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Several biochemical tests were studied to determine their

correlation with coagulase activity. The lysozyme test was in per-

fect agreement with the coagulase test for the strains studied.

Mannitol fermentation and egg yolk lipase tests were in agreement

with the coagulase test for 96% of the coagulase positive strains.

Sheep red blood cell hemolysin was produced by 90% of the Staphylo-

coccus aureus strains, The ller phenomenon was produced by

80% of the coagulase positive cultures. These tests were considered

to be of value in determining the potential pathogenicity of staphylo-

cocci.

Other biochemical tests studied did not seem to provide as

good an index of food poisoning capabilities as the above tests, The

DNase and phosphatase tests gave positive reactions for all strains

tested, and proteolysis was shown to be variable among the different

strains.



These indices of pathogenicity were compared with the demon-

strated ability of the various strains to produce food poisoning

symptoms in experimental animals. All but one of the known entero-

toxigenic Staphylococcus cultures produced food poisoning symptoms

in the kitten test.

A compact agar slide test system was developed for screening

cultures for the presence of extracellular products. This system

used concentrated cell-free supernatants in an agar substrate. In

some cases, this technique was shown to be faster and more sensitive

than conventional plating procedures.

Some characteristics of staphylococcal coagulase were studied.

It was demonstrated that S. aureus 265-1 liberated some free coagu-

lase into the culture medium, and that some coagulase was insoluble,

or associated with particulate material. Gel filtration with Sephadex

G-75, pH gradient elution, and electrophoresis in polyacrylamide

gels indicated that coagulase has multimolecular forms. Coagulase

appears to be composed of at least two major components and a series

of less active and/or prevalent components which differ in size or

charge.

Spectrophotometric data indicated that the coagulase prepara-

tions had UV absorption maxima near 260 nm. Coagulase

activity was not necessarily correlated with protein concentration

determined by %A280 or protein staining. It is suggested that



coagulase may be associated with nucleic acid material, or that it

may be nucleoprotein.
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METHODS OF IDENTIFYING FOOD POISONING STAPHYLOCOCCI

INTRODUCTION

The presence of staphylococci in food products is of public health

significance since foods contaminated with staphylococci annually pro-

duce a greater number of outbreaks than any other type of food poi-

soning. The detection of these organisms and their toxic metabolites

in food presents a challenging problem.

Enterotoxins have been identified as the principal by product

causing symptoms of food poisoning. Although serological tests have

been developed for detecting enterotoxins in foods, the scarcity of

specific antisera has generally not permitted the assay of enterotoxin

to be practical outside of research laboratories.

Until the development of serological methods for identifying

enterotoxins, the coagulase test was generally regarded as the best

single criterion for determining the potential pathogenicity of a

Staphylococcus. The availability of the plasma substrate and the

simplicity of the coagulase test favor its use in nearly all control

laboratories today.

One of the most significant disadvantages in using the coagulase

test is that it is not perfectly correlated with pathogenicity and/or

enterotoxin production. Thus, a coagulase positive organism may

not be toxigenic and vice versa. For this reason, numerous indices
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for determining the pathogenicity of staphylocci have been developed.

One purpose of this work was to investigate several of the biochemi-

cal tests which are considered to be related to pathogenicity in an

effort to determine which may be more suitable for use in control

laboratories. Also, some of the properties of coagulase were studied

to gain a better understanding of its nature.
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LITERATURE REVIEW

The ability of certain staphylococci to clot blood plasma was

first reported by Loeb in 1903. The clotting factor produced by the

staphylococci was named coagulase. Much, in 1908, recognized the

relationship of coagulase production to pathogenicity; however, it was

not until the work of Cruickshank in 1937 that it became accepted that

coagulase activity was a distinguishing characteristic of Staphylo-

coccus aureus (Elek, 1959, p. 178).

The close correlation between coagulase production and

pathogenicity suggests that the enzyme may play some part in the

infection process. Since one of the characteristic features of

staphylococcal infections is the focal abscess, it has been proposed

that coagulase may be responsible for forming a fibrin barrier that

protects the invading organisms from the cellular defense mechanism.

Smith, Hale, and Smith (1947) demonstrated that phagocytosis of

various strains of staphylococci was inhibited by the coagulase system.

Artificial infections in guinea pigs showed the correlation between

coagulase production and pathogenicity holds only when the plasma of

the animal was coagulable. After inoculation of S. aureus, an inflam-

matory response appeared and subsided in a few days without develop-

ment of abscesses. If human plasma was injected, and then the broth

culture of the above S. aureus was introduced into the same site,
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multiple abscesses developed.

Conflicting reports indicate that the role of coagulase in infec-

tion is not completely understood. Kapral and Li (1960) reported that

S. aureus mutants lacking either soluble or bound coagulase are just

as virulent for rabbits as were the parent strains possessing both

kinds of coagulase. They concluded that coagulase is not essential to

virulence,

The mode of action of coagulase has not been definitely estab-

lished. Evidence indicates that it is not identical with any of the

components of plasma involved in normal clotting. It has been shown

that coagulase is produced by the staphylococci in an inactive form

and that it reacts with an activator in plasma to give active coagulase

(Smith and Hale, 1944). This activator was termed coagulase-

reacting factor (CRF) by Tager (1948a).

Drummond and Tager (1962) indicate there are many similarities

between activated coagulase and thrombin. Both possess esterase

activity and fibrinogen-clotting ability which are inhibited by diiso-

propylfluorophosphate, and both initiate clotting by proteolysis which

results in liberation of fibrinopeptides. Coagulase-CRF differs from

thrombin in that coagulase clotting can occur in the presence of

chelating agents and soybean trypsin inhibitor; whereas, conversion of

prothrombin to thrombin, preliminary to clotting, does not occur in

the presence of these anticoagulants.
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The nature of CRF has been investigated. Tager (1956) com-

pared the biological activity and physiological properties of CRF and

prothrombin. It was found that the two possessed different physical

properties, but purified prothrombin proved to be an excellent source

of CRF. Although CRF was filterable, Seitz-filtered plasmas were

devoid of prothrombin activity. A number of considerations led Tager

to believe that CRF may be a breakdown product of prothrombin.

The work of E. S. Duthie (1954) showed pathogenic staphylo-

cocci produce two forms of material capable of interacting with plasma

or fibrinogen. One of these, termed bound coagulase, was found to

be associated with the cell since it was released only on disintegration

or autolysis. Bound coagulase acts directly on fibrinogen with

resultant clumping of the staphylococcus cells. Free coagulase is

liberated into the medium during growth. The free coagulase inter-

acts with CRF to give activated coagulase which is capable of clotting

fibrinogen.

Many variations of coagulase testing have been proposed. All

tests for free coagulase require a suitable plasma substrate. In

1908, Much showed that diluted plasma was often more satisfactory

than the same plasma used full strength. This is due to dilution of

the inhibitors in plasma (Elek, 1959, p. 210).

The tube test for free coagulase may be performed using the

procedure of Gilden, Baer, and Franklin (1966). One-half milliliter
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of coagulase plasma is added to two-tenths milliliter of 18 to 24 hour

broth culture of the test organisms. The test system is incubated at

37°C and periodic readings are made up to four hours. The presence

of free coagulase is indicated by the formation of a clot in the plasma.

The slide test of Cadness-Graves et al. (1943) provides a

method for the rapid screening of cultures for the presence of bound

coagulase. For the test, a heavy suspension of staphylococci is

mixed with a drop of plasma or fibrinogen solution on a microscope

slide. Clumping of the cells constitutes a positive test. Cannon and

Hawn (1961) indicated that 99% of the staphylococci which produce free

coagulase also produce bound coagulase when tested using three

minutes of mechanical agitation.

A plate method for determining coagulase activity was intro-

duced by Reid and Jackson (1945). They suggested using veal infusion

agar to which 20% sterile plasma had been added. Coagulase positive

staphylococci inoculated onto these plates produced a fibrin halo in

three to eighteen hours. Esber and Faulconer (1959) recommended

the incorporation of mannitol and brom cresol purple into a similar

medium for detecting both coagulase positive and mannitol fermenting

staphylococci.

The methods described above are qualitative tests for the

detection of coagulase. There have been some attempts to quantitate

the amount of coagulase present. Stutzenberger, San Clemente, and
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Vadehra (1966) described a precise, reproducible and rapid nephelo-

metric method for assaying coagulase activity. The method is based

on increased light scattering which accompanies the clotting of

fibrinogen, Another approach is the dye diffusion test of Fung and

Kraft (1968). In this semiquantitative assay, the distance crystal

violet diffuses after being added to a clotted plasma is taken as a

measure of the amount of coagulase present.

Several methods of purifying coagulase have been developed to

better understand the nature of coagulase. Tager (1948b) prepared

coagulase that was 1000 times more active than the starting material

using isoelectric precipitation in acetate buffer, ethanol precipitation

and fractional precipitation with ammonium sulfate. The procedure

resulted in a 300- to 400-fold purification. Duthie and Haughton

(1958) used adsorption on cadmium sulfate and fractional precipitation

with ammonium sulfate to purify the enzyme. A 387-fold purification

was obtained by Blobel, Berman, and Simon (1960) using acid pre-

cipitation, alcohol fractionation and starch column electrophoresis.

Zolli and San Clemente (1963) reported a 3700-fold increase in activity

by ethanol-water dialysis, gel filtration, and manipulation of pH,

ionic strength, temperature, protein and ethanol concentration.

Several lines of evidence indicate coagulase is protein in nature.

Tager (1956) reported that chromatography of hydrolyzed coagulase

yielded several different amino acids. Heating 65°C for 30 minutes
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inactivated purified coagulase. Purified coagulase preparations con-

tain 14 to 16 percent nitrogen. Proteolytic enzymes such as trypsin,

chymotrypsin, and plasmin inactivated coagulase.

The ability to ferment mannitol is recognized as an aid in the

classification of the genus Staphylococcus (Breed, Murray and Smith,

1957). Gordon introduced this carbon source as an aid in differentia-

ting pathogenic and non-pathogenic strains in 1904 (Elek, 1959, p. 6).

Although Blair reported 90 to 95 percent correlation with pathogenicity,

other results showed that 11 to 55 percent of the non-pathogenic

strains also ferment mannitol (Thompson and Khoraza, 1937).

Although it is recognized that mannitol fermentation is a variable

characteristic among the staphylococci, the test is still regarded as

one of the most useful tests in detecting S. aureus (Cris ley, 1964,

p. 33).

The use of pigmentation in classifying the staphylococci was

reported by Rosenbach in 1884. The yellow pigmented colonies were

designated S. aureus and the white colonies were called Staphylo-

coccus albus. Although the majority of the pathogenic staphylococci

are pigmented, the characteristic is variable and may be found in

coagulase negative strains (Elek, 1959, p. 12/13). Due to this varia-

tion, pigmentation has lost much of its original value as a criterion

of pathogenicity, although many laboratories still continue to rely on

chromogenesis as an important diagnostic characteristic (Davis and
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Sellers, 1956; Cris ley, 1964, p. 33).

In 1922, the discovery of lysozyme was reported by Fleming

(1922). Welsch and Salmon (1950) were among the first to note the

production of a staphylococcal lytic enzyme. They found that some

heat-killed staphylococci were lysed by products of other strains of

staphylococci. Other authors found that S. aureus released an extra-

cellular enzyme capable of digesting cell suspensions of Micrococcus

lysodeikticus (Mitchell and Moyle, 1957; Ralston et al. , 1957;

Richmond, 1959).

Although Welsch (1959) demonstrated that coagulase positive

staphylococci produced lysozyme, Kashiba et al. (1959) were the first

to associate lysozyme production with pathogenicity. They found that

coagulase positive staphylococci which resisted digestion by leukocytes

produced this enzyme. They concluded that this test was a better

index of pathogenicity than the coagulase reaction since several

coagulase negative strains isolated from human lesions produced

lys ozyme.

Other workers have related lysozyme production to patho-

genicity. Omori, Kato and Iida (1960) reported a food poisoning out-

break caused by a lysozyme-producing, coagulase negative, entero-

toxigenic Staphylcoccus. In a study of 126 coagulase positive strains,

Jay (1966) found 95.2% produced lysozyme, 92. 9% produced alpha-

hemolysin, 85. 7% precipitated egg yolk, and 81% produced sheep red
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blood cell hemolysis. He concluded that lysozyme production was

more closely associated with coagulase production than the other

factors studied. In the examination of over 1400 strains,

Grossgebauer, Schmidt and Langmaack (1968) found that lysozyme

production is a frequent property of potentially pathogenic staphylo-

cocci. They concluded that lysozyme production was a better index

of potentially pathogenic staphylococci than the test for free coagulase.

They suggested that the lysozyme test may allow differentiation

between pathogenic and non-pathogenic coagulase negative staphylo-

cocci.

Eijkman, in 1901, was one of the first to report on diffusible

staphylococcal lipase. Wells and Corper, in 1912, observed that

staphylococcus cultures were more actively lipolytic than many other

bacteria studied. Although lipase was demonstrable as an extra-

cellular enzyme, Birch-Hirschfeld in 1937 found that most lipase

activity was associated with the cells (Elek, 1959, p. 290). Davies

(1954) found the enzyme was widely distributed among the staphylo-

cocci, and that these organisms were the only potential pathogens

that produce a diffusible lipase on solid culture medium. Elek (1959,

p. 290) stated that 99. 5% of the coagulase positive human strains are

lipolytic, 75% of the animal strains have lipase and 30% of the

coagulase negative strains have this enzyme.

When staphylococci are grown on lipid-containing media, they
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produce opacity effects which may be due to the release of fats or

fatty acids. Gillispie and Alder (1952) described the production of

opacity in liquid media containing egg yolk. It was found that about

80% of the coagulase positive strains isolated from human sources

produced an egg yolk reaction (Alder, Gillespie and Herdan, 1953),

Although Rosendal (1963) found that bacteremia due to egg yolk nega-

tive strains gave a higher mortality rate than cases due to egg yolk

positive strains, other results indicate that the egg yolk reaction

appears to be significantly correlated with coagulase production

and/or pathogenicity (Reid and Wilson, 1959; Burns and Holtman,

1960; Cris ley, 1964, p. 39; Jay, 1966).

Gillespie and Alder (1952) noted that the egg yolk reaction

appeared similar to that produced by Bacillus cereus, but that it was

not due to a lecithinase of the type produced by this organism. The

substrate which produces the opacity in egg yolk has been identified

as lipovitellenin, and the egg yolk factor has been described as a

lipase (Shah and Wilson, 1963).

Numerous selective media have been developed in an attempt to

use the egg yolk reaction to isolate and identify pathogenic staphylo-

cocci. Carter (1960) added egg yolk to Staphylococcus-110 medium.

Innes (1960) incorporated tellurite into an egg agar, and Baird-

Parker (1962) reported the use of an egg yolk, tellurite, glycine,

pyruvate agar.
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The presence of glycerophosphatase in chloroform-killed sus-

pensions of S. aureus was demonstrated by Gordon and Cooper in 1932,

The work of Boivin and Mesrobeau in 1933 indicated that staphylo-

cocci produce an acid-soluble phosphatase with optimal activity at pH

6 and an acid-insoluble phosphatase with optimal activity at pH 10

(Elek, 1959, p. 86).

Colonies liberating phenolphthalein from phenolphthalein

phosphate turn pink on exposure to ammonia, and Barber and Kuper

(1951) used this reaction to show that only coagulase positive staphylo-

cocci produced phosphatase after 24 hours incubation. Barber,

Brooksbank and Kuper (1951) found all coagulase positive strains were

phosphatase positive; whereas, coagulase negative staphylococci pro-

duced none of this enzyme or a little only after two days. They sug-

gested the use of the test for the rapid screening of coagulase posi-

tive staphylococci.

Mohan, Pradhan and Manjrekar indicated that the phosphatase

test was a better index of pathogenicity than was the coagulase test

They found several phosphatase positive, coagulase negative

staphylococci to be pathogenic when tested by thigh edema and

dermonecrosis in rabbits. Coagulase negative, phosphatase negative

organisms failed to produce a pustular reaction or necrosis in these

tests (Elek, 1959, p. 86).

Pan and Blumenthal (1961) indicated that coagulase positive



13

organisms produce about five times as much acid phosphatase as do

coagulase negative strains. Shikashio (1962) found that the

phosphatase test may be as good or better than the coagulase test for

the identification of potentially pathogenic staphylococci.

In an experiment in which selective media for the detection and

enumeration of coagulase positive staphylococci in foods were com-

pared, Hobbs, Kendall and Gilbert (1968) concluded that

phenolphthalein diphosphate agar with polymyxin gave results com-

parable to those yielded by the other media tested. The other media

were: Staphylococcus 110 medium, tellurite-polymyxin-egg yolk

agar, Baird-Parker medium, Vogel and Johnson agar, Milk-salt-

agar (Russian formula), and Milk-salt-agar (English formula).

The proteolytic nature of staphylococci was observed shortly

after their discovery, and tests of gelatin liquefaction have been used

as descriptive tests. The proteolytic enzymes (or enzyme activators)

produced by these organisms include gelatinase, ller factor and

fibrinolysin (staphylokinase). Elek (1959, p. 288) indicates that

gelatinase is of no value in classification of the staphylococci since

it is not correlated with coagulase production or virulence. Also,

it is produced in variable quantities from one strain to another.

The Mailer phenomenon was first described in 1927 by Milner

(1927). It is a non-specific proteolysis caused by a diffusible factor

produced by S. aureus. This reaction can be visually determined
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using a variety of precipitated or opaque proteins and blood serum in

an agar gel. The reaction is characterized by the appearance of

multiple, discrete, sterile areas of protein hydrolysis at a distance

from the site of inoculation.

The reaction requires blood components which are believed to be

plasminogen (Hutchison, 1962; Tauraso and White, 1963) or plas-

minogen activator (Mullertz and Lassen, 1953). The Milner factor

activates plasminogen to plasmin, a proteolytic enzyme. Hutchison

(1962) indicated that some plasminogen units are activated while others

are not, and this accounts for the appearance of multiple areas of

proteolysis.

The MUller phenomenon has been demonstrated with growing

colonies of S. aureus, sterile filtrates of broth cultures of S. aureus

and Group A streptococci, and with urine (Quie and Wannamaker,

1961). It is believed that the Muller factors are similar to or identi-

cal with the respective kinas es : staphylokin as e , streptokinase and

urokinas e.

It is reported that over 90% of coagulase positive staphylococci

are able to produce the Milner factor; whereas, no coagulase negative

organisms studied produce this factor (Tauraso and White, 1963).

They stated that the MtZller phenomenon was better correlated to

coagulase activity than mannitol fermentation, fibrinolysin and

gelatinase production.
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Rietsch, in 1887, was probably the first to report that staphylo-

cocci are fibrinolytic. In 1908 Much observed that the clotting of

blood, under the influence of coagulase positive staphylococci, was

followed by dissolution of the clot. The majority of coagulase positive

human strains are fibrinolytic, animal strains are frequently not

fibrinolytic, and coagulase negative strains often possess this type

of proteolysis (Elek, 1959, p. 280/2),

Fibrinolysis is distinct from staphylococcal Willer factor.

Elek (1959, p. 282) indicated that the clearing produced on heated

fibrinogen did not have the irregular edge of Milner phenomenon that

was seen on unheated plasma agar. He also stated that there was

good evidence that fibrinolysin was distinct from gelatinase. In com-

paring the occurrence of these two types of proteolysis in groups of

staphylococci, it was found that there was no correlation between

fibrinolytic and gelatinase activities.

Lack (1948) showed that the mechanism of staphylococcal and

streptococcal fibrinolysis were similar. It is believed that the

bacterial product activates a plasma or serum precursor to produce

the proteolytic enzyme. Lack used the term nstaphylokinase" for this

activator.

It would seem that hyaluronidase, the staphylococcal spreading

factor, would contribute to the invasiveness of these organisms. The

enzyme acts on hyaluronic acid which is a mucopolysaccharide that
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constitutes part of the intercellular cement. In 1924, Parker first

reported on the rapid flattening of the wheal after intradermal injec-

tion of pathogenic staphylococcus cultures. Duran-Reynals, in 1933,

concluded that invasiveness parallelled the presence of spreading

factor. It was found that 93. 6% of coagulase positive strains and

no coagulase negative strains produced hyaluronidase in the work of

Schwabacher et al. in 1945 (Elek, 1959, p. 272).

Hyaluronidase-producing bacteria would be expected to promote

their own spreading and that of other organisms which are unable to

synthesize this enzyme. This is one way in which the staphylococci

play an important role in mixed infections. For example, Lack (1948)

showed that staphylococci and vaccinia virus have a synergistic action

on the skin of rabbits which correlates more closely with spreading

factor than with any other factor studied.

The association of a diffusible product with a pathogenic

organism does not necessarily mean that the product contributes to

pathogenicity. Hyaluronidase production parallels high yields of

coagulase, alpha-hemolysin and other diffusible factors so that the

importance of this enzyme in pathogenesis is still difficult to assess.

In 1926, Epstein and Fejgin observed differences in phage

susceptibility of staphylococci from lesions and other sources.

Burnet and Lush, in 1935, used four phages to demonstrate dif-

ferences between strains of staphylococci. The systematic



17

application of phages for epidemiological investigation of staphylo-

coccal infection was first employed by Fisk in 1942. The method con-

sisted of spotting phage suspensions on plate cultures of staphylococci

under test in a given pattern and comparing the patterns of lysis.

The system was successfully used for the study of staphylococcus food

poisoning (Elek, 1959, p. 136 /7).

In phage typing, Hood (1953) showed that phages, which he com-

bined into pools, were able to act on sensitive strains as well as when

they were used separately. The term "phage typing" implies a clas-

sification system. In practice, the phage system has been worked

out in such a way so that the patterns are reproducible and detect

stable characters. It should be recognized that an empirically

obtained mixture of phages is not always a suitable basis for sub-

division of the species into distinct types. Elek (1959, p. 140) pointed

out that the complex interactions between phage and staphylococcus

cells were determined by genotype of the phage and host cell and by

phenotype due to phages carried by the host cell.

The work of Smith (1948) showed that a high proportion of

staphylococci carry phages. He showed that the phages were lytic

to non-lysogenic strains and that new patterns emerged in lysogenic

strains. The resistance of these strains was due to the phages

carried. Gorrill (1956) demonstrated superinfection can alter phage-

susceptibility. This finding has a significant bearing on the practical
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applications of phage typing. The phage patterns are stable provided

the strains do not come into contact with other staphylococci.

Generally speaking, there are three main subdivisions of

Staphylococcus phages. The virulent phages have a wide host range.

The temperate phages have a much more restricted host range and

are useful in typing. The third subdivision is composed of the phages

which lyse only coagulase negative staphylococci. Serological groups

have been recognized in these three groupings (Rippon, 1956).

Attempts to correlate biological properties of the staphylococci

with phage typing have been unsuccessful. Levy, Rippon and Williams

(1953) found no significant relation of phage type to hemolysin,

fibrinolysin or pigment production. Nearly all staphylococci isolated

from food poisonings are in phage group III. Typing has been useful

in epidemiological studies of food poisoning, tracing the sources of

infection in boils and septic lesions, Staphylococcus pneumonia,

carrier state, and hospital infections (Ghitter and Wolfson, 1960).

The staphylococci produce four hemolysins which have been

designated as alpha-, beta-, gamma-, and delta-hemolysin

respectively. They may be distinguished immunologically, or by

differences in the type of red blood cells lysed.

The alpha-hemolysin has been so commonly associated with

lethal and necrotizing factors in toxic culture filtrates that the terms

alpha-hemolysin and alpha-toxin are often used interchangeably
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(Blair, 1958). This by-product lyses rabbit red blood cells most

readily and has only slight action on those of sheep. It has little or

no effect on human red cells.

In 1927 Daranyi investigated the value of hemolysin production

as an index of pathogenicity (Elek, 1959, p. 235). The close correla-

tion of alpha-lysin with coagulase production has been demonstrated

(Chapman et al. , 1934). Although this correlation is believed to be

over 90 percent, not all coagulase positive strains produce alpha-

hemolysin (Elek, 1959, p. 236). Gladstone and Glencross (1960)

showed that several clinical isolates which did not produce alpha-

hemolysin in vitro, did produce it in vivo. No definite statement

can be made at present about the true relationship of alpha-toxin to

pathogenicity.

The finding by Glenny and Stevens in 1935 of a second, serologi-

cally distinct hemolysin helped to clarify some of the confusion sur-

rounding the previous works on hemolysins. They showed that beta-

hemolysin had little or no activity on susceptible erythrocytes during

incubation at 37°C, but the red cells were readily lysed after incuba-

tion at room or refrigerator temperatures. This phenomenon is

often called "hot-cold lysis." In contrast with alpha-hemolysin,

this factor has no action on rabbit red blood cells and its action is

best demonstrated with sheep cells. Beta-hemolysin has a negligible

effect on human erythrocytes. Strains of staphylococci may produce
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either alpha- or beta-hemolysin, or both. It is generally accepted

that the percentage of beta-hemolysin producers in coagulase positive

staphylococci is quite low (Elek, 1959, p. 236).

Smith and Price (1938) described the occurrence of a gamma-

hemolysin which caused rapid lysis' of the red corpuscles of a variety

of animals including the rabbit and sheep, but not the horse. The

existence of a gamma-hemolysin has been challenged by Elek and

Levy (1950) since they believe the hemolysin described is identical

to the delta-hemolysin.

A fourth distinct hemolysin was recognized by Williams and

Harper in 1947 (Elek, 1959, p. 242). It lysed both sheep and rabbit

red blood cells like alpha and beta-hemolysin; however, it was unlike

the other hemolysins in being able to lyse human, monkey, horse, rat,

mouse, and guinea pig red cells. The correlation of delta-hemolysin

production with human pathogenic staphylococci is reported to be over

90 percent (Elek and Levy, 1950; Blair, 1958).

Many workers have studied the ability of microorganisms to

hydrolyze deoxyribonucleic acid (DNA) and ribonucleic acid (RNA).

MacFayden (1934) reported that some species of Bacillus liberated

enzymes which degraded yeast nucleic acid. McCarty (1948) showed

that beta-hemolytic group A streptococci possessed deoxyribonuclease

(DNase) and ribonuclease (RNase),

Cunningham et al. (1956) described the characteristics of the
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DNase produced by S. aureus. The nuclease produced by S. aureus

was found to be relatively heat stable, required calcium as an

activator, and caused greater degradation of DNA than pancreatic

DNase. Weckman and Catlin (1957) revealed that coagulase positive

staphylococci produce DNase in significantly greater amounts than did

coagulase negative organisms. Jefferies, Holtman and Guse (1957)

incorporated DNA or RNA into semisynthetic agar media for testing

for the respective nucleases. After growth of the test organisms on

this medium, the surface was flooded with hydrochloric acid to pre-

cipitate the unhydrolyzed nucleic acids. Using this plate test,

Di Salvo obtained a perfect correlation between DNase and coagulase

production with the tested strains of staphylococci (Shikashio, 1962,

p. 23). Others have reported a high, but not perfect correlation with

coagulase production (Burns and Holtman, 1960; Jefferies, 1961).

Attention has been directed to using the nuclease test in

examining foods for potentially pathogenic staphylococci. Cris ley,

Peeler and Angelotti (1965) compared the nuclease test with other

selective and differential media for detecting and enumerating

coagulase positive staphylococci. Chesbro and Auborn. (1967) pub-

lished a method for extraction and measurement of staphylococcal

nuclease in foods. It was concluded that nuclease was produced under

conditions which allowed growth of S. aureus. They reported that the

enzymatic detection of nuclease was comparable in sensitivity to
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serological detection of enterotoxin A by a gel double-diffusion

method. The test described required about three hours to complete.

From a medical point of view, the production of enterotoxin in

food is of primary interest. It is believed that staphylococcal entero-

toxin is probably the most common cause of food poisoning (Hodge,

1960). Several conditions must be fulfilled if food poisoning is to

occur. The food has to be contaminated and it must be capable of

supporting growth of staphylococci. It should be relatively free of

contaminating organisms which are capable of out-growing the

staphylococci. Finally, storage time and temperature must allow

growth of these bacteria.

The occurrence of more than one serological type of enterotoxin

was established by Surgalla, Bergdoll and Dack (1953). Casman,

Bergdoll and Robinson (1963) designated immunologically distinct

enterotoxins A and B. Bergdoll, Borja and Avena (1965) reported

the identification of enterotoxin C from cultures isolated from foods

associated with food poisoning. Casman, Bennett and Kephart (1966)

related the finding of enterotoxin D. Enterotoxin A is the cause of

most of the food poisoning outbreaks in the United States today.

The detection of enterotoxin in foods responsible for food

poisoning was reported by Casman and Bennett (1965), Their pro-

cedure involved separation of enterotoxin from insoluble constituents,

separation from soluble extractives, and concentration of the
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extracted and separated toxin so that it could be detected by the slide

gel diffusion test, The authors indicated that concentration to

about one microgram per milliliter was necessary for detection.

A procedure using polyacrylamide gel electrophoresis to isolate

and purify enterotoxin. A shortened the preparative time of one to two

days for the Casman method to a few hours (Denny, Tan and Bohrer,

1966). Morse and Mah (1967) described a microtiter hamagglutina-

tion-inhibition assay for the detection of enterotoxin B. This test

allowed the detection of 0.4 micrograms of toxin per milliliter in

three hours. Donnelly et al, (1967) were able to detect 0.2 micro-

grams of enterotoxin A or B per milliliter of culture fluid using a

double diffusion tube method. This method required up to 14 days

incubation.

The most sensitive procedure for detecting enterotoxin reported

to date is that of Silverman, Knott and Howard (1968). They used a

reversed passive hemagglutination procedure and were able to detect

0.0015 micrograms per milliliter, or 0.0007 micrograms of entero-

toxin. Advantages of this procedure are its extreme sensitivity and

the results are obtained within a few hours. Also, neither elimina-

tion of interferring proteins from food extracts nor concentration of

the sample are needed.

Numerous animals have been used in an attempt to determine

the presence of staphylococcal enterotoxin in culture supernatants and
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in foods implicated with food poisoning outbreaks. Varying degrees of

success have been reported with the use of the following animals:

frogs (Robinton, 1949), suckling pigs (Hopkins and Poland, 1942),

kittens (Dolman, Wilson and Cockcroft, 1936), dogs (Warren et al. ,

1964), monkeys (Jordan and McBroom, 1931), and human volunteers

(Dolman, 1934). The more common laboratory animals, such as

mice, rats, guinea pigs, and rabbits, have been unsatisfactory since

they apparently lack the vomiting response (Elek, 1959, p. 304-5).

Both kittens and monkeys have been used extensively as test

animals. The monkey test involves administration of 30 to 50 milli-

liters of suspect material by stomach tube. The kitten test uses the

intravenous or intraperitoneal administration of one to six milli-

liters of sample. Thatcher and Robinson (1962) indicate that both

kittens and monkeys have their peculiar shortcomings as test

animals. Wilson (1959) and Bergdoll (1956) believe the monkey test

gives more reliable results than the kitten test. Although gastric

administration has the advantage of providing a more specific emitic

reaction to enterotoxin, some persons (Thatcher and Robinson, 1962)

prefer to use kittens due to the availability of test subjects, lower

cost, and ease of maintenance.
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MATERIALS AND METHODS

Staphylococcus Cultures

Several American Type Culture Collection (ATCC) strains were

used in this study. S. aureus strains 12 600 (Neotype strain), 13565,

14458, 19095 and 23235 (prototype strains for production of entero-

toxins type A, B, C, and D, respectively) 8094, 8095, 8096, 13566,

and 135 67 (reported enterotoxigenic strains) 19139, and Staphylo-

coccus epedermidis strains ATCC 12228 and 14990 were received

directly from the ATCC. S. aureus D263 and 265 -1 were obtained

from Dr. E. P. Casman of the Food and Drug Administration. The

remaining strains--1, 2, 3, 4, 4764, 6571, 2648, 2649, 2650, 4445,

5483, and the coagulase negative Staphylococcus--were taken from

the Oregon State University Department of Microbiology stock culture

collection. The coagulase negative Staphylococcus strain was

isolated from a food implicated in a case of staphylococcal food

poisoning.

Preparation of Concentrated Culture Supernatants

Each culture was inoculated into 100 ml of Brain Heart Infusion

(BHI) broth (Difco) in 250 ml DeLong culture flasks. The flasks were

incubated at 35°C for 48 hours on an orbital shaker running 210
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r.p.m, Most of the cells were removed by centrifuging at 4080 X G

for 10 minutes, followed by gravity-flow filtration through Whatman

GF/A Glass filters. The clarified filtrates were poured into dialysis

tubing (Scientific Products) and dialyzed against 50% (w/v) poly-

ethylene glycol 4000 (Fischer) for 12 hours at 4°C. This resulted in

a reduction in volume to about two milliliters--a 50-fold concentration.

Coagulase Test

The cultures were tested for the presence of free coagulase

using the method of Gilden et al. (1966). Tubes containing 0.2 ml of

sterile BHI broth were inoculated with the cultures to be tested.

After incubation at 37°C for 18 to 24 hours, 0.5 ml of coagulase

plasma (rabbit) was added to each of the broth cultures. The contents

of the tubes were mixed, and the tubes were incubated at 37°C for

four hours and observed periodically for clotting.

Mannitol Fermentation Test

To determine if mannitol was fermented, the different strains

were streaked onto coagulase mannitol agar base (Baltimore

Biological Laboratory). The plates were incubated aerobically at

37°C for 48 hours. The production of an acid reaction in the medium

around the colonies was considered a positive reaction.
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Lysozyme Test

The substrate for this assay was M. lysodeikticus ATCC 4698.

This organism was cultivated at 35°C for five days in 10 ml BHI

broth. The cells were then separated from the supernatant liquid by

centrifuging at 4080 X G for 10 minutes. The supernatant liquid was

decanted and the cells were suspended in one milliliter of saline

(0.85%, w/v). Lysozyme agar was prepared as follows:

8.0 ml of 0. 5% (w/v) Agar (Oxoid, Ion Agar No. 2) in saline

1.0 ml of M. lysodeikticus saline suspension

1.0 ml of 10 mg /ml Merthiolate (Eli Lilly and Co.)

Three milliliters of the assay agar was placed on a clean glass

microscope slide and was allowed to harden. Four millimeter

diameter wells were cut in the agar.

The staphylococcal concentrated supernatants were added to the

wells, and the slides were incubated at 37°C in a moist chamber.

Zones of clearing around the wells were interpreted as cell disintegra-

tion following lysozyme action.

Egg Yolk Lipase Test

To determine the presence of egg yolk lipase, egg yolk agar was

prepared according to the following formula:

7.9 ml of 0.8% Agar in saline
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1.0 ml of fresh egg yolk in saline (50%, v/v)

0.1 ml of 3 mg/ml Neutral Red

1.0 ml of 10 mg/ml Merthiolate

This substrate was placed on microscope slides as described above.

The presence of egg yolk factor was indicated by a pink zone, about

one to two millimeters around the well, surrounded by a radiating,

white opalescent zone.

Muller Factor Test

Visual determination of the Mu"ller phenomenon requires opaque

or precipitated proteins. Both fibrin and casein were used as the

substrate in the single- and double-diffusion methods described below.

I. Single-Diffusion Technique:

Milk plasma agar and 20% fibrin plasma agar were pre-

pared according to the following formulae:

Milk Plasma Agar--

7.8 ml of 0.5% agar in saline

1.2 ml of 10% (w/v) non-fat dry milk (NFDM)

0.7 ml of Bacto Coagulase Plasma

1.0 ml of 10 mg/ml Merthiolate

20% Fibrin plasma agar--

6.2 ml of 0.8% agar in 0.1 M phosphate buffer pH 7.0

2.0 ml of Bacto coagulase plasma which had been heated
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5 6°C for 15 minutes

0.7 ml of Bacto Coagulase Plasma

0.1 ml of 3 mg/m1 Neutral Red

1.0 ml of 10 mg/m1 Merthiolate

II. Double Diffusion Method:

Both 20% heated plasma and 1.2% NFDM were used as

substrates. The difference between these assay media and that for

the single diffusion method is that unheated plasma was not incor-

porated into the agar. The plasma was added to the system in wells

approximately three millimeters away from the wells containing the

concentrated supernatants.

To determine the most favorable pH for demonstration of the

Mui'ller phenomenon, the reaction of the Fibrin agar was adjusted to

pH 6.0, 7.0, 8.0 and 9.0 using 0.1 M potassium phosphate buffer.

The appropriate pH indicator was added as follows: bromothymol

blue (3 mg /ml at pH 6.0), Neutral Red (3 nag/m1 at pH 7.0), and

Thymol blue (10 mg/m1 at pH 8.0 and 9.0). These substrates were

placed on microscope slides as stated above.

The electrophoretic mobility of staphylococcal Muller factor

was investigated. The concentrated culture supernatants of ATCC

strains 13565, 13566, 14458, 19095, and 23235 were examined using

a modification of the polyacrylamide gel electrophoresis procedure

of Ornstein (1964) and Davis (1964). The flat gel apparatus used was
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designed in this laboratory and allowed the formation of a 53 mm by

166 mm vertical gel instead of the cylindrical gels described by

Davis (1964). With the use of ice water cooling, electrophoretic

separations could be performed at approximately 4°C using 35 ma

for about one hour.

At the completion of the separation, the gel was cut into vertical

sections. These gel sections were stained with 0. 5% (w/v) Amido

Schwartz (buffalo blue black, Allied Chemical Co.) in 7% (w/v)

acetic acid, or the gels were layered on agar-containing substrates

for the assay of Miller factor.

Kitten Test

All Staphylococcus strains were used in the kitten test to deter-

mine which were potential food poisoning types. These cultures were

grown at 37°C for 48 hours in six milliliters of BHI broth. The

supernatant liquid was clarified by centrifuging at 4080 X G for ten

minutes. This supernatant liquid was aspirated into sterile syringes

with 25 gauge needles.

The kittens used in these tests were approximately six to ten

weeks old and had initial weights between 490 and 1300 grams. A

minimum of three kittens were used for each strain of Staphylococcus

tested. One and one-half milliliters of clarified supernatant was

injected intraperitoneally into each kitten. Control kittens were
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similarly injected with sterile BHI broth. A different syringe was

used for each injection.

The animals were closely observed for five hours to detect

symptoms of staphylococcal food poisoning. A culture supernatant

was considered to be a food poisoning type if at least two of the three

test kittens developed symptoms of vomiting and/or diarrhea after

ten minutes and before five hours. The test culture was considered

to be a questionable food poisoning type if symptoms developed within

ten minutes after injection. A negative response was reported if two

or more kittens in a set failed to develop poisoning symptoms.

Phosphatas e Test

The presence of acid phosphatase was determined using the

spectrophotometric procedure described in Sigma Technical Bulletin

No. 104 (1963). The substrate was p-nitrophenyl phosphate. To

prepare the substrate solution, one substrate tablet (Sigma 104) was

dissolved in 1.2 ml of distilled water, Then, 0.5 ml was pipetted

into two tubes, and 0.5 ml of 0.09 M citric acid (adjusted to pH 4.8

with 0.1 M NaOH) was added. For the reagent blank, 0.2 ml of

uninoculated BHI was added to one tube. The sample tubes received

0.2 ml of culture supernatant which was prepared as described in the

section on the Kitten Test. The phosphatase test tubes were

incubated at 38°C for 30 minutes. Five milliliters of 0.1 M NaOH
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was added to each tube and the tube contents were mixed. The cor-

rected total acid phosphatase of the samples and reagent blank were

determined by subtracting the absorbance at 410 nm of the blank from

that of each sample. Absorbance measurements were made using a

Bausch & Lomb Spectronic 20 spectrophotometer.

Gelatinase Test for Proteolysis

Gelatin was used as the substrate to detect proteolysis. Gelatin

agar was prepared by adding 0. 5% (w/v) gelatin to standard plate count

agar (Difco), sterilizing, and pouring into sterile Petri dishes. The

test cultures were streaked onto this medium. After incubation at

37°C for 48 hours, the plates were flooded with gelatinase developing

reagent. This reagent contained 150 g HgC12, 200 ml concentrated

HC1 and 100 ml distilled water. The hydrolysis of gelatin was

indicated by zones of clearing in the medium made opaque by the

addition of the developing reagent.

Deoxyribonuclease Test

DNA agar was prepared by adding 0.2% (w/v) DNA (calf thymus,

A grade, Calbiochem) to 1% Ionagar No. 2 (Oxoid) in saline. The

substrate was placed on microscope slides as described above. After

addition of the concentrated supernatants to the wells, the assay

system was incubated at 37°C for 12 hours. The presence of DNase
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was indicated by zones of clearing in the medium made opaque by the

addition of 1 N HC1 developing reagent.

Hemolysin Test

A tube test was used to detect the presence of alpha- or delta-

hemolysin. Sheep red blood cells were washed three times in 1%

saline, and then one milliliter of a 0. 5% suspension of the red cells

was added to the tubes. One drop of the concentrated culture super-

natants was added and the tubes were incubated at 37°C for one hour.

Laking of the cells constituted a positive test.

Partial Purification of Coagulase

Concentrated coagulase was prepared using a modification of the

procedure of Blobel et al. (1960). A 900 milliliter BHI broth culture

of S. aureus 265-1 was grown at 35°C for 12 hours. This served as

the inoculum for 30 liters of BHI broth in a Fermacell Fermenter

growth chamber. The culture was grown at 35° to 37°C for 48 hours

with aeration at the rate of one-eighth cubic foot per minute. Sterile

1 N NaOH and HC1 were added automatically to maintain the pH at

7.2. Antifoam C (Dow Corning) was added automatically to minimize

foaming.

At the completion of the growth period, the supernatant liquid

was largely cleared of cells by a Sharp les Super-centrifuge running
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approximately 50,000 r. p. m. The supernatant fluid was slowly

acidified to pH 3.8 using 4 N HC1. After the precipitate was allowed

to settle at 4°C for 12 hours, the supernatant liquid was siphoned off

and discarded, The precipitate was packed by centrifuging at 4080 X

G for 15 minutes at 0°C. The precipitate was washed with 0.1 M

sodium acetate buffer, pH 3.8, and was resuspended in M/15

potassium phosphate buffer at pH 8.2. The suspension was acidified to

pH 6.5 with 0.1 N HC1. Coagulase was precipitated with 95% ethanol

to a final concentration of 70% (v/v) at approximately -10°C. The

precipitate was dissolved in distilled water, and the alcohol precipita-

tion was repeated. After dissolving in distilled water, the suspension

was dialyzed against distilled water for 24 hours at 4°C, and

lyophilized. This procedure yielded 17. 9 g of a light tan colored

powder, which is referred to as the alcohol-precipitated coagulase

preparation. A partially purified coagulase preparation was obtained

using the method of Tager (1948).

Association of Free Coagulase with Particulate Material

S. aureus 265-1 was inoculated into 100 ml of BHI broth in a

250 ml De Long culture flask and was incubated at 35°C for 48 hours

on an orbital shaker running 210 r.p.,m.. The culture was centrifuged

at 36,400 X G for 5 minutes and was then filtered using a Millipore

membrane filter (HAWP, 47 mm, 0.45 micron). Portions of the
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whole culture, centrifuged supernatant, and filtered supernatant were

tested for coagulase activity by the tube test described earlier.

In another test, 15 milligrams of alcohol-precipitated coagulase

preparation were added to five milliliters of distilled water and

centrifuged at 16,300 X G for five minutes. The supernatant liquid

was decanted and another five milliliters of distilled water was added

to the precipitate. The centrifuge tube was shaken until the pre-

cipiate was uniformly suspended, and then it was centrifuged as above.

This washing procedure was repeated for a total of five washings.

The supernatant liquids of each washing and the final washed

precipitate were tested for coagulase by the tube method. The first

and fifth supernatants and the final washed precipitate (to which five

milliliters of distilled water were added) were examined for specific

absorbance at 260 and 280 nm using a Beckman Model DU

spectrophotometer.

Multiple Forms of Coagulase

pH Gradient Elution

Three hundred milligrams of alcohol-precipitated coagulase

preparation were added to a glass chromatography column containing

phosphate buffer at pH 3.8. The powder was stirred with a glass rod,

and the suspension was allowed to stand for a few minutes to allow
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equilibrium between the dissolved material and the insoluble fraction

to be approached. The column (approximately 20 X 120 mm) was

plugged with glass wool and had a buffer mixing volume of about 25 ml.

A pH gradient was established using gravity-fed 0.5 N KOH with

a constant hydrostatic head to maintain a uniform flow rate. This

KOH was fed into a mixing chamber containing phosphate buffer.

Uniform mixing was insured by magnetic stirring. The buffer leaving

this mixing chamber was allowed to drip into the chromatography

column. The flow rate of the column effluent was adjusted to one drop

in five seconds. Ten milliliters of effluent were collected per tube

using a fraction collector (LKB ultrorac, model 7000). All operations

to this point were performed in the cold room (4°C).

The pH of each fraction was determined using a pH meter

(Corning Glass Works pH meter, model 7). Then, the pH of each

fraction was adjusted to 7.0 using 0.5 N HC1, The fractions with

similar pH values were pooled to form groups which generally dif-

fered by 0.5 unit increments.

These pH groups were placed in dialysis tubing and dialyzed

against 50% (w/v) polyethylene glycol 4000. After about five hours,

the contents of the dialysis sacs were dehydrated to near dryness.

The tube coagulase test was performed on the liquid removed from

these sacs.
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Gel Filtration

A gel filtration column was prepared using Sephadex G-75

superfine dextran beads. Approximately one centimeter of glass

beads (Glasperlin, 0.11 to 0.12 mm diameter) were layered on a cir-

cular piece of filter paper covering the sintered glass base before

the Sephadex was added to the 20 X 400 mm glass chromatography

column, The mixing volume of the column effluent was decreased

by packing the area below the sintered glass plate with glass wool

and inserting plastic tubing (Tygon, 1/4 inch diameter) inside the

column tip. The height of the filtration bed was about 30 cm. The

void volume was determined to be 34.2 ml using Blue Dextran 2000

(Pharmacia Fine Chemicals, Inc.).

Twenty milligrams of soluble, partially purified coagulase was

added to two milliliters of phosphate buffer. This buffer was pre-

pared by adding 45. 6 g K2HPO4, 27.2 g KH2PO4, 2.0 g NaC1 and

0.2 g sodium thioglycollate to two liters of distilled water. Unless

specified, all future references to "phosphate buffer" refer to this

formulation which yielded a buffer with a pH of 6.5. The column

flow rate was adjusted to 1.2 ml/hr/cm2
, and 1 1/2 ml fractions

were collected. The above phosphate buffer was used to elute the

fractions. Gel filtration was performed at 4°C.

Protein was determined using a Beckman Model DU

spectrophotometer and measuring the absorbance at 280 nm.
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Selected fractions giving significant absorbance were assayed for

coagulase activity. The UV absorbance from 240 to 300 nm was deter-

mined for selected fractions using a Cary Model 11 recording

spectrophotometer.

A similar experiment was performed using 25 mg of partially

purified coagulase and collecting 5 1/4 ml fractions.

Protamine sulfate was used to precipitate nucleic acids from

suspensions of alcohol-precipitated coagulase. The procedure used

the addition of one milligram of protamine per milligram of protein

in 0,02 M phosphate buffer at pH 5.9. The protein concentration was

estimated using the procedure of Lowry et al. (1951). The specific

activity of the coagulase in suspension was determined, at different

stages in the protamine sulfate treatment, by the tube coagulase test

described earlier.

Electrophoresis

Coagulase preparations were examined using the polyacrylamide

gel electrophoresis procedure described earlier. Different experi-

ments employed different concentrations of acrylamide in the running

gel. Thus, 5%, 7%, 15% and 30% gels were prepared according to the

formulae of the Canal Industrial Corporation (1965).

After electrophoretic separation, the running gel was cut into

five millimeter wide vertical strips which were approximately 42 mm
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long. These strips were either stained with Amido Schwartz, or the

strips were cut into seven segments, each six millimeters long.

These segments were added to the electrophoresis coagulase assay

system in 10 X 75 mm tubes. This assay system consisted of 0.25 ml

coagulase plasma plus 0.1 ml phosphate buffer adjusted to pH 6.0

with 1 N HC1.

Development of Electrophoresis Coagulase Assay System

The phosphate buffer was adjusted to 0.25 pH unit increments

over the range pH 4,5 to 8.0 using 0.1 N HC1 or KOH. One-tenth of

a milliliter of each of these buffers at different pH values was added

to a separate test tube containing one-tenth milliliter of pH 8.3 tris

glycine buffer with five milligrams per milliliter of alcohol-

precipitated coagulase. Then, 0.25 ml of coagulase plasma was

added to each tube. The tubes were incubated at 37°C and periodic

readings were made to determine the rate of clotting at the different

pH values. The fastest clot formation was used to indicate the most

favorable buffer pH to add to the assay system after electrophoresis.

Electrophoresis of Partially Purified Coagulase

Five milligrams of the partially purified coagulase preparation

were separated into electrophoretically distinct components using a

seven percent running gel, Electrophoresis was continued until the
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tracking dye "front" reached the bottom of the running gel. Vertical

segments were cut and coagulase activity was assayed as

described above. Parallel gels were stained and their protein con-

centration was estimated with a densitometer (Densicord recording

electrophoresis densitometer, model 542).

Electrophoresis of Alcohol-precipitated Coagulase

Five milligrams of alcohol-precipitated coagulase were

examined electrophoretically using a five percent running gel. A

series of gels was prepared by continuing electrophoresis for varying

times after the tracking dye reached the bottom of the running gel.

The following series of gels was obtained:

Gel No.

1

2

3

4

5

6

Time electrophoresis was stopped

Dye front was approximately 4 mm from bottom of

gel

Dye front at bottom of running gel

1/2 hour after dye front migrated out of running gel

1 hour after dye front migrated out of running gel

1 1/2 hour after dye front migrated out of running gel

2 hours after dye front migrated out of running gel

Coagulase tests were performed on the segments of each of the six

gels.
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Electrophoretic Mobility in 15% and 30% Acrylamide Gels

The electrophoretic mobility of coagulase was determined using

one milligram samples in 15% and 30% acrylamide gels. The

electrophoresis was continued for one hour after the dye front reached

the bottom of the running gel. Coagulase tests were performed on the

gel segments.

Two-dimensional Electrophoresis

Fifteen milligrams of alcohol-precipiated coagulase were

studied using two-dimensional electrophoresis. The first separation

was allowed to run until the tracking dye was five millimeters from

the bottom of the gel. The current was stopped and the gel was cut

into a vertical strip containing the sample. This was placed sideways

on the top of a second acrylamide gel, and separation was performed

at right angles to the direction of the first separation. The run was

continued until the dye front was a few millimeters from the bottom

of the gel. This second gel was cut into a grid of segments, each

of which was assayed for coagulase activity. A parallel experiment

was performed and the gel was stained with Amido Schwartz.
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RESULTS AND DISCUSSION

Coagulase and Mannitol Fermentation Tests

Coagulase activity and mannitol fermentation are presently

considered to be among the most important characteristics associated

with pathogenic S. aureus strains (Cris ley, 1964, p. 33). All S.

aureus cultures produced a fibrin gel during the test period. S.

epidermidis ATCC 12228 and ATCC 14990 and the coagulase negative

Staphylococcus strain gave negative tests. The results of these

tests are tabulated in Table 1.

The results show that 24 of the 25 coagulase positive strains,

or 96%, and the coagulase negative Staphylococcus produced an acid

reaction in the mannitol test medium. The S. epidermidis strains

and S. aureus 4445 did not ferment this carbon source. Cris ley (1964,

p. 33) indicated that the mannitol fermentation test is variable in

many strains.

An indication of the value of using more than one biochemical

test is given by these data. In one case, the coagulase positive S.

aureus 4445 did not ferment mannitol, but it did produce food poison-

ing symptoms in the kitten test. In another instance, the coagulase

negative Staphylococcus fermented mannitol and gave a positive kitten

test. This shows that the mannitol test may be useful for some food
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Table 1. Characteristics of Selected Staphylococci, Part 1.

Culture
No.

Entero- Coag- Mann. Lyso- Egg Milner Kitten
toxin* ulase Ferm. zyme Yolk Phenom. Test

S. aureus (ATCC)
8094 + + + + + + +

8095 + + + + + + +

8096 + + + + + + -

12 600 - + + + + +

13565 A + + + + + +

13566 + + + + + + +

135 67 + + + + + + +

14458 B + + + + + +

19095 C + + + + +

19139 + + + + + +

23235 D + + + + + +

D2 63 (FDA) A, B + + + + + +

265 -1 B + + + + + +

lsm (OSU) + + + + +

llg - + + + + + +

2 + + + + + +

3 + + +

4 + + + + + -

4764 + + + + + +

6571 + + + + - +

2 648 + + + + + -

2 649 + + + + +

2 650 + + + + +

4445 - + + + +

5483 + + + + + _

S. eyidermidis
Coag. Neg. (OSU) + + - - +

12228 (ATCC) - - - +

14990

Results reported in literature.
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poisoning strains, and the coagulase test may be valuable for other

food poisoning strains.

Unfortunately, the present isolation procedures for S. aureus

require up to five days before the coagulase test can be performed.

This is a necessary condition for the tube test for free coagulase since

mixed cultures or organisms other than staphylococci may give false

positive reactions in the tube test using citrated plasma (Litkenhouse

et al. , 1968).

A solid plating medium which would allow the direct detection of

coagulase positive staphylococci from contaminated materials would

be desirable. The coagulase mannitol agar described by Esber and

Faulconer (1959) was designed for this purpose. The occurrence of

false reactions on this medium detracts from its usefulness. For

example, citrate-utilizing organisms metabolize this chelating agent

and spontaneous clotting follows. There are several staphylococcal

substances other than coagulase which will produce an opacity on

plasma agar. Thus, some coagulase negative strains produce a

false positive reaction on this medium. Another problem is that

some coagulase positive staphylococci fail to give a positive reaction.

For these reasons, the plate method has never achieved great

popularity (Elek, 1959, p. 213).

For rapid screening purposes, the bound coagulase test seems

suitable. Results which are in fairly good correlation with the tube
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test for free coagulase may be obtained in a few minutes. The require-

ment of this method is that the suspect material have enough staphylo-

coccal cells to produce a visible clumping in the test.

Lysozyme Test

Zones of lysis of M. lysodeikticus were observed around wells

containing coagulase positive culture supernatants. Figure 1 shows

the reaction at 12 hours. The coagulase negative organisms did not

produce a positive reaction.

The results of the lysozyme and coagulase tests were identical

for the strains tested; consequently, lysozyme determination would

be equally well suited to the coagulase test for determining the poten-

tial pathogenicity of these strains. Neither test gave an indication

that the coagulase negative Staphylococcus strain would be a food

poisoning type as judged by the kitten test. Since lysozyme production

has been demonstrated with pathogenic, coagulase positive and

coagulase negative staphylococci (Kashiba et al. , 1959; Omori et al. ,

1960; Jay, 1966; Grossgebauer et al. , 1968), its use as a diagnostic

test seems to be indicated.

The lysozyme agar assay system described would offer a means

of testing a suspect food or culture for the presence of lysozyme.

The presence of this enzyme could be determined in a few hours to

two days depending on its concentration in the material examined.
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Figure 1. Lysozyme test at 12 hours.

Figure 2. Egg yolk lipase test at 24 hours.
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Unfortunately, many organisms produce lysozyme so that the demon-

stration of this enzyme in a suspect food would probably have little

significance unless it could be demonstrated that it was produced by

a Staphylococcus. Here again, isolation of the organisms in the food

would be an important and time-consuming step. Recognizing this,

commercial suppliers of dehydrated bacteriological culture media

have made lysozyme agar media available. This direct plating

medium allows the detection of lysozyme activity along with isolation

of the suspect organisms.

Egg Yolk Lipase Test

All coagulase positive cultures tested, except for S. aureus 3,

produced the characteristic pink and opalescent zones on Egg Yolk

Agar. Although most reactions were evident at 12 hours, a positive

reaction for S. aureus ATCC 13565 was not observed until the 48 hour

reading. S. epidermidis ATCC 12228 gave a weak positive reaction

at 24 and 48 hours, but the other coagulase negative organisms did

not exhibit egg yolk lipase activity. Figure 2 shows the reaction on

Egg Yolk Agar at 24 hours.

These results show that 24 of the 25 coagulase positive strains,

or 96%, produced egg yolk lipase. These findings substantiate the

strong positive correlation with coagulase production and/or

pathogenicity mentioned previously. The egg yolk lipase reaction
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was produced by 10.2% of the pathogenic, coagulase negative staphylo-

cocci studied by Jay (1966).

Although the above data show that the production of egg yolk

lipase is more pronounced in some strains than in others, it appears

to be of value for determining the potential pathogenicity of staphylo-

cocci. The Egg Yolk Agar slide test described would probably not be

able to specifically detect the presence of enterotoxigenic staphylo-

cocci prior to isolation in pure culture since other organisms (i. e. ,

B. cereus) produce similar reactions on egg yolk media. To avoid

the difficulties associated with false positive reactions, selective

agents have been added to egg yolk media.

For example, Carter (1960) found that direct plating on egg

yolk agar was as effective in detecting staphylococci as enrichment

plating techniques or direct plating on Staphylococcus-110 medium.

Jay (1961) added egg yolk to Staphylococcus-110 medium. The

tellurite egg agar of Innes (1960) takes advantage of the characteristic

colonial appearance of staphylococci on tellurite media and the egg

yolk reaction. Hopton (1961) reported the successful use of egg yolk

azide agar. Then, Cris ley (1964, p. 41) developed a tellurite-

polymyxin egg yolk agar, and Baird-Parker (1962) reported on the

usefulness of egg yolk tellurite-glycine pyruvate agar.

The most suitable application of the Egg Yolk Agar slide test

reported here would probably be found in testing for egg yolk lipase
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after suspect organisms were obtained in pure culture. The use of

concentrated supernatants as test material allows detection of lower

levels of egg yolk factor than in the conventional media.

Muller Factor Test

These studies showed that the Mailer phenomenon was produced

by 20 of 25, or 80% of the coagulase positive strains. The following

S. aureus cultures did not produce detectable Mailer factor: ATCC

12600, ATCC 19095, 3, 6571, and 4445. The coagulase negative

organisms did not produce this reaction.

The single-diffusion method involved the radial diffusion of the

constituents of the concentrated supernatants placed in agar wells.

The agar contained both the substrate protein and plasma. The Muller

phenomenon was observed at a distance from the agar wells. Figure

3 shows the appearance of the Muller phenomenon on Milk Plasma

Agar. At the time this picture was taken, S. aureus ATCC 8094 had

not yet developed a positive reaction. The large zones of clearing

around wells containing supernatants of S. aureus ATCC 8096 and

D263 are due to proteolytic activity of the fibrinolysin system since

this clearing was not observed on milk agar substrate without added

plasma.

The double-diffusion technique involved the radial diffusion of

the concentrated supernatants in an agar gel which contained only



Figure 3. Milner Phenomenon at 31
hours. (Single-diffusion
method)

Figure 4. Mailer Phenomenon at 6
hour s. (Double - diffus ion
method)
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the substrate protein. The plasma was placed in a well located a few

millimeters from the culture supernatant well, The Mil' ller

phenomenon was observed at the point between the wells where the

Mailer factor and plasminogen diffused together, with resultant

plasmin formation and substrate proteolysis. Figure 4 shows the

appearance of the reaction in the double-diffusion system. Although

this assay system was run in parallel with the single-diffusion system

shown in Figure 3, all supernatants produced a Mailer reaction by six

hours. Also, fibrinolytic activity did not obscure this reaction as it

did in the single-diffusion system.

Although the single- and double-diffusion methods yielded

similar results, the double diffusion system appeared to offer

advantages which indicate its use in preference to the single-diffusion

method. It was noted that the detection of the Mu"ller phenomenon with

strongly proteolytic and/or fibrinolytic strains, such as ATCC 8096,

D263 and 265-1, was more difficult with the single-diffusion method.

This was due to the rapidly diffusing proteolytic activity that

hydrolyzed the protein substrate before the Mailer phenomenon could

be observed. The reaction seemed to develop faster in the double-

diffusion system than in the single-diffusion method. Also, less

plasma was required for the former. For these reasons, the double-

diffusion method was used almost exclusively in later experiments.

The electrophoretic migration of Mthler factor was studied using
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polyacrylamide gel electrophoresis. Figure 5 shows the results for

the electrophoretic separation of the concentrated culture supernatants

from S. aureus ATCC 13565 and ATCC 13566. The relative mobility

(compared with the mobility of the tracking dye front) of the Milner

factor in all strains examined was approximately 0.3. The photo-

graph below shows the gel section which was assayed for Mil Iler factor

and an adjacent gel section after Amido Schwartz staining.

Electrophoresis

Assay for Mailer Factor and Protein Stain

1
S. aureus a. al S.

15533 135 f'41wr35 1
Milk Plasma Amido Milk Plasma Amido
Agar Schwartz Agar Schwartz elm

Figure 5. Electrophoretic separation of
concentrated culture supernatants
followed by assay for Willer
phenomenon and protein staining.
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The Mull ller factor appears to be more closely related to

coagulase than the other enzymes studied. Both Willer factor and

coagulase act on components of blood. Also, the Muller phenomenon

has not been demonstrated in coagulase negative staphylococci.

Although the Midler reaction was not produced by S. aureus ATCC

12600, ATCC 19095, 6571 and 4445, the kitten test revealed these

strains were of the food poisoning type. The first two strains listed

above are reported enterotoxin producers. It appears that the Midler

phenomenon is unable to detect all food poisoning staphylococci.

The test for MUller factor by the method described offers a

means of rapidly determining whether a food may have been con-

taminated by coagulase positive staphylococci. Screening food samples

suspected of being contaminated with staphylococci with the double-

diffusion method would give presumptive evidence for the presence

of potentially pathogenic staphylococci. The capabilities of the

screening test would be extended by concentrating the non-food pro-

tein material before testing.

Kitten Test

The intraperitoneal administration of Staphylococcus super-

natants resulted in symptoms of food poisoning for most all known

enterotoxigenic strains. Seventeen of 25, or 68%, of the coagulase

positive strains gave a positive kitten test. The results for strain
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ATCC 8096 were reported as negative since only one of the four test

kittens gave a noticeable response. The coagulase negative Staphylo-

coccus strain caused diarrhea in two of the three test kittens. Neither

S. epidermidis strains nor the BHI broth controls produced positive

responses.

Some findings indicate that the kitten test for enterotoxin is not

as reliable as the monkey test (Bergdoll, 1956; Wilson, 1959). Intra-

peritoneal injection of staphylococcal culture supernatants in kittens

may evoke an emetic response due to the presence of alpha- and beta-

hemolysins; whereas, these lysins do not cause emesis when

administered orally (Dolman et al. , 1936). For this reason, Dolman

and Wilson (1938) suggested methods to eliminate or neutralize the

hemolysins in order to make the kitten test more specific. They

recommended incubation with 0. 3% formaldehyde, boiling 30 minutes,

or neutralizing with antiserum.

Preliminary experiments with heated supernatants produced no

food poisoning symptoms. This may have been due to loss of potency

of the enterotoxins on heating. It was found that one and one-half

milliliters of unheated culture supernatant produced symptoms from

which the animals generally recovered; whereas, larger amounts

often resulted in death of the animals.

Thatcher and Robinson (1962) indicated that an emetic quantity

of alpha- or beta-hemolysin caused vomiting within ten minutes,
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while emesis due to enterotoxin rarely occurs before 20 minutes and

usually from 30 to 60 minutes. None of the emetic responses observed

in these tests occurred before 17 minutes.

Phosphatas e Test

All strains tested produced phosphatase (Table 2). The spectro-

photometric method allowed quantitative measurement of the amount of

this enzyme present in the supernatant of each culture. The data show

that the amount of phosphatase produced by the different strains of

staphylococci is variable. The coagulase negative organisms pro-

duced enough phosphatase to give from 35 to 70% absorbance at 410

nm. The acid phosphatase test does not seem to be related to the

production of coagulase or to the ability of the culture to produce food

poisoning symptoms in the kitten test.

Perhaps these data are not in perfect agreement with that

reported by Shikashio (1962); however, the method of phosphatase

assay used here was more sensitive than that reported in the 1962

study. The phosphatase test using p-nitrophenyl phosphate as sub-

strate is the most sensitive assay available for this enzyme (Sigma

Chemical Co. , 1963). The test could be performed using either

suspect food material, but it lacks the specificity to indicate whether

the source of phosphatase was contaminating staphylococci or other

organisms. The test may be of value in testing a pure culture of
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Table 2. Characteristics of Selected Staphylococci, Part 2,

Culture No.
Phosphatas e

"410 Gelatinase DNase H emolys in

S. aureus (ATCC)

8094 ao + + +

8095 co + +

8096 iPc) + + +

12 600 Co + + +

13565 00 + + +

13566 Co + + +

13567 00 + + ±

14458 0.24 + + +

19095 oo + + ±

19139 oo + + +

23235 00 + + +

D263 (FDA) oo + + +

265-1 00 + + +

1 sm (OSU) 0.26 + + +

11 g 0.70 + + +

2 0.43 + + +

3 0.26 + -
4 0.46 + + +

4764 O. 39 + + +

6571 1.70 + + -

S. epidermidis
Coag. neg. (05U) 0.40
12228 (ATCC) 0.46
14990 O. 11

00 = maximum phosphatase activity; 0 = minimum phosphatase
activity
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staphylococci after isolation from the suspect food.

Gelatinase Test for Proteolysis

The gelatinase test indicated that both coagulase positive and

coagulase negative staphylococci produce proteolytic enzymes.

S. aureus ATCC 8095, S. aureus 3, and S. epidermidis ATCC 12228

failed to produce detectable protease during the 48 hour growth

period. All other strains were proteolytic, The results are tabulated

in Table 2.

It was found that growing cultures were necessary to demon-

strate gelatinase in most strains. When 0. 4% gelatin was incor-

porated into an agar slide system and concentrated culture super-

natants were placed in the agar wells, proteolytic activity was

observed only for S. aureus ATCC 13565. Although staphylococcal

protease appeared to hydrolyze the protein substrate more rapidly

with alkaline pH conditions than with acidic conditions, an alkaline

pH alone was not sufficient to allow proteolysis to be detected in 72

hours.

It seems that the protease was either eliminated or significantly

reduced in preparing the concentrated culture supernatants. The

protease may be associated with the cells so that clarification of the

supernatant by centrifugation and filtration effectively removed the

protease with the cells.
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The data indicate that the gelatinase reaction is of little value in

determining the potential pathogenicity of a strain of Staphylococcus.

Gelatinase was produced by S. aureus strains 3 and 4, and these were

shown to be non--food poisoning types by the kitten test. In this

respect, it was as valid an indicator of potential pathogenicity as

the coagulase test since these strains were also coagulase positive.

S. epidermidis ATCC 14990 and the coagulase negative Staphylococcus

were gelatinase producers. Thus, the test does not agree with the

coagulase test in all cases. Strain ATCC 8095, a reported entero-

toxigenic strain, did not produce detectable gelatinase during the test.

These data agree with the previous findings which suggest that pro-

tease activity is not a useful test for pathogenicity (Elek, 1959, p.288).

Deoxyribonucleas e Test

All cultures tested for the presence of DNase produced this

enzyme (see Table 2). This indicates that the DNase test would

probably not be as suitable as the coagulase test for detecting

potentially pathogenic staphylococci. The test did not distinguish

between coagulase positive and negative organisms. The test was

also unable to indicate which of the strains were potential food

poisoning types as determined by the kitten test.

These results are not in agreement with some of the reports of

correlation between staphylococcal nuclease and enterotoxin
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production (Chesbro and Auborn, 1967). It is possible that the use of

concentrated culture supernatants allows the detection of low levels of

DNase which are present in both toxigenic and non-toxigenic strains.

Also, the prevalence of this nuclease in S. epidermidis is not com-

pletely known,

Hemolysin Test

The test for alpha- and delta-hemolysins indicated that

hemolysin activity is variable among the coagulase positive staphylo-

cocci examined. The coagulase negative strains tested did not have

either alpha- or delta-hemolysin activity. The hemolysin tests did

not agree with the kitten tests for all strains and questionable positive

reactions were given for S. aureus ATCC 13567 and ATCC 19095,

These two strains are known enterotoxin producers.

The good correlation of alpha- and delta-hemolysins with

coagulase production has been discussed earlier. Elek (1959, p.

236) states that variation of this property is common. It is concluded

that no definite statement can be made about the actual relationship

of hemolysins to enterotoxin production; however, the occurrence is

high enough so that the test may be of practical value.
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Discussion of Selected Tests

Several extracellular by-products have been considered to be

related to pathogenicity since they apparently contribute to the

invasiveness of staphylococci. The leucocidins are capable of

inactivating leucocytes of different animals. Some coagulase nega-

tive staphylococci produce this product. Hyaluronidase, or spreading

factor, would seem to contribute to the invasiveness of staphylo-

cocci; however, it is presently difficult to estimate its importance due

to conflicting reports (Elek, 1959, p. 279). Although the majority of

coagulase positive human strains produce fibrinolysin, Elek (1959,

p. 282) shows that many coagulase negative staphylococci are also

fibrinolytic. These extracellular products were not investigated here

since their occurrence would seem to be more closely related to infec-

tion than to food poisoning.

The assay system developed for testing for the presence of

selected extracellular substances consisted of an agar substrate on a

microscope slide. The use of this system for screening concentrated

culture supernatants offers many advantages over the conventional

procedure of growing colonies in Petri dishes. The system is com-

pact and easy to perform. Up to eight tests may be performed on a

single slide, and smaller amounts of substrate are required than in

the conventional procedure. The slides may be prepared and stored
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for several days in the refrigerator, and Merthiolate (0.001%) helps

to prevent erroneous results due to fortuitous contaminating organ-

isms. In some cases, the assay of concentrated supernatants in-

creases the speed of the test and allows detection of lower levels of a

particular enzyme than the conventional procedure. Also, the con-

centrated supernatants appear to be stable for several weeks when

stored at refrigerator temperature.

Although the results indicate that the tests studied are generally

in good agreement with the coagulase test, it appears that none of the

tests offers anunequivocal means for diagnosing the pathogenicity of a

given strain.

Of the tests studied, the kitten test probably provides the best

index for determining whether a given Staphylococcus culture or food

product contains emetic substances. It is recognized that there are

many disadvantages associated with animal testing. For example,

feeding and housing animals is an undesirable expense. Individual

variation among animals requires several subjects for a given test

to have statistical validity. The salient feature of the kitten test is

that, within the limits of its sensitivity, only a few hours are

required to determine whether a suspect material contains emetic

substances.

The biochemical tests performed indicate that the staphylococci

comprise a diverse physiological group and that different strains are
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capable of producing different amounts of a particular by product.

Thus, it is difficult for a single test to be capable of detecting all food

poisoning strains. Since each of the tests studied are capable of

detecting specific physiological characteristics associated with food

poisoning staphylococci, it is believed that the use of two or more of

these tests may result in more certain identification than the use of

any one test.

Association of Free Coagulase with Particulate Material

Experiments were performed to demonstrate the association of

coagulase with particulate material. The coagulase assay data for the

culture-supernatant-filtrate experiment are presented in Table 3.

The clotting times show that the whole culture possessed slightly

greater coagulase activity than the supernatant. Although both the

supernatant and the filtrate were clear amber colored, it is readily

apparent that the 0.45 micron filter removed coagulase.

Table 3. Coagulase Activity in Culture-Supernatant-
Filtrate

Test Material
Coagulation Time

15 min 30 min

Whole culture 1+ 4+

Supernatant, after centrifuging 0 4+

Above supernatant, after filtering 0 1+
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Repeated washing and centrifuging of the alcohol-precipitated

coagulase preparation were also used to establish that some coagulase

was associated with particulate material. The crude coagulase prepar-

ation appeared to be only slightly soluble in distilled water or in buffer

at pH values below pH 10.5. Specific activity was demonstrated in the

first two supernatants (Table 4). This indicates that the preparation

contained some soluble coagulase, although less was recovered from

the second supernatant, and no coagulase activity was demonstrated

in subsequent supernatants. After five washings, the precipitate

exhibited coagulase activity.

Table 4, Coagulase Activity and Near UV Absorbance of Alcohol-
Precipitated Coagulase Subjected to Repeated Washings

15 mg Coagulase
Washings

Coagulase Reaction
at 1 1/2 hr %A22 60 280

2 60280/

1 st washing 4+ 0.920 0.678 1.355

2 nd washing 2+ 0.572 0.530 1.075

3 rd washing 0

4 th washing 0

5 th washing 0

Final ppt. remaining
after 5 washings 4+ 1. 100 O. 578 1.900

The near ultra-violet (UV) absorbance revealed that coagulase

activity appears to be associated with material absorbing more

strongly at 260 nm than at 280 nm (Table 4). Centrifugation caused
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greater decrease in A260 than A
280

in the supernatant liquid, and this

is reflected in the 260/280 ratios. The coagulase-containing pre-

cipitate produced a higher 260/280 ratio than did either of the super-

natants. These results are in agreement with the spectrophotometric

data presented later.

Reports on the properties of purified coagulase preparations

indirectly substantiate the findings reported here, Inniss and San

Clemente (1962) were unable to separate coagulase and phosphatase

activity by either ion exchange chromatography or zone electro-

phoresis. They concluded that coagulase and phosphatase were

associated with a common protein carrier. Drummond and Tager

(1962) reported difficulty in separating coagulase, phosphatase and

esterase. The alcohol-precipitated coagulase preparation exhibited

egg yolk lipase and phosphatase activity using the methods described

earlier.

Multiple Forms of Coagulase

pH Gradient Elution

In the studies of the association of coagulase with particulate

material, it was observed that the solubility of the alcohol-precipi-

tated coagulase preparations decreased as the acidity was increased.

The initial step in the coagulase isolation procedure used precipitation
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at pH 3.8. It was found that the crude coagulase preparations were

more soluble under alkaline conditions, and that they appeared to be

completely solubilized at pH 10.5 and above. For this reason, an

experiment was designed to observe the solubility of the crude

coagulase under increasingly alkaline conditions.

The coagulase preparation was placed in the chromatography

column and the pH gradient elution was started. Fractions were col-

lected and their pH values were determined. The reaction of the buf-

fer ranged from pH 4.4 to 13.5. To reduce the number of pH frac-

tions to a workable number, fractions of similar pH were pooled to

form pH groupings. Table 5 shows the groupings made and the

specific activity (coagulase) of these groups.

The data indicate that all pH groups tested contained coagulase.

The plasma gels formed in pH groupings one through four were

solubilized within two hours after starting the coagulase test. This

was taken as evidence of proteolytic activity--protease, fibrinolysin,

or MU ller phenomenon--in these groups. The finding that fibrinolysis

was associated with the fractions eluted below pH 6.5 indicated that

the proteolytic enzymes (activators) were present in the crude

coagulase preparation and that they were soluble so that they were

eluted with the initial pH fractions. The rate of fibrinolysis

decreased with succeeding pH groupings. This is shown by increased

incubation time before fibrinolysis was detected.
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Table 5. pH Groupings and Coagulase Assay

pH Group pH Range 20 min

Coagulase Assay

45 min 60 min 120 min 24 hr.

1 4. 85- 5, 0 4+ D* D D D

2 4.4 4+ 2+ D D D

3 5. 2- 5. 8 4+ D D D D

4 6. 0- 6. 4 4+ 4+ 2+ D D

5 6.5- 6.95 4+ 4+ 4+ 4+ 4+

6 7. 0- 7. 4 4+ 4+ 4+ 4+ 4+

7 7.5- 7.8 4+ 4+ 3+ 3+ 4+

8 8.8-10.3 4+ 4+ 4+ 4+ 4+

9 11.2-11.5 0 4+ 4+ 4+ 4+

10 11.6-11.8 4+ 4+ 4+ 4+ D

11 12.0 4+ 4+ 4+ 4+ 4+

12 12, 3-13, 0 2+ 4+ 4+ 4+ 4+

13 13.1-13.5

D = Dissolved fibrin clot

In a parallel experiment using 50 mg of alcohol-precipitated

coagulase preparation, the pH 3,8 buffer was allowed to elute soluble

material for 2 1/4 hours before the pH gradient elution system was

connected. The results revealed that low yields of coagulase were

obtained in fractions collected below pH 5.0. This was probably due

to the coagulase, which was soluble at this pH, being eluted prior to

fraction collection. It was found that greater coagulase activity was

observed in the fractions comprising pH 5. 6 to 7. 4 and pH 10 to 11.4.
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These results are graphed in Figure 6,

The pH gradient elution studies offer evidence to indicate that

coagulase may be composed of a family of molecules which differ in

charge (and possibly size). The material with which coagulase is

associated appears to function as an anion exchanger in these experi-

ments. As the pH of the eluting buffer was increased, coagulase

dissociated from the insoluble material and was eluted. Figure 6

shows that this dissocation was continuous with increase in pH up

to the point where the crude coagulase preparation was completely

solubilized.

Figure 6 also indicates that the sample examined had two

peaks of coagulase activity. It was not determined if this increased

activity, which is represented by the peaks at about pH 6.5 and

10.5, was due to greater quantities of coagulase or due to greater

specific activity of the coagulases eluted at the pH values concerned.

This bimodal nature of coagulase was not reflected in the data of

Table 5 since the sample examined was so large that a continuous

4+ coagulase reaction was obtained over the pH range from pH 4.4

to 13.0.

It is important to note that these studies reveal that coagulase

is reasonably stable from acidic pH to pH 13.0. This later pH value

is more basic than the pKa for the most basic amino acid (argenine,

pKa = 12.5), This would suggest that coagulase--if proteinmust be
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capable of dissociation, with concommitant alterations in tertiary

structure, and reassociation when the pH returns to physiological

values.

The association of coagulase with a material that is highly

insoluble is a plausible explanation for the extreme stability observed

here and reported in the literature. Coagulase stability over a wide

pH range was reported by Szeto and Ha lick (1958). They found no

alteration in coagulase activity after incubation 24 hours at 37°C at

pH 11.5. They also reported no loss in activity by heating at 100°C

for 24 hours or by autoclaving for one hour. Duthie and Haughton

(1958) also indicated a wide pH range of coagulase stability since they

used dialysis at pH 2.0 in their purification procedure and reported

the release of cell-associated free coagulase by treatment at pH 11.0.

Gel Filtration

Gel filtration may be regarded as a kind of chromatography

which is capable of separating molecules of different size. Sephadex

G-75 superfine has a particle diameter of 10-40 microns and a

fractionation range for peptides and globular proteins of 3,000 to

70,000 (Pharmacia Fine Chemicals, 1966).

Gel filtration of 25 mg of the soluble, partially purified

coagulase preparation produced the results shown in Figure 7. This

figure shows a sharp peak which appeared shortly after the void
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volume of the column had been eluted and a small trailing peak in the

region of fraction 20. Coagulase activity was demonstrated in fraction

11.

When smaller fractions were collected, a better molecular size

profile was obtained. Figure 8 shows that the large peak, which was

made up of fractions 10 to 12 in Figure 2, is actually composed of at

least three protein components--a small peak at fraction 2 5,

a large peak at fraction 41, and a shoulder at fraction 48.

The coagulase assay of various fractions indicated that coagulase

activity was not necessarily correlated with absorbance at 280 nm.

When the coagulase assay data given in Table 6 is plotted in Figure 8,

it is seen that two peaks of coagulase activity were encountered.

Clotting times indicate that the amount of coagulase, or the specific

activity associated with coagulase in the first peak is greater than

that of the second coagulase component. In a partially purified

coagulase sample, which was prepared using the purification pro-

cedure described earlier, Tager (1948) observed two mobile electro-

phoretic components. Unfortunately, he did not report specific

activity tests for these components.

The near UV absorbance of partially purified coagulase was

determined using a Cary 11 recording spectrophotometer. One milli-

gram was suspended in three milliliters of 0.1 M phosphate buffer,

and the absorbance from 240 to 300 nm was determined. The results



72

O
co
N

0. 5

0, 4

0.3

0.2

0. 1

0

VcA280

Coagulase
Activity

4+

3-i-

0 10 20 30 40 50 60 70

Fraction Number

'5
acs

t
2+

U

1+

0

Figure 8. Gel filtration of partially purified coagulase:
1 1/2 ml fractions were collected and were
examined for absorbance at 280 nm and for
coagulase activity.



73

are shown in Figure 9. The 260/280 ratio was 0.99/0. 69 = 1. 44.

The absorption spectrum of pooled fractions 41 and 42 (see Figure 3)

was similarly determined, and the 260/280 ratio was 1.43/0.87 =

1. 65.

Table 6. Coagulase Activity of Selected Gel Filtration
Fractions

Coagulase Assay
Fraction 30 min 60 min 2 hours 5 hours 14 hours

24 0 0 0 0 4+

2 6 0 4+ 4+ 4+ 4+

28 0 4+ 4+ 4+ 4+

31 0 4+ 4+ 4+ 4+

35 0 0 3+ 4+ 4+

41 0 0 4+ 4+ 4+

45 0 0 4+ 4+ 4+

50 0 0 2+ 4+ 4+

55 0 0 0 2+ 4+

60 0 0 0 1+ 4+

Control 0 0 0 0 0

The characteristic spectra produced by proteins in the near UV

region are primarily due to the aromatic amino acids: tryptophane,

tyrosine, and phenylalanine. Tryptophane is characterized by

absorption maxima (Amax) at 280 and 288 nm, tyrosine has Amax at

275 nm, and phenylalanine absorbs most strongly in the region of

240-2 60 nm.
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In contrast to the insoluble nature of the alcohol-precipiated

coagulase preparation, the partially purified coagulase was a soluble

white powder. Since both preparations absorbed strongly in the

region of 260 nm, it seems likely that coagulase is responsible for

this absorption. Protamine sulfate treatment of the crude coagulase

suspensions yielded a 260280 ratio of 1 :1. 1, with concommittant

reduction of coagulase activity and protein concentration by 50%.

Since protamine treatment reduced coagulase activity and absorbance

at 260 nm, some coagulase is probably associated with nucleic acid

material.

Electrophoresis

Initial attempts to demonstrate acrylamide gel electrophoretic

migration of coagulase were unsuccessful. The problem was that the

pH of the acrylamide gel after discontinuous phase electrophoresis

was above pH 8. 0--too alkaline for coagulase activity to be demon-

strated. The difficulty was resolved by adding sufficient acid to the

assay system to produce optimal conditions for the coagulase reaction.

Table 7 shows that optimal coagulase activity was obtained by adding

0.1 ml of pH 6.0 phosphate buffer to the assay system.

Figure 10 is a tracing of a densitometric scan of the stained

protein bands in an acrylamide gel strip after electrophoretic

separation of five milligrams of partially purified coagulase.
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Superimposed on this tracing is a graph representing the coagulase

activity in the different gel segments. Three peaks of coagulase

activity were found in the sample. As indicated previously, coagulase

activity is not necessarily correlated with the stained protein bands.

Table 7. Determination of Optimal Buffer in Electro-
phoresis Coagulase Assay System

pH of Buffer Added

Coagulase As say

8 min 13 min 25 min

4.50 0 2+ 4+

4.75 0 3+ 4+

5.00 0 3+ 4+

5.25 0 4+ 4+

5.50 2+ 4+ 4+

5.75 3+ 4+ 4+

6.00 4+ 4+ 4+

6.25 3+ 4+ 4+

6.50 3+ 3+ 4+

6.75 3+ 4+ 4+

7.00 2+ 4+ 4+

7.25 0 3+ 3+

7. 50 0 1+ 3+

7. 75 0 0 0

8.00 0 0 0

Control 0 0 0

Electrophoresis of the alcohol-precipitated coagulase prepara-

tion in 5% acrylamide gel revealed two electrophoretically distinct
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coagulase types. Table 8 and Figure 11 illustrate the migration. The

more mobile coagulase component migrated almost completely through

the gel before the slower component entered the running gel. Extended

incubation of the coagulase assay system demonstrated the presence of

coagulase in all gel segments, except for segment seven of gel No. 1.

This segment was beyond the limit of electrophoretic migration in this

gel (see Table 8).

Table 8. Coagulase Assay of the Series of Gel Segments

Coagulase Assay of Gel No.

Segment No. 1 2 3 4 5 6

1 (Spacer Gel) 4+ 4+ 4+ 4+ 4+ 0

2 0 0 0 1+ 2+ 3+

3 2+ 1+ 0 0 0 3+

4 4+ 2+ 0 0 0 1+

5 3+ 4+ 0 0 0 0

6 1+ 2+ 3+ 1+ 0 0

7 0 1+ 4+ 2+ 0 0

Coagulase migration was studied using 15% and 30% acrylamide

gels to gain knowledge concerning the minimum size of the active

molecule. Table 9 shows that the coagulating factor migrates into

both of these smaller pore gels, although a different mobility pattern

is evident. The separation in the 15% gel appeared to be similar to

that observed in the 7% gel since two peaks of coagulase activity were

found. Only one peak of coagulase activity was detected in the 30% gel.
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Table 9. Electrophoretic Migration of Coagulase in 15%
and 30% Acrylamide Gels

15% Gel

Segment Coagulase
No. Assay

30% Gel

Segment Coagulas e
No. As say

1 4+ 1 4+

2 4+ 2 4+

3 0 3 4+

4 0 4 0

5 1+ 5 0

6 2+ 6 0

7 0 7 0

Ornstein (1964) reported that a 30% gel produces about a 20

Angstrom pore. Spherical molecules with molecular weights above

10,000 probably encounter extreme frictional resistance on migration

in this gel. Since the coagulase migration in the 30% gel was

apparently restricted, and this resulted in decreased rate of movement

of the leading coagulase component, it is believed that the minimum

molecular weight is greater than 10,000.

Two dimensional electrophoresis revealed that coagulase does

not migrate in discrete bands as do proteins of uniform molecular

weight (Table 10). Since the large pore stacking gel was used in the

second electrophoretic migration, discontinuous pH phase conditions

existed and allowed the formation of discrete protein bands in the

stained gel. The coagulating material migrated in a continuous zone.
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Evidence of this nature indicates that coagulase may be a family of

molecules differing slightly in charge and/or molecular weight. The

data presented in pH gradient elution and gel filtration experiments

are in agreement with this.

Table 10. Two Dimensional Electrophoresis: Coagulase Assay and
Protein Stain

Coagulase As say Drawing of Protein-Stained Gel

1 2 3 4 5 6 7 8 1 2
1 - 4 4 4 - - - - 1

2 - 2 4 4 - - - - 2
Vertical 3 - 4 4 4 - - - 3

Segments 4
5-- -1 - - -- 5

6 6
7 7

8 8

3 4 5 6 7 8

Dye front

The electrophoretic experiments indicate that coagulase from

S. aureus 265-1 is composed of at least two major components and

perhaps a continuous series of less active and/or prevelant com-

ponents.

Since the previous data indicate that some coagulase may be

particulate, or associated with particulate matter, it is possible that

the more mobile coagulase component represents a free type of

coagulase and the less mobile component represents a particle-

associated type of free coagulase. It is possible that the continuum of

coagulase activity observed is due to a "slow" release of the
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particle-associated coagulase under the influence of the electrical

field. Murray and Gohdes (1960) reported a molecular weight of

about 5,000 and indicated that ultracentrifugal boundary spreading

may be due to the small size or due to the presence of a large family

of molecules of similar size, Miale, Winningham and Kent (1963)

have shown that staphylococci in broth culture liberate into the medium

a family of coagulases. They demonstrated five isocoagulases using

starch gel electrophoresis.

Although coagulase is generally considered to be an enzyme,

the data of many workers indicate there is lack of correlation

between protein concentration and coagulase activity (Tager and

Drummond, 1964; Miller and Marin, 1965), The data presented

indicate that some coagulase activity is associated with material

having strong UV absorbance in the region of 260 nm. Perhaps

coagulase is nucleoprotein. Several lines of evidence lead to the

conclusion that coagulase is multimolecular.
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SUMMARY

The rapid and specific tests for staphylococcal enterotoxin

which are available indicate that where possible, serological testing

of the suspect material for the presence of toxins is the method of

choice. Unfortunately, specific antisera against the known entero-

toxins are still too costly for the routine laboratory to afford. Also,

these antisera will only detect known serological types of enterotoxin;

therefore, it would not be possible to determine the presence of a

new serotype of enterotoxin with existing antisera.

These are the bases for the usefulness of the tests for extra-

cellular products related to toxigenicity. The test media are not pro-

hibitively costly, the analyses do not require highly skilled technicians,

and they are designed to detect potentially pathogenic organisms. One

purpose of this work was to determine the relationship of several

biochemical tests with coagulase activity and the ability of the test

organisms to produce food poisoning symptoms in experimental

animals.

A compact agar slide technique was developed for screening

Staphylococcus cultures for the presence of substances which may be

correlated with enterotoxin production. The coagulase and lysozyme

tests produced identical results for the strains examined. The

mannitol fermentation and egg yolk lipase tests were in agreement
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with the coagulase test in 96% of the coagulase positive strains; how-

ever, positive reactions were also observed with the coagulase nega-

tive organisms. Sheep red blood cell hemolysin was produced by

90% of the coagulase positive strains and none of the coagulase nega-

tive strains. The Miller phenomenon was produced by 80% of the

coagulase positive cultures. The kitten test demonstrated which

Staphylococcus cultures produced food poisoning products.

Since the staphylococci appear to be a metabolically hetero-

genous group, it is believed that a combined test approach, using

two or more of these tests simultaneously, would afford better

capabilities of detecting potential food poisoning types than any single

test studied.

The other biochemical tests studied did not seem to provide as

good an index of the potential pathogenicity as the above tests. The

DNase and phosphatase tests gave positive reactions for all strains

tested. Proteolysis does not seem to be a good indicator of potential

pathogenicity.

Another purpose of this work was concerned with studying some

of the characteristics of staphylococcal coagulase. It was demon-

strated that some free coagulase was elaborated into the culture

medium and that some coagulase was insoluble, or associated with

particulate material which could be removed by centrifugation and

filtration.
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Evidence was presented which indicated that coagulase has

multimolecular forms. A gradient elution experiment indicated

particle-associated coagulase was increasingly solubilized with

increasing pH. Two peaks of coagulase activity were demonstrated

by gradient elution and by gel filtration. Electrophoresis in poly-

acrylamide gel indicated that coagulase is composed of at least two

major components and a continuum of less active and/or prevalent

components which differ in size or charge.

Spectrophotometric data indicated the coagulase preparations

had near UV absorption maxima near 260 nm. It is suggested that

coagulase may be associated with nucleic acid material, or that it

may be nucleoprotein.
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