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The ability of Streptococcus diacetilactis to inhibit a variety of

food-borne pathogens and spoilage organisms in milk and broth cul-

tures was demonstrated. Test organisms inhibited included Pseudo-

monas and Alcaligenes species, Eschericia coli, Salmonella, Staphy-

lococcus aureus, Clostridium perfringens and Vibrio parahaemolyti-

cus. In general, approximately 99.0% and 99.9% inhibition was

observed in milk and broth cultures, respectively. Streptococcus

lactis, Streptococcus cremoris, Pediococcus cerevisiae and Lacto-

bacillus plantarum also inhibited S. aureus in lactic broth.

Possible practical applications of the observed inhibition were

examined. S. diacetilactis prevented proteolysis in milk at 7. 5C by

Pseudomonas fluorescens. S. aureus was inhibited greater than 99%

in vanilla cream filling, ham sandwich spread, chicken gravy, soy



milk and ground beef stored at 25C for 24 hr. Development of the

Gram negative flora of ground beef was also inhibited greater than

99% after storage at 7.5C for 7 days.

The mechanism of inhibition of S. aureus in lactic broth was

examined with emphasis on the role of pH changes and acid production

by S. diacetilactis. S. aureus did not grow in cell-free culture super-

natants of S. diacetilactis grown in modified lactic broth (final pH

4.3 - 4.7). However, good growth was evident when the pH was

adjusted towards neutrality. When the amounts of formic, acetic and

lactic acids produced by S. diacetilactis were quantitatively deter-

mined and added to lactic broth, a similar pH dependent inhibition

was observed. This inhibition was not as marked as that observed

with cultures or cell-free supernatants of S. diacetilactis, suggesting

that factors other than acid production were involved. Nutrient deple-

tion and hydrogen peroxide did not contribute to the inhibition in this

sy stem.

Enterotoxin B synthesis by S. aureus S6 and S. aureus ATCC

14458 was studied in Brain Heart Infusion broth (BHI) and N-Z Amine

NAK broth (NAK). Toxin yields by S. aureus S6 were approximately

180 µg /ml and 100 1.1.g/m1 in NAK and BHI, respectively at 30C and

150 rpm. Yields for strain 14458 were significantly lower. When

the initial inoculum of S. aureus S6 was 4 x 105 cells/ml, the addition

of 0.5% glucose or 0.5% maltose initially repressed both toxin



synthesis and the pH rise associated with toxin synthesis; however,

after 72 hr of incubation, the pH rise and toxin produced were the

same as occurred without added carbohydrate. Furthermore, addi-

tion of maltose, but not glucose, reduced the toxin yield of S. aureus

ATCC 14458 by about 80% at 72 hr.

When S. diacetilactis (initial inoculum 1 x 107 cells/ml) was

added to BHI containing 0. 5% glucose or 0. 5% maltose, no toxin syn-

thesis or pH rise was observed when the initial inoculum of S. aureus

was 4 x 105 cells/ml. In plain BHI, no toxin was observed under

these associative growth conditions and the pH remained constant at

6.6. Inhibition of toxin production in this system could be partially

reversed by the addition of 0. 5% sodium pyruvate, sodium acetate or

sodium succinate.

When the initial inoculum of S. aureus was 4 x 108 cells/ml,

only partial or no inhibition of toxin production in the presence of S.

diacetilactis (inoc ulum 1 x 107 c ell s /m1) was observed. Sub stantial

inhibition by S. diacetilactis was observed at this concentration when

the medium was BHI + 0. 5% maltose but not when BHI + 0. 5% glucose

was used. Inhibition of toxin production but not growth was evident in

NAK + 1% glucose. Sodium citrate addition inhibited both growth and

toxin production by S. aureus S6.

The toxin yields of the S. aureus strains were greatly reduced

when static incubation was used. Inhibition by S. diacetilactis was



readily demonstrated under these conditions.

Three commercially available starter cultures, Lactacel,

Lactacel MC and Lactacel DS, were examined for their ability to con-

trol the growth of S. aureus during a simulated beaker sausage fer-

mentation at 21C, 30C and 37C. Although differences between cul-

tures were evident, all three gave greater than 99% inhibition after

50 hr of incubation at 30C and 37C. Inhibition was somewhat reduced

(average of 97% at 50 hr) at 21C. Chemical acidulation with glucono-

delta-lactone (0.75%) plus citric acid (0. 1 %) yielded good initial con-

trol in a similar process. However, on extended incubation up to

50 hr good growth of the pathogen occurred and the inhibition was

only slight or none at this time for samples incubated at 30C and 37C;

at 21C inhibition was approximately 97%. A combination of starter

cultures and chemical acidulation gave approximately 99.99% inhibi-

tion of S. aureus at the three temperatures after 50 hr of incubation.

Possible applications of these findings to the food industry are

discussed. A greater role for the lactic acid bacteria in the area of

food-safety is suggested.
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STUDIES ON THE INHIBITION OF FOOD-BORNE
PATHOGENS AND SPOILAGE BACTERIA BY

LACTIC ACID STARTER CULTURES

INTRODUCTION

Fermentation by the lactic acid bacteria has long been used by

man as a means of food preservation. Cheeses and a variety of other

cultured dairy products such as yogurt, buttermilk, sour cream, and

acidophilus milk; fermented sausage, sourdough bread and sauerkraut

are some examples of a diverse range of products made utilizing fer-

mentation by these organisms. Properly fermented foods have

enjoyed a fine reputation for their consistent flavor and aroma and

also for their high food-safety rating.

Although extensive research is still required to enable the

utmost benefit to be derived from these organisms in some of the

traditional fermented products, for example, sausage making, there

has been an increasing awareness in recent years of the potential use-

fulness of these organisms in other applications in the food industry.

There are several reasons for this increased interest in the lactic

acid bacteria. There has been mounting concern over the extensive

human morbidity resulting from food-borne illnesses caused by sal-

monellae, staphylococci, Clostridium perfringens, shigellae and

more recently Vibrio parahaemolyticus and Bacillus cereus. The

striking absence of food-borne illnesses caused by properly cultured
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dairy products and the evidence from research studies that certain

conventional lactic streptococci, lactobacilli and leuconostocs can

retard the growth of certain spoilage organisms and food pathogens

has indicated that the starter cultures have a definite relationship to

human health. The present day needs for longer shelf-life of foods

caused by centralized processing and modern merchandising methods

makes the lactic acid bacteria even more attractive as potential inhi-

bitors in food products.

There is a natural precedent for using biological inhibition to

increase the safety and shelf-life of food products. Food microbiolo-

gists are aware of the positive role of the natural microflora of many

products in preventing the growth of Cl. botulinum and many of the

more common food-borne pathogens mentioned above. This advan-

tageous effect could be increased by deliberately inoculating the foods

with microorganisms considered harmless or beneficial to humans.

Such organisms must be able to grow in the food so that they will

make up the main bacterial flora in the case of prolonged storage or

temperature mishandling. Modern food handling methods have re-

duced the protective saprophytic flora of many convenience type

foods. Thus, addition of a protective microflora is even more desir-

able in these items.

There are still other reasons for the recent increased interest

in the lactic acid bacteria. The role of these organisms in maintaining
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a proper microbial balance in the intestinal tract is receiving greater

recognition. This relates to both human and animal health and the

ability of these organisms to complement or replace certain antibiotic

treatments. Also, chemical food additives, many of which aid in con-

trolling the microbial flora of certain food products, are incurring

the wrath of the regulatory agencies, making biological rather than

chemical protective methods more attractive today.

Man has been relatively conservative in his application of such

useful organisms as the lactic acid bacteria. Either conventional cul-

tures or new ones should be used to provide new fermented products

using a variety of ingredients to make increased food sources avail-

able, especially in underdeveloped countries where this type of food

preservation would avoid the problems of refrigeration, etc. Recent

technological advances have made a large supply of these microorgan-

isms available so that they can be readily added to foods as active

cultures, either as frozen concentrates or in lyophilized form.

The purpose of the present study was to demonstrate the ability

of the lactic acid bacteria to inhibit a variety of food-borne pathogens

and spoilage organisms. Associative growth of the organisms under

different environmental conditions was chosen as a good index of the

potential use of the inhibition. The nature of the interactions of the

lactic acid bacteria and other organisms was also studied because a

better understanding of these interactions would lead to a more
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satisfactory utilization of the lactic acid bacteria in the manufacture

of semi-preserved foods. Because previous observations on the

inhibitory properties of these organisms were generally confined to

growth studies only, it was considered necessary to demonstrate that

toxin production by the most common food-poisoning organism,

Staphylococcus aureus, could also be readily inhibited. Toxin studies

were designed to extend the present literature findings on the effects

of different environmental conditions on toxin synthesis by S. aureus.

Since there is no available published information on the behavior of

S. aureus in fermented meat products, another phase of this study

was devoted to a comparison of three commercially available starter

cultures in a simulated fermented sausage process, especially from

a food-safety stand-point. A chemical acidulation technique, similar

to that being used by some manufacturers, was included for compari-

son in the latter study.
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HISTORICAL REVIEW

Th't Lactic Acid Bacteria as Inhibitors- -
Mechanisms of Inhibition

The literature pertaining to several factors which may contri-

bute to the role of the lactic acid bacteria as inhibitors in food pro-

ducts or broth media is reviewed. Some observations from studies

on other inhibitory organisms are included for completeness.

Low pH and Acid Production

The ability of the lactic acid bacteria to ferment carbohydrates

and yield acidic end-products is the basis of their role in food fer-

mentations. The homofermentative lactic acid bacteria, which include

the group N streptococci, pediococci and certain Lactobacillus

species, produce almost all lactic acid as the end-product of their

fermentation. The heterofermentative types, such as the leucono-

stocs, propionibacteria and many Lactobacillus species, produce a

mixture of acids, including lactic, acetic and formic acids and also

propionic acid (in the case of the propionibacteria). The acids pro-

duced by these bacteria and the resulting low pH of the environment

are inhibitory to a variety of organisms which fortunately includes

most of the well-known spoilage organisms and food-borne pathogens.

Reports on the inhibitory properties of cultures and culture
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filtrates of Leuconostoc citrovorum towards several spoilage bacteria

and Staphylococcus aureus (Marth and Hussong, 1963; Mather and

Babel, 1959) were confirmed by Sorrel ls and Speck (1970) who attri-

buted the inhibition to the production of acetic and lactic acid, the

former being more inhibitory. Keenan (1968) also pointed out the

importance of acetic acid as a potential inhibitor in cultures of L.

citrovorum and L. dextranicum. Likewise, Pinheiro, Liska and

Parmelee (1968) concluded acetic acid was the inhibitory agent in cul-

ture filtrates of Streptococcus diacetilactis and L. citrovorum.

Reports by Hentges (1967a,b; 1969; 1970) demonstrated the role of

acetic and formic acids in the inhibition of Shigella by coliforms and

Klebsiella in the intestinal tract. The inhibitory properties of several

acids on Salmonella typhimurium and S. aureus were reported by

Goepfert and Hicks (1969) and Minor and Marth (1970), respectively.

Chung and Goepfert (1970) showed that the pH at which Salmonella

would initiate growth varied with the acid used to lower the pH. Thus,

the effects of different acids on a particular organism vary with the

acid involved and the pH reached. The acids are more inhibitory at

lower pHs, indicating that the undissociated form of the acid is the

active agent (Goepfert and Hicks, 1969; Hentges, 1967b; Sorrels and

Speck, 1970). The fate of S. aureus in cultured dairy products such

as buttermilk, yogurt and sour cream was studied by Minor and

Marth (1972a). A similar study involving coliforms was reported by
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Goel, Kulshrestha and Marth (1971). Other interactions involving

acid production and pH changes will be evident in the discussion of

behavior of the food-poisoning organisms in different food environ-

ments.

Hydrogen Peroxide Production

Many lactic acid bacteria produce large amounts of hydrogen

peroxide especially when grown in an atmosphere of high oxygen con-

tent. This represents another method by which they may inhibit other

organisms. A non-identified, heat-labile compound which may have

been hydrogen peroxide was implicated by Sabine (1963) and Vincent,

Veomett and Riley (1959) in inhibitory properties associated with cul-

tures of lactobacilli, Wheater, Hirsch and Mattick (1952) proposed

hydrogen peroxide as the inhibitory agent in cultures of L. lactis

active against S. aureus but Dahiya and Speck (1968) were the first to

actually demonstrate accumulation of this substance in Lactobacillus

growth media. They observed inhibition of S. aureus by cultures of

L. lactis and L. bulgaricus. Price and Lee (1970) identified H202 as

the inhibitory agent produced by Lactobacillus species isolated from

oysters and active against Pseudomonas, Bacillus and Proteus

species. H202 is also produced by Streptococcus lactis and S.

cremoris when grown under conditions of high oxygen tension (Anders,

Hogg and Jago, 1970; Gilliland and Speck, 1969). Studies on the
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reduced nicotinamide adenine dicnucleotide oxidase of S. diacetilactis

did not show H202 as an intermediate in this organism (Bruhn and

Collins, 1970).

Oxidation-Reduction Potential

An organism may cause inhibition of others by reducing the

oxidation-reduction potential of the medium to a sufficiently low level.

Dubos and Ducluzeau (1969b) demonstrated that inhibition of a Micro -

coccus species by S. aureus was due to lowering of the oxidation-

reduction potential below 100 my. Hentges (1967a, 1969) showed that

the inhibitory properties of coliforms and Klebsiella against Shigella

were due to a combination of reduced oxidation-reduction potential

and volatile acid production. The reducing properties of the lactic

acid bacteria are well recognized. Dellaglio, Premi and Bottazi

(1970) reported oxidation-reduction potential values as low as -250

my for L. casei grown in milk.

Antibiotic Production

The ability of certain lactic acid bacteria to produce antibiotic

substances has been well established. Nisin, isolated by Hirsch

(1951), is a peptide produced by S. lactis and has strong bacteriocidal

properties against some Gram positive organisms. It has found appli-

cation in European countries where sporeformers belonging to the
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genus Clostridium are a problem in cheese-milk. A similar type

compound has been isolated from S. cremoris (Oxford, 1944). Collins

(1961) reported strain dominance due to antibiotic production by S.

diacetilactis but no name has been given to an antibiotic from this

organism. Baribo and Foster (1951) reported production of an inhi-

bitor by S. lactis active against L. casei. It was most active at low

pH. The literature contains conflicting reports on the ability of lacto-

bacilli to produce antibiotics. The possible confusion with H202 by

some workers has been mentioned. Sabine (1963) suggested L. acid-

ophilus produced an extremely labile antibiotic active against E. coli

and a Staphylococcus but the substance was not isolated. Tramer

(1966) attributed much of the inhibitory effects of L. acidophilus to

the lactic acid produced but suggested that some other inhibitor was

also formed. Vakil and Shahani (1965) and Reddy and Shahani (1971)

have published preliminary reports describing the isolation and

properties of acidophilin and bulgarican, broad-spectrum antibiotic

substances produced by L. acidophilus and L. bulgaricus, respec-

tively.

Nutrient Depletion

A difference in metabolic activities may make it possible for an

organism to exhaust an essential nutrient from a growth medium and

thus retard the growth of others. This effect was observed by Hsu
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and Lockwood (1969) in a study on the effect of streptomycetes on the

growth of fungi in agar media. Dubos and Ducluzeau (1969a) showed

that the inhibition of S. aureus by a Micrococcus species was due to

the utilization by the Micrococcus of certain amino acids necessary

for growth of S. aureus. The amino acids involved were glutamic

acid, aspartic acid, arginine and threonine. Likewise, Troller and

Frazier (1963b) attributed the inhibitory properties of Serratia mar-

cescens and a Pseudomonas species against an enterotoxigenic strain

of S. aureus to competition for amino acids. Iandolo et al. (1965)

found depletion of nicotinamide from the medium to be the main

cause of inhibition of S. aureus MF31 by S. diacetilactis. More

extensive inhibition was observed in supernatants at pH 7.3 than in

those at pH 5.2, due to the decreased availability of nicotinamide at

the higher pH. Radich (1970) demonstrated inhibition of S. aureus by

several S. diacetilactis strains. The inhibition could be partially

reversed by the addition of nicotinamide and protein hydrolysate to

Trypticase Soy broth and milk, respectively.

Food-Borne Pathogens

Because of the huge volume of literature available, no attempt

to review the literature on all aspects of food-borne pathogens will be

made. Instead, recent review articles on the important organisms

will be cited and the behavior of each organism in food products will
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be discussed, with special emphasis on competitive ability. Staphylo-

coccus aureus will be discussed more fully because it was the food-

borne pathogen most widely used in the present study.

Staphylococcus aureus

Although it has been recognized as a food-poisoning organism

for almost 60 years, S. aureus continues to be one of the most impor-

tant food-borne pathogens associated with foods at the levels of food

production, food service and food consumption. During the first six

months of 1971, this organism accounted for approximately one-fifth

of all food-poisoning patients and one-fourth of all food-poisoning out-

breaks reported in the United States. The majority of the outbreaks

were associated with meat products (National Center for Disease

Control, 1971a).

Several recent review articles adequately describe many of the

properties of S. aureus itself and the toxins produced by this organ-

ism. Angellotti (1969) reviewed staphylococcal food-intoxication in

general. Other useful reviews have been prepared by Bryan (1968a),

Keogh (1971), and Baird-Parker (1971). Bergdoll (1967, 1970) dis-

cussed the properties of the enterotoxins produced by S. aureus. The

recent four-part, in depth review by Minor and Marth (1971; 1972b, c,

d) gives a very complete picture on all aspects of this organism and

its relationship to food-poisoning. Literature reviewed here will be
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confined to (a) the competitive ability of S. aureus in laboratory

media, (b) the behavior in food products, and (c) aspects of toxin

production that pertain to the research reported in this thesis.

Competitive Ability of S. aureus in Laboratory Media

The activity of other organisms in a mixed flora will influence

the growth of staphylococci. Although some stimulatory effects will

be mentioned, S. aureus is generally considered to be a poor competi-

tor. The interaction of so many factors such as the nature of the

competing organisms, temperature, pH and composition of the medi-

um etc., make this a complicated topic but some definite patterns

may be observed. Peterson, Black and Gunderson (1962a,b; 1964a,

b, c) reported the effects of several factors on the interaction of

staphylococci and several saprophytic, pyschrotrophic bacteria.

Inhibition of S. aureus was favored by (a) low numbers of the patho-

gen, (b) reduced temperature below 25C, and (c) reduced pH below

6.0. Increased salt content favored S. aureus and gave decreased

inhibition. Most inhibition was observed when glucose was the carbo-

hydrate used and sucrose, in particular, favored the growth of S.

aureus. Addition of whole egg and corn oil and buffering of the media

also favored S. aureus growth. Cris ley, Angelotti and Foter (1964)

also found that addition of small amounts of natural foods to synthetic

media had a protective effect on S. aureus. Troller and Frazier
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(1963a) studied the repression of S. aureus by seven food bacteria

from different genera. Inhibition was generally maximum after 8 to

10 hr of growth, at 20-25C, at pH 6.7-7.4 and was favored by

decreased S. aureus inocula. No effect of aeration was observed.

In a following paper, these authors (1963b) discussed the causes of

the observed inhibition. Five of the seven organisms yielded an anti-

biotic substance which was Seitz-filterable, dialyzable and stable at

90C for 10 min. Competition for amino acids was considered to be

the mechanism of inhibition in the case of the other two organisms.

Forty-four microorganisms were studied by McCoy and Faber

(1966) for their influence on staphylococcal growth and food-poisoning

in meat slurries. Only one organism, Bacillus cereus, showed stim-

ulation of S. aureus. Several organisms were found to inhibit growth

of S. aureus, while others allowed good growth without the formation

of detectable levels of enterotoxin A. Cultures of coliforms and

Proteus bacteria, mostly from food sources, were shown to inhibit

S. aureus by a combination of antibiotic production and competition

for nutrients (Di Giacianto and Frazier, 1966).

Oberhofer and Frazier (1961) tested 66 cultures of various food

bacteria and found that E. coli, various fecal streptococci, a nisin-

producing strain of S. lactis and unidentified meat lactobacilli were

inhibitory towards S. aureus. The inhibitory effect varied with the

medium used and the temperature of incubation. Graves and Frazier
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(1963) screened 870 isolates from a variety of market foods and

found 438 which influenced the growth of S. aureus. The majority of

these were inhibitory and belonged to the genera, Streptococcus,

Leuconostoc and Lactobacillus. Although some cultures stimulated

S. aureus during the early stages of growth, the majority of a large

number of lactic acid bacteria, mostly from foods, were inhibitory

(Kao and Frazier, 1966). Included in this study were low-tempera-

ture meat lactobacilli and L. dextranicum. These bacteria inhibited

S. aureus throughout its growth at 10, 15, 20 and 25C. Other reports

on the inhibition of S. aureus by the lactic acid bacteria have been

mentioned previously when considering the mechanism of action of

the latter organisms.

Staphylococci in Foods

Dairy Products. Although dairy products have, in general,

enjoyed a high reputation for food-safety, there have been several

rather large outbreaks of staphylococcal food-poisoning associated

with these products. Therefore, it is important to understand the

behavior of S. aureus in these products,and the interaction of this

pathogen and the lactic acid bacteria in fermented dairy products is of

particular interest in this study.

Since the udders of cows suffering from mastitis can be a major

reservoir of S. aureus, raw milk is a potentially dangerous food
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product. Fortunately, S. aureus is killed by pasteurization but cau-

tion must be taken to avoid post-pasteurization contamination. When

cheese is made from raw milk, proper attention to starter culture

activity and aging of the cheese is critical. Sharpe et al. (1965)

tested 910 samples of cheese produced in England and Wales and

found greater than 500,000 staphylococci per gram in 9% of the

samples. Donnelly, Black and Lewis (1964) demonstrated the pres-

ence of coagulase-positive staphylococci (50 to > 200, 000 /g) in 20%

of 343 market samples of Cheddar cheese examined.

Surveys such as those mentioned indicate the potential danger

of food-poisoning due to S. aureus in these food products and several

outbreaks have, indeed, occurred. One of the largest occurred in

1965 and involved people from several areas in the United States.

Cheddar cheese and small quantities of Kuminost and Monterey, all

manufactured at the same plant in Missouri, were involved. Zehren

and Zehren (1968a,b) examined a total of 2,112 vats of this cheese and

found 59 that were positive for enterotoxin A. Some cheeses con-

tained as much as 12 p.g of toxin per 100 gram. Examination of manu-

facturing records revealed that the toxin-containing cheeses were

produced under conditions of sub-normal acid development. The

National Center for Disease Control (1970b) reported the first con-

firmed case of staphylococcal food-poisoning traced to butter. In

1970, also, Rothschild reported the voluntary recall of more than
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70,000 lb of butter by a major manufacturing company. Samples con-

tained more than one million coagulase-positive staphylococci per

gram, and it was suspected that cases of food-poisoning had occurred.

Outbreaks of staphylococcal food-poisoning involving cheese as

the food vehicle have encouraged several workers to examine the

effects of starter culture activity on the growth of staphylococci.

Reiter et al. (1964) demonstrated inhibition of S. aureus in raw,

steamed and pasteurized milk by an active lactic starter culture. The

inhibition was not entirely dependent on low pH. Bacteriophage inhi-

bited starter allowed greater multiplication of S. aureus during cheese

making than did a normal starter. Also, the pathogen survived quite

well in the low acid cheese, in contrast to the rapid decline observed

with normal cheese. Jezeski et al. (1971) studied the ability of S.

lactis to inhibit growth and toxin production of S. aureus in sterile

and steamed reconstituted non-fat dry milk. Enterotoxin was not

detected after 72 hr in the presence of active S. lactis. However, in

the absence of S. lactis, or in the presence of starter plus specific

bacteriophage, toxin could be detected at 24, 36 and 72 hr. These

authors (Tatini et al. , 1971b) have also extensively studied the fate of

staphylococci added during the manufacture of several varieties of

cheese. When the initial S. aureus inoculum was 35,000 and 250,000

per ml in milk, enterotoxin was detected when the viable counts of S.

aureus reached at least 15 million and 28 million per gram of Colby
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and Cheddar cheeses, respectively, made with normal starter. When

starter failure was induced by the addition of specific bacteriophage

during the early steps of cheese making, S. aureus grew rapidly and

toxin was detected even when the initial S. aureus population was 1 to

2 thousand per ml in the milk. A reduced minimum number of S.

aureus in the cheese, 3 to 5 million per gram, also yielded toxin

under these conditions. No enterotoxin A was recovered from Blue

cheese, even when 25 to 50 million and 20 million staphylococci per

gram were present in cheese made with normal or reduced starter

activity, respectively (Tatini, Wesala and Jezeski, 1970). Neither

was enterotoxin A detected in Mozzarella cheese which contained

about 20 million S. aureus per gram but enterotoxin A was recovered

from Brick cheese and from Swiss cheese which contained 8 and 7-13

million S. aureus per gram, respectively. The authors suggested

that a stimulation of toxin production occurred due to the higher cook-

ing temperature (50C) used in the manufacture of Swiss cheese.

Tuckey et al. (1964) also observed higher numbers of S, aureus in

Swiss cheese than in Cheddar, Colby or Limburger during a study of

the relationship of the cheese making operation to the survival and

growth of S. aureus in different cheeses.

Studies in cottage cheese by Mickelsen et al. (1963) indicated

that the numbers of S. aureus in the curd at setting time were lower

when the short-set method was used. Similar findings were reported
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by Tuckey et al. (1964). They reported that 1% of a population of S.

aureus in milk survived in cottage cheese when the long-set method

was used (cooking temperature 40C for 40 min). No staphylococci

survived when the short-set method was used.

While, as mentioned above, some food-poisoning outbreaks

associated with dairy products have occurred, the large volume of

research described above should not be interpreted as alarm on the

part of the industry but rather a willing effort to examine all aspects

of the problem. The general finding is that a combination of factors

such as: close control of raw ingredients, care in sanitation, educa-

tion of personnel, and a reliable starter program will ensure the

safety of the products.

Non-Dairy Foods. The majority of staphylococcal food-poison-

ing cases reported are associated with meat and bakery products.

Meat products accounted for 52% and 74% of all reported cases in

1970 and during the first six months of 1971, respectively (National

Center for Disease Control, 1971a). The following selected examples

demonstrate that a variety of foods can become hazardous, if they are

contaminated with S. aureus under conditions which allow growth of

the organism. Pivnick et al. (1968) recovered 408 million coagulase-

positive staphylococci per gram from barbecued chicken involved in

a large food-poisoning outbreak. Shrimp salad was the food vehicle

in an outbreak reported by LaChapelle, Joy and Halvorson (1966).
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Several recent reports have involved fermented sausage products

from two large manufacturing companies (National Center for Disease

Control, 1971b, c, d). Some samples contained enterotoxin A and

greater than 1 million coagulase-positive staphylococci per gram.

McKinley and Clarke (1964) described a food-poisoning outbreak

caused by doughnut filling which contained 215 million S. aureus per

gram. Reported outbreaks are listed in the weekly "Morbidity and

Mortality" reports from the National Center for Disease Control,

Atlanta, Georgia.

The behavior of S. aureus in a food product, as indeed that of

any other organism, is difficult to predict because it is influenced by

so many factors. These include, the temperature, pH, available

oxygen, water activity, nature of the food, and the number and type

of other organisms in the immediate environment. Natural, raw

foods, for example, are not frequently involved in food-poisoning

outbreaks due to S. aureus, probably because of the poor competitive

ability of this organism. Thus Gasman, McCoy and Bradley (1963)

observed better growth of S. aureus in cooked meat than in raw meat

but high levels of viable organisms were reached in the raw product

and enterotoxin A was produced. The degree of aeration greatly

influenced the growth observed in raw meat. Pivnick et al. (1968)

also observed this effect of available oxygen on the growth of S.

aureus inoculated in barbecued chicken. When surface inoculation
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was used, a 10,000 fold increase in numbers was observed in 8 hr at

37C. Christiansen and Foster (1965) observed that vacuum packaging

greatly diminished growth of S. aureus on ham. The inhibitory effect

of the natural flora of meat pot pies (chicken, turkey and beef) was

demonstrated by Dack and Lippitz (1962).. They attributed the inhibi-

tion, evident after 18 hr at 37C, to a Lactobacillus, the predominant

organism present. When the pH was adjusted with phosphoric acid,

they observed good growth of S. aureus at pH 5.0 and above. Growth

was somewhat reduced at pH 4.5, while no growth occurred at pH

4.3 or below.

While the above, and similar studies, provide important infor-

mation on the behavior of S. aureus in selected food environments,

there are no reported studies on the fate of this and other food-borne

pathogens in fermented meat products. Indeed, only recently have

the starter organisms important in the fermentation process began to

receive widespread research attention. Increased knowledge in these

areas is essential to ensure the safety of the products. A similar

lack of knowledge exists concerning many of the convenience type

foods on the market today.

Factors Affecting Toxin Production by S. aureus

Food-poisoning due to S. aureus is strictly an intoxication, i. e. ,

the food-poisoning syndrome is caused by a toxin ingested with a food
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substance. The toxin, which is called an enterotoxin because it

causes disorders of the enteric system, is a water-soluble protein

which is secreted by the staphylococcal cells, i.e. an exotoxin.

Minor and Marth (1972b) and Bergdoll (1967, 1970) have reviewed

most aspects of the toxins produced by S. aureus. Therefore, this

discussion will be mostly limited to factors affecting the production

of enterotoxins; and the reader is referred to the review articles for

complete descriptions and the general properties of the toxins, as

well as assay procedures and the epidemiology of staphylococcal

intoxications.

The recent identification of type E toxin by Bergdoll et al. (1971)

brings to five the number of positively identified toxins associated

with S. aureus. Type A toxin is the one most frequently associated

with food-poisoning outbreaks, followed by types B and D. Type B is

commonly produced by multiple antibiotic resistant strains and has

been implicated in cases of enterocolitis in patients undergoing treat-

ment with broad-spectrum antibiotics (Baird-Parker, 1971). There

is some evidence that production of enterotoxin B may be under extra-

chromosomal control (Dornbusch, Hallander and Lofquist, 1969).

Enterotoxin yields of most types can be increased by colony selection.

The amount of enterotoxin produced by selected colonies under opti-

mum conditions varies from over 500 µg /m1 for type B producing
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strains (Kato et al. , 1966) to 60 µg /m1 for type C and up to 10 µg /ml

for type A producing strains (Reiser and Weiss, 1969).

Suitable Laboratory Media. Much research has been devoted to

the development of suitable laboratory media for the production of

large quantities of staphylococcal enterotoxins. Brain Heart Infusion

(BHI) broth and certain protein hydrolysates are now considered to be

most suitable (Gasman and Bennet, 1963; McLean, Lilly and Alford,

1968; Mullet and Friedman, 1961; Genigeorgis and Sadler, 1966).

The most common protein hydrolysates include Protein Hydrolysate

Powder (PHP) and a series of pancreatic digests of casein, desig-

nated N-Z Amines. N-Z Amine type NAK is most widely used.

These media are usually fortified with niacin, thiamine and panto-

thenic acid (Kato et al. , 1966), A synthetic medium has recently

been described which allows relatively high yields (125 µg /ml) of

enterotoxin B (Wu and Bergdoll, 1971a). These researchers (1971b)

also isolated five fractions from PHP which were stimulatory to type

B toxin production.

pH. When S. aureus is grown aerobically in media rich in pro-

tein digests such as those described above, the pH of the medium

rises to well above pH 8.0 at the end of the log phase of growth

(McLean, Lilly and Alford, 1968). At pH 5.0 and below little entero-

toxin B was detected, although good growth did occur (Peters, 1966;
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Kato et al. , 1966). It is generally agreed that pH is less critical to

type A toxin production than is the case for B and C. Thus, Reiser

and Weiss (1969) demonstrated that pH 6.8 was more suitable than

either pH 6.0 or pH 5.3 for production of enterotoxin B. However,

enterotoxin A synthesis was not affected by an initial pH as low as

5.3. Genigeorgis et al. (1971) observed type C toxin production at

pH values as low as 5.0 and as high as 9.80, provided the inoculum

was at least 108 cells/ml and the medium contained no sodium chlor-

ide. As the salt concentration was increased, the pH limits were

closer together. Genigeorgis and Sadler (1966) detected enterotoxin

B at pH 5.1 in broth media containing up to 5% salt.

Temperature. Scheusner and Harmon (1971) studied toxin pro-

duction by S. aureus in BHI broth under shaking conditions and

observed little difference in the temperature ranges within which the

four toxins, types A, B, C and D, were produced. Toxin production

was delayed or inhibited completely below 20C or above 46C. McLean,

Lilly and Alford (1968) found 8, 20 and 340 µg /m1 of enterotoxin B in

cultures incubated for 112 hr at 16, 20 and 37C, respectively. How-

ever, the final growth, as determined by optical density readings,

was the same at all three temperatures. Mar land (1967) reported

enterotoxin B production at temperatures of 15.2 to 43.2C but little

enterotoxin at the extremes of temperature. However, Tatini et al.
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(1971a) reported stimulation of the production of toxins A, B, C and

D, in BHI broth at temperatures (40C and 45C) above the optimum

growth temperature. This finding related to their observation that

the higher heat treatment used in the manufacture of Swiss cheese

tended to stimulate toxin production.

Curing Salts and Other Substances in Solution. Because of the

high frequency with which cured meats, e. g. ham, are associated

with food-poisoning due to S. aureus, it is important to determine the

effects of curing salts and other agents on toxin production. Troller

(1971) showed that enterotoxin B synthesis was extremely sensitive

to a reduction in water activity. Growth of the organism was less

severely affected. His findings are in agreement with the earlier

studies of McLean, Lilly and Alford (1968) who observed little entero-

toxin B synthesis in the presence of greater than 3% NaC1 (water

activity < 0.98), although total growth of the organism was not appre-

ciably affected, However, Genigeorgis and Sadler (1966) demon-

strated type B toxin synthesis at salt concentrations up to 10% at pH

6.9 and up to 4% at pH 5.1. Further studies by these research work-

ers showed type B toxin synthesis in cured meats with NaC1 in the

brine up to 9. 2%, about 2 to 5 times the amount present in commer-

cially prepared cured meats (Genigeorgis, Riemann and Sadler,

1969). They also observed type C enterotoxin at 4% NaC1 within the

pH range 4.4 to 9.43 (Genigeorgis et al. 1971). Studies by Hojvat and
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Jackson (1969) and Baird-Parker (1971) tend to support the findings

of Genigeorgis and co-workers. McLean, Lilly and Alford (1968)

showed that concentrations of sodium nitrate or sodium nitrite up to

the maximum levels allowed in cured meats (1000 ppm and 200 ppm,

respectively) did not effect growth or type B toxin production. Simi-

lar findings were reported by Markus and Silverman (1970) in the

case of enterotoxin A.

Influence of Other Organisms. As mentioned above there are

numerous reports on the inhibition of growth of S. aureus by the inter-

action of other organisms in laboratory media and foods. However,

there are few reports on the effects of these microorganisms on toxin

production per se. The recent work of Tatini and co-workers on the

effects of starter cultures on toxin production during cheese making

has been discussed. McCoy and Faber (1966) did observe some inhi-

bition of enterotoxin A production by the natural flora of cooked beef

slurries.

Other Aspects of Toxin Synthesis. The need for oxygen for high

yields of toxin production is well recognized (Casman and Bennet,

1963; McLean, Lilly and Alford, 1968). The latter workers also

described the pattern of toxin production relative to the growth cycle

of S. aureus. Toxin was synthesized at the beginning of the station-

ary phase of growth and there was a simultaneous rise in pH. Similar
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findings were reported by Morse, Mah and Dobrogosz (1969). They

also showed that toxin was not preformed and simply released by the

rise in pH. Chloramphenicol addition prevented toxin synthesis at

this time, indicating that enzyme synthesis was necessary. In the

presence of glucose (up to 0.3%) growth was diauxic. Glucose fer-

mentation yielded a drop in pH but it rose later during toxin synthe-

sis. The authors suggested a catabolite repression of toxin synthe-

sis may be acting. No toxin was demonstrated in this study when >

0.3% glucose was added. Markus and Silverman(1970) showed that in

contrast to type B, type A toxin synthesis occurs during active growth

of the organism.

Clostridium perfringens

During the first six months of 1971, Cl. perfringens was the

second most common food-poisoning agent, representing 17% of the total

outbreaks and 52% of all victims of food-poisoning in the United States

(National Center for Disease Control, 1971a). The same agency lists

the 1970 figures as 18% and 45%, respectively. The number of out-

breaks associated with this organism has been increasing, especially

in the past ten years. This may be attributed to increased awareness

on the part of the reporting agencies and to better methods for detect-

ing the organism. Outbreaks are associated with meat products that

have been cooked but have not received a time-temperature treatment
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required to kill spores of Cl. perfringens. Germination and multipli-

cation of the vegetative cells may occur if a long cooling period is

allowed. This type of situation makes this organism a particular

problem in the food service industry today.

Reviews by Hobbs (1969), Bryan (1969) and Duncan (1970) ade-

quately describe most aspects of Cl. perfringens and its association

with food-poisoning. Hauschild (1971) discussed the controversial

topic of the enterotoxin associated with this organism. It is now

believed that Cl. perfringens does form an enterotoxin which is asso-

ciated with sporulation of the organism after it has multiplied in the

small intestine. This toxin is different from the enterotoxin associ-

ated with S. aureus. The latter is preformed in the food and is con-

sidered to act via the central nervous system and not directly on the

inte stine.

When considering the potential of the lactic acid bacteria to

control the development of Cl. perfringens in foods, an understanding

of the pH tolerance of this food pathogen is necessary. Fuchs and

Bonde (1967) observed no growth below pH 5.0, while rapid growth

occurred between pH 5.5 and pH 8.0. Barnes, Despaul and Ingram

(1963) observed only variable growth at pH 5.7-5.8 in beef stored at

68F, while good growth was evident at pH 7.2.
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Salmonellae

The problem of salmonellae in food products has been recog-

nized for many years and since 1966, in particular, regulatory

agencies have allotted a great deal of analytical and inspectional

resources to the surveillance of many foods for Salmonella. In 1970

the National Center for Disease Control listed 49 outbreaks of Sal-

monella gastroenteritis involving 3,852 persons. Ninety-two percent

of the patients acquired their infections from cooked, prepared foods

such as turkey, chicken, beef, pork, potato salad, bread-pudding and

spaghetti sauce.

The important aspects of the public health significance of sal-

monellae have been reviewed by Bryan (1968b). An extensive review

has also been published by Taylor and McCoy (1969). Despite the

large volumes of literature devoted to these organisms, relatively

little information is available on their survival in low acid food envi-

ronments. Chung and Goepfert (1970) achieved growth of some

species in broth at pH values as low as 4.1. The acidulant used and

the degree of aeration affected the growth response. A recent study

by Matches and Liston (1972) correlated the effects of pH on low-

temperature growth of salmonellae. Results indicated that food-

poisoning Salmonella serotypes grew only over a narrow range at

low temperatures. Like S. aureus, many salmonellae are considered
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to be poor competitors. Dack and Lippitz (1962) demonstrated the

inhibitory effects of the natural flora of chicken, turkey and beef pies

on Salmonella, as well as on S. aureus and E. coli. The inhibition

seemed to be correlated to increased acidity to pH 4.0. Sorrel ls and

Speck (1970) described the inhibition of Salmonella gallinarum by cul-

ture filtrates of L. citrovorum. The main inhibitory agent was con-

sidered to be acetic acid.

Vibrio parahaemolyticus

Vibrio parahaemolyticus is the leading cause of food-borne

diseases in Japan (Sakazaki, 1969). Recently, however, it is begin-

ning to be recognized as an important and ubiquitous enteropathogen

in several other countries including the United States (National Center

for Disease Control, 1972). Its presence in the Pacific waters of

Washington has been demonstrated by Baross and Liston (1970). V.

parahaemolyticus gastroenteritis is generally associated with the con-

sumption of marine foods such as crab, shrimp, oysters, etc. that

have been improperly handled. The isolation, identification and public

health significance of this organism have been reviewed by Nickelson

and Vanderzant (1971).

There are at least two literature reports on the beneficial

effects of the lactic acid bacteria in sea-foods. Price and Lee (1970)

described the inhibition of Proteus, Bacillus and Pseudomonas
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species by hydrogen peroxide producing lactobacilli. Valenzuela et al.

(1967) reported that S. lactis and L. viridescans inhibited growth and

toxin production by Cl. botulinum type E in raw fish. While there are

no literature reports on the competitive ability of V. parahaemolyti-

cus, it is feasible that a similar antagonistic effect of the lactic acid

bacteria against this organism could be demonstrated. In this regard,

the recognized inability of this pathogen to survive at low pH (Vander-

zant and Nickelson, 1972) may be significant.

Starter Cultures in the Fermented Meat Industry

The use of bacterial pure cultures in the meat industry has not

received as much research attention as the use of similar cultures in

the dairy industry. This may have been because meat technology has,

in most countries, lagged behind dairy technology and meat is a more

difficult material to examine, because of its lack of homogeneity com-

pared to milk and dairy products. Investigations of the effects of

bacterial pure cultures present difficulties because it is not possible

to work with sterile or pasteurized products as may be done in the

manufacture of dairy products. Successful manufacture of dried and

semi-dried fermented sausage products such as thuringer, cervelat,

summer sausage, Lebanon bologna and pepperoni, requires a strong

fermentation to yield the desired characteristics including the typical,

tangy flavor and chewy texture. The characteristic tang is considered
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to be due to lactic acid and other products of bacterial metabolism

(Kramlich, 1971).

In the past, sausage manufacturers relied on chance contami-

nation from the meat ingredients and the surrounding environment to

initiate the desired fermentation. Often, they were beset with large

losses of product due to undesirable fermentations and also to the

wide variation in overall product quality. Early researchers sought

two essential characteristics in a starter for meat fermentations:

(a) it should be able to reduce nitrate to nitrite and thereby ensure

proper color development in the product, and (b) it should bring about

a rapid lactic acid fermentation to yield the desired flavor and texture

of the finished product and concurrently to control the growth of unde-

sirable contaminants. Jensen and Paddock (1940) pioneered the use

of starter cultures in sausage manufacture. They used several

Lactobacillus species to effect the lactic acid fermentation but relied

upon chance contamination for nitrate reduction.

It was not until the late 1950's, however, when researchers at

the American Meat Institute devoted much effort to this area, that

significant advances in the utilization of pure bacterial cultures in

meat fermentations was achieved. About this time the addition of

nitrite directly to meat was legalized, so these workers concentrated

on finding a suitable culture that would achieve the desired fermenta-

tion in the meat environment. Studies revealed that certain lactobacilli
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and Pediococcus cerevisiae were suitable for this purpose (Deibel,

Wilson and Niven, 1961; Deibel, Niven and Wilson, 1961). Because it

could better withstand the lyophilization process, P. cerevisiae was

made available to the industry under the trade name "Accel." The

use of Accel reduced the time required to produce a typical semi-dry

sausage from about 150 hr as required in the traditional process to

about 40 hr and also resulted in improved flavor and uniformity of the

product (Mills and Wilson, 1958; Niven, Deibel and Wilson, 1958).

Simultaneous work by European research workers resulted in a lyo-

philized Micrococcus strain as another suitable starter for fermented

meat products (Niinivara, Pohja and Komulanien, 1964).

Sausage prepared with the lyophilized culture, Accel, was held

at 80-85F for 12-16 hr to allow the organisms to absorb moisture and

after this time the temperature could be increased to the optimum for

active fermentation. To eliminate the holding period and space limi-

tations associated with this rehydration step, "Lactacel, " a frozen

concentrate of the same P. cerevisiae strain was substituted for

Accel (Everson, Danner and Hammes, 1970). This active culture

eliminated the holding period and the sausage mix could be moved

directly into the fermentation stage at 100-110F and 90-95% R.H.

Total production cycles were reduced to less than 20 hr and sausage

flavor, color, texture and yield were acceptable.

While it is obvious from the above that great advances have



33

been made in the application of starter cultures to these fermented

meat products, there is a tremendous need for more research in this

area. In some types of sausage, for example, secondary fermenta-

tions appear to aid the primary lactic acid fermentation in producing

the organoleptic distinctiveness of the products. As yet, no attempt

has been made to elucidate the microbiology of these secondary fer-

mentations. Research is needed to provide starter cultures with the

desired characteristics to manufacture a variety of products. Studies

on the safety of these fermented products are also required. This is

especially true since not all manufacturers have adopted the use of

starter cultures to give a controlled fermentation. Some, unfortu-

nately, still rely on chance contamination, while others practice a

potentially dangerous technique called "back-slopping." This con-

sists of holding over part of a fermented batch and using it to inocu-

late an incoming meat-mix. Other manufacturers use a form of

chemical acidulation to produce the desired low pH. Glucono-delta-

lactone is added to the meat-mix and results in a rapid increase in

acidity to about pH 5.0 (Sair, 1965). The lactone is converted to

gluconic acid in the presence of water. However, the rapid drop in

pH reduces the water binding capacity of the meat proteins and excess

free moisture results. While the recent problems with staphylococci

have caused expensive product-recalls, the fermented meat
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manufacturers have no data available to them on the relative ability

of the different fermentation techniques to yield a safe product.
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MATERIALS AND METHODS

Bacterial Cultures

The identification and source of the cultures used in this study

are listed in Table 1. The lactic streptococci used as inhibitory

organisms were checked for proper genus and species designation by

the physiological and serological tests summarized in Table 2.

Maintenance of Stock Cultures

Stock cultures of the lactic streptococci were maintained frozen

in 11% nonfat dry milk (Matrix, Galloway West Co. , Fond Du Lac,

Wisconsin) at -20C. Vibrio parahaemolyticus ATCC 17802 was main-

tained on Trypticase Soy agar slants (Baltimore Biological Laboratory)

with 2.5% added sodium chloride. Clostridium perfringens strains

were maintained on agar slants of medium with the following compo-

sition: 5.0% Trypticase, 1.0% peptone, 0.5% yeast extract, 0.5%

glucose, 0. 01% thioglycollate and 1.5% agar. The Staphylococcus

aureus strains used were maintained on lactic agar slants (Elliker,

Anderson and Hanneson, 1956), or on Liver Infusion agar slants

(Difco). The strains used in toxin studies, S. aureus S6 and S. aureus

strain 14458, were also maintained in the lyophilized state in sealed

ampoules (under vacuum) at -20C since prolonged transfer in labora-

tory media is known to decrease toxin production. The commercial
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Table 1. Identification and source of bacterial cultures used in this
study.

Culture Source

Lactic Acid Bacteria

Streptococcus diac etilac tis
18-16, 26-2, 3D-1, DRC-1

S. lactis C2

S. cremoris 990

Pediococcus cerevisiae P60

Pediococcus cerevisiae (Lactacel)

Lactobacillus planta rum (Lac tac el DS)

Mixed Culture (Lactacel MC)

Contains both P. cerevisiae and
L. plantarum

Food-Borne Pathogens

Staphylococcus aureus ATCCa 13565
ATCC 14458, ATCC 19095, ATCC
23235, 265-1, 12600

S. aureus S6

Salmonella seftenberg

Culture collection
Microbiology Dept.
Oregon State University

Commercial culture s
obtained as frozen con-
centrates from
Mic rolife Technic s
Sarastoa, Florida

Dr. L. R. Chugg
Bird's' Eye Division
General Foods
Woodburn, Oregon

Dr. M. J. Woodburn
Dept. of Foods & Nutrition
Oregon State University

Dr. A. W. Anderson

Salmonella tennessee Dr. A. W. Anderson



37

Table 1 (continued)

Culture Source

Vibrio parahaemolyticus ATCC 17802

Clostridium perfringens 3624, 19220,
19219

Food-borne Spoilage Organisms

Pseudomonas fluorescens

P. fragi

P. viscosa

* P. aeruginosa QRMS, 10145

Alcaligenes metalcaligenes

A. viscosa

Escherichia coli

* Serratia marcescens

Dr. A. W. Anderson
Microbiology Dept.
Oregon State University

Culture collection
Microbiology Dept.
Oregon State University

aATCC - American Type Culture Collection.

Possible pathogens as well as spoilage organisms.
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Table 2. Characterization of the lactic streptococci used in the
present study.

Test
Strepto-
coccus

lactis C2

S. diaceti-
S. c remoris lactis

990 18-16, 26-2,
3D-1, DRC -1

Reaction to group N
antiserum

Coagulation of milk
in 48 hr

Diacetyl produced
in milka

NH3 from arginineb

CO
2

from citrates

Differential brothd acid, NH3, acid acid,
CO2' NH3

aMethod of King (1948).

bMethod of Niven, Smiley and Sherman (1942).

CMethod of Sandine, Elliker and Hays (1962).

dMethod of Reddy, Vedamuthu and Reinbold (1970).
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cultures were received in the frozen state and stored at -2.0C until

used. All other cultures were maintained on lactic agar slants.

Inhibition Studies

A cross-streaking technique (Vedamuthu et al. , 1966) in which

the test organism and the lactic acid bacterium were cross- streaked

at right angles to each other was employed. Milk agar plates were

prepared by mixing sterile milk (11% solids) and an equal volume of

3% melted agar solution. They were cross-streaked with proteolytic

organisms and the lactic acid bacteria to check for inhibition of

growth and proteolysis. In some studies a lawn of the test organism

on lactic agar was prepared. Discs, pre-soaked in a culture of one

of the lactic acid bacteria or in the cell-free supernatant from such a

culture, were placed on the surface of the agar. Following incubation

at a suitable temperature, the plates were examined for possible

zones of inhibition in the areas adjacent to the added discs.

Associative Growth Experiments in Milk and Broth

Methods will be described for S. diacetilactis, the inhibitory

organism most used in this study. Each test organism was grown in

association with S. diacetilactis in milk and/or lactic broth and viable

counts of the two organisms were determined by differential plating

techniques which are summarized in Table 3. One hundred ml of
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Table 3. Summary of the differential techniques used to obtain
viable counts of the test organisms grown in association
with the lactic acid bacteria.

Organism Differential Method

S. aureus strains Selective media: Vogel-
Johnson agar, lactic agar
+ 7% NaC1, TPPF agar

Salmonella strains XLD agar

Cl. perfringens strains Anaerobic incubation of
plates at 45C.

Gram negative spoilage organisms Incorporation of 1 ppm
crystal violet in the plating
media.

Vibrio parahaemolyticus Incorporation of 7% NaC1
in the plating medium.

Streptococcus liquefaciens Incubation of plates at 45C.

milk or broth in a 250-ml Erlenmeyer flask was inoculated (1%) with

an 18-hr culture of both S. diacetilactis and the test organism. For

V. parahaemolyticus, the broth was modified to contain 1% glucose

and 3.0% sodium chloride. Control flasks had each organism growing

alone. Incubation was static at 21C or 30C and viable counts were
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determined at intervals. Samples were removed and diluted as

necessary using Butterfield's phosphate buffer (Food and Drug

Administration, 1969). Aliquots (0. 1 ml) of the appropriate dilution

were placed on pre-poured plates and spread with a glass rod. Lac-

tic agar with 0.002% brom-cresol purple incorporated was used to

count S. diacetilactis. Escherichia coli, Serratia marcesens and the

Pseudomonas and Alcaligenes strains used were counted on plate

count agar (Difco) with 1 ppm crystal violet incorporated to prevent

growth of S. diacetilactis. Salmonella species were plated on XLD

agar (Difco). Streptococcus liquefaciens was counted on lactic agar

plates incubated at 45C for 48 hr. Staphylococcus aureus was plated

on Vogel-Johnson medium (Difco) and on lactic agar with 7% sodium

chloride, which excluded the growth of S. diacetilactis. V. para-

haemolyticus was plated on Trypticase Soy agar containing 7% sodium

chloride. Also, for this organism, 3% sodium chloride solution was

used as diluent. In the case of Cl. perfringens the associative growth

experiments were carried out under 24 units of vacuum in a Jasper P.

Marsh, Model 36501, anaerobic chamber (National Appliance Co. ,

Portland, Oregon) at 30C. Plate counts of Cl. perfringens were

determined by the pour plate technique using the maintenance medium

detailed above. The plates were placed in jars which were first

evacuated, flushed twice with 99.6% nitrogen 0.3% carbon dioxide,

and maintained in this atmosphere at 45C for 24 hr.
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The ability of S. diacetilactis to prevent proteolysis of milk by

P. fluorescens at low temperatures was examined by conducting

associative growth experiments similar to those described and incu-

bating the flasks at 7.5C for four weeks.

Associative Experiments in Foods

Using S. aureus as the test organism, associative growth

studies with S. diacetilactis were carried out with different foods as

suspending media. The procedure described for milk and broth

studies was modified to suit the food in question.

Dehydrated chicken gravy from two different commercial

sources was reconstituted following the manufacturers' instructions.

A commercially available soy bean milk was treated in a similar

manner. Vanilla cream filling contained flour, salt, milk, eggs and

vanilla. Aliquots (100 gm) were inoculated with the desired cultures

and incubated at 25C. Lactic broth cultures of S. aureus were cen-

trifuged at 6,000 g for 12 min, resuspended in phosphate buffer and

added to the food at the desired concentration.

Commercial ham spread was weighed into a sterile Waring

blender jar and mixed well after addition of the desired cultures. A

1% inoculum of an 18-hr culture of S. diacetilactis was used. The

well mixed ham spread was pipetted into test tubes using a wide-

mouthed pipette (10-ml quantities) and incubated at 25C.
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Ground meat, after receiving the appropriate additions of cul-

tures, was thoroughly mixed by hand using disposable vinyl gloves.

The meat (10 g) was then dispensed in sterile petri dishes. Samples

were incubated at 25C to check for inhibition of S. aureus and at

7. 5C to check for inhibition of the Gram negative spoilage flora.

Representative samples from each storage condition were plated at

1 day intervals. Ten g of meat were added to 99 ml of sterile phos-

phate buffer in a Waring blender jar. Plating was done as described

earlier after mixing for 3 min.

Cell-Free Preparations

Cell-free supernatants of S. diacetilactis were obtained by cen-

trifuging lactic broth cultures at 6, 000 g for 12 min and removing

the supernatant which was filter-sterilized. The ability of the test

organisms to grow in these supernatants was determined using the

plating methods described above.

Associative Growth Experiments at Controlled pH

S. aureus was grown in association with S. diacetilactis in a

New Brunswick batch fermenter with automatic pH maintenance at

6.8 by addition of 35% sodium carbonate. A 1% inoculum of an 18-hr

culture of each organism was added to 700 ml of lactic broth. The

medium was agitated gently at 30C. Control experiments were
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carried out using each organism growing alone and the two in associ-

ation without pH control. Viable plate counts were determined at

intervals.

Effect of Added Acids

Acetic, formic, lactic and hydrochloric acids were added to

lactic broth to adjust the pH to 4.5 and aliquots neutralized to pH

5.0, 5.5, 6.0 and 6.5 with 35% sodium carbonate. Filter-sterilized

100-m1 samples were inoculated with P. fluorescens and S. aureus

and treated as described above.

Estimation of Acids Produced by S. diacetilactis

The contribution of the acids produced by S. diacetilactis to the

observed inhibition was studied in three modifications of lactic broth.

Medium A contained 2% Tryptone, 1% glucose, 0.4% sodium chloride,

0.25% gelatin. Medium B contained these ingredients plus 0. 5%

yeast extract and 0. 5% sodium citrate. Medium C contained 1. 0%

sodium citrate in addition to the other ingredients in Medium B.

Lactic Acid

Total lactic acid was determined by the Harper and Randolph

(1960) modification of the Ling (1951) method as outlined by Matts son

(1965). The amount of lactic acid in cell-free supernatants was
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determined colorimetrically from the yellow color of the supernatant

on the addition of ferric chloride. A 2% FeC1
3

6H20 solution in

water was used. The optical density at 425 nm was read within 15

min using a Bausch and Lomb Spectronic 20 spectrophotometer. An

uninoculated blank was treated similarly. Since S. diacetilactis pro-

duces all L(+) lactic acid (Mattsson, 1965) determination of L(+) lactic

acid was carried out to confirm the total lactic acid results. This was

done using the method of Mattsson (1965); the nicotinamide adenine

dinucleotide (NAD-grade III) and lactic dehydrogenase (stock no.

826-6) were obtained from Sigma Chemical Company. The optical

density was read at 340 nm on a Beckman DU spectrophotometer

against an uninoculated blank treated in the same way as the sample.

The amount of L(+) lactic acid was read from a standard curve.

Acetic Acid

Culture supernatants were checked for volatile acids by gas

liquid chromatography. A 6' x 1/8" stainless steel column was filled

by vibration with a packing mixture prepared as follows: 2.0 g of

neopentyl-glycolsuccinate and 0.2 g of concentrated phosphoric acid

were dissolved in about 50 ml of chloroform (enough to form a smooth

slurry with Poropak Q) . Once dissolved, 10 g of 80-100 mesh Poro-

pak Q were added, and the slurry well stirred in a small beaker.

The mixture was evaporated to dryness and added to the column by



46

vibration. The column was equilibrated for 12 hr at 180C before use.

All analyses were made using an F and M High Efficiency Gas Chro-

matograph (Model 402) with a Honeywell Strip Chart Recorder (Elec-

tronik 16) and a Hewlett-Packard 3370A Integrator. Isothermal

operation at 160C was used. Injection port and detector tempera-

tures were 198C and 195C, respectively. Gas flow rates were

approximately as follows: helium 70 ml/min, hydrogen 20 ml/min

and air 300 ml/min. The injection volume was 1 or 2 p.l.

Determination of Formic Acid

The method of Wood and Gest (1957) as employed by Fryer

(1970) to measure formate production by lactobacilli was used to

measure this metabolite in supernatants of S. diacetilactis. For-

mate was reduced to formaldehyde which was then reacted with acetyl

acetone to produce a colored compound. The optical density at 412

nrn was determined in a Bausch and Lomb Spectronic 20 spectropho-

tometer.

Toxin Studies

Bacterial Cultures

S. aureus strains S6 and ATCC 14458 were used in the studies

on the effect of S. diacetilactis 18-16 on toxin production. S. aureus

ATCC 14458 is the prototype enterotoxin B producing strain, while
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S. aureus S6 produces a large amount of enterotoxin B and also some

type A. Lyophilized S. aureus cultures were re-propagated in 4%

N-Z Amine NAK (Sheffield Chemical Co. , Norwich, N. J.) at 37C

and working cultures were subsequently maintained on Liver Infusion

agar slants (Difco).

Growth Conditions

Brain Heart Infusion (BHI) broth (Difco), 4% N-Z - Amine NAK

(NAK) and modified lactic broth, containing 0. 5% glucose as the only

added carbohydrate, were used as growth media. The NAK was for-

tified with 0.5 µg /ml each of niacin, thiamine and pantothenate.

Glucose (Sigma Chemical Co. , anhydrous, grade III), maltose (mono-

hydrate, Matheson, Coleman and Bell), sodium pyruvate (Sigma,

crystalline type II) and reagent grade sodium succinate and sodium

citrate were added in some experiments. Associative growth experi-

ments were generally conducted in 50 ml of broth in 250-ml Erlen-

meyer flasks maintained at 30C and 150 rpm on a New Brunswick

environmental controlled temperature shaker. Some flasks were

also incubated at 30C under static conditions. An 18- to 20-hr cul-

ture of S. aureus grown in NAK broth under the shaking conditions at

30C was used for inoculation at 2 levels, 4 x 105 cells/ml and 4 x 108

cells/ml. S. diacetilactis was inoculated (1 x 107 cells/ml) from an

18- to 20-hr culture grown in BHI + 0. 5% glucose without shaking.
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Control flasks containing each organism growing alone were incubated

under similar conditions.

Assay Procedures

Four-ml aliquots were removed at intervals, plated, if neces-

sary and centrifuged at 6, 000 g for 10 min. The supernatant was

stored at 5C until checked for pH and toxin production. For some

growth studies optical density was recorded using a Klett-Summerson

colorimeter. The pH was measured on a Corning Model -12 Research

pH meter.

Toxin Assay

Toxin was assayed by the capillary tube precipitin test method

described by Fung and Wagner (1971) with only minor modifications.

Treatment of Antiserum

Staphylococcal enterotoxin B antiserum was purchased from

Makor Chemicals, Ltd., Jerusalem, Israel. The contents of a vial

(approximately 2 mg of antibody) were dissolved in 2 ml of distilled

water. For best results in the precipitin test, the antiserum solution

was partially clarified by high-speed centrifugation at 30,000 g for 30

min. The supernatant, which contained the antibody,, was carefully

removed and stored in a screw-capped tube at 5C.
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Preparation and Utilization of Agar

A 1% solution of "purified" Difco agar was prepared in phos-

phate-buffered saline (0.02 M, pH 7.4; Weirether et al. , 1966).

After boiling to dissolve, the hot agar solution was filtered through

two layers of Whatman No. 1 filter paper using a Buchner funnel-

suction flask apparatus. The funnel (with filters in place) attached

to the flask had been steamed for about 30 min before use to avoid

rapid cooling of the agar during filtration. The filtered agar was

tubed in 5-ml amounts and stored at 5C.

Antiserum was incorporated into the melted tempered agar

(48C) at final dilutions of 1:5, 1:10 and 1:20 of the antiserum. By

capillary action about 0.05 ml of this agar-antiserum mixture was

brought to approximately one half the length of the thinner portion of

a Pasteur pipette (9 inches, total length). The tip of the pipette was

sealed with plasticine. To each capillary tube containing antiserum

agar, 0.1 ml of a test sample or 0.1 ml of an appropriate dilution of

standard enterotoxin B was added. A quick jerk of the Pasteur

pipette caused the liquid sample to come in contact with the antiserum

agar in the capillary tube. The pipettes were individually covered

with aluminum foil and incubated in a covered water bath at 37C for

22 hr. After incubation, the length of the zone of precipitation in the

antiserum agar was measured with the aid of a Bausch and Lomb

binocular dissecting microscope.
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Treatment of Standard Enterotoxin

Purified staphylococcal enterotoxin B was obtained from Makor

Chemicals, Ltd. , Jerusalem, Israel. To each vial, 2 ml of sterile

distilled water was added to give a concentration of 180 p.g enterotoxin

B per ml. Dilutions were prepared in the broth medium being used

in the particular experiment and added to the Pasteur pipettes as

described above.

Standard toxin curves, plotting concentration (µg /ml) against

band length (mm) were made on semi-log paper.

Simulated Sausage Fermentation Experiments

Bacterial Cultures

Staphylococcus aureus strains, ATCC 13565 (type A toxin pro-

ducer), and ATCC 14458 (type B toxin producer) were used in this

study. Stock cultures were maintained on Liver Infusion agar slants

(Difco) at 5C. Working cultures were transferred daily in Brain

Heart Infusion (BHI) broth (Difco).

The starter cultures used in this study were obtained as frozen

concentrates from Micro life Technics, Sarasota, Florida and stored

at -20C until used. The culture designated Pediococcus cerevisiae

(Lactacel) is the strain widely used in industry (Everson, Danner and

Hammes, 1970). Lactobacillus planturum (Lactacel DS) and a mixed
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culture (Lactacel MC) containing both P. cerevisiae and L. planturum

were also used.

Laboratory Scale Sausage Production

Beaker sausage was made by the method described by Deibel,

Wilson and Niven (1961). The following ingredients were added to the

fresh ground beef base: glucose 1. 5 %, sodium chloride 3. 0% and

sodium nitrite 0. 01 %. The meat and curing salts were thoroughly

mixed and, in studies employing starter cultures, the sausage emul-

sion was then divided into 250 g aliquots. Test samples were inocu-

lated with 1 ml of an appropriate dilution of an 18- to 24-hr culture of

S. aureus grown on a New Brunswick environmental controlled tern-

perature shaker (150 rpm) at 30C. After thawing by immersion of the

can in water, the contents of a can of starter culture (6 oz) was added

to 500 ml of tap water. Starter cultures were added at the rate of

2.5 ml of this diluted concentrate per 250 g of sausage emulsion.

Forty-gram aliquots of the inoculated product were then placed in

50-m1 beakers, covered with aluminum foil and stored at 21C, 30C,

or 37C.

When chemical acidulation was used, 0.75% GDL (gluconic

acid - 5 - lac tone, Matheson, Coleman & Bell, Division of Matheson

Co.,, Inc.) and 0.01% citric acid (J. T. Baker Chemical Co.), were

added to the sausage emulsion prior to inoculation with S. aureus. In



52

experiments combining chemical acidulation and inoculation with

starter cultures, additions were the same as when each method was

used alone.

Enumeration of Staphylococci in Meat Emulsions

Meat samples (40 g) were blended with 9 volumes of sterile

distilled water at low speed in a Waring blender for 2 min. Subse-

quent dilutions were made in Butterfield's phosphate buffer solution

(Food and Drug Administration, 1969). Surface plating on three lab-

oratory media was used to enumerate the staphylococci. The Tryp-

tone-Pyruvate-Plasma - Fibrinogen (TPPF) agar is a successful

medium, developed by Chugg (1971), that allows a direct count of

coagulase-positive staphylococci on the agar plate. Vogel-Johnson

agar (Difco) and modified lactic agar containing 0. 5% sodium pyru-

vate and 7.0% sodium chloride were also used. Suspect colonies

from all three media were confirmed as coagulase-positive staphylo-

cocci by isolation in BHI broth (Difco), followed by subsequent

coagulase testing using coagulase plasma (Difco).

Preparation of TPPF Medium

The nutrient base of this medium contained: Tryptone 10 g;

beef extract 5 g; yeast extract 1 g and agar 17 g per liter. The selec-

tive agents were: lithium chloride 5 g; glycine 10 g and potassium
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tellurite 0.1 g per liter. Pyruvate at 5 g per liter was added to aid

in recovery of stressed cells and the medium was made differential

for coagulase-positive staphylococci by the addition of 5% sterile pig

plasma and 1 mg/ml of bovine fibrinogen (Sigma Chemical Co.).

Colonies of coagulase-positive staphylcocci were surrounded by

opaque fibrin halos.

Pig Plasma Treatment

Pig blood was collected at the time of slaughter in one-liter

jars containing 100 ml of physiological saline plus heparin (Sigma

Chemical Co.) to give a final concentration of 5 units per ml. After

removing the red blood cells by centrifugation at 1500 g for 30 min,

the plasma was sterilized by passing through a series of filters of

decreasing pore size and stored at -20C.

Viable counts of the starter culture bacteria in the diluted

concentrate were determined on the medium described by Rogosa,

Mitchell and Wiseman (1951). The pH values of the meat homogenates

in 9 volumes of distilled water were recorded with a Corning Model-

12 Research pH meter.
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RESULTS

Types of Organisms Inhibited

The cross-streaking technique and disc assay procedures were

used to check the ability of the lactic acid bacteria to inhibit several

food spoilage organisms and some food-borne pathogens. Typical

results are shown in Figure 1 in which Pseudomonas viscosa, a com-

mon food spoilage organism, was cross-streaked against S. diaceti-

lactis. Inhibition of growth and proteolysis was observed. With the

disc assay procedure, strong inhibition of the test organisms was

evident when the discs were soaked in media containing live cells of

the lactic acid bacteria. However, cell-free supernatants or cell

extracts did not show inhibition.

The ability of the lactic acid bacteria to outcompete undesirable

organisms in the growth medium is a good index of the usefulness of

their inhibitory properties. The ability of S. diacetilactis to inhibit

several organisms, including some spoilage bacteria and pathogens,

during associative growth in milk and broth cultures is summarized

in Table 4. In general, less inhibition was observed in milk as com-

pared to broth cultures at 24 hr.

Figures 2 and 3 show typical inhibition patterns for S. aureus

and Cl. perfringens, respectively, when grown in association with S.

diacetilactis. The test organisms grew well in association at first,
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Figure 1, Demonstration of the inhibition of growth and proteolysis
of casein by P. viscosa (streaked from top to bottom) as a
result of cross-streaking against S. diacetilactis (left to
right) on milk agar and incubating at 25C for 48 hr.
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Table 4. Summary of the organisms inhibited in this study by S.
diacetilactis.

Organisma
% Inhibition at 24 hr.b

Milk Broth

Pseudomonas fluorescens 99.9 99.99

P. fragi 99.9 99.99

P. viscosa 99.9 99.99

P. aeruginosa 90.0 99.90

Alcaligenes metalcaligenes 99.9 99.99

A. viscosa 99.9 99.99

Escherichia coli 80.0 99.90

Serratia marcescens 90.0 99.90

Salmonella seftenberg 99.99

S. tennesse 70.0 99.90

Staphylococcus aureus 99.9 99.99

Clostridium perfringens 99.0 99.90

Vibrio parahaemolyticus - 99.90

Streptococcus liquefaciens 95.0

aPseudomonas and Alcaligenes containing cultures were incubated at
21C while the others were incubated at 30C.

b Compared to the test organism growing alone.
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S. AUREUS ALONE

S. DI ACETELACTI S
ALONE AND ASSOC
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Figure 2. Inhibition of Staphylococcus aureus when grown in associa-

tion with Streptococcus diacetilactis in lactic broth at 30C.
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Figure 3. Inhibition of Clostridium perfringens when grown in asso-
ciation with S. diacetilactis in lactic broth at 30C.



59

but growth was soon halted and after about 4 to 6 hr there was a rapid

and continued decrease in viable count. There was no recovery of the

test organisms on extended incubation (96 hr). It should be noted that

Cl. perfringens was inhibited under partially anaerobic conditions and

also that a substantial killing effect was achieved in these growth

experiments.

Several strains of S. aureus were examined for their ability to

survive when grown in association with the lactic acid bacteria in

broth media. This was done to look for possible strain differences

which might influence the results of studies on toxin production and

on the survival of these strains in various food environments. All

strains studied were readily inhibited by S. diacetilactis as shown in

Table 5. The inhibition phenomenon could also be demonstrated using

other lactic acid bacteria (Table 6).

Practical Applications of the Inhibition

A number of experiments were conducted to determine the

practical usefulness of the inhibition. Addition of S. diacetilactis

(1%) to 11% nonfat milk inoculated with 1% P. fluorescens prevented

proteolysis by the spoilage organism, even at 7. 5C as shown in

Figure 4. Viable counts over a four-week period indicated that

growth of P. fluorescens was retarded.

Associative growth experiments were conducted in a number of
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Table 5. Identification of S. aureus strains inhibited by associative
growth with S. diacetilactis in lactic broth.

S. aureus Strain Type of % Inhibition at
Toxin Produced 24 hr

ATCC 13565 A > 99.99

ATCC 14458 B > 99.99

ATCC 19095 C > 99.99

ATCC 23235 D > 99.90

265-1 A and B > 99.99

12600 > 99.99

S6 A and B > 99.99
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Table 6. Summary of lactic acid bacteria used to inhibit S. aureus
in lactic broth.

Organism
% Inhibition at

24 hr

S. diacetilactis
18-16, 3D-1, 26-2, DRC-1 > 99.99

S. lactis C2 > 99.99

S. cremoris 990 > 99.99

Pediococcus cerevisiae P60 > 99.99

Lactobacillus planta rum > 99.99
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Figure 4. Prevention of proteolysis of milk due to Pseudomonas
fluorescens. Sample on the left was sterile milk. Sample
in the center was inoculated 1% with P. fluorescens.
Sample on the right was inoculated (1%) with both _P.
fluorescens and S. diacetilactis. The samples were incu-
bated at 7.5C for 21 days.
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food products. S. aureus could be successfully inhibited using ham

sandwich spread as the suspending medium even though a high S.

aureus inoculum (approximately 5 x 106/g) was used (Figure 5).

Table 7 lists some of the food items in which S. aureus was inhibited.

Vanilla cream filling, ham sandwich spread and chicken gravy were

chosen as representative of food items sometimes associated with

food-poisoning due to S. aureus. Ground beef was included because

it has a short-shelf life due to its high Gram negative spoilage flora.

The development of these organisms was controlled at low tempera-

ture (7. 5C) by using a 2% inoculum of a milk culture of S. diacetilac -

tis. S. aureus was also inhibited in ground beef stored at 25C for

24 hr. These findings will be discussed more fully in studies on the

inhibitory properties of the lactic acid bacteria in simulated meat

fermentation experiments.

Role of Acid Production and pH Alteration
in the Observed Inhibition

Due to the extensive fermentative capacity of the lactic acid

bacteria, the metabolic products, especially the acids produced,

must be considered as potential inhibitors. The inhibitory proper-

ties of acids such as acetic, formic and lactic acids are well recog-

nized and they have been implicated as the causative agents of

bacterial inhibition in several studies. In this study, cultures of
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Figure 5. Inhibition of S. aureus when grown in association with S.

diacetilactis in ham sandwich spread at 25C. A 2% inocu-
lum of S. diacetilactis was used. Lactic agar included 7%
NaC1 to differentiate S. aureus.
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Table 7. Inhibition of S.
by S. diacetilactis.

aureus (in various food products) and the Gram negative flora of ground beef
a.

Food Product Organism Initial
Inoculum % Inhibitionb Temp. of

Incubation

Vanilla cream filling

Ham sandwich spread

Chicken gravy I

Chicken gravy II

Soya milk

Ground beef

Ground beef

S. aureus 4 x 105/g

3 x 10
6
/g

5 x 10
6
/g

1 x 105/g

2 x 105 /ml

4 x 10
5
/g

None
Added

99.9 at 24 hr

99.5 at 24 hrs,

99.1 at 24 hrs

99.2 at 24 hrs

99.7 at 24 hr

99.3 at 24 hr

99.5 at 7 days

25C

It

30C

25C

7.5C

II

It

II

II

II

Gram nega-
tive flora

aA 1% inoculum of an 18-hr culture of S. diacetilactis was added to all foods except ground beef for
which a 2% inoculum was used.

bCompared to test organism(s) growing alone.
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S. aureus and P. fluorescens failed to grow in filter-sterilized, cell-

free supernatants of S. diacetilactis, but did grow when the pH was

adjusted from the initial value, pH 4.3, towards neutrality (Figure 6).

No inhibition was observed when S. aureus was grown in association

with S. diacetilactis with pH control at 6.8 by automatic addition of

35% sodium carbonate (Figure 7). A significant difference was

observed between the S. aureus counts on lactic agar + 7% sodium

chloride and those on Vogel-Johnson medium, suggesting that some

cells were being injured under these conditions and failed to grow

out on the more inhibitory medium.

These experimental results suggested that the acids produced

by S. diacetilactis had a role in the inhibitory action, at least with

respect to pH control. The effects of acetic, lactic, formic and

hydrochloric acids on S. aureus and P. fluorescens were therefore

tested. The effect of each acid was shown to be pH dependent, as

shown in Figure 8 for acetic acid. Formic and lactic acids gave

growth inhibition patterns similar to acetic acid, but hydrochloric

acid allowed growth at all pH levels tested, indicating that low pH

per se was not sufficient to inhibit S. aureus.

The relationship between inhibition of S. aureus, pH reached,

and the amount of acid produced was studied when S. diacetilactis was

grown in three modifications of lactic broth (Table 8). Medium A in

which there was least acid production, showed extensive inhibition,
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Figure 6. The effect of pH on the growth of S. aureus in cell-free
supernatants of S. diacetilactis grown in a modification of
lactic broth (Medium A). Viable counts of S. aureus on
lactic agar and Vogel-Johnson agar are shown.
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Figure 7. Growth of S. aureus in association with S. diacetilactis in
a batch fermenter with constant pH maintenance at 6.8.
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Table 8. Relationship between pH reached, amount of acids produced and the inhibition of S. aureus
by S. diacetilactis.

Medium

A
b

A + 0. 5% yeast
extract + 0.5%
sodium citrate

A + 0.5% yeast
extract + 1%
sodium citrate

Acids Produced 24 Hr
% Inhibition

24 hra
pH Reached

24 hr Lactate
(mg/.111)

Acetate
(mg/ml)

Formate
(mg/ml)

99.99 4.25 3.2 0.75

99.99 4.50 7.8 1.85

99.20 5.05c 10.0 2.90 0.07

aCompared to S. aureus growing alone.
bMedium A contained 2% Tryptone, 1% glucose, 0.4% sodium chloride and 0.25% gelatin.

c This medium buffered by citrate and growth products of S. diacetilactis.
0
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probably due to the low pH reached. The other media were buffered

to an extent by the citrate present and also by neutral and basic

products due to extensive growth of S. diacetilactis in these media.

The survival of S. aureus in Medium A with 3.2 mg/ml added lactic

acid and 0.75 mg/ml added acetic acid (the amounts produced by S.

diacetilactis in this medium in 24 hr) is shown in Figure 9. While

the same pH dependent effect on growth of S. aureus was observed,

the killing effect at low pH due to the added acids (Figure 9) was not

as great as that observed with supernatants of S. diacetilactis grown

in the same medium (Figure 6).

Toxin Studies

The sensitivity of the capillary tube precipitin test used in this

study was found to be about 1 to 2 p.g of toxin per ml, in good agree-

ment with the results of Fung and Wagner (1971). Although the condi-

tions used were not considered optimum for high yields of toxin by S.

aureus (37C and faster shaking, such as 280 rpm are generally used),

30C was used to simulate the conditions employed in growth studies

with food products. S. aureus strain S6 produced approximately 180

p.g /ml and 100 p.g /ml of toxin in the NAK and BHI media, respectively.

These quantities were considered adequate yields for the purposes of

the present study.
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Figure 9. Influence of pH on the effect of added lactic and acetic
acids (in the quantities produced by S. diacetilactis) on S.
aureus in modified lactic broth (Medium A). Plate counts
were determined on lactic and Vogel-Johnson agar media.



73

Toxin Production and pH Changes
by S. aureus Alone

The relationship of toxin production by S. aureus S6 to growth

and pH changes in BHI broth is shown in Figure 10. Toxin production

began near the end of the log phase of growth and was maximum dur-

ing the early stationary phase. A pH rise preceeded toxin production

and continued on extended incubation. The initial inoculum of S.

aureus used in this experiment was 1 x 105 cells/ml. This was

increased in the following experiments, thus, reducing the time lag

before pH rise and toxin production were observed.

Tables 9 and 10 show toxin yields and pH changes for S. aureus

S6 growing alone in BHI broth at two levels of inoculum, 4 x 108 cells/

ml and 4 x 105 cells/ml, respectively. The toxin yields are also

plotted in Figure 11. The time required for toxin production and pH

rise was longer when the lower level of inoculum was used, but maxi-

mum changes occurred during the early stationary phase in both

cases. At the higher level of inoculum toxin production had almost

reached maximum after 24 hr of incubation and did not increase sig-

nificantly on extended incubation up to 72 hr. At the lower level of

inoculum toxin was still being synthesized after 48 hr incubation.

Addition of Glucose or Maltose

The addition of 0. 5% glucose to BHI delayed toxin production by
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Table 9. Toxin production and pH changes by S. aureus S6--Effects of glucose and maltose addition
and associative growth in the presence of S. diacetilactis.

Medium 12 hr
and Toxin

Culture (p.g/m1) pH

24 hr

Toxin
(µg /ml) pH

48 hr

Toxin
(µ.g /ml) PH

72 hr
Toxin

(µg /ml) pH

S6aalone 27 7.3 90 8.1 101 8.4 101 8.65
BHI

S6 assoc
S. diacetilactis 38 7.15 87 8.1 102 8.4 98 8.6

BHI S6 alone 1 5.5 17 6.5 103 8.2 106 8.6
+

0.5% glucose S6 assoc 0 5.3 13 6.65 98 8.1 101 8.6

BHI S6 alone 1 5.65 8 5.75 52 6.35 101 8..4
+

0.5% maltose S6 assoc 0 5.3 0 5.5 10 6.9 42 8.6

aS. aureus S6--initial inoculum 4 x 108 cells/ml.



Table 10. Toxin production and pH changes by S. aureus S6--Effects of glucose and maltose addi-
tion and associative growth in the presence of S. diacetilactis.

Medium
and

Culture

12 hr

Toxin
(µg /ml) pH

24 hr
Toxin

(µg /ml)

48 hr
Toxin

(11g/m1)
pH

72 hr
Toxin
(µg /m1) pH

S6a alone 2.5 6.4 23 7.6 80 7.9 81 8.3
BHI

S6 assoc
S. diacetilactis 0 6.4 0 6.5 0 6.6 0 6.6

BHI S6 alone 0 5.7 0 5.6 25 7.7 89 8.1
+

0.5% glucose S6 assoc 0 4.7 0 4.5 0 4.45 0 4.45

4.40

BHI S6 alone 0 6.3 0 5.6 17 7.4 91 8.2
+

0.5% maltose S6 assoc 0 5.1 0 4.85 0 4.85 0 4.9

aS. aureus S6--initial inoculum 4 x 105 cells/ml.
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S. aureus S6 growing alone at the two levels of inoculum used, but

the final level of toxin production was not significantly altered (Tables

9 and 10). At the higher level of inoculum (Table 9) the toxin yield in

the presence of glucose at 24 hr was only approximately 20% of that

in the absence of glucose at this time. However, by 48 hr no effect

of glucose addition was evident. At the lower level of inoculum

(Table 10) near-optimum levels of toxin were not produced in the

presence of glucose until 72 hr incubation.

The addition of glucose also altered the pH pattern observed.

There was an initial decrease in pH due to the fermentation of glu-

cose. Following continued incubation, however, the pH rose again

and by 72 hr had reached essentially the same level as noted in the

absence of added glucose. The pH rise was slower when the lower

level of inoculum was used.

The addition of 0. 5% maltose also delayed toxin synthesis and

pH rise when added to BHI. The delay was greater than that observed

in the case of glucose addition especially at the higher level of inocu-

lum (4 x 108 cells/ml). At 48 hr toxin synthesis in the presence of

maltose was 50% of that present when glucose or no carbohydrate was

added. The pH rise was also delayed in this system (Table 9).

Toxin Production and pH Changes by S. aureus S6
in the Presence of S. diacetilactis 18-16

In BHI broth, without carbohydrate addition, toxin production
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and pH changes were not affected by the presence of S. diacetilactis

(1 x 107 cells/ml) when the higher level of S. aureus inoculum (4 x

108 cells/ml) was used (Table 9). However, at the lower level of

inoculum (4 x 105 cells/ml) no toxin was detected in the presence of

S. diacetilactis and the pH rise, characteristic of S. aureus growth

under these conditions, did not occur (Table 10). Instead, the pH

remained constant at about 6.6. Enumeration of S. aureus on several

plating media indicated no viable organisms were present at 48 hr.

Inhibition of growth could also be observed from optical density read-

ings recorded on a Klett-Summerson colorimeter. The growth curve

of S. aureus S6 growing in the presence of S. diacetilactis was simi-

lar to that of S. diacetilactis growing alone, and the optical density

reached was much lower than that for S. aureus S6 growing alone

(Figure 12). The effect of S. diacetilactis on toxin production in BHI

without carbohydrate addition may also be observed in Figure 11.

Addition of Glucose or Maltose

The patterns of toxin production and pH changes in BHI + 0.5%

glucose were not altered by associative growth in the presence of S.

diacetilactis when the higher level of S. aureus inoculum was used

(Table 9). However, as might be predicted from the results just

described in plain BHI no toxin was detected under associative growth

conditions when 0. 5% glucose was added and S. aureus was added at
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4 x 105 cells/ml (Table 10). These effects of S. diacetilactis on toxin

production in BHI + 0. 5% glucose may be seen more clearly in Figure

13.

The effects of S. diacetilactis on toxin production in BHI + 0.5%

maltose are shown in Figure 14. At the lower level of S. aureus

inoculum the effect of maltose was similar to that described for glu-

cose addition. No toxin production or pH rise was observed (Table

10). In contrast to glucose, however, maltose also exerted an inhi-

bitory effect on toxin production under associative growth conditions

at the higher level of S. aureus S6 inoculum (Figure 14 and Table 9).

Experiments similar to those described here were also con-

ducted using NAK broth as the growth medium. Although toxin yields

were higher in this medium (180 µg /ml for S. aureus S6), the effects

of glucose and maltose addition and associative growth in the presence

of S. diacetilactis were similar to those just described for BHI broth.

When S. aureus ATCC 14458 was used instead of S. aureus S6 toxin

yields were lower and maltose addition showed a greater repression

effect on toxin production. The results in Table 11 are typical of

those observed using S. aureus ATCC 14458.

Some toxin assays were also conducted using modified lactic

broth (containing 0.5% glucose as the only added carbohydrate) since

this medium was routinely used in some of the growth studies

described earlier. Partial and complete inhibition of toxin production,
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Figure 13. Effect of S. diacetilactis on toxin production by S. aureus
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Figure 14. Effect of S. diacetilactis on toxin production by S. aureus
in BHI + 0.5% maltose at 30C.

O - 0- 0 S. aureus alone inoculum 4 x 108 cells/ml
S. aureus assoc inoculum 4 x 108 cells/ml
S., aureus alone inoculum 4 x 105 cells/ml
S. aureus assoc inoculum 4 x 105 cells /ml
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Table 11. Toxin production and pH changes by S. aureus ATCC 14458--Effects of glucose and
maltose addition and associative growth in the presence of S. diacetilactis.

Medium
and

Culture

12 hr

Toxin
(µg /ml) 13"

24 hr
Toxin

(µg /ml) pH

48 hr

Toxin
(ig/m1) pH

72 hr
Toxin

(ig/m1) pH

S. aureusa alone 8.5 7.2 55 8.0 48 8.55 62 8.7
BHI

S. aureus assoc
S. diacetilactis 5 7.1 39 8.0 46 8.75 65 8.85

BHI S. aureus alone 0 5.5 0 5.6 64 7.3 60 8.4
+

0.5% glucose S. aureus assoc 0 5.3 0 6.35 55 8.0 65 8.5

Bill S. aureus alone 0 5.5 0 5.4 2 5.4 8 5.4
+

0.5% maltose S. aureus assoc 0 5.4 0 5.4 0 5. 6 10 7.75

aS. aureus ATCC 14458--initial inoculum 4 x 108 cells/mi.
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at the higher and lower levels of inoculum, respectively, were

observed in this medium when S. aureus S6 was grown in association

with S. diacetilactis (Table 12).

Addition of Sodium Pyruvate

In a preceeding section, the total inhibition of growth and toxin

production by S. aureus S6 (inoculum 4 x 105 cells/ml) when grown

in the presence of S. diacetilactis in plain BHI was described (Table

10 and Figure 11). The experiments were conducted at 30C and 150

rpm in a controlled temperature shaker. The pH remained constant

at 6.6. The addition of 0. 5% sodium pyruvate to this system allowed

growth of S. aureus (Figure 15) and also substantial toxin production

(Figure 16). This reversal of inhibition was not due to a deleterious

effect of sodium pyruvate on S. diacetilactis. In fact, growth of this

organism was slightly stimulated in the presence of added pyruvate

(compare growth curves in Figures 12 and 15). The addition of sodi-

um pyruvate did not cause a delay in toxin production when S. aureus

was grown alone, in contrast to the effects of glucose and maltose

addition described above.

Addition of Sodium Acetate and Sodium Succinate

The addition of 0.5% sodium acetate or 0.5% sodium succinate

also allowed some toxin production when S. aureus (at the lower level



Table 12. Toxin production and pH changes by S. aureus S6 in lactic broth--Effect of S. diaceti-
lactis.

12 hr 24 hr 48 hr 72 hr
Culture Toxin

(4g/n11) 13"
Toxin

(4g/m1) pH
Toxin

pH
Toxin

(µg /ml) pH

S. aureus alonea
0 5.6 0 6.6 68 8.3 75 8.4

S. aureus assoc a
0 5.1 0 5.8 5 8.1 18 8.5

S. aureus aloneb
0 6.5 0 6.05 38 8.4 66 8.8

S. aureus assocb 0 4.6 0 4.5 0 4.5 0 4.5

aS. aureus S6--initial inoculum 4 x 108 cells/ml.
bS. aureus S6--initial inoculum 4 x 105 cells/ml.
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Figure 16. Effect of S. diacetilactis on toxin production by S. aureus
S6 (inoculum 4 x 105 cells/ml) in BHI and BHI + 0.5%
sodium pyruvate.

- S. aureus alone BHI
- S. aureus as soc BHI

O 0 - 0 S. aureus alone BHI + 0. 5% sodium pyruvate
- ETJ - S. aureus assoc BHI + 0. 5% sodium pyruvate
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of inoculum) was grown in association with S. diacetilactis in BHI.

The results are summarized in Table 13.

Addition of Sodium Citrate

Sodium citrate is sometimes used as an additive in the manufac-

ture of fermented meat products and is known to be inhibitory to S.

aureus. Addition of 0.5% sodium citrate greatly reduced toxin pro-

duction by S. aureus S6 in BHI and NAK when the higher level of ino-

culum was used (Figure 17). Viable counts of S. aureus S6 were also

reduced by citrate addition. Addition of sodium citrate was also

studied in BHI in conjunction with the lower level of inoculum (4 x

105 cells/ml). Long lags of approximately 20 hr and 55 hr occurred

before growth could be observed in the presence of 0.25% and 0.5%

sodium citrate, respectively. This lag could be reduced by repeated

transfer in the broth containing 0.25% sodium citrate. Toxin produc-

tion in lactic broth was also reduced by the addition of sodium citrate.

Addition of 1% Glucose or 1% Maltose

The addition of 1% glucose to the NAK medium caused a marked

delay in toxin production by S. aureus growing alone (inoculum, 4 x

108 cells/ml), but after this initial lag toxin was synthesized over an

extended period of time. Inclusion of S. diacetilactis (1 x 107 cells/

ml) in this system substantially reduced the amount of toxin produced

although the pH rise did occur (Table 14). Viable counts of S. aureus



Table 13. Toxin production and pH changes by S. aureus S6--Effect of sodium acetate and sodium
succinate and associated growth in the presence of S. diacetilactis.

Medium
and

Culture

24 hr 48 hr 72 hr

Toxin Toxin
(µg /m1) pH (µg /m1)

pH Toxin
(µg /m1) pH

BHI

BHI

0.5% sodium
acetate

BHI

0.5% sodium
succinate

S. aureus a alone 23 7.6 80 7.9 91 8.3

S. aureus assoc 0 6.5 0 6.6 0 6.6

S. aureus alone 5 7.7 45 8.5 70 8.6

S. aureus assoc 0 6.6 2 7.9 25 8.5

S. aureus alone 20 7.2 78 8.1 89 8.2

S. aureus assoc 4 6.9 52 7.9 81 8.2

aS. aureus S6--initial inoculum 4 x 105 cells/ml.



1401

100

80

E
CP=.60

40

20

0

0

24 48
Time (hr)

0

0

91

Figure 17. Effect of sodium citrate on toxin production by S. aureus
S6 (inoculum 4 x 108 cells/ml) in BHI and NAK.

D -I: NAK
- NAK + 0. 5% sodium citrate

0 0 - 0 BHI
BHI + 0.5% sodium citrate

72



Table 14. Toxin production and pH
tive growth in the presence

changes in NZ-Amine NAK
of S. diacetilactis.

plus 1% glucose--Effect of associa-

Culture
1 day

Toxin
(11g/m1)1)"

3 days

Toxin
(11g/m1) PH

5 days

Toxin
PH

7 days

Toxin
(µg /ml) p"

9 days

Toxin
(µg /ml) PH

S. aureus alonea
0

0

5.5

5. 6

50

10

7.9

7.7

70

13

8. 0

7.9

90

9

7.9

7.8

92

14

7.8

7.9S. aureus assoc

aS. aureus S6--initial inoculum 4 x 108 cells/ml.
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at 3, 5 and 7 days were not affected by the addition of S. diacetilactis.

This system appears to be one in which toxin production is preferen-

tially inhibited compared to growth of S. aureus. The addition of 1%

maltose caused a marked decrease in toxin production, even when S.

aureus was growing alone.

Effect of Static Incubation on Toxin Production by S. aureus
Alone and in Association with S. diacetilactis

Adequate aeration is considered a requirement for high yields

of Staphylococcus enterotoxin. The results shown in Figure 18 are

typical of the findings in this study when toxin production under static

and aeration conditions (shaking at 150 rpm) were compared in differ-

ent media. In this experiment S. aureus S6 (4 x 108 cells/ml) was

grown in the presence and absence of S. diacetilactis in NAK broth +

0. 5% glucose. Under the aeration conditions, S. aureus S6 alone

showed maximum toxin production after the initial delay due to the

presence of glucose. The pH rise also occurred after the initial drop

due to glucose fermentation. Under these conditions toxin production

was reduced about 60% in the presence of S. diacetilactis. When the

flasks were incubated without shaking, S. aureus S6 alone produced a

much lower amount of toxin, approximately 5µg /ml. The pH rise

was also very slight after extended incubation for 7 days under these

conditions. No toxin was detected in the presence of S. diacetilactis



120

100-

80,

3:60-

3(0

40

20

O 0

-"

0

a

0

-

pH

O

a

PH

I--- -
I 2 3 4 5 6 7

Time (days)

9

-8

7
0.

6

-5

94

Figure 18. Effect of S. diacetilactis on toxin production and pH
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under static incubation conditions. Similar findings were observed

using various modifications of BHI and lactic broth.

Simulated Sausage Fermentation

Control of S. aureus by Starter Cultures

Table 15 shows the viable counts of S. aureus ATCC 13565

(type A toxin producer) in simulated sausage mixes at 37C in the

presence and absence of added starter bacteria. The pH changes are

also recorded. In the absence of starter, S. aureus proliferated

rapidly and reached very high levels at 10, 25 and 50 hr. Lactacel

gave the most rapid pH drop of the three cultures used here and also

better control of the S. aureus population. This very active starter

culture allowed only a slight initial increase and then successfully

prevented subsequent growth of S. aureus. There was approximately

99.9% inhibition of S. aureus due to Lactacel at 25 hr, i.e. , greater

than three log cycles reduction compared to S. aureus growing alone.

Culture Lactacel MC showed greater than 99% inhibition of S. aureus

at 25 hr. The reduced inhibition and slower initial rate of acid pro-

duction, as indicated by the pH changes, may, in part, be due to the

lower level of inoculum of this culture. Starter culture Lactacel DS,

although used at a concentration almost equivalent to Lactacel,

showed a much reduced initial rate of acid production and less inhi-

bition at 25 hr.



Table 15. Effect of three different starter cultures on the growth of Staphylococcus aureus ATCC
13565 in fermented sausage incubated at 37C.

Time
(hr)

S. aureus alone

pH

S. aureus S. aureus S. aureus
+ Lac tac ela

Staph. /g pH

+ Lactacel MCb

Staph. /g pH

+ Lactacel DSc

Staph. /g pHStaph. /g

0 30,000 5.95 30,000 6. 0 30,000 5.95 30,000 5.95

5 150,000 6.0 100,000 5.5 100,000 5.7 150,000 5.9

10 12,600,000 5.85 120,000 5.25 280,000 5.45 1,440,000 5.5

25 98,000,000 5.7 60,000 4.6 210,000 4.55 410,000 4.4

50 63,000,000 5.2 90,000 4.3 40,000 4.2 40,000 4.25

alb x 107 cfu added/g of meat.
b 7 x 107 cfu added/g of meat.

c14 x 107 cfu added /g of meat.
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When a higher initial population of S. aureus was used, the

degree of inhibition due to the starter cultures was reduced, despite

a more rapid fermentation by Lactacel and Lactacel MC in this trial,

also at 37C (Table 16). However, the Lactacel culture, in particular,

did give greater than 99% inhibition at 25 hr, even at this high S.

aureus concentration.

Substantial inhibition of S. aureus by the starter cultures was

also achieved when the temperature of incubation was 30C (Table 17).

Lactacel again showed the best control of the pathogen at 25 hr. Lac-

tacel DS showed least inhibition at 25 hr, probably due to its slower

initial rate of acid production.

When the sausage mixes were incubated at 21C (Table 18) the

degree of inhibition of S. aureus by the starter cultures was not as

dramatic as that observed at 30C and 37C. This is most likely due to

the slower rate of acid production at 21C. The slower growth rate of

S. aureus growing alone at this temperature, as indicated by the pop-

ulation at 25 hr, must also be considered when comparing the inhibi-

tory value of the starter bacteria at the different temperatures.

Slower growth by the control S. aureus lowers the percent inhibition

value.

S. aureus ATCC 14458 was also successfully inhibited by the

starter cultures used in this study. Typical data are shown in Table



Table 16. Effect of three different starter cultures on the growth of S. aureus ATCC 13565 in
fermented sausage incubated at 37C.

Time
(hr)

S. aureus alone

pH

S. aureus S. aureus S. aureus
+ Lac tac ela

Staph. /g pH

+ Lactacel MCb

Staph. /g pH

Lactacel DSc

Staph. /g pHStaph. /g

0 190, 000 5.9 180,000 5.9 190,000 5.9 180, 000 5.9

5 1,210,000 5.95 900, 000 5.7 1, 020, 000 5.75 1, 520, 000 5.85

10 13, 000, 000 5.85 720, 000 5. 05 4, 100, 000 5.20 9, 500, 000 5.6

25 95, 000, 000 5.8 430,000 4.35 2,300,000 4.4 17, 000, 000 4.6

50 38, 000, 000 5.1 1,110,000 4.3 2, 400, 000 4.25 2, 900, 000 4.2

a21 x 107 cfu added/g of meat.
b 8 x 107 cfu added /g of meat.
c16

x 107 cfu added/g of meat.
oo



Table 17. Effect of three different starter cultures on the growth of S. aureus ATCC 13565 in
fermented sausage at 30C.

Time
(hr)

S. aureus alone S. aureus S. aureus
+ Lac tac ela + Lactacel MCb

S. aureus
+ Lac tacel DSc

Staph. /g pH Staph. /g pH Staph. /g pH Staph. /g pH

0 30, 000 5. 9 30, 000 5. 9 30, 000 5. 9 30, 000 5.9

5 130, 000 5.8 60, 000 5.7 60, 000 5.75 90, 000 5.9

10 1, 320, 000 5.8 180, 000 5.35 290, 000 5. 5 340, 000 5.65

25 79, 000, 000 5. 5 140, 000 4.7 470, 000 4.75 1, 920, 000 4. 9

50 68, 000, 000 5. 3 220, 000 4.45 590, 000 4. 45 530, 000 4. 4

a20 x 107 cfu added /g of meat.

b12
x 107 cfu added /g of meat.

c18 x 107 cfu added/g of meat.



Table 18. Effect of three different starter cultures on the growth of S. aureus ATCC 13565 in
fermented sausage at 21C.

Time
(hr)

S. aureus alone

pH

S. aureus S. aureus S. aureus
+ Lac tacela

Staph. /g pH

+ Lactacel MCb

Staph. /g pH

+ Lactacel DSc

Staph. /g pHStaph. /g

0 30,000 6.0 30,000 5.95 30,000 6.0 30,000 6.0

5 35,000 6.0 35,000 5.95 40,000 5.95 30,000 5.95

10 260,000 6.0 80,000 5.7 80,000 5.85 62,000 5.85

25 15,100,000 5.8 1,440,000 5.15 1,930,000 5.2 2,100,000 5.15

50 94,000,000 5.65 2,080,000 4.8 3,140,000 4.65 1,790,000 4.50

al? x 107 cfu added /g of meat.

b 9 x 107 cfu added /g of meat.

c 14 x 107 cfu added /g of meat.
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19. The incubation temperature was 37C and a high initial inoculum

of S. aureus was used.

Control of S. aureus by Chemical Acidulation

Direct acidification by the addition of certain chemicals is used

in some meat fermentations instead of biological acidification by the

end-products of microbial metabolism, mainly lactic acid.

The viable counts of S. aureus 13565 in simulated fermented

sausage at 37C made with and without glucono-delta lactone (GDL,

0.75%) and citric acid (0.1%) are shown in Table 20. In the chem-

ically acidified sausage mix, the initial pH was 4. 9 as compared to

5.8 in the control. There was substantial inhibition of S. aureus in

the early stages of the fermentation, but at 25 hr there was a large,

significant increase in viable staphylococci. This increase was main-

tained at 50 hr so that at this time the S. aureus population was essen-

tially the same as that in the control. Similar findings were observed

when the incubation temperature was 30C (Table 21). When the

sausage mix was fermented at 21C, better control of S. aureus growth

by the addition of these chemicals was evident (Table 22). Growth of

S. aureus at the low pH was much reduced at 21C so that the control

S, aureus had reached a much higher population at 25 hr and 50 hr.

Studies with S. aureus ATCC 14458 substantiated these findings

on the ability of this chemical acidulation procedure to control the



Table 19. Effect of three different starter cultures on the growth of S. aureus ATCC 14458 in
fermented sausage at 37C.

Time
(hr)

S. aureus alone S. aureus S. aureus S. aureus
+ Lac tacela + Lac tac el MCb + Lactacel DSc

Staph. /g pH Staph. /g pH Staph. /g pH Staph. /g pH

0 223,000 5.9 248,000 5.9 245,000 5.9 222,000 5.9

5 1,110,000 5.9 1,070,000 5.65 840,000 5.75 1,230,000 5.8

10 15,000,000 5.85 1,810,000 4.95 6, 000, 000 5.05 12,100,000 5.7

25 49,000,000 5.4 210,000 4.35 1,180,000 4.35 25,800,000 4.45

50 27,000,000 4.95 850,000 4.35 1,470,000 4.25 2,200,000 4.2

a21 x 107 cfu added/g of meat.
b 8 x 107 cfu added /g of meat.

c16 x 107 cfu added/g of meat.
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Table 20. Effect of GDL (0.75%) and citric acid (0. 1 %) on growth of
S. aureus ATCC 13565 in fermented sausage at 37C.

Time
(hr)

Controla

Staph. /g pH

Experimental

Staph. /g pH

0 30,000 5.8 30,000 4.9

4 70,000 5.8 15,000 4.7

10 7,200,000 5.75 40,000 4.7

25 96,000,000 5.7 1,400,000 4.85

50 32,000,000 5.4 39,000,000 4.9

allo GDL or citric acid added.
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Table 21, Effect of GDL (0.75%) and citric acid (0.1%) on growth of
S. aureus ATCC 13565 in fermented sausage at 30C.

Time
(hr)

Controla

Staph. /g pH

Experimental

Staph. /g pH

0 30,000 5.9 30,000 4.9

4 40,000 5.8 20,000 4.7

10 1,020,000 5.8 50,000 4.75

25 115,000,000 5.75 1,370,000 4.8

50 67,000,000 5.65 44,000,000 4.9

aNo GDL or citric acid added.
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Table 22. Effect of GDL (0.75%) and citric acid (0. 1 %) on growth of
S. aureus ATCC 13565 in fermented sausage at 21C.

Time
(hr)

Controla

Staph. /g pH

Experimental
Staph. /g pH

0 30,000 5.9 30,000 4.9

4 50,000 5.9 25,000 4.7

10 130,000 5.8 40,000 4.7

25 8,400,000 5.8 100,000 4.8

50 93,000,000 5.8 2,600,000 4.85

aNo GDL or citric acid added.
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growth of S. aureus in fermented sausage. Results for samples

incubated at 37C are shown in Table 23.

Control of S. aureus by Combined Starter Culture
Addition and Chemical Acidulation

In the presence of high S. aureus numbers, some initial multi-

plication of this food-borne pathogen occurred, especially in the

presence of the initially less active starter culture, Lactacel DS

(Tables 16 and 19). While early multiplication was prevented by the

chemical acidulation technique, a large increase in the viable S.

aureus population took place later in the fermentation period, render-

ing this process very suspect in the control of this potentially danger-

ous food-poisoning organism. It was decided, therefore, to combine

the two processes and the results are outlined in Table 24 for test

samples incubated at 37C. The data show that the initial increase in

S. aureus population was prevented, similar to the findings in Table

20 when chemical acidulation alone was used. However, in this case

the pH continued to drop substantially, due to the ability of the starter

organisms to initiate their fermentations at the relatively low pH.

The continued acid production by the starter organisms caused a

decrease in viable S. aureus and made this the most adequate system

used in this study for controlling S. aureus.

Similar findings were observed when the incubation temperature

was 30C (Table 25). At 21C the pH did not decrease to the same
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Table 23. Effect of GDL (0.75%) and citric acid (0.1%) on growth of
S. aureus ATCC 14458 in fermented sausage at 37C.

Time
(hr)

Controla

Staph. /g pH

Experimental

Staph. /g pH

0 86,000 5.8 81,000 4.95

4 123,000 5.75 65,000 4.8

10 14,400,000 5.7 103,000 4.85

25 128,000,000 5.7 4,100,000 4.95

50 73,000,000 5.55 52,000,000 5.05

allo GDL or citric acid added.



Table 24. Effect of combination of starter culture and added chemicals on the growth of S. aureus
ATCC 13565 in fermented sausage incubated at 37C.

Time
(hr)

S. aureus alone

pH

S. aureus + La

pH

S. aureus + MCb

pH

S. aureus + DSc

pH

+ Chemicals*

Staph. /g

+ Chemicals*

Staph. /g

+ Chemicals*

Staph. /gStaph. /g

0 30,000 5.95 45,000 4.8 38,000 4.8 41,000 4.8

5 150,000 6.0 17,800 21,000 32,000 -

10 12,600,000 5.85 6,800 4.4 16,000 4.45 20,400 4.55

25 98,000,000 5.7 < 3,000 4.05 < 3,000 3.95 12,800 4.00

50 63,000,000 5.2 < 3,000 3.95 < 3,000 3.80 4,400 3.80

a Lactacel added 19 x 107 cfu/g of meat.

b Lactacel MC added 9 x 107 cfu/g of meat.

c Lactacel DS added 15 x 107 cfu/g of meat.

Chemicals added were GDL (0.75%) and citric acid (0. 1%).



Table 25. Effect of combination of starter culture and added chemicals on the growth of S. aureus
ATCC 13565 in fermented sausage incubated at 30C.

Time
(hr)

S. aureus alone

pH

S. aureus + La

pH

S. aureus + MC b

pH

S. aureus + DSc

pH

+ Chemicals*

Staph. /g

+ Chemicals*

Staph. /g

+ Chemicals*

Staph. /gStaph. /g

0 30,000 5.9 42,000 4.8 39,000 4.8 37,000 4.8

5 130,000 5.8 37,000 38,000 40,000

10 1,320,000 5.8 29,000 4.55 32,000 4.6 34,000 4.7

25 79,000,000 5.5 < 3,000 4.2 4,700 4.05 15,500 4.1

50 68,000,000 5.3 < 3,000 4.05 < 3,000 3.85 5,700 3.85

aLactacel added 19 x 107 cfu/g of meat.

b Lactacel MC added 9 x 107 cfu/g of meat.

c Lactacel DS added 15 x 107 cfu/g of meat.

Chemicals added were GDL (0.75%) and citric acid (0. 1 %).
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extent and the combined starter culture and chemical acidulation

process was not as bacteriocidal as at the higher temperatures.

However, no increase in S. aureus population was observed under

the experimental conditions, even at 21C (Table 26).

The overall results of the sausage fermentation studies, show-

ing percentage inhibition values, are summarized in Table 27. The

values for S. aureus ATCC 13565, only, are shown since the findings

with S. aureus ATCC 14458 were essentially the same.



Table 26. Effect of combination of starter culture and added chemicals on S. aureus ATCC 13565
in fermented sausage incubated at 21C.

Time
(hr)

S. aureus alone

pH

S. aureus + La

pH

S. aureus + MCb

pH

S. aureus + DSc

pH

+ Chemicals*

Staph. /g
+ Chemicals*

Staph. /g
+ Chemicals*

Staph. /gStaph. /g

0 30, 000 6.0 42, 000 4.8 39, 000 4.8 37,000 4.8

5 35, 000 6.0 39, 000 40, 000 38, 000

10 260, 000 6.0 35, 000 4.7 37,000 4.65 42, 000 4.8

25 15,100,000 5.8 37, 000 4.55 38,000 4.55 65, 000 4.7

50 94, 000, 000 5.65 14, 200 4.35 13,300 4.25 28, 000 4.3

a Lactacel added 19 x 107 cfu/g of meat.
b Lactacel MC added 9 x 107 cfu/g of meat.
c Lactacel DS added 15 x 107 cfu/g of meat.

Chemicals added were GDL (0.75%) and citric acid (0. 1%).
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Table 27. Summary of the inhibition of S. aureus in fermented
sausage by the control processes used in this study.

Inhibitiona

Condition % at 37C

25 hr 50 hr
% at 30C

25 hr 50 hr
% at 21C

25 hr 50 hr

Lactacel DS 99.58 9.9.43 97.57 9.9.22 8.6.09 98.10

Lactacel MC 99.78 99.38 99.41 99.13 87.88 96.64

Lactacel 99.94 99.86 99.82 99.68 90.46 97.21

Chemical
bAcidulation 98.54 none 98.80 34.33 98.82 97.21

Chemical
Acidulation

+ Lactacel DS 99.99 99.99 99.98 99.99 99.57 99.97

+ Lactacel MC > 99.99 >99.99 > 99.99 >99.99 99.75 99.99

+ Lactacel > 99.99 >99.99 > 99.99 >99.99 99.75 99.99

a% inhibition compared to S. aureus control.
bChemicals added were GDL (0.75%) and citric acid (0. 1 %).
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DISCUSSION

The lactic acid bacteria have been used for the preservation of

many foods for a long number of years. These products have enjoyed

a fine history for their flavor and palatability and also an excellent

record in food-safety when proper fermentation has been achieved.

The dairy industry, in particular, has devoted much research effort

to studies of these important bacteria, resulting in products of high

consumer acceptance, with consistent flavor and aroma and good

keeping qualities. Improvements in the quality of cottage cheese

illustrate the benefits which have been gained from the industrial

application of increased knowledge of these bacteria. The shelf-life

of this product has been greatly extended by the addition of a cream

dressing containing S. diacetilactis or Leuconostoc citrovorum

(Hauser, 1967; Vedamuthu et al. , 1966).

Members of the lactic acid bacteria are just as important in the

meat industry. Their role in the successful manufacture of several

fermented sausage products is well recognized; yet studies on many

aspects of these bacteria in conjunction with meat and other products

are very limited. Recent developments in the food industry have

awakened interest in these organisms from several aspects. Tech-

nological advances associated with large scale production and storage

of these organisms have provided a convenient source. There is
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currently more awareness of the inhibitory properties of these organ-

isms and of their role in public health.

The purpose of the present study was to establish the inhibitory

properties of the lactic acid bacteria against a variety of food-borne

spoilage organisms and pathogens by in vitro culture methods and to

apply these findings to food products. The contribution of fermenta-

tion by these organisms to the mechanism of their inhibition was

examined. It was considered important to demonstrate that toxin

production, as well as growth, of a common pathogen could be pre-

vented. A further application of this study was to compare several

commercially available starter cultures for their ability to achieve a

desirable fermentation in meat at different temperatures and to assess

the performance of each culture from a food-safety standpoint by

examining its ability to control the development of S. aureus in the

meat environment. For comparison, a chemical acidulation techni-

que was included in the latter study.

Organisms Inhibited, Application to Food
Products and Mechanism Involved

Streptococcus diacetilactis was widely used as an inhibitor

organism in this study because of its recognized ability to extend the

shelf-life of cottage cheese when added in the form of a cultured

dressing (Vedamuthu et al. , 1966). This organism utilizes citrate
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and can produce a variety of end-products, including the flavorful

diacetyl and acetoin. These are desirable in many instances, but

may upset the delicate flavor balance natural to some foods. In this

case diacetyl-negative mutants of S. diacetilactis may be used or

another more suitable lactic acid bacterium may be chosen. It is of

interest that diacetyl-negative mutants of S. diacetilactis retained

the inhibitory properties of the parent strains (Burrows et al. , 1970).

A broad spectrum of food-borne spoilage organisms and patho-

gens could be inhibited by S. diacetilactis in milk and broth cultures.

Included were well-known spoilage organisms in dairy products such

as Pseudomonas and Alcaligenes species. These, and other psychro-

trophic bacteria, are also important components of the spoilage flora

of beef and other meats (Brown and Weidmann, 1958; Jay, 1967;

Stringer, Bilskie and Naumann, 1969). S. aureus, Cl. perfringens

and Salmonella are the most common causes of food-poisoning due to

microorganisms in the United States (National Center for Disease

Control, 1971a). V. parahaemolyticus is responsible for more than

70% of the food-poisoning outbreaks in Japan (Sakazaki, 1969) and is

currently receiving much attention from research workers in this

country. The presence of this organism was demonstrated in Pacific

Northwest waters by Baross and Liston (1970).

All of these organisms were inhibited at relatively high concen-

trations, certainly higher than those that would normally be expected
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in a properly handled food product. In all cases a substantial killing

effect was achieved on extended incubation. It is important to estab-

lish that the "viable" counts of an organism from a system such as

that used in this study are real and not reduced by failure of the plat-

ing medium to recover "injured" as well as fully viable cells. These

injured cells could recover later, if the growth medium became more

conducive, and thus are potentially very dangerous. In studies involv-

ing S. aureus, for example, lactic agar + 7% sodium chloride was

used because it routinely gave high counts of this organism from the

growth medium used. Counts on this medium were consistently

higher than those on Vogel-Johnson agar, the medium of choice by

the Food and Drug Administration (1969). Since "stress" of S. aureus

can decrease its tolerance to sodium chloride, as shown in the case

of heat-injury by Iandolo and Ordal (1966), it was necessary to deter-

mine that counts on lactic agar plus 7% sodium chloride were a true

index of the total viable S. aureus in the growth media employed.

Appropriate dilutions of the associatively growing cultures were

plated on lactic agar with the normal 0.4% sodium chloride. These

plates were crowded with S. diacetilactis colonies, but showed no

catalase-positive colonies on the addition of hydrogen peroxide, i.e.,

no S. aureus colonies were present. Some of the experiments were

repeated, with similar findings, when TPPF medium became avail-

able during the course of this study. Chugg (1971) demonstrated that
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this medium was particularly suitable for the recovery of S. aureus

from "stress" environments.

The practical usefulness of the observed inhibition was demon-

strated in a number of experiments. Proteolysis by P. fluorescens

in nonfat milk at 7. 5C was prevented by incorporation of S. diaceti-

lactis. S. aureus was successfully inhibited in a number of food pro-

ducts. The fact that ham sandwich spread was included is significant,

considering that ham is a favorable medium for growth and toxin pro-

duction by S. aureus and is often the food implicated in Staphylococcus

food-poisoning. Vanilla cream filling and chicken gravy are also

representative of food items sometimes associated with food-poisoning

due to this organism. Soy milk is used in several fermentation pro-

ducts, especially in oriental countries, and may find increasing uses

as the search for new protein sources continues.

Meat products, however, are foods in which the lactic acid

bacteria may find most application, in the development of new pro-

ducts and improvement of existing ones. Ground beef for example,

keeps well for only a short period at refrigeration temperatures.

This is due to the rapid growth of spoilage organisms which cause

decomposition of the meat. These organisms are generally Gram

negative, non-sporeforming rods of the Pseudomonas - Alcaligenes -

Achromobacter types, similar to those that cause spoilage of dairy

products. Since lactic cultures are routinely used to improve the
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quality and shelf-life of dairy products, it is likely that similar tech-

niques could be used to prevent undesirable bacterial growth in meat- -

like milk a nutritious growth medium.

In this study, the development of the Gram negative flora of

ground beef at low temperature (7.5C) was successfully controlled

using a 2% inoculum of a milk culture of S. diacetilactis. Reddy,

Hendrickson and Olson (1970) have reported similar findings using

both conventional and frozen concentrated cultures of S. lactis and L.

citrovorum. These cultures were more inhibitory to the spoilage

flora than lactic acid added directly to the meat to give the same pH

values. The color and aroma of samples receiving the culture treat-

ment were not adversely affected, as was the case when direct acidi-

fication with lactic acid was used. Bothast, Graham and Kelly (1971)

have studied the use of lactic acid bacteria in the controlled microbial

curing of porcine muscle. This represents another application of

these organisms in the meat industry.

There are still other aspects of food production in which the

inhibitory properties of the lactic acid bacteria may be useful. Recent

developments in food processing and merchandising methods have

resulted in numerous convenience type foods on the market. It is

acknowledged that many of these are ideal growth media, not only for

food spoilage organisms, but also for food-poisoning types, and if

mishandled, e.g., left for a suitable time at a growth temperature,
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they may become toxic. Saleh and Ordal (1955) mentioned three

possible additives that might protect pre-cooked frozen chicken a la

king from growth of Cl. botulinum after defrosting. These additives

were: (a) chemical inhibitors, (b) antibiotics and (c) an antagonistic

microflora. The latter choice was most acceptable to these authors,

and would certainly be even more so today when additives such as

chemicals or antibiotics, in particular, would likely incur the wrath

of the regulatory agencies and would not receive consumer acceptance

either. The lactic acid bacteria were suggested as suitable antago-

nistic microorganisms by Saleh and Ordal (1955) because they are

neither pathogenic nor putrefactive and are acceptable to the human

senses. They demonstrated the ability of S. lactis to prevent growth

and toxin production by Cl. botulinum in chicken a la king. The inhi-

bitory agent was considered to be lactic acid, formed by the fermen-

tation of food sugars.

The results of the present study suggest that the lactic acid

bacteria are a versatile group of microorganisms that would provide

a useful antagonistic microflora under a variety of environmental

conditions. Species are known which are relatively tolerant to high

concentrations of salt, sugar, alcohols and acids. With S. diaceti-

lactis, inhibition of V. parahaemolyticus was observed in broth con-

taining 3% sodium chloride. Many of these organisms can grow over

a wide range of pH and temperature. S. diacetilactis prevented
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growth and proteolysis by P. fluorescens at 7. 5C, suggesting a role

for these organisms in food preservation at low temperatures. This

finding was substantiated in the meat studies just described. The

lactic acid bacteria obtain their energy for growth primarily by fer-

mentation mechanisms, therefore, they grow well anaerobically. In

this study Cl. perfringens was inhibited by S. diacetilactis under

semi-anaerobic conditions.

While a specific microflora is generally not deliberately added

to food products, except as a starter in the case of fermented foods,

microbial antagonism as a weapon in food-safety is still important.

Research workers have listed many cases in which undesirable food-

poisoning organisms are inhibited by the spoilage flora associated

with a variety of foods. The following summary was prepared by

Mossel (1971) who stressed the significance of antagonism, particu-

larly in the field of public health.

Pathogen Antagonist

Cl. botulinum

Cl. perfringens
S. aureus

Salmonella

P. aeruginosa, Cl. sporogenes, Entero-
bacteriaceae, Brevibacterium linens,
lactobacilli, streptococci, unidentified
saprophytes, etc.
Cl. sporogenes, Lactobacillaceae
E. coli, unidentified saprophytes, strep-
tococc i, lactobacilli, Enterobacteriaaceae,
Aeromonas, Pseudomonas

E. coli, unidentified saprophytes, Lacto-
bacillaceae
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There can be little doubt that this natural antagonism, in which

the lactic acid bacteria play a major role, is important in maintaining

the relative safety of many of our food products when outbreaks of

food-poisoning due to the common pathogens are considered. Mossel

(1971) expressed concern about the public health hazards of some of

our present day foods. He pointed out that modern food processing

techniques are rapidly minimizing the degree of handling of our pre-

pared foods, thus leading to foods with relatively low total counts, but

with possibly relatively high proportions of the more resistant organ-

isms, such as the clostridia, Bacillus species and group D strepto-

cocci. The loss of the built-in protection of the antagonistic flora

may make these foods more dangerous because of the shift in their

microbial content, and because they are now a more favorable sub-

strate for growth of a poor competitor, such as S. aureus, should it

gain admission. If these foods become a problem, as Mossel envi-

sages they might, then the addition of certain lactic acid bacteria

would again provide a natural built-in antagonistic flora and increase

the food-safety rating of these products. The lactic acid bacteria

have the further advantage that they control many food spoilage organ-

isms as well as food pathogens. Thus an increase in shelf-life may

also be achieved. This concept of food preservation by controlled

population dominance may find even wider application in under-

developed countries where lack of refrigeration often leads to the loss
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of many valuable food nutrients.

Much research has been devoted to study of the nature of the

interactions between the lactic acid bacteria and food spoilage organ-

isms and pathogens. An understanding of these interactions is neces-

sary so that maximum benefit may be gained from the inhibitory

properties of these organisms in natural food products. In this study

inhibition by acid production and pH changes was the mechanism of

inhibition most studied, but experiments were designed to also deter-

mine the possible involvement of other factors in the observed inhibi-

tion.

In the associative growth experiments in milk and broth, under

static incubation conditions, the pH generally dropped to 4.7 - 4.3

depending on the broth modification used. The attainment of these

low pH values suggests acid production as a possible mechanism of

inhibition. Test organisms would not grow in cell-free supernatants

of the lactic acid bacteria at these low pH values, but did grow when

the pH was adjusted towards neutrality. In addition, no inhibition of

S. aureus growth occurred when the pH was maintained constant at

6.8, although extensive injury took place as evident by the difference

in plate counts on the plating media used. These findings indicate a

role for acid production and pH reached in the mechanism of inhibi-

tion. Acetic, formic and lactic acids were inhibitory to the test

organisms when the pH of the medium was 4.5. Like the culture
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supernatants, this inhibition was pH dependent and was consistent

with the inhibitory action of the undissociated form of the acid.

Hydrochloric acid, however, did not inhibit, even at pH 4.5, sug-

gesting that low pH per se is not sufficient to inhibit these test organ-

isms. When the acids produced by S. diacetilactis were quantitatively

determined and added to broth media, the latter were less inhibitory

to S. aureus and P. fluorescens than culture supernatants of S. diace-

tilactis. Greater than one log cycle difference in plate counts was

generally observed. This suggests that the acids alone are not

responsible for all the inhibition observed with S. diacetilactis in

these broth media. Medium conditions which gave increased acid

production by S. diacetilactis did not always give increased inhibition

but showed that the pH reached and the buffering capacity of the medi-

um were important. These findings are in general agreement with

those of Sorrels and Speck (1970), Chung and Goepfert (1970), and

Hentges (1970). These workers studied the effects of acids and acid

producing cultures on microorganisms in different systems.

When considering the mechanism of action involved in the anta-

gonism associated with the lactic acid bacteria, several other possi-

bilities besides acid production and pH changes must be included.

The ability of these organisms to produce antibiotic substances has

been well documented, e.g. , nisin production by S. lactis. Collins

(1961) reported strain dominance due to antibiotic production by S.
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diacetilactis. The broad spectrum of inhibition shown in this study

suggests that nisin or a similar compound does not cause all the

observed inhibition. Cell-free supernatants or cell extracts of S.

diacetilactis and P. cerevisiae did not show inhibition using the disc

assay technique, while extensive inhibition was observed with live

cells. Similar findings for S. diacetilactis were reported by Veda-

muthu et al. (1966). Preliminary experiments indicated that culture

supernatants of S. diacetilactis contained inhibitory compounds which

were distinct from lactic, acetic or other acids. The possibility that

broad spectrum antibiotics, similar to those reported for L. acido-

philus (Vakil and Shahani, 1965) and L. bulgaricus (Reddy and

Shahani, 1971), may be present is worthy of consideration.

The toxic effects of hydrogen peroxide have been well demon-

strated both in broth systems and natural food products. In the

present study, cell-free broth supernatants of S. diacetilactis, which

will not allow growth of the test organisms, retained their inhibitory

properties when heated at 121C for 15 min and when catalase was

added, indicating that hydrogen peroxide is not the inhibitory agent

under these conditions.

In some literature reports the inhibition of food-borne pathogens

by the lactic acid bacteria and other food-borne organisms has been

attributed entirely to depletion of nutrients required by the pathogens.

Some reversal of inhibition has been demonstrated by the addition of
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nicotinamide to broth supernatants of S. diacetilactis (Iando lo et al. ,

1965; Radich, 1970). In this study, inhibition in milk and broth media

was evident very early in the incubation period and it appears unlikely

that the lactic acid bacteria would deplete these media of such vital

nutrients in such a short period of time. Such depletion would be

expected to interfere with the growth of the lactic organism itself.

Iandolo et al. (1965) demonstrated greater inhibition in culture super-

natants at pH 7.3 than in those at pH 5.2. This was attributed to the

decreased availability of nicotinamide at pH 7.3. In this study, using

different growth media, the inhibitory effects of the supernatants

were reduced by increasing the pH, suggesting that the type of nutri-

ent depletion observed by Iandolo et al. is not involved.

Changes in oxidation - reduction potential often result in the

dominance of particular organisms in food products. The ability of

the lactic acid bacteria to lower the oxidation-reduction potential in

their growth environment is well recognized and is probably a factor

in their antagonistic relations against aerobic organisms. We

observed strong inhibition of S. aureus under both static and aeration

conditions (see toxin discussion later), suggesting that oxidation-

reduction potential changes, although maybe involved, do not explain

all the inhibition observed.

It is obvious from the above discussion that the cause of inhibi-

tion towards food-borne pathogens and spoilage organisms by the
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lactic acid bacteria is far from being completely elucidated. A com-

plex interaction of several factors is probably involved and the con-

tribution of each may vary with the nature of the food environment

and its microflora. To further increase the safety of food products,

those starter bacteria that exhibit maximum inhibition in the particu-

lar food environment should be used. Of course, other characteris-

tics, such as compatibility among strains and the effect on flavor,

must also be considered.

Toxin Studies

There are few reported studies relating to effects of other

organisms on staphylococcal enterotoxin production per se. This is

probably due to the absence, until recently, of quantitative assays to

measure toxin yields and because of the difficulty in obtaining puri-

fied enterotoxin and antiserum required in these assays. While the

inhibition of growth of S. aureus could readily be demonstrated, the

possibility of toxin production, even in small quantities, still remain-

ed. Toxin determinations under associative growth conditions were

therefore conducted. Toxin was assayed in several media under both

static and aeration conditions to hopefully demonstrate inhibition

under a variety of environmental conditions, including some con-

sidered very favorable for toxin synthesis.

Control studies with S. aureus growing alone showed some



127

interesting findings. Maximum toxin production and pH changes

occurred during the period of transition between exponential and

stationary growth, in agreement with the results of previous studies

on type B toxin production (McLean, Lilly and Alford, 1968; Markus

and Silverman, 1968; Morse, Mah and Dobrogosz, 1969). A marked

repression of toxin synthesis in the presence of added glucose was

observed, but following glucose utilization the pH rise and toxin pro-

duction did occur, even when greater than 0. 5% glucose was added

initially. Morse, Mah and Dobrogosz (1969) claimed that the second-

ary rise in pH and toxin synthesis did not occur when 0.35% glucose,

or more, was added to their broth medium (Protein Hydrolysate

Powder, PHP). They showed data only for 12 and 24 hr incubation.

Similar conclusions could be drawn from the results of this study at

these incubation times when the initial inoculum of S. aureus was 4 x

105 cells/mi. However, the pH rise and toxin production did occur

on extended incubation. Toxin production was evident by 24 hr in the

presence of added glucose when the inoculum was 4 x 108 cells/mi.

In the present study, also, maltose showed a greater repression

effect on toxin synthesis than did glucose at an equivalent concentra-

tion. To the knowledge of the author, there are no published reports

on the effects of carbohydrates other than glucose on toxin production

in broth media. A report by D'Arca Simonetti (1965) suggests that

BHI plus 1% maltose is an efficient medium for toxin production.
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However, this was observed with solid media in contrast to broth, a

fact overlooked in a recent review article (Bergdoll, 1970).

It was found that S. diacetilactis (inoculum 1 x 107 cells/ml)

prevented toxin production by S. aureus (4 x 105 cells/ml) in all the

media tested when glucose or maltose was added. This was true

when both aeration and static incubation conditions were used. The

pH dropped initially due to carbohydrate fermentation, but the pH

rise observed in the absence of S. diacetilactis did not occur. Growth

of S. aureus was also inhibited under these conditions. Because of

the low pH reached, it is suspected that rapid acid production was

contributing to the mechanism of inhibition in these media.

Inhibition of both growth and toxin production, however, occur-

red in the absence of low pH when S. aureus and S. diacetilactis were

were grown in association at these concentrations, under aeration

conditions, in BHI broth without added carbohydrate. The pH of this

system remained constant at 6.6 in contrast to the growth studies

discussed earlier where a substantial pH drop was observed. Growth

studies showed that S. diacetilactis grew rapidly in this medium and

had entered its stationary phase before visible growth of S. aureus

could be detected. The fact that aeration conditions were used sug-

gests a possible role for hydrogen peroxide as an inhibitor in this

system. Although hydrogen peroxide was not detected in studies on

the NADH-oxidase of S. diacetilactis by Bruhn and Collins (1970),
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large amounts were demonstrated in cultures of other group N strep-

tococci by Anders, Hogg and Jago (1970).

The addition of 0. 5% sodium pyruvate to the system just

described allowed growth of S. aureus and substantial toxin produc-

tion in the presence of S. diacetilactis. This reversal of inhibition is

indirect evidence for the involvement of hydrogen peroxide as an inhi-

bitor since pyruvate has the ability to breakdown hydrogen peroxide

(Baird-Parker and Davenport, 1965). Gilliland and Speck (1969) have

shown that the addition of sodium pyruvate reduced the amount of

hydrogen peroxide accumulated in milk cultures of lactic streptococci

and lactobacilli. They observed a similar effect with reduced gluta-

thione and ferrous sulfate, the latter compound being more effective.

In the present study, pyruvate addition did not significantly repress

toxin production by S. aureus growing alone, in contrast to the effects

of glucose and maltose addition.

When a higher level of S. aureus inoculum (4 x 108 cells/ml)

was used, toxin production in association with S. diacetilactis was

only partially inhibited or not inhibited at all, depending on the medi-

um conditions used. When the growth medium was NAK plus 1% glu-

cose, S. diacetilactis inhibited toxin production without a concurrent

effect on growth or pH changes. Such a system may be useful for

studying the mechanism of toxin synthesis and examining the role of

the enzyme systems involved. It is acknowledged that in some
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situations high S. aureus counts in foods are not always a good indi-

cator of the amount of toxin present. Of course the converse case,

in which toxin may persist after the number of S. aureus has been

reduced, is potentially more dangerous in a food supply. Hence,

toxin assay and not enumeration of S. aureus is the better index of

the safety of a food product suspected of exposure to this organism.

The findings in this study confirm the scattered literature

reports that members of the lactic acid bacteria have the ability to

inhibit growth of S. aureus. For the first time, inhibition of toxin

production under a variety of incubation conditions has been demon-

strated. While it is often dangerous to extrapolate data obtained in

broth media to the situation pertaining in a natural food product, the

data obtained here suggest that the action of physiologically active

starter bacteria would prevent toxin production by S. aureus in a

fermented food product. This conclusion is supported by the findings

that numbers of S. aureus can be controlled in a variety of food pro-

ducts. The versatile nature of the lactic acid bacteria is again evi-

dent by their ability to inhibit toxin production under both aerobic and

anaerobic conditions. Although the higher level of S. aureus inoculum

used in this study is far in excess of what might be expected in a food

product, the fact that toxin was produced in the presence of S. diace-

tilactis points out the need to exert care to keep the contaminating

flora as low as possible, in order to derive the utmost benefit from
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the starter organisms.

The value of this study is not limited to the demonstration of

successful inhibition of toxin production by addition of S. diacetilactis.

The difference between the present findings and published reports on

the effect of glucose addition on toxin synthesis has been mentioned.

It was also noted that maltose was more deleterious to toxin produc-

tion (but not growth) than an equivalent concentration of glucose, even

in the absence of S. diacetilactis, and that sodium pyruvate addition

did not significantly repress toxin production by S. aureus growing

alone. These results suggest the need for a broader study on the

effects of different carbohydrates and metabolic intermediates on

toxin synthesis and clarification of their role in a possible catabolite

repression phenomenon associated with this synthesis. Such a study

might reveal a preferential inhibitory activity of some harmless com-

pound that may be used as a food additive. For example, maltose

could replace glucose as the added carbohydrate in food fermentations.

Citrate was also shown to repress toxin synthesis in the present

study. However, the amount added was greatly in excess of that

which may be legally added to fermented meat (approximately 0. 02 %;

Bailey, 1970).

It should also be noted that this toxin study was confined to type

B toxin-producing strains of S. aureus. Type A purified toxin and

antiserum are not yet commercially available. Although less toxin
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is produced by type A strains, they are more frequently associated

with food-poisoning outbreaks than those that synthesize type B toxin.

Type A strains produce toxin throughout the growth cycle, in contrast

to B strains which do so only at the end of the log phase (Morse, Mah

and Dobrogosz, 1969; Markus and Silverman, 1970). Also, synthesis

of type A toxin is less sensitive to pH changes (Reiser and Weiss,

1969). These factors may explain why type A strains are more fre-

quently associated with outbreaks of food-poisoning. Growth of type

A strains was successfully inhibited in the media used for toxin assay

and in the many food products used in this study, as well as in the

fermented sausage products. Therefore, it is suggested that toxin

synthesis by these strains could also be successfully controlled by

the associative growth of the lactic acid bacteria.

Simulated Fermented Sausage

There is a very conspicuous lack of published information relat-

ing to microbiological aspects of the fermented meat industry. This

is because individual industrial concerns have traditionally used their

own processes and only scant details are known to outsiders. This

industry has not, until recently, made efforts to utilize a variety of

technological and microbiological advances that research in the dairy

industry, in particular, has made available. An improved starter

culture which was recently made available (Everson, Danner and
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Hammes, 1970) has, however, been well accepted by the industry and

more research is now needed to provide further starter strains that

will produce acceptable products under a variety of conditions. The

need for this research was further accelerated by the incrimination

of fermented sausage products in several staphylococcal food-poison-

ing outbreaks during 1971.

The relatively high populations of S. aureus reached in the con-

trol samples in the present study is worthy of comment, especially in

view of the recognized inability of S. aureus to compete well in raw

food products. The combination of sodium chloride and sodium

nitrite added to the meat-mix is inhibitory to many spoilage organisms

found in meat but does not adversely affect growth or toxin production

by S. aureus (McLean, Lilly and Alford, 1968). Therefore, S. aureus

has a selective advantage over many of its competitors in this environ-

ment. Greater than one million coagulase-positive staphylococci per

gram were found in commercial sausage products incriminated in

food-poisoning outbreaks and high levels, similar to those reached in

this study, were reported by Metcalf and Deibel (1969), also using a

beaker sausage process.

The present study demonstrates the ability of physiologically

active starter cultures to successfully inhibit S. aureus in fermented

sausage, even at relatively high levels of the pathogen. Goepfert and

Chung (1970) attributed the failure of Salmonella to grow in a similar
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environment to the low pH and high salt content present. Acton,

Williams and Johnson (1972) showed that fermentation temperature

within the range 22 to 37C did not significantly affect the flavor and

aroma of summer sausage made with the same P. cerevisiae strain

used in this study. These workers, however, indicated the need for

research to ascertain the potential safety of a product prepared at the

lower fermentation temperature, 22C. In the present study, although

substantial inhibition was achieved by the starter cultures at 21C

(average 97% at 50 hr incubation), the degree of inhibition was not as

dramatic as that observed at 30C and 37C. This is most likely due to

the slower rate of acid production at 21C. There was little difference

between the control achieved by the three cultures at this fermentation

temperature. These effects of temperature on the degree of inhibition

of S. aureus would suggest that 30C or 37C would be more desirable

from a food-safety aspect, at least with the levels of S. aureus inocu-

lum used here. A search for a starter culture with a lower tempera-

ture optimum might be worthwhile, if a lower fermentation tempera-

ture was more suitable, considering all aspects of the manufacturing

process. The beaker sausage method used in this study (Deibel,

Wilson and Niven, 1961) could be used as a type of activity test and

by appropriate manipulations of ingredients and incubation conditions,

the potential usefulness of new and existing starter cultures in a par-

ticular sausage making procedure could be ascertained. Such
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practical activity tests are widely used in the dairy industry to assist

in the selection of starters for cheese making.

Chemical acidulation, as used in this study, gave useful initial

control of S. aureus, but good growth of the pathogen occurred later

in the fermentation period. This growth took place at relatively low

pH levels 4.8 5.0. Other workers have reported the ability of S.

aureus to grow at low pH, especially in meat environments which are

more conducive to the growth of this organism than BHI broth (Geni-

georgis, Savoukidis and Martin, 1971). At similar brine concentra-

tions and pH levels it took fewer cells to initiate growth in meats than

in the broth. This was especially true in meats with high brine con-

centrations and low pH. Metcalf and Deibel (1969) reported the

development of a large S. aureus population in the acid environment

of sausage (final pH 4.3). From an initial inoculum of 3,000 per

gram, S. aureus reached more than 10 million per gram at 48 hr in

synthetic cream pies acidified to pH 4.5 with citric acid (Schmidt,

Gould and Weisel, 1969). This recognized ability of S. aureus to

grow at relatively low pH values, suggests that the inhibitory proper-

ties of the lactic acid bacteria may not be entirely due to acid produc-

tion. It may be significant, also, that there is usually some initial

multiplication of S. aureus in the presence of the starter bacteria.

Therefore, the latter are competing against a growing culture which

is probably in its most vulnerable state and is not given an opportunity



136

to adjust to the adverse conditions to which it is rapidly being exposed.

While toxin production was not assayed during the fermentation

period in this study, certain conclusions may be drawn from the

growth behavior of S. aureus under the incubation conditions used.

In the control samples, where S. aureus reached a very high popula-

tion without a significant drop in pH, toxin synthesis would certainly

be expected, especially in the case of type A producing strains. The

findings of Tatini et al. (1971b) in cheese studies, would suggest that

toxin would not be synthesized in the presence of the active starter

cultures, as sufficient growth did not take place. In an industrial

operation, it would be imperative to achieve adequate distribution of

the starter to avoid pockets of poorly fermented meat in which growth

of S. aureus and toxin synthesis might occur. This should not pre-

sent a problem in processes in which mixing of sodium nitrite is done

to provide uniform color. In the chemically acidified samples, in

which a high S. aureus population resulted at pH 4.8 - 5. 0, type A

toxin synthesis might well be expected. Other factors, such as the

nature and activity of the microbial flora and the degree of aeration

would influence toxin production in this system. Type A toxin syn-

thesis in milk at pH 4.5 was observed by Tatini et al. (1971c).

The growth behavior of S. aureus in an industrially prepared

food product is difficult to predict because of the interaction of so

many factors, e.g. , the nature of the meat and other ingredients,
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available oxygen, water activity, temperature, pH and the effects of

other organisms, particularly lactic acid bacteria. However, the

results of this study, and those of other workers, would caution

against the adoption of a certain pH attainment, such as 5.0 to 5.2,

as a criterion of safety of a fermented product where S. aureus is

concerned. Regular line sampling for S. aureus throughout the pro-

cess would be a useful indication of possible danger, but, in the

absence of this, analysis of the final product for toxin is the only way

to determine the safety of a product.

From the limited data reported in this study, it would appear

that a combination of chemical acidulation and starter cultures could

be used successfully in fermented meats, at least from a food-safety

standpoint. Since only one concentration each of GDL and citric acid

was used (and these in excess of the legal limits), more research is

needed to see if lower levels of these chemicals have a role in meat

fermentations in producing the desired flavor and texture, as well as

in aspects of food-safety. The combination of the two methods cer-

tainly allows the achievement of a wide range of pH values.

Properly selected, physiologically active starter cultures will

ensure the required pH decrease and safety of a fermented meat pro-

duct. Such starters have been shown to improve sausage uniformity

and shorten production cycles (Everson, Danner and Hammes, 1970).

With this knowledge in mind, and in view of the recent public outcry
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against the addition of chemicals to food products, the more natural

biological acidification should be the method of choice in meat fer-

mentation. Constant use of a particular culture will ensure unifor-

mity of product, but research workers should also examine the possi-

bility of using new cultures to give variety to existing products and

develop new ones. Finally, industrial users need not fear the require-

ment of an elaborate starter maintenance program when using these

cultures. Commercially available cultures do not require special

attention and may be treated like any other additive. Recent advances

in the techniques for storing these cultures may make them even

more desirable in the future. In particular, the lag traditionally

associated with lyophilized cultures may soon be eliminated, allowing

the return to this most desirable storage method.
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