5,2 and 7,0. The plates were then incubated overnight at 37°C. 

According to Kent and Lennarz (1972), cells that are unable to grow at 
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pH 5,2 but grow normally at pH 7 ,o are membrane mutants. 

2.5.6 Osmotic stabilitl 

Osmotic stability was determinen according to the method of 

Altenbern (1975) for~· aureus. 
. 0 

~· aureus was grown overnight at 37 C 

with aeration (250 rpm). Cells from 2 ml culture in BHI were harvested 

at 4°C (11,000 x ~' 10 minutes) and resuspended in 5 m1 of 0,05 M 

phosphate buffer, pH 7 ,5, containing concentrations of NaCl ranging 

from 0,85 to 12%. The optical density was measured at 600 rllil and then 

lysostaphin was added to give a final concentration of 20 ug/ml. Subse

quently the tubes were incubated in a 37°C water bath for 30 minutes and 

the optical density was again determined. The optical density remai-

ning after the incubation was used for direct comparison of osmotic 

stability of the strains. 

2.5.7 Effect of BRA on protoplasts 

Protoplasts were produced accor-ding to the technique of Huber 

and Schuhard (1970). ~· aureus was grown in BHI broth overnight at 37°C. 

Cells were harvested at 4°C (11 1000 x ~~ 10 minutes), resuspended in 

Tris buffer and diluted 1:9 (v/v) in a sufficient volume of 30% (w/v) 

NaCl solution at 37°C. The test preparations received 1 ml of lysosta

phin (10 U/ml) and were incubated for 60 minutes at 37°C in a water bath. 

Periodic examinations by phase contrast microscopy ensured that proto-



plasts were formed. After thib period of incubation the protoplast pre-

parations lvere transfered to an ice bath and allowed to stabilize for 

10 minutes. Then BHA was added and the optical density at 500 nm was 

monitored at intervals against 24% (v/v) Nacl solution as a blank. 

Controls receiving the same amount of ethanol ( 2%, v /v) 'l'Tere run in 

parallel. 

2.6 Testing for the mutagenicity of BHA 

To demonstrate that BHA uas possibly causing genetic al tera-

tions to the Wood 46 strain and that it was not merely acting as a 

selecting agent for the variant strains, the following experiment wa.s 

carried out. Five ml of BHI broth containing 0,14 and 0,07 mM BHA 

_ were dispensed in 23 tubes and a small inoculum ( 3 x 103 CFU/tube) 

was added at zero time. These tubes were then incubated at 37°C l>lith 

agitation. Growth was stopped at approximately mid-exponential phase 

or at 7 days ( i'rhichever ea me first) and the whole content of each tube 

was plated on either bacitracin agar for further replica plating on 

blood agar, or directly on blood agar. Controls were set as fcllo;.r: 

28 tubes containing 5 ml of medium plus 2% (v/v) ethanol, which was used 

as a solubilizing agent for BHA, were divided in two groups. The whole 

content of 14 of these tubes was plated as described earlier immediately 

after the addition of the inoculum to check for the possibility that 

resistant bacteria were already present in the inocula. The other 14 
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tubes were incubated until mid-exponential phase and their content plated 
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as described previously. 

2.7 Gas chromatographic analY?is to determine the fate of Bl~ in 

S. aureus culture 

These experiments were carried out in order to determine 

whether ~· aureus was able to metabolize BHA during an incubation of 

30 hours at 37°C in BHI broth containing C,28-mM BHA. BHI broth 

containing. 0,28 mM BRA was used as a control at zero time. Cultures 

and controls were acidified or made basic ~d extracted· 

3 times with 1 volume of ethyl acetate. These extracts were dried on 

magnesium sulfate, evaporated to dryness and the residues solubilized 

in 2 ml of methanol. Five ul of these methanolic preparations were 

injected the column. The column used was a 183 cm x 2 mm I.D. 

glass column packed with ~ SE 30 on 80/100 Supelcopac from Supelco 

Inc (Bellafonte, Pa). The chromatograph was a Tracor model 220 GLC 

and the oven was programmed between 100 and 180°0 at a rate of 3°/mi

nute. ~ was identified by comparison with the retention time of a 

BHA standard. 

2.8 Treatment with mutagenic and curing a~nts 

2.8.1 Treatment with ethylmethane-sulfonate (EMS) 

Treatment with EMS was carried according to the method of 

Forsgren !!. !:,!. (1971) with ~· aureus. ~· aureus Wood 46 was grown 
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with agitation (250 I'pm ) overnight in BHI broth and 2 ml samples 

were subsequently mixed with 0,4 ml of EMS (Sigma). The mixture was 

incubated for 10 minutes at 37°C afterwhich the cells were washed 

twice in phosphate buffer (para. 2.4) and then resuspended in 5 ml 

of BHI broth and incubated for 6 hours at· 37°0. The suspension was 

then diluted and plated on sheep blood agar in order to detect the 

hemolytic pattern. 

2.8.2 Treatments with sodium dodecyl sulfate (SDS), guanidine 

h;yE.rochloride ( GuHCl) and acridine orange ( AO). 

Tr~atments with SDS (o,oo2%, o,oo4% and o,oo8%, final con

centrations) GuHCl (2 mg/ml, final concentration) and AO (25 ug/ml, 

final concentration) were carried out according to the methods of 

Sonstein and Baldwin (1972), Costa et al (1980) and Forsgren et al -- -----
(1971) respectively. BHI culture media containing the appropriate 

concentrations of the curing agents were inoculated with 2• aureus 

Wood 46 (105 CFU/ml) and incubated with agitation (250 rpm) at 37°0 

for 48 hours in the case of AO and for 1a hours with the 2 other 

agents. After that period of time the suspensions were diluted and 

plated as described above (para. 2.8.1). 
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2.9 Adsorption of BRA onto bacterial cells 

Cells from mid-log phase cultures were washed and resuspen-

ded (para. 2.4) in BRA containing pH 7,0, 0,05 M phosphate buffer to 

give a final concentration of 3 x 109 CFttjml. Since BRA was added as 

an ethanolic solution, controls containing the same amount of ethanol 

but no BRA were also run in parallel. Incubation was at 30°C with 

agitation (250 rpm). At intervals cells were removed by centrifugation 

(1000 x K , 10 minutes) and the supernatant clarified by centrifugation 

at 4°C (10,000 x St 20 minutes). The supernatant was extracted with 

one volume of ether. EIA was recovered in the organic phase and estimated 

by absorption at 292 nm with reference to a standardized curve, accor

ding to the method of Alicino ~!1 (1963). Preliminary studies showed 

that no traces of BHA were detected in the aqueous phase as estimated 

spectrophotometrically. Adsorption of BRA was calculated by difference 

with respect to the inoculated control containing 2% ethanol only. 

The adsorption isotherm was determined as follows: prelimi-

nary experiments showed that adsorption was rapid and completed within 

15 minutes; hence, cell suspensions prepa~ed as mention~d above were 

incubated with different concentration of BHA for 15 minutes, after 

which time the adsorption was measured as described above. 

2.10 Leakage of nucleotides 

Cell suspensions were prepared as mentioned· previously (para. 



2.9). Incubation was at 4°C in order to· avoid leakage of nucleotides 

resulting from autolytic enzyme activity. Suspensions were lightly 

agitated by means of magnetic stirrers and treated for 2 hours with 

different concentrations of BHA. After this period, BRA t1as removed 

as in para. 2.9 and the material absorbing at 260 nm was estimated 

in the aqueous phase against a blank consisting of phosphate buffer. 

2.11 Effect of BRA on oxygen consumption 

2.11.1 Preparation of whole cell suspensions and cell-free extracts 

Cells from 18 hours old cultures in nutrient broth were 

harvested by centrifugation at 10,000 x ~ for 15 minutes at 4°C in a 

Beckman J-21-B centrifuge. The cells were washed twice with 0105 ~1 

potassium phosphate buffer, pH 7,0 and resuspended in an appropriate 

volume of the same buffer. Dry weights were determined by drying 1 ml 

samples of cell. suspensions to a constant dry weight in an air oven 

at l05°C. 

To prepare cell-free extracts-, cell suspensions were passed 

three times through the cold French Pressure Cell at 18 1000 psi (1 psi= 

703.069 kg/m2). After centrifugation at 20,000 x ~ for 30 minutes the 

resulting supernatan1B were used as the cell-free extrac1:s • Protein con-

centration in the cell-free extractswere determined by the method of 

Lowry ~!l (1951) using crystalline bovine serum albumin as standard. 



2.11.2 Measurement of oxid~tion 

To study the effect of BHA and other inhibitors on the oxi-

dation of different substrates by cell-free extracts or cell suspen-

sions of~· aureus, oxidase activities were assayed by determining the 

the rate of o2 uptake using the Clark oxygen electrode (Model 53, 

Yellow Spring Instrument Co.). All assays were carried out at 30°C in 

0,05 M potassium phosphate buffer, pH 7,0 in a total volume of 3 ml. 

The reaction mixture containing buffer and cell suspensions or cell-

free extracts was incubated for 3 minutes in the presence or absence 

of BHA or other inhibitors and the endogenous 02 uptake was recorded. 

Then substrata (7 ~f) was added and the final rate of o2 uptake was 

measured. The experiments were repeated three times. 

2.11.3 Inhibitors 

The inhibitors rotenone, antimycin A, 2-n-nonyl-4-hydroxy

quinoline-N-oxide (HQNO) as well as BRA were dissolved in 95% ethanol. 

Atabrine and cyanide were aqueous solutions. Where indicated .prepa-

rations were incubated during equilibration period with appropriate 

concentrations of inhibitors. This volume of 

ethanol did not affect oxidase activity. All chemicals were purchased 

from Sigma Chemical Co. (st-Louis, Mo.) 

50 



0 

2.11.4 Effect of Brffi on proton translocatio~ 

Proton translocation was measured according to the method 

of Boyd and Beveridge (1981). Cells were harvested at mid-exponential 

phase {para. 2.4), washed twice in pH 7 ,o·, 0,05 l.f phosphate buffer and 

resuspended at a concentration of 3 x 109 CFU/ml in 2 ml•i glycylglycine 

buffer (pH 7,3). Prior to measurements of proton translocation,cells 

were treated with BHA for 15 minutes at 30°C. Controls were treated 

with 2% ethanol (v/v) since BHA was added as an ethanolic solution. 

?retreated cell suspensions were pulsed with 0,01 M HCl in order to 

lower the pH to 3,8 and the subsequent rise in pH monitored during 

0 10 minutes at 30 C by means of a glass electrode connected to a chart 

recorder. 

2.12 Effect of BHA on the reduction of cY!ochromes 

2.12.1 Difference s~ctra 

The reduced minus oxidized dif-ference spectra were obtained 

at room temperature using a Cary Model 118C dual-beam recording spec-

trophotometer. Aerobic versus anaerobic difference spectra were ob-

tained by comparison of the sample made anaerobic by evacuation in 

Thunberg -type cuvettes with samples exposed to air for 3 to 5 minutes. 
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2.13 Effect of BHA on dehygroeenase activity 

Cells of~· aureus from a late log-phase culture in nutrient 

broth were harvested by centrifugation (para. 2.4), ~mshed twice with 

0,10 M phosphate buffer, (pH 7,6) and resuspended in the same buffer 

at a concentration of 3 x 109 CFU/m1. The suspension \•ms incubated 

at 30°C for 2 hours with agitation (300 r~ to reduce as much as pos-

sible the concentration of endogenous substrates. Dehydrogenase 

activity was determined by measuring the reduction of triphenyl tetra

zolium chloride (TTC) using the method of Hugo and Long1-10rth (1966) •. 

Prior to incubation with TTC cell suspensions ware treated for 15 

minutes at 30°C with BHA. To 2,5 ml of the treated cell suspension 

were added 1,0 ml of TTC (250 ug/m1), 1,4 ml of phosphate buffer and 

0,1 ml of substrate (0,02 M) or 1 ml of TTC plus 1,5 ml phosphate 

buffer, the latter to monitor reduction of TTC by residual endogeneous 

substrates. Heat-killed cells (10 minutes exposure to 100°C) were used 

as a negative control. Other controls included the system lacking 

either TTC or cells. The mixture was incubated at 37°C for 45 minutes. 

After this period the colored formazan produced by the reduction of TTC 

was extracted with 5 ml of acetone. The.cells were discarded by centri

fugation (5,000 x E.t 10 minutes) and the absorbance of the supernatant 

was measured spectrophotometrically at 485 nm against a blank containing 

heat-killed cells treated in the same way. BHA did not absorb at this 

wavelength. 
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2.14 Effect of BHA on the uptake of nutrients 

Cells from mid-log phase cultures of ~· aureus grown in the 

special medium of Collings and Lasce11es ( 1963, appendix 2) were har

vested (para. 2.4) and resuspended in 0,05 M.phosphate buffer (pH 7,0) 

to a final concentration of 3 x 109 CFU/ml. Prior to the measurements 

of nutrient. uptake, cells were treated for 15 minutes at 30°C with 

BHA or with 2% {v/v) ethanol as a control. The effect of BHA on the 

uptake of amino acids (0,5 uCi/ml) was examined in the presence of 

0,5 roM glucose at 30°C and with agitation (250 rpm). Duplicate 1 ml 

samples were removed at intervals and filtered (0,45 urn filters) under 

vacuum with a manifold filtration apparatus. Bacteria collected on 

the filters were washed with 5 x 1 ml of ice cold 0,05 M phosphate 

buffer (~I 7,0) and the filters counted for radioactivity. 

In the case of glucose uptake (1 uCj/ml), cells were treated 

with BHA in the presence of cold glucose (0,2 ~1). 

2.14.1 Measurement of radioactivity 

Uniformly (14c) labelled L-g~utamic acid (271 mCi/mmole), 

L-isoleucine (347 mCi/mmole), L-lysine (338 mCi/mmole) and glucose 

(4 mCi/mmole) were obtained from New England·· Nuclear (NEN, Boston, MA) 

Radioactivity was measured with a Beckman CPM 100 liquid scintillation 

system for either 10 minutes or 1% error using 10 ml of Bray's solution 
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(NIDi). Counts were corrected for quenching by means of internal stan

dardization using 14c-toluene (NEN). The efficiency of counting was 

about 65%· 

2.15 Effect of BHA on adenosine triEhosphatase (ATPase) activit: 

2.15.1 Membrane isolation 

Membranes were isolated according to the method of Kubak 

and Yotis (1981). Cells were grown in TSB at 37°C with shaking (25Q 

rpm) and harvested at mid-exponential phase (para. 2.4). They were 

washed twice in 0,05 M phosphate buffer and resuspended in hypertonic 

buffer (appendix 5): 5 g (wet t..reight) of cells in 20 ml of buffer. This 

preparation was treated vti th lysostaphin ( 375 ug) and DNase ( 500 u.g) 

for 1 hour at 37°C. After this period an additioral 50 ug of l;~rsosta

phin ·was added and incubation continued for 15 minutes. The protoplasts 

were removed by centrifugation at 4°C (10,000 x ~' 30 minutes), resus

pended in 10 ml of hypotonic buffer (appendix 5) and allowed to equili-

brate on ice for 20 minutes. Then the mixture was charged with DNase 

(500 ug) and RNase (500·ug, Sigma) and incubated at 37°C for 20 minutes. 

The lysate was centrifuged (2,000 x ~' 10 minutes, 4°C) and the superna

tants containing the membrane fraction centrifuged again in the same 

conditions. This crude preparation was finally centrifuged at 4°C 

(35,000 x ~t 25 minutes) and the membrane pellet was washed once in the 
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hypertonic buffer and then washed five times in the hypotonic buffer. 

The membranes were stored in small volumes at -70°C. Protein detenni-

nation was carried out by the method of Lowry!! !l ( 1951). 

2.15.2 ATPase assay 

Membrane-associated ATPase activity was determined according 

to the technique of Kubak ~md Yotis (1981). The ATPase reaction mixt~re 

(appendix 6) (fina1 volume: 1 ml) containing various concentratiom of 

BHA was loaded \vi th 20 ul of the membrane preparation and incubated for 

30 minutes at 37°C. Since BHA was added as an ethanolic solution, the 

reaction mixtures in all cases, including the controls without BHA,were 

brought to a final ethanolic concentration of 1% (v/v). After the 30 

minutes incubation period 0,5 ml perchloric acid (1,5 M) were added 

to stop the.reaction and the mixture was centrifuged at 4°C (2,000 x £, 

15 minutes). ATPase activity was measured by estimating the release of 

inorganic phosphorus (Pi) in the supernatant using the method of Chen 

!i !l {1956). According to this method the concentration of P. released 
l. 

is measured at 820 nm with reference to a standard curve using P. 
l 

obtained from Sigma. BHA does not absorb at this wavelength. 

The controls included the reaction mixture in which the mem-

brane preparation was added after perchloric acid treatment. Care was 

taken to use a vanadate-free ATP preparation (Na-ATP, Sigma) since 

vanadate has been shown to inhibit the enzyme activity {Cantley ll al, 

(1977). 
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One unit of enz;yme activity is expressed as the amount of 

enzyme releasing 1 umole of P. in a 30 minute period; specific acti
J. 

vity is expressed as units per mg of membrane protein. 

2.15.3 Effect of ca2+ 

The effect of ca2+ on ATPase activity was estimated by 

adding different ca2+ concentrations to the ATPase reaction mixture. 
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RESULTS 

3.1 Minimal inhibitory concentrations 

Mic value of BHA against S. aureus liood 46, as determined 

after 6 hours under aerobic conditions, was 0,28 mM. in BHI broth, TSB, 

nutrient broth and in the special medium of Collings and Lascelles 

(1963). Mic was also determined under anaerobic conditions in BHI 

broth. This particular strain of ~· aureus was found to be more sen

sitive to BHA under anaerobic conditions since in those conditions, 

0,14 ~¥.- was sufficient to inhibit the growth of the ~rganism for 24 

hours. Prior to testing in anaerobic conditions, ~· aureus was sub

cultured 10 times in the absence of oxygen to ensure that it was fully 

adapted to these conditions of growth. 

In aerobic conditions a concentration of 0,07 mM had no 

effect on the visible growth of 2 aureus Wood 46 as compared to that 

of a control containing a final concentration of 2% (v/v) ethanol. This 

volume of ethanol was essential to ensure solubilization of BHA and had 

only a slight inhibitory effect on the growth rate of this strain as 

compared to the medium without ethanol (Fig. 4 and 5). One hundred 

ug/ml totally inhibited visible growth and no viable cells were recovered 

after 24 hours of incubation as determined by plating on blood agar and 

on optimal medium (Hurst and Hughes, 1981). Plating on these two dif

ferent media ascertained that cells were ktlled and that decrease in 

viability was not merely the result of injured cells that were unable 
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t~ grow on blood agar. The results indicate that a concentration of 

e-,56 mM was bactericidal for §_. aureus Wood 46. 

3.2 Effect of BRA on growing cell suspensions 

3.2.1 Effect on viabilitl 

To further evaluate the effect of BHA on growing cell sus

pensions, §_. aureus Wood 46 was grown aerobically in BHI broth contai

ning ,{),14 and 0,28 mM and the CFU monitored at intervals. Controls 

with ethanol have already been described and indicated that the presence 

of 2'/o (v/v) ethanol in the growth medium only slightly delayed the 

growth (Fig. 4 and 5). 

In the presence of 0,14 mM BRA 2. the overall growth rate was 

decreased but growth was mainly affected during the first 4 hours of 

incubation ( Fig. 6). After this period growth resumed but the growth 

rate was slightly lower than that of the control. 

Addition of 0,28 mM BH.A. to the medium resulted in a growth 

curve characterized by a bactericidal pha~e followed by a phase of 

active growth (Fig. 7). Hence, there was a significant decrease of 

the CFU during the first 10 hours. Microscopic examinations revealed 

that clumping was not responsible for the drop in CFU. Moreover, pla

ting on both blood agar and optimal medium ascertained that injured 

cells were not responsible for this decrease in the viability of the 

cell suspension. 
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Fig. 7. Growth of s. aureus Wood 46 parent strain at 37°C in BHI 
broth cont';;:ining 0,28 i:nM BHJt: and associated alpha-hemolytic 
activity. 
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s. aureus Wood 46 usually produced medium size colonies with - . 

zones of complete hemolysis (beta-hemolysis) around the colony. It is 

interesting to note that colonies different from those of the inoculum 

were observed throughout the first 10 hours of contact with 0,28 mM mt~ 

.. They were either dwarf or normal size colonies with or without a 

zone of he~olysis surrounding the colony; hemolysis was either complete 

(beta-hemolysis) or incomplete (alpha-hemolysis). At this point, it is 

important to recall that on sheep blood agar the alpha-toxin is kno\-m 

to produce a zone of beta-hemolysis l-lhile the beta-toxin is known to 

produce a zone of alpha-hemolysis (Elek and Levy, 1950). Those modified 

colonies gradually increased in number up to 11 to 12 hours. At this 

stage, each and every colony that developed an blood agar was morpho

logically and/or hemolytically different from those arising from the 

inoculum. These modified colonies were however unstable and reverted 

to the original type when subcultured once on blood agar and had also 

restored their sensitivity towards Oy28 mM BHA .• However, by the end 

of the bactericidal phase and for the next 12 hours, a new type of mo-

dified colony, different from those just described, and characterized 

by alternatively hemolytic and non-hemolytic rings around the colonies, 

was observed on blood agar. This distinct hemolytic pattern will be 

further characterized in another section. 

It is interesting to note that colonies isolated after 26 

hours had became fully resistant to o,·2S .-mM miA,,. This new isolate l-Tas 

able to grow in BHI broth containing 0,28 m?.f BF..A (Fig. 8) although 

in those conditions this variant was growing slightly slower than the 

67 



68 

Fig. 8. Gro1r.'th of s. aureus Wood 46 variant strain at 37°C in BHI 
broth cont~ining · Qt2.8 mM BHA and associated alpha-hemolytic 
activity. 
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parent strain in 2% ethanol (Fig. 5). This resistance was only rela

tive since mic studies conducted in aerobic conditions, in EHI 

broth, showed that growth was inhibited by 0,56 mX BHA. 

70 

When the parent strain was grown overnight in BHI broth with

out BHA, and the culture left undisturbed, it was noticed that the cells 

settled down very readily to the bottom of the tube, forming a well 

defined button. The variant, when grown in the same medium with or with

out BHA, rather formed a smaller, irregular button while the medium 

remained hazy, even when the culture was left undisturbed for several 

hours. Except for the homolytic pattern, both cultures yielded the 

same type of colonies. 

3.2.2 Effect of BHA on cellular morpholo~ 

In order to gain some preliminary information on the anti

bacterial activity of BRA and to determine whether the antioxidant 

affected the morphology of the cell, electron microscopic examinations 

were carried out. A suspension of 107 CFU/ml of ~· aureus Wood 46 was 

incubated with0;28 mM BHA at 37°C for 6 hours in BHI broth; a£ter 

that period the number of CFU had dropped to 105 CFU/ml. The inoculum 

and samples taken at 3 and 6 hours were examined. No significant dif

ferences in cellular morphology between the treated suspension and the 

inoculum were noted (Fig. 9 and 10). 

The morphology of the parent and the variant strain was also 

analyzed after they were grown in BIII without BRA; electron microscopy 
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Fig. 9. Thin section of S. a:ureus vlood 46 parent strain grown for 
6 hours in BHI b;oth. 75,600 X. 

0 

0 



72 



73 

Fig~ 10. Thin section of S. aureus Hood 46 parent strain f!'O\m for 
6 hours in BHI broth containine 0,28 rru. HHA • 75, 600. X. 
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did not reveal any differences between these two strains. 

3.2.3 Reversal and potentiation of the inhibition caused by BHA 

Grovrth of~· aureus in a medium containing 3% glycerol, 

devised to increase its fat content, had no effect on its susceptibi

lity tovrards BHA since 0,5e mM were necessary to inhibit growth for 

24 hours. Addition of MgC12, up to 4 mM, in combination with BHA, had 

no effect ~ither. However, the tubes containing 4 ~~ cae12 in com

bination vrith 0,56 mM BliA shoVTed a weak turbidity, indicative of 

growth, after 24 hours. Turbidity increased sli ghtly over the next 

24 hours but remained weak. Plating on blood agar did not show colo

nies with the distinct hemolytic pattern of the var·iant strain but 

rather d\'Jarf or normal size colonies, vri th or without hemolysis. 

The mic of EJJI'A tol·rards ~· aureus Hood 46 was 125 ug/ml. 

A concentration of 62,5 ug/ml had no effect on visible grovrth after 

24 hours. Hhen o, 14. mM BHA and 31, 25 ug EIJI'A/ml vrere added in com

bination, grovrth was inhibited to the point that no viable cells '"ere 

recovered after 24 hours. 

3.3 Effect of BHA on hcmolytic activit~ 

The Hood 46 strain of ~· aureus has been known for a number 

of years for its production of alpha-hemolysin (Madoff and Heinstein, 

1962; vlatanabe and Kato, 197 4). According to Abbas-Ali and Co1eman 
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(1977) alpha-toxin is produced at the end of the exponential phase 

and durint'; the post-exponential phase of gro,.,.th and, as a resu1 t, is 

considered a secondary metabo1ite. Because of these previous obser-

vations, in our experiments the alpha-hemo1ytic activity was analyzed 

at the end of the exponential phase and at the onset of the stationary 

phase. This activity was measured by the method described in para. 

2.5.1.4, with rabbit erythrocytes. The intervals selected correspond 

to "f-ig. 4 to 8. 

\"t'hen S. aureus "Tood 46 \-las gro\-m in BHI broth without ethanol , 

hemolytic activity was detectable after 6 hours at a cellular concen

tration of about 5 x 108 CFU/ml (Fig. 4). After 10 and 11 hours total 

activities reached 900 and 1800 H.U./ml respectively; th~se values 

correspond to 26 and 53 H.U.j1o8 CFU. In the presence of ethanol 

(Fig. 5), hemolytic activity appeared in the gro ... nh medium of 7 hours 

old cultures and total hemolytic activities were of 400 (18 H.U.j108 

8 CFU) and 1000 H.U./ml (43 H.U./10 CFU) after 11 and 12 hours respec-

tively. Conoo Jni tantly to the slower growth rate noticed after addi-

tion of 0, 14 m!il BH (Fig. 6), hemo1ytic activity 't-ras detected after 

12 hours of incubation and reached only 111 H.U./ml (7 H.U.j1o8 CFU) 

after 16 hours. 

In the presence of0_, 28 mM BRA (Fig 7), hemolytic activity 
. 8 

was detectable after 21 hours and reached 5500 H.U./ml (114 H.U./10 

CFU) after 29 hours of incubation. It is of interest to note that 

colonies isolated at that time were different from those of the ino-
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culum and those isolated with 0,14 mM BHA , The hemolytic activity of 

the variant strain resistant to BRA that was isolated from cultures 

containing .o-, 28 mM BHA was also measured at different intervals. In 

this particular case the activity reached only 500 H.U./ml (18 H.U./ 

108 CFU) after 13 hours (Fig. 8). 

3.4 Effect of BHA on non-growing cell suspensions 

Previous results showed that in actively grol·linc; cultures a 

concentration of 0,28_rl~ BHA was a threshold concentration inhibiting 

growth and killing the cells during the first 6 hours of contact but 

leading to the formation or the selection of vari ants char acterized 

by a distinct hemolytic pattern. To check whether this concentration 

of BRA had the same effect on the hemolytic pattern of non-growing 

suspensions, cells (2 x 108 CFU/ml) of the parent strain were incubated 

at 30°C with 0,28 _rl~-BHA · in phosphate buffer and CFU's monitored over 

a period of 6 hours and after 24 hours. It was found that this con-

centration of BHA had no effect on the viability of the cell suspen-

sion. The homolytic pattern of the colonies isolated from the control 

suspensions after 24 hours Has the same as that of controls at zero 

time. However, in the presence of BRA, dwarf colonies with or without 

hemolysis "\'Iere isolated after 5, 6 and 24 hours. The colonies were 

not stable since they reverted to the original type after one subcul-

ture on blood agar. It is noteworthy that no colonies like. those- shown 

in Fig. 11 and 12 and characterizing the variant strain were isolated. 
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. Fig. 11. Appearance of staphylococcal colonies (vari a.nt strain ) 
on sheep blood agar and sho\-ring double zones of hemolysis. 
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Fig. 12. Appearance of staphylococcal colonies (variant strain) 
on sheep blood agar and showing a zone of hemolysis under
neath the colony. 
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3.5 Isolation and char acteri za tion of variants 

3.5.1 Isolation 

When a suspension of §_. aurcus· Wood 46 '-Ias exposed to o, 28. mM 

BHA in BHI broth, colonies characterized by homolytic and non

hemolytic rings around the colony were isolated on blood agar (Fig. 
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11). Another characteristic of this hemolytic pattern was that, al though 

there ''as no hemolysis next to the colony, hemolysis was clearly vis i

ble underneath the colony when it was r emoved (Fi g. 12). It is note

worthy that this hemolytic pattern was associated with isolated colo

nies only. That is to say, when a heavy line of growth occured on a 

petri dish, there was a zone of complete hemolysis (beta.-hemolysis) 

next to it Hhich, in turn, "~as followed by a zone of incomplete hemo

lysis ( alpha-hemolysis). 

Fifty freshly isolated variants were tested in re gard of 

their sensitivity to Bf~ and mic 

were resistant to o, 28 mM BHA. 

3.5.2 Stability of the vari ants 

studies showed that all of them 

The distinct hemolytic pattern associated with colonies of 

the variant >-Tas stable after many subcultures on blood agar and after 

being stored for 2 months on nutrient aear slant without BHA at 4°C. 

However, prolonged storage on nutrient agar at 4°C resulted in the 



loss of resis~ance to ERA although the distinct hemolytic pattern 

was unaffected. 

3.5.3 Hcmolytic activity 

Preliminary results indicated that a, 4 mM BRA - delayed the 

gro'l'rlh of.§_. aureus Hood 46 (para. 3.2.1). Addition of :0,28 ml~ BRA 

prior to inoculation resulted in the formation of variants with a 

hemolytic pattern different f rom that of the ~arent strain, as detected 

on sheep blood agar. To further evaluate the possible differences in 
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the hemolytic properties of both parent and variant strains the follo1.ving 

experiment was carried out: supernatants from both strains taken after 

12 hours of gro1rth in BHI without BRA were analyzed with respect t o 

total alpha- and beta-hemolytic activities evaluated respectively Hith 

rabbit and sheep erythrocytes by the tube assay (Table 5). Although 

alpha-hemolytic activity l·ms quite the same, there was a significant 

increase in the beta-hemolytic activity of the variant strain over that 

of the parent strain. Moreover, the presence of beta-hemolytic activity 

was ascertained by the fact that an hemolytic active substance, whose 

ti ter increased when incubation at 37°C was follo\oted by an incubation 

at 4°C, was detected in the supernatant of the variant only. 

To confirm these results, hemolytic activities of both pa-

rent and variant strains were analyzed by means of the reverse CAMP test 

performed on sheep blood agar. This test is based on the fact that 

exoproducts of S. a~alactiae can potentiate the beta-toxin incomplete 



Table 5. Hemolytic titers of~· aurcus parent and 
v<:!.riant strains after 12 hours of incu
bation at 37°C in BHI broth. 

Erythrocytes 

Strain Rabbit Sheep 

Parent 432 28 

Varic.nt 453 237 



hemolysis and turn it into a complete hemolysis. £• pseudotuberculosis 

exoproducts on the other hand are known to inhibit ~· aureus alpha-

and beta-hemolytic activities. In this particular case £• agalactiae 

exoproducts potentiated the incomplete hemolysis of the variant strain 

(Fig. 13) and had no effect on the complete hemolysis of the parent 

strain. £• pseudotuberculosis almost completely inhibited the hemoly

sis of the parent and vari ant strains . Fifty colonies of the vari r:nt 

'I'Tere assayed by this method and all of them showed the same results 

indicating the presence of alpha- and beta-hemolytic activities asso

ciated 'I'Tith the variant strain and of alpha-hemolytic activity associa

ted vl'i th the parent strain. 

Unequivocal evidence for the presence of alpha- and beta

toxins in the variant and of the former in the parent strain were given 
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by isolation of the toxins. It \'ras done by the electrophoretic tech

nique of Haque ( 1967). According to this method, the. alpha-toxin migra

tes 18 mm towards the cathode and lyses rabbit erythrocytes 'l'lhile the 

beta-toxin migrates 36 mm tovrards the cathode and lyses sheep erythrocy-tes. 

Supernatants of 5 variant strains taken after 18 hours and of the corres

ponding parent strain were analyzed and the presence of beta-toxin 1ms 

detected only in the variant strains. Both strains \·Tere alpha-toxin 

producers. 

To eliminate the possibility that the beta-toxin altho~h 

produced by the parent strain was not released, cell-associated beta

toxin llaS measured in both strains as described in para. 2. 5 .1. 5 and 

detected only in the variant strain. 
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Fig. 13. Effect of §_. agalactiae exo products ( dral-m horizontally) 
on the hemolytic pattern of S . aureus \·1ood 46 v ariant 
strain ( dra,·m vertically) • -
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According to the report of Winkler ~ ~ (1965), staphylococci 

may produce beta-toxin and staphylokinase, the latter being a proteolytic 

enzyme. However, most strains that are beta~toxin producers lack the 

ability to produce the staphylokinase, the inverse being true. Parent 

and variant strains were studied in this regard and the finding of 

Winkler ~ !:!_ (1965) corroborated; therefore staphylokinase activity 

was detected in the parent strain only. These authors also postulated 

that lysogenization may be responsible for such a phenomenon aince they 

noticed a change of typing pattern among their strains. In our study, 

however, both strains were of the same typing pattern, 81-83A. HO'i-Tever 

a phage concentration 10 times ereater than that used 'Hi th the parent 

strain 1.-1as required to type the variant strain. 

3.5.5 Mechanism of resistance to BHA 

The experiments that are described in this section were devised 

in or.der to have some preliminary clues on the mechanism allowing the 

resistant variant strains to grow in the presence of 0,28 nitlr13Hft. 

3.5.5.1 BRA inactivation 

The relative resistance of the variant strain raised 

the question whether this new isolate could transform the molecule of 



BRA into less toxic products. Gas-chromatographic analysis, performed 

as described in para. 2.7 with acid and basic extracts taken at zero 

time and after 30 hours of incubation in the presence of 0,28 mM BBA, 

are shown in Fig. 14 and 15. Both extracts showed the same results. 

Any modifications of the molecule would have led to a decrease or 

dieap.pearance of the BHA peak with the possible apparition of new peaks 

representing new metabolites. Since the amount of BRA detected by 

GLC after 30 hours of incubation was the same as that added to the 

medium at zero time, it thus appears that BHA was fully recovered at 

the end of the treatment and that it was not metabolized by the cells. 

3·5·5·2 r~embrane mutants 

Altenbern (1975) isolated mutants of s. aureus that -
could be differentiated on the basis of exoprotein secretion; they showed 

that enterotoxin B and alpha-hemolytic activity were mainly affected. 

In addition, these mutants displayed pronounced differences in osmotic 

stability and bacitracin sensi ti vi·ty. These results suegested that 

those mutants were membrane mutants. Kentand Lennarz (1972) also reported 

that membrane mutants of 2· aureus could be isolated by a test based on 

pH sensitivity. Since our previous results indicated that parent and 

variant strains of .§.• aureus Wood 46 could be differentiated on the basis 

of beta-hemolytic and staphylokinase activities, which are exoproteins, 

we submitted these tl-10 strains to the screening procedure of Al tenbern 

(1975) and that of Kentand Lennarz (1972) in order to determine whether 
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Fig. 14. Gas-chromatogram of the acidified (pH 2) BHI broth extract 
containing 6, 28 mM ]JIA taken at zero time. 
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Fig. 15. Gas-chromatogram of the acidified (pH 2) S. aureus Wood 46 
parent strain-BHI broth extract containiBg . o., 28 mM l3HA 
taken after 30 hours of incubation at 37 c. 
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they had properties sur;gesting that they ·w-ere membrane mutants. 

Osmotic stability was andyzed as described in Materials 

and Methods (para. 2.5.6) by exposinG cell suspensions to lysostaphin 

and measuring the stabi.li t;'t of the protoplasts at different concentra

tions of NaCl after 30 minutes of exposure. ·The slope of the curve 

in Fie. 16 indicates that, for NaCl concentrations above 4%, the variant 

strain l':as more resistant to lysis by lysostaphin than the parent strain. 

There was no indication that these strains were resistant to lysostaphin 

since lysis was complete in both cases in the presence of lm·T concentra

tions of NaCl. 

The possibility that the variant was a membrane mutant l'Tas 

strengthened by the fact that, in BHI broth, the variant strain grew in 

the presence of 4;4 U./ml of bacitracin but the parent strain did not. 

Growth of the variant was however inhibited by ~8 U./ml of bacitracin. 

Moreover, only the variant strain grew, after an overnight incubation, 
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on pH medium adjusted to pH 5,2. Colonies were small though. Both strains 

grew well at pH 7. 

3.6 BHA as a mutagenic agent 

3.6.1 Reproducibility of the effect of BHA 

·with 

The production of variants and of the hemolytic pattern a.ss6ciated 

it was a highly reproducible phenomenon that occu~dindiffe-

rently with 4 lots of BHA from 3 different companies listed under Mate-
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Fig. 16. Osmotic stability of protoplasts from s. aureus Wood 46 
parent ( • ) and variant ( • ) strains. -
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rials and Methods (para. 2.3) and -vd.th no restrictions at all with 

respect to the 4 liquid media tested. 

Six other strains of §.. aureus wer7 analyzed for the effect 

of BHA on their hemolytic pattern. Only one of them responded in the 

same way. That particular strain l"Ias however a proteolytic mutant of 

strain Wood 46 obtained by mutagenesis lvi th nitrosoguanidine (S.A .. 

Saheb, Ph.D. thesis,Unive.rsity of 'Montreal, 1974). 

3.6.2 Mut~enicitl assay 

The fact that the variant strain was likely to be a membrane 

mutant \1i th enzymatic properties different from those of the parent 

strain raised the question whether BHA was causing genetic alterations 

to the Hood 46 strain or was merely acting as a selecting agent .for 

variants already present in the inoculum. The experiment described 

in para. 2.6 v1as set up to answer this question; it took advantage of 

the fact that freshly isolated variants were resistant to bacitracin. 

Hence, plating on bacitracin agar would allow the selection of mutants 

and further replica plating on blood agar would ascertain that the 

isolates were stable and had the right hemolytic pattern. Preliminary 

experiments indicated that variants with the distinct hemolytic pattern 

could be obtained by treatment with different concentrations of BHA 

and not only with 9,28 mM • In order to do so, the cellular concen-

tration had to be decreased when the concentration of BHA decreased and 

vice-versa. 
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In this case very small inoculc, ( 600 CFU/ml) were used in 

order to avoid as much as possible the presence of spontaneous mutants 

in the inocula and as a consequence, low concentrations of ERA were 

also used (~,07 and 0;14 mM ). None of the 14 control tubes taken at 

zero time gave rise to colonies with a hemolYtic pattern resembling 

that of the variant. The same result Has obtained with the other con

trols incubated until early exponential phase. Hoi><ever, after a l'leek 

of incubation, growth had occurredin 22 of the 23 tubes containing BHA 

and colonies similar to those of the variant were detected in 16 of 

the 22 tubes in such a large amount that a loopful . inoculum was enough 

to isolate many colonies with the variant hemolytic pattern. Both con

centrations of ERA gave similar results. 

The different properties of the parent and the variant strains 

are summarized in Table 6. 

3.6.3 Effect of other mutagens 

The possible mutagenicity of BRA and the relative ease with 

which·hemolytic mutants could be detected on blood agar prompted us to 

determine whether known mutagenic agents 9ould induce the formation of 

similar mutants. Since many properties of ~· aureus are plasmid

dependent (Lacey and Chopra, 1975) while others are more likely to be 

determined by the bacterial genome, the cells were treated with 3 

plasmid-curing agents and an alkylntine agent, ethyl methanesulfonate 

(EMS). The 3 plasmid-curing agents used were acridine orange which 
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Table 6. Preliminary characterization of ~· aureus parent and 
variant strainil. 

Character Parent 

Alpha-toxin + 
Beta-toxin 
Staphylokinase + 
Phage type 81, 8):-A 
Bacitracin sensitivity +++1 
pH sensitivity +++ 
Osmotic stability + 1 
BHA sensitivity +++ 

1 Very sensitive, more than the variant strain. 

2 Very stable, more than the parent strain. 

Variant 

+ 

81, 83A 
+ 
+ 2 

+++ 
+ 
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interferes with plasmid replication, sodium dodecyl sulfate which 

interferes with membrane attachment sites and guanidine hydrochloride 

whose action is still a matter of speculation. 

Approximately 10,000 colonies liere analyzed after treatment 

with each of the 4 mutagens. 40,000 colonies from nonmutagenized cell 

suspensjons were plated and none of them showed the specific hemolytic 

pattern obtained by BRA-treatment. All 3 plasmid-curing agents were 

100 

also ineffective in this regard. However, mutants with the distinct 

hemolytic pattern were obtained at a frequency of 2,3 x 10-3 by treat

ment with EMS. Five of these mutants were tested for their ability to grol-J 

in a medium containing 0,2~ .mM 'BHA and all of them were sensitive 

to that concentration of BHA. 

3.7 Effect on the cytoplasmic membrane 

The molecule of BHA is structurally related to that of phenols 

and phenolic compounds have been shown to act at the membrane level 

(Becket ~ ~' 1959; Judis, 1962), causing its disruption. As a result, 

experimentation was oriented towards assays that would ascertained 

whether BHA is a membrane-active agent. Leakage of low molecular weight 

metabolites from the metabolic pool and the lysis of protoplasts were 

selected to assess membrane damage. Nevertheless, adsorption of BHA 

to the cells of ~· aureus was previously studied and is described in 

the next section. 
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3. 7.1 Adsorption of I'IU~ onto the cells of S. aureus 

The first event thnt occurs when a bacterial cell is exposed 

to an c-.ntimicrobial agent is its adsorption onto the cell ; this process 

has a direct influence on the susceptibility of the microorganism to 

that antimicrobial agent. Hence, the renistance of some bacteria toHards 

different dru~s can be explained by the fact that they adsorb less druc 

than the sensitive strains. On the otherhand sensitive and resistant 

strains may adsorb the same amount of drug but a physical or a bioche-

mical barrier may prevent the antimicrobial from reaching its target. In 

the former case, an increasedproportion of lipids associated with the 

cell wall has been reported to increase the resistance of 2• aureus 

to penicillin (Hugo and Stretton, 1966) ~Hhile, in the latter, 2· aurcus 

has been sho\~1 to produce beta-lactamase (Barber, 1949). Since BHA 

was not metabolized by s. aureus 1rlood 46 (para. 3.5.5.1), we were able 

to compare the adsorption pattern of BHA onto both the parent and the 

resistant strain as described in para. 2.9 and we also determined the 

nature of the adsorption isotherm. The latter can be used to explain 

the adsorptive mechanism from the Giles· et al (1960) models of ad---
sorption. 

To obtain sufficient adsorption of BI~, it was necessary to 

use cell suspensions of 3 x 109 CFU/ml. In both parent and variant 

strains the uptake, as measured by the method described in section 2.9, 

was rapid, much of the adsorption takinc place in the first 5 minutes 

(Fig. 17). Althour,h the technique used, i.e. 2 centrifugation steps, 
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.Fig. 17. Rate of adsorption of BHA ( 0,28 mM) by suspensions of 
S. aureus Hood 46 parent strain (3 X 109 CFU/ml) in 0,05 M 
phosphate buffer, pH7,0. · 
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did not allo'trJ us to study the precise rv.te of uptake durinr; the first 

5 minutes of contact, it nonetheless brour;ht an indication that the 

adsorption process and the amount of BHA adsorbed were similar in both 

strains. 

The isotherm obtained with Biffi corresponds to the C-type 

as classified by Giles et al (1960) or constant partition (Fig. 18). 

This isotherm is a straight line up to 0,84 mM. 

3. 7.2 Leakaee of intracellular material 

Membrane-active agents causing a generalized loss of membrane 

function will generally induce leakage of intracellular material. Thus, 

experiments were designed in order to ascertain whether EHA could do 

the same. 

Preliminary experiments showed (para. 3.4) that treatment at 

30°C lrith _0,28 mM BHA ~ad no effect on the viability of cell suspen

sions of the parent strain. Actually, treatment of cell suspensions, 

for 2 hour periods at 4°C and at concentrations up to ·0,56. mM BRA 

had no effect on the viability of the cells nor on.the 

leakage of cellular material absorbine at 260 nm (Fig. 19). This low 

temperature was chosen to prevent autolytic enzyme activity. Optical 

density rer;istered at this wavelength for buffer containinr 0,56 mM BRA 

a."l.d less 'tvas not different from that of controls containing no BHA. 

\rlhen the concentration \lfas raised to 1,12 mM BHA · under the same con

ditions, there was a significant decrease in the viability of the sus-
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Fig. 18. Adsorption of ?JliA by suspensions of .§.. aureus \'food 46 parent 
strain (3 X 10 CFU/m1) in 0,05 N phosphate buffer, pH 7,0. 
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Fig. 19. Effect of BHA ~n the viCJbility of .§_. 11ureus Hood !J6 parent 
strain (3 X 10 CFU/m1) and on the leaJ.:a~e of intrace1htlar 
material in o,05 1•1 phosphate buffer, p:I 1 ,o, r.w.inta.ined f'or 

0 
2 hours at 4 C. 
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pension, which was accompanied by a release of cell constituents absor

bing at 260 nm. Plating on blood agar and optimal medium ascertained 

that this drop of the CFU after treatment with 1,12 mM BRA 

caused by injured cells but by cell death. 

3.7.3 Osmotic stability of protopla.sts exposed to BRA 

was not 

Protoplasts of the parental strain were treated with ErA at 

4°C. The 3 concentrations tested caused a rapid lysis of protoplasts 

as measured by the decrease of the optical density at 500 nm (Fig. 20). 

It is interesting to note that the extent of lysis was the same over a 

period of 24 hours but the rate of lysis was greater ivhen the concen-

tration of BRA was raised. Prot·oplasts from the variant strain rcsis-

tant to BRA \-Tere less susceptible to lysis than those of the parent 

strain (Fig. 21). 

3.8 Effect of Bl~ on the electron transport system of S. aureus 

109 

Phenols, like other membrane active aeents, can be either 

bacteriostatic or bactericidal depending only on concentration (Hamilton, 

1971). Actually, in a first experiment we noted that in non-growing 

cell suspensions of 3 x 109 CFU/ml, death was related to leakage of 

intracytoplasmic material and occurred at a concentration of 1,12 mM 

BRA. : .. The next experiments will deal vli th the effects of BRA on non-
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Fig. 20. Effect of BHA on protoplast suspensions of ~· aureus Wood 46 
parent strain in 24% Nacl, 0,05 M phosphate buffer, pH 7,0, 
maintained at 4°C. 
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Fig. 21. Effect of BHA (0;28 mM ) on protoplast suspensions of 
s. aureus Hood 46 parent (c) and variant (b) strains 
in 24% HaCl, 0,05 1·1 phosphate buffer, pH 7 ,o, maintai
ned at 4°C. Trace a: control suspensions. 
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growing cell suspensions of 3 X 109 CF'U/ml ldth concentrations of 

and less. Since previous results (para. 3.7) indi-

cated that BRA was possibly a membrane-active agent, these experiments 

were devised in order to study the effect of BRA on different membrane 

functions. Since electron transport is a vital function carried out 

by the membrane in s. aureus (White and Freeman, 1967) we considered 
' -

the effect of BRA on this system. 

3.8.1 The electron transport system of S. aureus Wood 46 

The reduced minus oxidized difference spectra of cell-

free extracts of 2· aureus are shown in fig. 22. Cell-free extracts 

treated with dithionite (trace A) revealed distinct Soret peaks at 

442 nm, representative of the gamma peaks of cytochrome ~ +~~Asano 

and Brodie, ,1964) and at 428 nm indic2tive of the garnma peak of cyto-

chrome £• The peaks at 562 and 530 nm, respectively, indicated the 

presence of alpha and beta peaks of h type cytochrome while an absorp-

tion peak typical of the alpha peak of cytochromes ~ + ~3 at 605 nm 

was quite evident (Hatson and Smith, 1968). The difference spectrum 

gave no evidence for the presence of cyto?hrome £ in~· aureus. 

The trough at 465 nm is caused by the reduction of flavoprotein 

(Chance and Williamt' 1955). 

The reduced eo-treated minus reduced spectrum is shown in 

Fig. 23. Peaks at 570, 534 and 418 nm indicated that cytochrome 2 
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.Fig. 22. Difference absorption spectra of s. aureus Wood 46 parent 
strain cell-free extracts reduced-with (A) dithionite, 
(B) NADH, and (c) BHA. The reaction mixture in a total 
volume of 2,0 ml contained 16 mg protein and 100 umoles 
of potassium phosphate buffer (pH 7,0). 
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·Fig. 23. Reduced CO minus reduced difference spectrum of S. aureus 
Wood 46 parent strain cell-free.extracts (Trace A); base 
line: trace B. Reduction was with sodium dithionite. The 
reaction mixture :i.n a total volume of 2,0 ml contained 14 
mg protein and 100 umoles of potassium phosphate buffer 
(pH 7,0). 
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was the terminal oxidase (Smith, 1978). 

Addition of NAJJH to cell-free preparations resulted in a 

difference spectrum (Fig. 22, trace B) which was similar to that obser-

ved upon reduction with dithionite. 

3.8.2 Effect of BHA ou the electron transport system 

When BHA was used as the electron donor, to avoid any reduc-

tion of cytochromes by residual substrate, small amount of ferricya-

nide \-:as added to cell-free extracts. vlhen such cell-free extracts 

in the reference cuvette vrere exposed to air and the sample cuvette 

was made anaerobic, the spectrum showed no reduction of cytochromes. 

However, addition of 9,4 ~~ BF~ in the sample cuvette caused the appea-

ranee of absorption spectrum shovm in Fig. 22, trace c. The position 

of peaks in the BRA-reduced minus oxidized difference spectrum for 

cytochrome~+ ~3 (605 and 442 nm) as well as for alpha and beta peaks 

of~ type cytochrome (562 and 530 nm) was identical to that obtained 

with NADH or dithionite. However, the gamma peak of£ type cytochro

me shifted from 428 to 424 nm. A broad band at 510 nm always occu~d 

ir. the spectrum which could not be related to any kno'..rn cytochrome. 

These results thus clearly show that similar to NADII as 

substrate , Bl~ also served as an electron donor and caused reduction 

of cytochromes. 

In order to confirm that BHA can indeed serve as an electron 

donor, authentic mammalian cytochrome £ was used as the electron 
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acceptor. Fig. 24 trace A shows that the addition of small amount 

of dithionite in the sample cuvette containinc mammalian cl}l'tochrome 

c caused appearance of peaks of c-type cytochrome at 550, 523 and - -
420 nm. Likewise, the addition of 0,4 ml-1 BHA to the sample cuvette 

caused the reduction of cytochrome c (Fig. 24,trace B). The position 

of alpha and beta peaks (550 and 523 nm) remained the same as observed 

with dithionite but they were not reduced to the same extent by BHJI .. 

Hovmver, g31jlllla peak in the Soret region in the presence of BHA was 

reduced to the same extent as by dithionite but it shifted from 420 

to 414 nm. The spectrophotometric observations suggest that electrons 

are donated by BHA to the electron transport system of ~· aureus and 

as a result cJ~ochromes are reduced. 

Although our results showed that BHA acted as a reducing agent 

like NADH our preliminary results indicated that BRA 

did not stimulate endogenous respir~tion of ~· .ureus like other 

electron donors such:-as NADH and succinate but rather inhibited the 

process. vle thus investir;ated the effects of BRA and other clansical 

inhibitors of the respiratory chain in the presence of NADH and succi-

nate as substrates. and the results are shown in Tables 7 and 8. · It 

is seen that although NADH·oxidation by cell-free extracts of 2· aureus 

was strongly inhibited by flavoprotein inhibitors such as rotenone and 

atabrine (Table 7), succinate oxidation by whole cell suspensions was 

not affected by these inhibitors (Table 8). Oxidation of both NAD~ 

and succinate was completely inhibited by 0,03 mM HQNO and 0,10 mM 

120 
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Fig. 24. Difference absorption spectra of mammalian c~~ochrome c 
dissolved in 0,05 M phosphate buffer (pH7,0). Traces A 
and B represent difference spectra obtained after the addi
tion of dithionite and BI~, respectively, in the sample 
cuvette. 
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Table 7. Effect of inhibitors on NADH oxidation by cell-free 
extracts of S. aureus. 

Inhibitor 

Rotenone 
Atabrine 
Antimycin A 
HQNO 
Cyanide 
BHA 

Concn 02 
(mr.1) 

0,01 
0,10 
0,10 
0,03 
1 ,oo 
0,40 

Consumed/10 min % Inhibition 

(nanoatoms) 

60 0 
0 lOO 
99 85 

231 65 
0 lOO 
0 lOO 

264 60 
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Table 8. Effect of inhibitors on succinate oxidation by whole 
cell suspensions of s. aureus. 

Inhibitor 

Rotenone 
Atabrine 
Antimycin A 
HQNO 
Cyanide 
BHA 

Concn 

(mM) 

0,01 
0,10 
0,10 
0,03 
1,0 

0,40 

o
2 

Consumed/10 min 

( nanoatoms) 

396 
364 
396 
119 
0. 
36 
71 

<fo Inhibition 

0 
8 
0 

10 
lOO 
91 
82 

1?4 



antimycin A caused 65 and 75% inhibition respectively of NADH and 

succinate oxidation. The process was markedly sensitive to cyanide 

12) 

\'lhen NADH and succinate served as the electron donors. A similar effect 

of cyanide lrTas observed (not shown) when ascorbate was used as a subs

trate. It is of interest to note that ffiiA (0,4 ~~) caused 60 and 82% 
inhibition of NADH and succinate oxidation respectively. The extrer.1e 

sensitivity of lJADH oxidation but not succinate, to rotenone and atabrine 

is a clear ·evidence of a functional first site i.e. bet-v1een 

pyridine nucleotide and cytochrome .£• Antimycin A and HQ)ro, specific 

inhibitors of second site and cyanide, specific for the third site, 

are all very effective inhibitors of both NADH and succinate oxidation 

by .§.. aureus. 

ERA also inhibited by 60% the oxidation of glucose, malate, 

lactate and ascorbate. In order to rule out the possibility that BIIA 

might have interfered t-Tith the penetration of the ::::ubstrates into whole 

cells, cell suspensions were frozen and thawed rapidly and oxidation 

of the substrates monitored again but vli th the sa.rne results. 

The oxidation of lactate, NADH, succinate and rlucose i-.'ere 

also iru1ibited in the variant strain but to a. lesser extent: for the 

same concentration of BHA and when the results 'Vtere corrected for the 

same amount of protein/ml or bacterial dry weight/ml, inhibition was 

of 28, 30, 36 and 30% respectively with the substrates listed above. 

The volume of ethanol used to solubilize the antioxidant and 

the inhibitors had no effect on the reduction of cytochromes, nor on 

oxyeen consumption. 



Cells used for spectrophotometric and for oxygen consump-

tion studies were grown in nutrient broth, a e;lucose-free medium, 

since grovrth in a glucose-containing medium l·tas sholm to reduce by 

40% the cytochrome content in li_. aureus (Strasters and Uinkler, 1963). 

It is note\'lorthy thour:h that :BHA sho\.;ed the same derree of inhibition 

of oxygen consumption when §• aureus was grovm in BHI broth, a glucose-

containing medium • 

. 3.;9. f:Effect of BHA on dehydroe;enase a.ctivi ty 

Experiments carried out to determine the effect of BRA on 

the respiratory chain shovmd that the antioxidant inhi bi tcd oxye;en 

consumption but at the same time reduced the cytochromeg. Associated 

to the respiratory chain are different dehydrogenases that are respon-

sible for passing electrons to the cytochromes. In order to determine 

\\l'hether the effect of BRA was specific to the respiratory chain or ra-

ther caused a general malfunction of the membrane and of the enzymes 

assoola.ted with it, dehydrogenase activities associated vTith whole cells 

of both parent and variant strains were monitored with 4 substrates: 

lactate, glucose, succinate and malate. 

8 Using a cellular concentration of 6 X 10 CFU/ml, dehydroge-

nase activities associated with lactate was inhibited by 27% with 

0,075 mM BHA (12,5 ug/ml) but this concentration of BHA did not affect 

the resistant strain (Fig. 25, trace a). In the presence of 0,6 ~~ 

BHA (100 ug/ml) activities were inhibited by 76 and 33% in the parent 

and variant strain respectively. Activities associated with glucose 

1?6 
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Fig. 25. Effect of BHA on s. aureus ~lood 46 parent (--) and variant 
(- - -) strains dehydrogenase activity with a: lactate; 
b: glucose; c: succinate and d: malate as substrate. 
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Here completely abolished by 0;:'? ml'·1 (50 ur/ml) and 0, c:f"mM BHA in the 

parent stra:i n '..rhilQ those of the variant ;:ere :inhibited b;v 50 and 56% 

(Fig. 25, trace b). It is note-v;orthJr that '1-:ith <'- cell concentration 

0 
of 3 X 10/ CFU/nl, there "vlas no sicnificant inhibition of these dehy-

drogenase activities. 

However, succin~te and mal de C.ehydroe:;ennsc activi tics '1-ICre 

very scm::i tive to inhibition by D"!IA even for a cell concentration of 

0 
3 X 10/ CI•'U/ml. It is neen that activities associBtcd vri th succinate 

and malate in the parent strain v:ere inhibited by 98 and 82~ in t.he 

precence of 0, 3 m~·~ J3HA \·~hile thone of the variant Ne re inhi bitcd by 40 

and 67% respectively (Fig. 25, tracesc and d). An increase in the con-

centrn:tj,on of B:U~ up to 0,6 mrf; 1..rith succinate led to an ir:hibition of 

6~ of the activity of the variant strain '"hile that associated ;.tith 

malate 1·:as comparable to the inhibition obtained ;.:i th 0,3 mM BHA. 

3.10 Effect of BHA on nutrient uvtake 

According to 1-l:i tchcll 1 s chemiosmotic hypothes:is (1/ii tchell, 

1963). the extrusion of protons across the cytoplasmic membrane is res-

ponsible for the formation of the PMF \-lhich is comprised of a pH gradient 

and of a membrane poten~ial. In the facultative anaerobe ~· aurcus, 

proton extrusion is likely to be cenerated by the respiratory chain in 

aerobic conditions and by the reversible ATPase in anaerobic conditions 

(Kashket, 1981). 
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Since BHA h::lG been shmm to inhibit respiratory chain acti-

vity (Decre ,2j;_ !!1_, 1983), it Has of interest to dctemine ,.:hether a:;:ino 

acid uptake would be affected since this ;:-roceco i::; driven by the P:.::l" 

generated by the recpirc:.tor;y chain. He :::::'.li.lied r;lutomic acid, isol8n-

cine and lysine uptake, uhich <:.re respectively ncidic, neutral c.nd l::~sic 

runino acids. Glucose uptake, Hhich is enerrizcd 'by a hirh cnercr phos-

phate bond in the form of phosrhoenclpy!"'r:z.te, uan also moni torcd. I::: 

comparincr the effects of Il!tA on tHo diffe:-ent trar:zpo::-t systenn \d th 

respect to their enereization, •·•e intended to determine \·lheiher BRA is 

) inhibitory to oome specific transport c;yctcm, causc:J a ccneralized mal-

function of the membrane or does not a:::::·cct at z..ll those s;;ntems. 

Uptake was defined as the total cellular-associated counts after 

the cells ;.;ere separated fro:n the labelcd substrate in the incubation 

medium. Uptake was monitored in the presence and in the absence of BHA 

at various time intervals startinr at 2,5·minutes after the addition of 

the substrata up to 60 minutes. 
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3.10.1 Effect of BHA on nutrient untake in the parent strain 

Fig. 26 shows that glutamic acid initial rate of uptake wac 

significantly affected by _0,28-and·0,56 mM BRA, Hence after the ini

tial 10 minutes of exposure total uptoke reached 16 and 7% of maximum 

uptake as compared to 78% in the control. 

Lysine uptake folloi-·Jed a pattern different from that of 

glutamic acid but, again, initial uptake vms significantly affected 

(Fig. 21). After 10 minutes, uptake was 15 and 1Q1o of that of the con

trol l·lith 0,28 and 0,56 mM ;BRA respectively. Maximum uptake, as measu

red after 60 minutes, vias abolished by 55 and 835~. 

Isoleucine, whose uptake is driven by both components of the 

PMF, was less sensitive to the process (Fig. 28). Hence initial uptake 

in the presence of 0,28 mM :B!!A- >vas close to that of the control after 

5 minutes of exposure since it reached 68% of that of.the control sus

pension. Hov-rever, 0 756 J!jto1 BRA more seriously inhibited initial upta

ke which was only 12% of that of the control after 5 minutes. Eut it 

increased to 24% of total uptake after 40 minutes. 

131 

Fig. 29 shows that glucose uptake in both control and treated 

cell suspensions (f>·,56 mM,;) paralleled one another, indicatine; thd 

elucose uptake was relatively resistant to inhibition by BHA. Hence, 

after 5 minutes of exposure, uptake corresponded to 61% of that of the 

control. A concentration of 0,28 mM BRA had no effect on glucose uptake. 
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Fig. 26. Effect of BRA on S. aureus \'Tood 46 parent strain glutamic 
acid uptake; • : ~ontrol j • : Q, 28 mM i 0 ~ 6 1 56 mM ; • 

0 
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Fig, 27. Effect of BHA on S. aureus Hood 46 parent strain lysine 
uptal<:e; • control; • :.0,28 ~·; o ::0,56 mM.; 
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. Fig. 28. Effect of BRA on .§_. aureus Y.Iood 46 parent strain isoleucine 
uptake; e :control; • : 0,28 mJ,(; 0 : 0,56 d." 
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Fig. 29. Effect of BHA on S. am•eus \':odd 46 parent strain glucose 
uptake; • : contr'C;"l; o : b,56 ITh.'i. 
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3.10.2 Effect of BI~ on nutrient urtake in the varic~t strain 

The effect of 0,56 mM B1IA on amino acids and clucose up

take i•iaS also studied in the variant strain. 

Fig. 30 shows that glucose uptake was not significantly 

affected since uptake in both control and treated suspensions closely 

paralleled. one another. After 10 minutes of exposure7 uptake in the 

treated suspension reached 85% of that of the control. 

Glutamic acid initial uptake i·ms only slightly affected as 

compared to uptake in the parent strain in the presence of 0,56 -mV.:....lm4:.. · 

since, after 10 minutes of exposure, uptake reached 6~t of that of the 

control (Fig. 31) .Isoleucine, v1hose uptake was very rapid, \vas 6c:rjv of 

that of the control after 2,5 minutes of exposure (Fig.32) vlhile that 

of lysine Has 52% of that of the control after 10 minutes of exposure 

(Fig. 33). In all 3 cases the patterns of uptake closely paralleled 

140 

one another and uptake was fully resistant to inhibition by 0,28 mM J:?IIA.. 

· 3.11 Effect of BRA on ATPase activity 

BHA was shovm to inhibit dehydrogenase and respiratory chain 

activities and amino acid uptake. This action, directed to>·mrds the 

enerey generatine mechanism of the cell responsible for the production 

of the ~{P in aerobic conditions, was shown to be relatively specific 

since clucose uptake was not significantly affected. In anaerobic 



141 

Fig. 30. Effect of BHA on §.• aureus Hood _46 variant strain glucose 
uptake; • control; 0:0,56 w~: 
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·Fig. 31. Effect of BRA on .§.. aureus 1-Iood 46 variant strain glutamic 
acid uptake(0,56 mM). 
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'Fig. 32. Effect of BHA on S. aureus \'lood 46 variant strain isoleucine 
uptake ( 0, 56 lW!).-
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·Fig. 33. Effect of BRA on s. aureus \'Jood 46 variant strain lysine 
uptake (0,56 mM).-
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conditions and when oxygen tension becomes low enough, the membrane-

bound ATPase is responsible for ATP hydrolycis resulting in an out

wardly directed proton flux, thus forming the ~.w (Kashket, 1981). 

Therefore it was of interest to determine vihet;her this important membrane 

enzyme, whose activity must be carefully controlled, was affected by 

BHA. 
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Two different membrane preparations of the parent strain yielded 

4,7 and 6,2 u.jmg of protein while those of the variant strain yielded 

6,1 and 6,6 u.jmg of membrane protein. 

rlhen membrane preparations of the parent strain vmre incubated 

with BHA,there was a marked stimulation of the activity (Fig. 34). 

Concentrations of 0,6 mM (lOO ug/ml), 1,5 m:r.1 (250 ug/ml) and 3,0 mJ.r 

(500 ug/ml) of BHA resulted in 1,3, 1,9 and 3,1 fold stimulation of the 

activity respectively. Preparations of the variant strain were less 

sensitive to the process but were nonetheless stimulated 2,1 fold by 

3,0 mM BHA. Lower concentrations of the antioxidant had no effect in 

both cases; hi@1er concentrations of BHA were not tested because of the 

low water solubility of the antioxidant in this system. 

Controls run without membrane and membrane preparations added 

after the reaction was terminated did not show this hich release of P . 
. · ]. 

and BHA did not absorb at 820 nm, the l'lavelenet;h used for P. determi
J. 

nation. These controls indicate that non-enzymatic ATP hydrolysis Has 

not involved in these experiments and that BIIA did not interfere in 

the assay. 



·Fig. 34· Effect of BHA on 2.• aureus \'food 46 parent and variant 
strains ATPase activity. 
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Since cae1
2 

was sho>m to partially reverse c;rowth inhibition 

of s. aureus caused by BHA (para. 3.2.3) and that some ATPases are ac

tivated by calcium (Salton,l974), the effect of CaC1 2 on ATPase activi

ty l'Tas studied. Addition of 4,0 ml·i CaC1
2

,over the ranee of BHA concen

trations used in these experiments or in the absence of Bl~, had no 

effect on ATPase activities of both strains. 
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DISCUSS IQ!~ 

4.1 Kinimal inhibitorv concentrations 

The mic's of BHA against ~· aureus Wood 46 GrOwn aerobically 

in BHI broth, as well as in the 3 other media used in this study, 

were 0,28 and 0,56 mM after 6 and 24 hours respectively. This last 

fiGUre is slightly lower than the value of :q,84 jn!'1'. reported by other 

authors after 24 hours of incubation (Cnang and Branen, 1975; Davidson 

~ ~ 1979; Shih and Harris, 1977). This difference may be attributed 

to the different media, the different strains and the different metho1s 

used by these authors to assess ~owth. On the otherhand, Picrson 

~~(1980) reported that 0,56 mM irJ:i bi ted the rro'l:th of S. aureus 

c for 48 hours. 

The mic e.zainst anaerobicCJ.lly fTOI·m s. aureus 'IJas found 

to be 0,14 ml~ nfter 2.1 hours of ir.cubat ior:. To our knov1ledre it is 

been iete~:ned. T~:c observn t ior~ -+::'1:J.t S. ~,ureus '\·!n.s more sensitive to 

cor:ditior:c tt~r: ~r:der aerobic conditions is simi-

l ar to the rcsul ts of Yotic 01r.d ::?:c'.:-:lc.n ( 1969) ,,,.orkinr with diethyl-

antistaphylococcal activity. 

:E!ence 6,0 to 7,2 ur DS/ml vwro necessar.:r to comrletely inhibit the 

grovrth of S. e.ureuc in aerobic conditions and only 1,6 to 2,8 ur:/ml 

were reouired. in anaerobic conditions. This findinc was also reported 



c 

c 

0 

for other mammalian hormones (Yotis and Fitzgerald, 1968) but the 

authors concluded : ··•'The reasons for enhancement of antimicrobial 

activity by anaerobiosis remain obscure ". We feel that the expla

nation of such a phenomenon relies en. the differences associated with 

the cell wall of ~· aureus grown either aerobically or anaerobically. 

In an interesting study, .O'Brien and Kennedy (1971) reported that the 

cell '~all of ~· aureus grown anaerobically was 5 times thicker than 

the wall of bacteria after aerobic growth. Ho,~ever, cell walls from 

anaerobically grown ~· aureus were more sensitive to bacteriolytic 

enzymes like lysostaphin and lysozyme. They proposed that the wall · 

of anaerobically grown bacteria cons~sted of a more loosely formed 

network, resulting in a greater sensitivity towards the bacteriolytic 

enzymes. Our results suggest that these findings could be extended 

to BHA which, as a result of anaerobiosis, would be more like),y 

to reach its site of action and exert its antibacterial activity. 

Thus the greater sensitivity of ~· aureus in anaerobic conditions is 

unlikely to be a characteristic inherent to the molecule of BHA itself 

but rather a consequence of the influence of anaerobiosis on the phy

siology of !l• aureus. This hypothesis is streng.;hened by the fact 
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that !l• aureus is more sensitive to other antimicrobials like DS, 

mammalian hormones, lysostaphin and lysozyme, under anaerobic conditions. 
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4.2 Effect of 13HA and other aCj~mts, .added alone or in combinatiop. 

on the growth of S. aureus 

A final concentration of 2% (v/v) ethanol was shown to slight

ly delay. the growth of ~· aureus tlood 46 (Fig. 5). Pierson ll & 

(1980) reported that the same concentration of ethanol had no effect 

on the growth of another strain of §.. aureus and on the gro1rlh of 

§.• typhimurium. Our results are ho\.Yever in agreement with those of 

Ingram (1976) who reported that addition of ethanol (4%, v/v) to 

growing cultures of !· coli caused a lag in the growth for approximately 

30 minutes, followed by a resumption of growth at a slightly reduced 

rate. Fatty acid · alterations occu::rr.ed. during this lag and continued 

into the grovnh period; these changes were essential for the function 

of many membrane-associated enzymes. It is likely that the slight 

delay we noticed in the presence of 2% ethanol occu~for the same 

reasons. 

During the first 4 hours of exposure to 0.., 14, mM :sHA ·. growth 

was delayed after which it resumed at a slightly slower rate than that 

of the ethanol-..containing control. §.• aureus managed to grov1 at this 

particular concentration of 13HA but probably needed some sort of 

adaptation that is likely to take place during this 4 hours lag and 

throughout the growth period. These preliminary experiments did not 

enable us to determine the exact nature of these adaptive mechanisms 

but it is likely that they would tend to enable the cells to grow 
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in the presence of the antioxidant by affecting the membrane, and/or 

the cell t-:all, and/or the energy generating mechanism and/or the 

macromolecular synthesis. 

The effect . of 0 7 28 mld BRA on the growth of ~· aureus vlas 

much more drastic since there was a significant 2 log decrease ::iln the 

viability of the culture, after which grovnh resumed at a rate almost 

similar to that of the ethanol-containing control. To our knowledge 

it is the first time that such a gro\rlh pattern has been reported for s. 

aureus in the presence of BRA. This decrease and subsequent increase 

in viable cells have however been reported for ~· typhimurium (Pierson 

!! ~' 1980), !• parahaemolyticus (Robach ~ ~' 1977) and E. coli 

(Shih and Harris, 1977) grown in the presence of BRA. Pierson et al 

(1980) suggested that this phenomenon v-;as an injury-recovery process 

but did not prove it. We used two different media that ascertained 

that the decrease in viability was not caused by injured cells but 

rather by cell death. One of them was the optimal medium of Hlirst and 

Hughes (1981) for counting injured and uninjured cells. This medium 

was made of TSA supplemented with 0,5% sodium pyruvate; the mode of 
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action of the sodium pyruvate is to degrade the metabolic by-product 

hydrogen peroxide (u2o2), rather than suppl:;·ing a required nutrient(:Dnir•l

Parker and Davenport, 1965). Since in addition microscopic examinations 

ascertained that clumping was not responsible for the decrease of the 

CFU' s, our results suggest that cell death was responsible:ter it. 

It was noted, during the bactericidal phase occuzringdurin~ 
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the first 10 hours of contact with 0;28 mM :BHA, that the colonies 

of s. aureus were different from those of the inoculum since they 

were either dwarf or normal size and with or without a zone of hemo

lysis associated with them.These modified colonies were not detected 

in the presence of lower concentrations of BHA. They 111ere unstable 

since they reverted to the normal type when subcultured once on blood 

agar. Such dwarf-colony variants of .§• aureus have been known for 

a long time (S,-tingle, 1935). They are usually obtained by treatinc 

cultures of normal cells with either chemicals (Lacey, 1969) or 

antibiotics (Chin and Harmon, 1971; Quie, 1969) and are characterized 

by having a defect in a specific metabolic pathway(Horodniceanu .,2! §:b 

1974). Such colonies are known to revert readily to the original type 

unless they are subcultured in a medium containing a low concentration 

of antibiotic (Horodniceanu ~~ 1974). Since the blood agar we 

used to subculture those dwarf-colony variants contained no 

BHA, nor an antibiotic, it is likely that the dwarf-colony variants 

manage to overcome their metabolic disorders and, as a result, to crow 

normally and to fotm standard colonies after a single subculture. 

Colonies isolated during the active phase of grm·rth in the 

presence of _0,28 mM RHA \'Were also different from those of the inocu

lum and from those just described. They had the same size as those 

of the inoculum but a distinct hemolytic pattern and did not revert 

to the original type when subcultured once on blood agar. Such 

fresh isolates, taken after 24 hours in BHI broth or after a primary 

isolation on blood agar, were inoculated in a fresh medium containing 
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0,28 mM<miA. and it vras found that their gromh curves were almost 

similar to that of the ethanol-conta:inin{; control. l>toreover, the fact 

that the BHA was recovered intact after 30 hours of incubation with 

. 0,28 mM ~ suggested that .§.• aureus did not metabolize the antioxi

dant and that the variant had become resistant to that concentration 

of~BHA. 

Pseudomonas fluorescens is the only other microorcanism 

for which a progressive adaptation to BHA has been reported (David-

son, 1979 ). It was the result of many subcultures at nontoxic 

level. The relative resistance of !!• aureus Hood 46 is also an 

interesting phenomenon since growth in the presence of phenolic 

derivatives do not usually lead to resistance (Hamilton, 1971). 

Hugo and Franklin (1968) reported that §.• aureus, grotm in the pre

sence of 3% glycerol in order to increase its cellular lipid content, 

was less sensitive to alkyl~_phene:hs. Resistance was directly related 

to the increased lipid content. This relative resistance l·ms only 

the result of a phenotypic adaptation and was lost after subcultures 

in a glycerol-free medium. The observation according to which the cells 

from the cultures of the variant strain did not settle down readily to 

the bottom of the tube but rather yielded hazy cultures, suggested 

that the variant might have managed to increase its cellular lipid 

content since Hugo and Stretton (1966) had noticed pellicle formation 

in cultures of bacteria grown in the presence of 3% glycerol. We must 

be cautious in our conclusion however since cultures of variants 
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that had became sensitive to BHA showed the same behaviour. We failed 

however in our attempt to obtain organisms resistant to ~,28 ~M BRA . 

by growing the parent strai.n in the presence of 3% glycerol. It is 

possible that growth in the presence of glycero.l brought some changes . . 
in the cellular lipid content of the parent strain but that these 

changes were not sufficient to account for the resistance to BI~. 

Preliminary experiments also indicated that both parent and variant 

strains were producers of an extracellular lipase. Therefore it is 

possible that, in the presence of glycerol and because of the presence 

of an extracellular lipase, the cellular lipid content could not 

be increased. This possibility does not exclude however that modi-

fications in the cellular lipid composition may have occurredin the 

presence of BHA. 
.. 

We did however increase the resistance of s. aureus to 

BHA by growing the cells in the presence of 4,0 mM cac12• Since 

2+ MgC12 had no effect, Ca was probably the ion responsible for this 

phenomenon. Since growth was not stimulated in the presence of Cac1
2 

in controls run without BHA, it was likely that ca2+ interfered directly 

with the antibacterial activity of BHA and did not act merely as a 

g~owth factor. It is likely that this ion might act as a cofactor for 

a membrane enzyme whose activity would have been decreased in the 

presence of BHA or as a structure-former since ca2+ can be expected 

to stiffen lipoprotein membrane by forming salt bridges between -coo-

groups (Langmuir and Schaeffer, 1936). 2+ Ca has also been shown to 
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accumulate in the cell walls while M£l+ tend to accumulate in the 

cytoplasm (Williams and Wacker, 1967). Humphrey and Vincent (1962) 

also showed that all the calcium present in a calcium-depleted culture 

of Rhizobium trifo1ii was contained in the cell walls and that it 

could not be functionally 
2+ replaced by Mg or by other divalent cations. 

2+ Therefore, Ca may restore enzymatic activity or by stiffening the 

membrane and the cell wall, prevent BIM from pcnetratinr readily the 

cytoplasmic membrane or the cell wall. The inability of Mg2
+ to de-
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crease the mic might be the result of the weaker interactions that develop 

2+ 2+ ( . between macromolecules and Mg as compared to Ca Tasak:t and Iwasa, 

1981) or if M/+ is not the required cofactor for an enz;yme that would 

have been inhibited by BHA. 

EJJI'A, on the other hand,has been shown to potentiate the 

antibacterial activity of BHA. It was interesting to find that sub-

inhibitory concentraticnsof EDTA and BHA in combination were highly 

lethal to s. aureus 'flood 46. It thus appears that there is an EDTA-

BHA synergism. Although EDTA is a poor antimicrobial, this chelating 

·agent was shown to increase the antibacterial activity of several 

compounds like fatty acids (Sheu and Freese, 1974), lipophilic pre

servaiives (Shibasaki and Kato, 1979) and the surfactant monolaurin (Kabara, 

1980). EJJI'A probably acts through its chelation of metal ions which 

are responsible for the integrity of the cell. Thus it is likely that 

the chelation of cations is followed by chemical or conformational 

changes in the cell wall or in the membrane which, in turn, result 

in an increased action of :BliA. 



c 4.3 Effect of BHA on hemolJ1ic activity 

In all experiments performed, hemolytic activity began to 

be detectable at the end of the exponential phase. This is in agreement 

l'lith the findings of Abbas-Ali and Coleman (1971) according to which 

alpha-toxin is a secondarr metabolite. Since it is important to express 

enzymatic activities as specific activities, hemolytic activity was 

expressed as H.U./108 CFU and will be discussed as such. 

8 Homolytic activities reached 53 H.U./10 CFU after 11 hours 

in the control and 43 H.U./108 CFU after 12 hours in the presence of. 

2% (v/v) ethanol. At first sight this concentration of ethanol seems 

to have a slight depressing effect on the alpha-hemolytic activity. 
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However it is noteworthy that in the control the determination was carried 

~out. on 11 hour old cultures, i.e. 3 hours after the culture had 

reached the stationary_ phase while, in the ethanol-containing control, 

this determination was made only 2 hours after the culture had reached 

the stationary phase. Therefore the growth delay could justify the 

difference in hemolytic activity bet"t<Teen these 2 cultures. 

In the presence ofO,l4·mJYI BHA hemolytic activity was 

h0wever drastically reduced and gro~nh d~lay could not explain the 

lol.Y hemolytic activity found in 16 hour old cultures. Such a. depressint: 

effect of BIM on alpha-hemolytic activity has never been reported 

before. Ayaz £i!:.!. (1980) reported that in the presence of 0,84 ml'Jf BRA 

enterotoxin A could not be detected in the supernatant of ~· aureus but 



162 

this observation was however the result of growth inhibition, which 

is not the case in our experiments. 

It is noteworthy that a similar response has been noticed 

in the presence of antimicrobials other than BHA. Hence Nordstr~m and 

Lindberg (1978) shovJed that streptomycin and novobiocin inhibited the pro-

duction of alpha- and beta-hemolysins in mutants of ~· aureus resistant 

to these antibiotics and at the same time induced the production of 

protein A. Streptomycin is knotm to block protein synthesis (Hallace 

~ ~' 1973) by binding to the cell membrane and to nucleic acids 

(Anand and Davis, 1960) and novobiocin to inhibit DNA and RNA synthe

sis (Smith and Davis, 1967) and cause an accumulation of wall precur

sor nucleotides in ~· aureus (tlallace et ~' 1973). In another study 

Shibl and Al-5owaigh (1979) reported that subinhibitory concentrations 

of lincomycin and clindamycin completely suppressed the production 

of streptolysin S by Streptococcus ~yo0enes. These two antibiotics are 

known to inhibit ribosome function (Shibl and Al-Sov<aygh, 1979). 

Nordstrtlm and Lindberg (1978) proposed that streptomycin and novobiocin 

might interfere in promoter-RNA polymerase interactions and since there 

are promoters with weak and strong affinities for RNA polymerase, the 

we~c interactions may be disturbed by these antibiotics. This expla-

nation might also be true for BHA, although we don't have any evidence 

for its interaction with protein synthesis. 

Hemo1ytic activity in the presence of 0,28 mM BRA reached 
8 . 

114 H.U./10 CFU after 29 hours. Such a high activity may look contra-
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dictory in view of the results recorded in the presence of 0,14 mM BRA. • 

Ho'1'1ever, we should recall that the colonies isolated during the 

active phase of growth in the presence of 0,28 mM BHA were different 

from those of the inoculum and from those isolated in the course of 

the treatment with 0';'14 ~ -• Therefore it is likely that we were then 

dealing with a new isolate having properties different from those of 

the inoculum and for which 0,28 mM EL~ was only a subinhibitory 

concentration. This observation is substantiated by the fact that 

the growth curve of the variant in the presence of 0,28 w~ EFJl was 

almost similar to that of the ethanol-containing control. Such a 

stimulation of the hemolytic activity has also been noticed in the 

presence of antibiotics. Hence sub-bacteriostatic concentrations of 

penicillin and methicillin have been shown to stimulate the production 

of staphylococcal hemolytic activity (Hallander £i ~' 1966). These 

authors also reported that some extra antigens were produced in cultu

res containing low concentrations of penicillin. They failed to 

characterize the activity associated with these new antigens although 

·they proposed that it might be due to a release of beta-toxin since 

activity on sheep erythrocytes was detected only in the presence of 

low concentrations of penicillin. Lorian (1971) also reported that 

beta-hemolysis was produced on sheep blood agar by several strains 

of S. aureus and that the zone of hemolysis surrounded the inhibition 

zone produced with discs of cephalotin and penicillins. 

The alpha-hemolytic titer of the resistant strain grown 
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in the presence of 0,28 mM BHA was much lower (Fig. 8). Although 

the exact reason for this remains unclear, it in likely that the 

physiological condition of the celmmight be responsible for such a 

result since maximum activities were reported after 13 hours in this 

case while it was determined after 29 hours when §.• aureus >vas grown 

for the first time in the presence of 01 28 mM BHA. 

These preliminary results indicating that BRA was possibly 

affecting the hemolytic properties of §.. aureus Wood 46 prompted us 

to study in more detail. the hemolytic activity of both parent and 

variant strains. The first striking feature is of course the hemoly

tic pattern associated with isolated colonies of the variant. It is 
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the first time to our knowledge that such a hemolytic pattern has been re

ported for §.• aureus. However a similar hemolytic pattern has been 

reported by Lorian and Popoola (1972) with Streptococcus pneumoniae. 

This type of hemolytic-:activity appeared only after anaerobic incubation;the hae-

molysin did not hemolyze human and rabbit cells and needed air and low 

temperature to be activated. In our case this type of hemolysis was 

produced under either aerobic or anaerobic conditions and did not need 

low temperature for activation. The reason why a ring of red cells 

stands between the colony and the zone of beta-hemolysis remains 

unexplained. It has already been shown that under aerobic conditions 

peroxide production prevents erythrocyte hemolysis (Noble and Vosti, 

1971). However the fact that such a hemolytic pattern was also pro

duced under anaerobic conditions suggeststhat it is more probable that 



some other cellular metabolite might interfere with the hemolytic 

activity. 

This peculiar homolytic pattern was associated with iso

lated colonies only. Along lines of heavy growth there was a zone 

of beta-hemolysis followed by a zone of partial hemolysis or of dis

coloration. Lines were also formed within the zones of discoloration. 

This observation corresponds to the description of the hemolytic pat

tern produced by the beta-toxin (Elek and Levy, 1950). This kind of 

hemolytic pattern was associated l'li th the variant strain only. 

\>Then the parent and variant strains were gro-vm in BHI broth 

without BRA the variant strain was the only one to produce an hemo

lytically active substance on sheep red blood cells and whose titor 

increased upon refrigeration. This observation along 'l'li th the 

hemolytic pattern itself, provide evidence that a beta-homolytic 

activity lvas associated with the variant strain but not with the parent. 

The results obtained t-li th the analysis of 50 different colonies ana

lyzed by means of the reverse CM4P test substantiated these prelimi

nary findings. 

The electrophoretic procedure of Haque (1967) cave a direct 

evidence that a beta-hemolysin was produced by the variant. Further

more, since the presence of cell-associated beta-toxin was detected 

only in the variant strain, this toxin was thus a new metabolite, not 

produced by the parent strain. 

The fact that the variant strain obtained by treatment with 
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0,28 mM"BliA~ was· shown to produce a new toxin suggests that the 

high titer of alpha-hemolytic activity noticed when the parent strain 

was grown in the presence of 0~28 mM BHA (Fig. 7) might have been 

the result of a cross-reaction of the beta-toxin with rabbit erythro

cytes since this toxin is also slightly active on these erythrocytes 

{Wiseman, 1965). 
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The exact mechanism by which BHA induces the formation of a nevr hcmo

lysin in the variant strain remains highly speculative at this point. 

In this regard, it is however interesting to recall the findine of 

Hallander ~ ~ (1966) who noticed an increase of beta-hemolytic acti-

vity in the presence of low concentrations of penicillin. According 

to the hypothesis of Nordstr6m and Lindberg (1978) and if the beta-

toxin is normally repressed in the parent strain, BHA might block trans

cription for the weak promoter controlling the beta-toxin repressor 

operon and, as a result, the beta-toxin would be synthesized. Although 

attractive, this hypothesis is unlikely since it would mean that BHA 

must be present in order to get the beta-toxin synthesized. However, 

BHA might affect the genetic material of the parent strain in such a 

way that production of beta-hemolysin can occur even in the absence of 

BHA. If so, this new property would be genotypic in character. This 

possibility was ftrther strengthened when we showed that BHA was possi-

bly mutagenic for~· aureus Wood 46. However, since it was demonstrated 

that the relative resistance to the antioxidant was not stable and lost 

upon subculturing, it might suggest that this relative resistance was 



thus a phenotypic adaptation. ·This would be in accordance with the 

findings of Hue-o and Franklin (1968) v-1ho showed that the resistance of 

li• aureus to alkyl phenols was lost when the bacteria were subcultured 

in a medium not favouring the growth of lipid-enriched cells. 
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It was shown that, concomitantly to the synthesis of a new 

toxin, the variant had lost the property of producing the staphylokinase. 

This finding corroborated those of Winkler ~ ~ (1965) who reported 

that most strains of ~· aureus that are beta-toxin producers lack the 

ability to produce the staphylokinase and they postulated that lyso

genisation is responsible for this phenomenon. In our experiments 

both parent and variant strains had the same typinr pattern. However 

a higher concentration of phages was required to type the variant 

strain. Such a result substantiated preliminary findings according to 

\-Thich the cell wall of the variant might be different from that of the 

parent strain, possibly hindering the adsorption of the phages onto 

the surface of the cells. Thus, these results suggest thc.,t fibrinoly

tic properties of staphylococci are not always phage-dependent but 

imply instead theocCUlT81'1.08- of structural loci on the bacterial genome 

as proposed by Winkler ~!:d., (1965). As mentioned above·, these 

modifications were shown to result from a possible mutacenic action of 

BHA. The mutagenicity assay we performed did not completely rule out 

the possibility that spontaneous mutants may have arisen in the diffe

rent cultures during the incubation period, although controls did not 

give rise to such spontaneous mutants. The mutagenicity assay also 

revealed that both concentrations of BHA used to perform the experiments 



gave similar results. These were probably threshold concentrations 

since only 16 of the 22 tubes yielded modified stable colonies. These 

results stress the importance of the ratio (BHA concentration)/CFU in 

this mutagenicity assay. They are also interesting in vie'"' of the 

fact that BHA was shown to increase the frequency of recombinants 

in Saccharomyces D-3 (Fabrizio, 1974), to increase aflatoxin B1 muta

genicity (Shelef and Chin, 1980) and to be carcinogenic in F 3444 

rats (Ito et al, 1982). --
It is notel-Jorthy that no variants were detected in the pre-

2+ and 4,0 mM Ca • One of the reasonsmay be that 

this concentration of BHA wast~ high to allow the required cellular 

multiplication and nuclear oegre.gation of potential mutagenized cells. 

Also, since the bacterial genome is attached to the cytoplasmic mem-

brane (Rogers, 1970) and ca2+ is known to act as a structure for-

mer at both cell wall and membrane levels, it is possible that, in the 

presence of ca2
+, the molecule of BHA could not reach the bacterial 

genome and therefore is prevented from exerting its possible mutagenic 

activity. 

The mutagenicity assay was facilitated by taking advar.tare of 

the fact that the variant strain l-ras less sensitive to bacitracin than 

the parent strain. The differential sensitivity to bacitracin is an 

interesting character since this antibiotic is known to inhibit a spe-

cific reaction in the peptidoglycan synthesis. However, this enzymatic 

reaction is membrane-bound (Siewert and Strominger, 1967) and it is 

likely that chances in membrane structure modify the accessibility of 
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bacitracin to such a membrane-hound enzyme. (Altenbern, 1975). This 

property, along with the resistance to pH and to osmotic shock suggent 

that the variant strain is a membrane mutant of §_. aureus l-lood 46 pa

rent strain. The greater sensitivity of the parent strain to pH sue

gests that some enzymes might be inactivated or that the membrane vn:s 

more permeable to hydrogen ions while sensitivity to osmotic shock 

confirmed the greater resistance of the cytoplasmic membrane of the 

variant strain to an environmental stress. 

Mutants displaying the same hemolytic pattern to that of 

the variant were isolated after treatment with Er~S. However these 

mutants were sensitive to 0 1 56.mM BRA· Since we did not isolate si-

milar mutants with plasmid-curing agents, it is likely that the pecu

liar hemolytic pattern associated with isolated colonies of the mutants 

were coded for by the bacterial genome itself and not by a plasmid. 

The fact that BHA purchased from 3 different companies was 

capable of inducing the formation of mutants does not completely eli

minate the possibility that a contaminant with a mutagenic activity 

might be responsible for such results, although GLC analysis did not 

reveal any , but render this possibility very unlikely. 

4•4 Effect of BHA on the cytoplasmic membrane . 

BHA being a highly hydrophobic molecule, the cytoplasmic mem

brane is likely to be the main site of adsorption since the cell wall 

of §._. aureus contains as little as 1 or cfo lipid material (Sal ton, 1964). 
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Moreover, the low water solubi~ity of the drug probably precludes 

any significant diffusion into the cytoplasm. Bacterial va-

riants such as L-forms, spheroplasts and protoplasts have been used 

with success to monitor the antibacterial activity of compounds acting 

at the membrane level (Russel £1 ~~ 1973). Lysis of bacterial proto

plasts by BHA occurred at concentrations lower than those causing lea

kage of nucleotides from whole cells. It is an indication that the 

cell vJall might play an important role in the relative resistance of 

whole cells to lysis by low concentrations of BHA. It was interesting 

to note that whatever the concentration, the extent of lysis of proto

plasts was the same over a period of 24 hours and it suggests that 

lysis t.,ras complete with all 3 concentrations tested. However the rate 

of lysis was dependent on the concentration used. The fact that the 

protoplasts from the variant strain were less susceptible to lysis by 

BHA than those of the parent strain ascertained that they were not only 

more resistant to a physical stress, i.e. osmotic shock, but to a che

mical stress as ,;ell. Since the amount of BRA taken up by both the 

resis·tant and parent strains wu not significantly different, it is 

likely that the adsorption of this chemical does not induce a non

specific physico-chemical disturbance of the osmotic properties of 

the membrane as it has been suggested for polymixins (Few and Schulman, 

1953) and other membrane-active substances (Hamilton, 1968). Hence 

mutations towards resistance to these membrane active substances 

always involves a mechanism preventing the uptake of the chemical by 

the membrane (Hamilton, 1968). Thus the binding of BHA to the membrane 
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of li• aureus Wood 46 most probably alters some specific functions of 

the membrane. The linearity of the adsorption isotherm shows that the 

number of sites for adsorption remained constant. One explanation of 

this constant number would be that adsorption of BRA causes the disrup

tion of the membrane and the creation of new binding sites. This type 

of isotherm has also been reported for the adsorption of another antio

xidant, propyl gallate, onto the cells of E• £211 (Boyd and Beveridge, 

1981). 

Antibacterial activity of Bl~ was greater in culture medium 

compared to that in phosphate buffer. Similar results were obtained 

by other authors (Husseini and Stretton, 1980; Rubbo £!~, 1950) who 

were studying the antimicrobial activity of chelators on ~· aureus 

They showed that the lethal effect associated with these compounds 

appeared to be dependent on its complexing with metal ion(s) outside 

the cell. No such property such as chelation has ever been reported 

for BHA. It is more likely that this antioxidant is more effective 

against cells undergoing active multiplication. Thus BHA should inter

fere either on the energy metabolism, on the synthesis of macromolecules 

or produce membrane damage on actively growing cells only. This obser

vation, in addition to the fact that BHA induced leakage of cytoplasmic 

constituents and lysis of protoplasts, is also suggestive that it would 

be a potent inhibitor of some membrane functions involving the inacti

vation of some enzymatic activities, permeation or the inhibition of 

the electron transport system which are all functions carried out by 

the membrane in li• aureus (White and Freeman, 1967; Niven and Hamilton, 

1974). 
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4.5 Effect of BRA on membrane functions of s. aureus 

Reduction of cytochromes in the presence of electron donors 

enabled us to determine the composition of the electron transport chain 

of 2.• aureus Hood 46. Our results indicate that complete electron 

transport chain is functional in this oreanism and resembles " the 

mammalian system in being sensitive to the inhibitors of the electron 

transfer reactions. These data corroborate those of Taber and Morrison 

(1964) who suggested the following scheme for the respiratory chain 

of 2.. aureus: 

cyt. !!: --? N0'3 

Substrate -flavoprotein - cyt. l! --> I 
cyt • .2. ~ o2 

Although various theories have been proposed (Stuckey, 1972) 

on the mechanism of hydrogen or electron donation by antioxidants, none 

.has been definitely proved. It is well established that bacterial 

respiratory chains consist of a seri~ of·cytochromes which are elec-

tron transferring molecules containing colored active ·croups called 

heroes. The heroes are comprised of porphyrin and iron. The iron atom 

is in the ferric (Fe3+) form when the cytochromes are in the oxidized 

state. In the present studies when 2.• aureus cytochrome system (cell

free extracts) served as the electron acceptor, it appears that each 

cytochrome in its oxidized (Fe3+) form accepted electron from BRA and 

172 



became reduced to the ferrous (Fe2+) fonn while antioxidant BHA was 

completely oxidized. The reduced form (i.e. ferrous form) in turn 

donated electrons to the next carrier which is then reduced and so on. 

J73 

Kurechi ~ al (1980) investigated the hydrogen or electron donating ability 

of several antioxidants including BHA and reported that ferric ion 

(Fe3+) is reduced to ferrous ion (Fe2+) by many antioxidantn when uned 

alone or in combination. Since BHA is a very lipophilic molecule and 

lipids are involved in the respiratory process in ~· aureus 

(Goldenbaum and irfuite, 1974), our results nur;gest that the inhibition 

'\'1e observed of the electron transfer reactions resulted from such an· 

interaction. Hence BHA, like organic solvents (Goldenbau.m and \'lhite, 

197 4), v1ould disrupt the structural intecri ty of the respiratory chain 

carriers and, as a result, interrupt electron flow. The presence of 

lipids is not essential hoi'l'ever for the reduction of cytochromes. Thus 

the contradictory effect of BHA in reducing cytochromes ~without stimu-

lating respiration can be explained. 

It is noteworthy that proton translocation experiments did 

not reveal any uncoupling effect of BHA and therefore asc9rtained that 

BHA was an inhibitor of the respiratory activity. 

Although rledding·et al (1967) shoi·md that various substituted --
phenols could act as uncouplers of oxidative phosphorylation, Hugo and 

Street (1952) showed that phenol and phenoxyethanol (0,1 to o,2fo) caused 

10 to 15% inhibition of oxyren consumption in ~· £21i \-:hen lactate, pyru-

vate, acetate or succinate was the substrate. i'le cannot exclude that 

these compounds might have the same effect as BI~ on the respiratory 

chain of E. coli. --



Various dehydroccnns~ activities were inhibited by BHA, those 

associated with succinate and malate being very sensitive to a concen-

tration of BRA as low as 0,07 mM This observation is in accordance 

'~ith the fact that oxygen consumption in the presence of succinate 

was more sensitive to inhibition by BHA than that associated with lac

tate and glucose. It is possible that the localization of these diffe

rent enzymatic systems in the membrane is responsible for the diffe

rence in sensitivity to BliA; i.e. those more profoundly embedded in the 

membrane •~ould be less susceptible and vice-versa. This hypothesis 

is strengthened by the 'I'Tork of Bach and Lambert (1937) \vho studied the 

effects of antiseptics and solvents on certain dehydropenase activities 

of S. aureus. They sho1tred that activities associated -v1ith rlucose and 

lactate l'Tere only partially inhibited by benzene, toluene or phenol 

while those associated with succinate, fumarate and glutamate were com

pletely destroyed. 

At the beginning of the DISCUSSION v1e reported an interestinG 

analogy between DS and BRA, both of them being more effective under 

anaerobic conditions. It is of interest to note that DS, like BRA, 

also inhibited oxygen consumption and dehydrogenase activities in £• 

aureus (Yotis and Baman, 1969). This analogy is much more striking 

if we consider that DS has also been shown to inhibit amino acid uptake 

in~· aureus (Fitzgerald and Yotis, 1971). Since we noticed that the 

initial rate of amino acid uptake -vms inhibited by BHA, the antioxidant 

thus inhibitsthe transport process. It is most probably a direct con

sequence of the inhibition of the respiratory activity 'l'thich is respon-
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sible for the production of the ~~ used to drive amino acid uptake. 

Inhibition of uptake of these nutrients is likely to result in inhi

bition of macromolecular synthesis and of cellular constituents and, 

as a result, inhibition of growth and of multiplication. 

The decrease of radioactivity we noticed with all 3 amino 

acids after a certain time is probably the result of oxidative de

gradation. 

The relative resistance of glucose uptake to inhibition by 

BIM, as compared to that of amino acids, can be explained by the fact 

that the former is a group translocation process whereas the latter 

is directly dependent on the chemiosmotic property of the membrane. 

Therefore it is likely that membrane permeability for glucose is not 

significantly affected by _0,28 and 0,56 mM BHA. 

It is of interest to recall that the uptake of glucose by 

the phosphotransferase system requir~the participation of soluble and 

membrane-bound enzymes. Hence enzyme l and the histidine-containing 

protein are soluble and initiate phosphoryl transfer from phosphoenol

pyruvate produced via the Embden-Meyeihof pathway. Enzymes 2 and 3, 
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which are suear specific, are respectively integral and peripheral 

membrane proteins (Harold, 1978). The relative resistance of glucose 

uptake to inhibition by BRA sugrest that these different components of 

the phosphotransferase system of ~· aureus were not significantly 

affected by the antioxidant. Therefore it is possible that other soluble 

enzymes and other membrane enzymes,>-lhoseactivities do not depend on 

the chemiosmotic properties of the membrane, are not significantly 

affected by BHA .either. The same observation goes for the portion 



c of the Embden-Meye:ihof' path\'lay leading to the production of phosphoe

nolpyruvate. Hence it suggests that 13HA, like DS (Yotis and Fitzgerald, 

1968), retards the gro'Vlth of !l• aureus without penetrating the bacterial 

cytoplasm in significant amount. 

Esters of para-hydroxybenzoic acid, which are also phenolic 

derivatives, have been sho"Vm to inhibit amino acid uptake in !l• aureus 

while slightly stimulating that of glucose (Ek:lund, 1980). No such 

stimulation of glucose uptake was noticed in our experiments. 

Our results provide direct evidence for a stimulatory effect 

of BHA on ATPase activity. Stimulation was proportional to BHA con

centration. Such a stimulation of ATPase activity has been reported 

with steroid hormones on liver mitochondria (Blecher and Hhite, 1960) 
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and with DS on !l• aureus ATPase (Kuback and Yotis, 1981). Since the 

bacterial ATPase are kno\m to be comprised of several polypeptide sub

units arraneed in a cluster and that lipids have been shovm to be asscoiated 

with them(K1emme ~ ~' 1971), it is likely that the enzyme is 

capable of interacting with the lipid region of the membrane. This 

hypothesis is substantiated by the fact that S. aureus ATPase has been 

shown to be tightly inter~ated within the membrane (Kuback and ~otis, 

1981). Since the adsorption pattern of BHA onto the cells of§.. aureus 

suggested that 13HA, in binding to the cells, causes disruption of the 

membrane and the creation of new sites, it is possible that BHA interacts 

with membrane lipids or ATPase-associated lipids in such a way that more 

active sites of the enzyme become available as the concentration of B!~ 

is increased. However, a direct interaction of the antioxidant with the 



enzyme can not be ruled out. 

It is known that the ATPase is a reversible enzyme capable of 

producing ATP when 2• aureus is grown under aerobic conditions (Kashlcet, 

1981). However our results do not allow us to speculate on the effect 

of BHA on the ATP synthetase activity although the inhibition of the 

respiratory activity vle noticed suggests that. the ATP synthetase activity 

would be depressed. Since these experiments were carried out in cell-

free systems and with concentrations of BHA up to 3,.0 mM , the pheno-

menon v1e noticed is very difficult to relate to the situation occurrint?; 

in -vthole cells exposed to BHA. Nonetheless, ATPase activity is knmm 

to occur under conditions of lmi oxygen tension and of oxygen depletion, 

and to be responsible for the production of the H{F which can be used 

to drive secondary processes. It is therefore possible to speculate 

that the stimulation of ATPase activity could lead to ATP depletion 

and from there, to gro1rlth inhibition. Nevertheless, the interaction 

of BHA with such an important enzyme is probably detrimental for ~· 

aureus. 
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CONCLUSION 

BHA was shown to be possibly mutagenic for ~· aureus Wood 46, 

inducing the formation of membrane mutants di.fferent from the parent 

strain with respect to the synthesis of beta-hemolysin, the production 

of staphylokinase and the ·hemolytic pattern (Degre and Saheb, 1982). 

These properties were stable and probably linked to the bacterial geno-

me. In addition, the mutants were shovm to be less sensitive than 

the parent strain to the antibacterial activity of BHA. However this 

property was not stable and might probably ha:ve resulted from an adaptation 

to BHA rather than a chromosomal mutation. The appearance of the liquid 

cultures of the variant, which was different from that of the parent 

strain, suggested that the former may have an increased cellular lipid 

content. 

Adsorption of BHA onto the cells of.§._. aureus '1-Ias rapid, 

both parent and variant strains adsorbine approximately the same amount 

of the antioxidant. At this stage, an explanation for the relative 

resistance of the variant to the antibacterial activity of the anti

oxidant is still speculative, but we feel that it might result. from 

modifications in the celh,rlar lipids, espec.ially in the cell wall as 

indicated by the fluffy appearance of the culture of the variants, 

and/or from modifications occurringat the membrane level since proto

plasts of the variant strain were less susceptible to lysis by BHA. 



0 The former hypothesis is reinforced by the fact that the phace 

typing of the variant was possible only at a phage concentration 

10 times higher than that of the parent strain. Therefore, in the 

variant, the cell wall would serve as an adsorbing barrier, preven-

ting the antioxidant from reaching the membrane, which is likely to 

be the main site of adsorption due to the hie;hly lipophilic character 

of the molecule of BHA. Moreover this property probably precludes any 

significant diffusion of BHA into the cytoplasm of ~· aureus, the 

latter being hydrophilic in character. Along with these observations, 

the fact that ffiiA has been shown to induce leakage of nucleotides and 

lysis of protoplasts suggest that BHA is mainly acting at the membrane 

level (Degre and Sylvestre, 1983). This finding is substantiated by 

the fact that the antibacterial activity of BHA t~as enhanced in the 

presence of EDTA which is likely to increase cell permeability to the 

antioxidant and by the fact that Ca2+ ions, possibly by stiffening the 

membrane and the cell wall, decreased its antibacterial activity. More

over the analogy that was made between DS and BHA also provides 

indirect evidence that ffiiA is a membrane active agent since the former 

is known to act in a similar way and to be a membrane active agent. 

At high concentration ( 1,12 ml-i ' BHA has been shmm to cause 

cell death, which was related to leakage of intracellular material. 

At lower concentrations (0,56 mM ~ and less), growth inhibition is like-
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ly to result from the inhibition of respiratory chain and dehydroeenase 

activities. It is the first time that a phenolic derivative has been shown 
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to reduce the cytochromes and £-,t the snme time inhibit oxyr;cn consump

tion (Degre .£1 &, 1983). As a result of inhibition of oxygen consump

tion, amino acid uptake, vJhose transport acroso the cytoplasmic membrane 

is driven by the PMF generated by the respiratory chain, is significantly 

decreased. Therefore macromolecular synthesis and total cellular synthe

sis are probably affected to the point that inhibition of crowth and 

inhibition of cellular division occur. 

The fact that glucose uptake, a group translocation proccos, 

v-ras not affected, suggest that BHA - has some specificity of action 

since not all membrane-associated functions were affected to the same 

extent. 

Although .§.. aureus "Hood 46 respiratory chain activity was 

affected to the point that oxygen consumption was significantly inhi

bited, it does not mean however that BHA '\'1as active only under aerobic 

conditions since .§.• aureus vms shov1n• to be even more sensitive to BHA 

under anaerobic conditions. The latter is not a characteristic in.~erent 

to the molecule of BHA but associated with the effect of anaerobiosis 

on .§.• aureus. The stimulation of ATPase activity, an enzyme usually 

active under anaerobic conditions, could possibly lead to ATP depletion 

which, in turn, would result in grol'Ith inhibition. The exact signif'i-· 

cance of this findine is still a matter of speculation but such a 

stimulation of the ATPase, an enzyme whose activity must be carefull;r 

controlled, is probably detrimental for .§.• aurcus. 

The fact that a subinhibitory concentration (0,14 mM BHA ) 

was shown to sienificantly inhibit alpha-hemolytic activity of .§.. ~ureus 



Wood 46 parent strain is an interes~ing finding withregard~to its 

potential use as a food preservative since hemolysins are considered 

as factors of pathogenicity. Potcntiation of the antimicrobial acti

vity of BHA by EDTA is also interesting in this regard since this 

combination could be usedto increase the effectiveness of Br~ against 

Gram negative bacteria. However the possible mutagenicity of BRA 

as well as the possible adaptation of §_. aureun to increasing concen

trations of the antioxidant and therefore the selection of a resistant 

population, are 2 important criteria that should not be overlooked if 

the government is to decide to use phenolic antioxidants as food pre

servatives. 
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Ine;redient 

Peptone 
Starch 
NaCl 
Agar 

APPENDIX 1 

Columbia Azar 

Sheep blood (5~) 

APPENDIX 2 

23 
1 
5 

10 

Special medium of Collings and Lascelles (1963) 

Inr:redient 

Tryptone 
Lab Lemco (Oxoid) 
Yeast extract 
Na2HPOA 
Glucos3 
Final pH: 6,5 

10 
5 
1 
5 

20 



APFT.:rmiY: 3 

Glycerol medium (Huco and Stretton, 1966) 

Inrzcdient 

Peptone (Oxoid No. 1) 
Meat extract (Lemco, Oxoid) 
Sodium chloride 
Glycerol ( 3'~) 

APPENDIX ~ 

J?H medium (Kent and Lennarz., 1972) 

Inr.Tedient 

:Bacto peptone 
Yeast extract 
Sodium chloride 
Na2HPO · 
Final ~H: 5,2 and 7,0 

10 
5 
5 

10 
10 

5 
0,4 



0 
APPENJliY 2 

HyE!'rtonic buffer 

Ingredient 

Tris-hydrochloridc (pH 7,5) 
MgSOA 
SodiUm chloride 

Hypotonic buffer 

Tris-hydrochloride 
NgSo

4 

APPENDIX 6 

ATPase reaction mixture 

Inp;rcdient 

KCl 
:f,!gC12 
ATP 
Tris-acetate buffer ( pH 6,5) 

0,05 
0,015 
3,45 

o,os 
0,015 

o, 100 
0,004 
0,0025 
0,050 

18~ 
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