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The purpose of this investigation was to determine if the hetero-

geneity observed among the coagulase-negative staphylococci could be

related to the existence of either prophage or plasmid-associated deter-

minants. The loss or acquisition of plasmid or prophage-associated

determinants for taxonomically important traits could account for the

array of properties reported by different investigators as variable for

some species of Staphylococcus.

Using techniques previously reported to "cure" staphylococci of

plasmids (treatment of cultures vrith sodium dodecyl sulfate, SDS, or

ethidum bromide, K3), three lac isolates vzere obtained from 2 species

of staphylococci (S taphylococcus los us , Staphylococcus homlnis )

reported by Kloos and Schleifer (1975c) as 20-307o variable for lactose

utilization. Other taxonomically important traits associated with this

change were galactose, maltose, melezitose and turanose utilization.

These, carbohydrate variant strains were used as recipients in experiments

to reinstate the lactose determinant via transduction or lysogeny. The

source of transducing or converting phase was filtered UV-irradiation or

Mitomycin C-induction products from lac parental strains. Lac strains

obtained following exposure of lac variants to the induction products

were tested for changes in the other taxonomically related characteristic

Aill cultures were tested according to the classification scheme of

Kloos and Schleifer (1975c) (Appendix B: Classification of Staphylococci)

for human cutaneous staphylococci. Cured strains were observed to become



more similar to different species of coagulase-negative staphylococci.

In most cases these species had been reported by Kloos and Schleifer as

closely related, misclassifiable, or possessing the same habitat on the

human body.
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INTRODUCTION

The coagulase-positive staphylococci of human origin occur in the

homogeneous species Staphylococcus aureus. Taxonomic problems remain

in the subdivision of the more heterogeneous coagulase-negative

staphylococci into species. The reports of Kloos and Schleifer (1975a,

b,c) propose the subdivision of the staphylococci into one coagulase-

positive and nine coagulase-negative species based on morphological,

physiological, biochemical, and antibiotic susceptibility characteristics.

Several properties, mostly carbohydrate utilizing characteristics; however,

were reported as 20-30% or more variable among particular species of

coagulase-negative staphylococci.

The existance and prevalance of plasmids (extrachromosomal pieces

of genetic information capable of autonomous replication) in Staphylococcus

aureus containing genes for resistance to various drugs and metal ions

are well documented (Richmond, 1967; Lacey, 1971; Schaefler, 1972) and

produce variability among members of this species. Plasmids may be lost

or gained in nature at different rates depending on the species, the

mechanism of loss or acquisition, and the local environment (temperature,

nutrition, etc.). Lysogenic conversion has also been shown to produce

variability among the species Staphylococcus aureus. The existence of a

prophage resulting in loss or acquisition of properties upon excision

from the host chromosome xrould also be a source of variability among the

staphylococci (Winkler, et al., 1965; Mason and Allen, 1975). The

hypothesis was made that variability observed among the coagulase-

negative staphylococci may in part relate to plasmid and/or prophage

contained determinants.



Research exploring the possibility that heterogeneity may be at

least partially due to the presence or absence of prophage or plasmids

containing genes governing the variable properties could assist in the

resolution of the taxonomic problems with the coagulase-negative

staphylococci.

In this study, curing and induction techniques were employed in

attempts to free parental strains of plasmids and prophage. Attempts

were made to speciate isolates suspected as free of extragenic content

to determine if the change(s) that occurred affected characteristics

identifying a particular species. Transduction was used to attempt

reconstruction of the original parental type from the changed isolate

in an effort to show the mobile genes were transferred in nature.



LITERATURE REVIEW

Classification of Staphylococci

Since the mid fifties, there has been a renewed interest in the

classification of the staphylococci and micrococci. Many investigators

supported the view that these organisms should be separated in the

family Micrococcaceae. Evans, Bradford, and Niven (1955) proposed that

the staphylococci should be separated from the micrococci based on the

ability to grow anaerobically and under these conditions produce acid

from fermentation of glucose. These proposed findings were later

accepted by Evans (1957) when contributing to the 7th Edition of Bergey's

Manual of Determinative Bacteriology and Baird-Parker (1963) when pro-

posing a classification scheme for the micrococci and the staphylococci.

Further distinction of the genera was based on mole percent content of

guanine plus cytosine, with the staphylococci having 30-40‘7. G+C and the

micrococci having 10-15°L G+C. The cell wall peptidoglycan composition

has also been included as a criterion for classification (Schleifer and

Kocur, 1973). The murein of staphylococci is crossed-linked by a

pentaglycine bridge which may be substituted by serine in some species

(Staphylococcus epidermidis). Contrary to the staphylococci, the

micrococci have two predominant murein types. One type has L-lysine-L-

alanine cross-linked bridges, while the other type of bridge is composed

of a complete peptide subunit or units of five amino acid linkages.

Final differentiation of staphylococci from micrococci was provided by

Evans and Kloos (1972) who used growth in semi-solid thioglycollate

medium to distinguish strains of the genera slowly fermenting glucose

anaerobically in semi-solid thioglycollate media plus the characterizations
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previously described. The presence of aliphatic hydrocarbons in neutral

lipids extracted from micrococci may also be useful in differentiating

these from the staphylococci (Morrison, Tornalone and Kloos, 1971).

Coinciding with the reorganization of the Micrococcaceae was the

separation of staphylococci, by 1970, into two species: Staphylococcus

aureus and Staphylococcus epidermidis. The main criteria separating the

two species were coagulase production (ICNB Subcommittee, 1965), acid

production from mannitol both aerobically (ICNB Subcommittee, 1965) and

anaerobically (Lachia and Diebel, 1969), biotin requirement for growth

(Jones, Diebel and Niven, 1963), production of heat-resistant endonuclease

(Lachia and Diebel, 1969), cell wall composition and teichoic acid

composition (Davidson and Braddiley, 1963) and presence of Protein A

component (Oeding, 1965).

Further subspeciation of Staphylococcus epidermidis into 4 biotypes

was proposed by Baird-Parker (1963). This scheme was based on acid pro-

duction aerobically from the carbohydrates lactose, maltose and mannitol,

acetoin production as an end product of glucose metabolism and production

of phosphatase. Using this classification scheme for the identification

of Staphylococcus epidermidis (which at that time included all coagulase-

negative staphylococci) different investigators (Bentley, et al., 1967;

Sovandina, 1975) found many coagulase-negative strains that were

unclassifiable in the Baird-Parker scheme (1963). This fact plus mounting

evidence of the coagulase-negative staphylococci's involvement as

potential pathogenic organisms (Quinn, Cox and Drake, 1966; Cluff, et al,

1968; Crown and Ward, 1977; Per-Anders Mardh and Hovelius, 1977;

Wallmark, et al., 1978) prompted development of a new classification

scheme fully organizing the coagulase-negative staphylococci.
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Classification of Coagulase-Negativa Staphylococci
Causing Human Infections

In general, coagulase-positive staphylococci (Staphylococcus

aureus) were thought of as potential pathogens and the coagulase-

negative staphylococci (Staphylococcus epidermidis) as nonpathogens.

This concept was reassessed upon the association of coagulase-negative

staphylococci with clinical infection. Staphylococcus epidermidis was

found, in one human study, to compose some 10% of all cases of

staphylococcal bacteremia (Cluff, et al., 1968). In children.

Staphylococcus epidermidis infection occurred most frequently in hydro-

cephalic patients fitted with spinal shunt valves (Sticker, et al., 1968).

Staphylococcus epidermidis has been implicated in bacterial endocarditis

following cardiac surgery. In some studies, as many as 10% of all cases

of bacterial endocarditis have been caused by Staphylococcus epidermidis

(Quinn, Cox, and Drake, 1966). Coagulase-negative staphylococci have also

been implicated as a causative agent in urinary tract infections in women

(Mabeck, 1969; Gillespie, et al., 1978) and meningitis (Crown and Ward,

1977). Finally, food poisoning has been associated with coagulase-

negative staphylococci (Breckenridge and Bergol, 1971).

As early as 1969, it was recognized that the coagulase-negative

staphylococci were a rather heterogeneous group of bacteria. Smith and

Farkas-Himsley (1969) suggested that coagulase-negative staphylococci

demonstrated a rather "continuous spectrum" of characteristics leading

to their heterogeneity. Since these variants possessed properties of

both of the existing species (Staphylococcus aureus and Staphylococcus

epiderm.idis), all coagulase-negative staphylococci could not properly
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belong to the species Staphylococcus epidermidis.

The heterogeneity of coagulase-negative staphylococci, their

involvement as potential pathogens, plus the occurrence of numerous

unclassifiable strains according to Baird-Parker biotyping scheme lead

to the formulation of new classification schemes (Baird-Parker, 1965;

Pelzer, et al., 1973). Kloos and Schleifer (1975c) increased the number

of characteristics used to separate the staphylococci. The 4

Staphylococcus epidermidis biotypes, according to the Biard-Parker scheme,

were reclassified into 9 new species of coagulase-negative staphylococci

retaining the one species of coagulase-positive staphylococci.

Staphylococcus aureus (Kloos and Schleifer, 1975c). This scheme was

able to differentiate some 924 strains isolated from humans all over the

’ world into the 10 species of staphylccccci. In this new classification

scheme, species were differentiated by physiological, morphological.,

biochemical characteristics as well as antibiotic susceptibility and cell

wall composition (Appendix B: Classification of Staphylococci).
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The Genetics of Staphylococci

Extrachromosomal DNA - Plasmids

Plasmids are circular extrachromosomal pieces of genetic material

(DNA) that have the capacity to autonomously replicate. The stability

of any plasmid is related to its ability to maintain itself in the host

cell or at least keep its replication in pace with the division of the

host cell. This insures stability by providing segregation of at least

one functioning plasmid into each new cell (Hayes, 1968). Under certain

circumstances the plasmids survive in the cell so efficiently that

plasmids adventitious nature comes to be doubted or remains undiscovered.

All staphylococcal cells probably carry one or more of the plasmids at

any instant in time (Cohen, 1972).

Plasmids carry two classes of genes: genes responsible for repro-

duction and maintenance of the plasmid in the host cell and genes that

directly affect the host bacterium (Novick and Bouanchaud, 1971).

The efficiency of these genes responsible for plasmid replication and

maintenance determines the frequency with which plasmid-less variants

occur. Plasmid-free variants may be due to spontaneous loss of plasmids

or "curing" (use of exogenous force to free a bacterium of contained

piasmids). Rarely may the plasmid replicate disproportionately rapid

to burst the cell (Cohen, 1972). In fact, there is the concept of

relaxed and stringent replication of plasmids. In stringent plasmid re-

plication there is nearly a unitary (1:1) relationship between the

plasmid copy number and the number of copies of chromosomes per cell.

In opposition, relaxed replication shows a nearly 10-fold increase in

the copies of plasmids per cell chromosome. Relaxed replication thus
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appears to result from a deficiency or inoperation of controlling genes.

Clearly a stringent relationship would appear to be more stable and may

be explained as an evolutionary progression from relaxed replication

towards stabilization of the plasmid in the host bacterium by repressor

genes (Clowes, 1972). Phenotypically, genes on the plasmid may not

always be expressed. When expressed, however, the gene products may

alter the expression of genes on other plasm.ids or even those on the

bacterial chromosome. Thus, plasmids .have the potential for profound

influence on the properties of staphylococal cells (Cohen, 1972).

The origin of plasmids is highly speculative and theories have been

postulated to account for their origins (Novick and Bouanchaud, 1971).

One theory states that plasmids are simply run away chromosomal

fragments from previously existing bacterial cells or viral particles

that have been incorporated into the bacterial cytoplasm by transformation,

A second theory postulates plasmidal origins from a degenerate virus

that attached and piînetrated a bacterial cell. This defective viral

particle had lost the ability to produce functioning viral progeny. Thus,

the viral genetic information may become a rather stable element in the

bacterial cell. A third theory considers plasmids as independently

evolving, autonomously replicating entities that simply utilize the

bacterial cell machinery for perpetuation. A fourth theory states that

all chromosomes evolved by coalescence of many plasmids over evolutionary

time. Any variation in species of bacteria, therefore, may be essentially

further evolution of bacterial chromosomes by the acquisition of newer

plasmid associations.
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Freeing Cells of Plasmids - Curing

"Curing" involves the elimination of the plasmid from the host

cell by various methods. These methods effect curing by taking

advantage of differences in the rates of replication between the plasmid

and chromosomal DNA during growth at elevated temperatures (May, et al.,

1964), by using chemical agents like acridine dyes (Hashimoto, Kono, and

Mitsuhako, 1964) and ethidium bromide (Bouanchaud, Scavizzi, and

Chabbert, 1969; Nazar, Heczko, and Pulverer, 1977) which inhibit DNA and

RNA synthesis, or by disrupting of membrane sites of plasmid attachment

(Sonstein and Baldwin, 1972a; Nazar, Heczko, and Pulverer, 1977).

Ethidium bromide and acridine dyes bind to the DNA to inhibit both

DNA and RNA polymerases by binding the DNA (Waring, 1966). This binding

is in the form of intercalation and cross-linkages of the base pairs

resulting in a possible disruption of the plasmid maintenance system by

distortion of the DNA. There is also evidence that ethidium bromide

disrupts direct synthesis of proteins needed to maintain the plasmid as

an autonomously replicating extrachromosomal element (Tomchick and Mande 1,

1964). After the maintenance system is affected, tVie plasmid is lost as

an extrachromosomal element upon division of the staphylococcal cell.

Many investigators adhere to a theory that plasmids of staphylococci

are maintained in tne cell partly due to a cytoplasmic membrane attach-

ment site and a plasmid-borne maintenance compatibility locus which may

govern attachment and replication of the plasmid (Novick and Richmond,

1965; Sonstein and Baldwin, 1972a). Sodium dodecyl sulfate (SDS), an

ionic sufrace active agent, was found to "cure" Staphylococcus aureus

of the penicillinase plasmid at a rate of nearly 1007o (Sonstein and
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Baldwin, 1972a). It has been determined that SDS and many other ionic

surface-active agents form micelles of lipid character in the cyto-

plasmic membrane. This disrupts the membrane along with the membrane

attachment site of the plasmid. Also affected is the associated

maintenance-compatibility locus on the plasmid (Sonstein and Baldwin,

1972a). Thus, upon the next replication, the plasmid is lost as an

extrachromosomal element of the staphylococcal cell.

Plasmid-Based Variation in Bacteria

Many different genera of bacteria have been noted to show

characteristic variations in physiological properties. These varia-

tions have been associated with loss or acquisition of plasmids that

control or influence these physiological properties.

Among the Gram-negative bacteria variation in properties of both

Klebsiella and Salmonella sp. have been related to plasmid

involvement. Reeves and Braithwaite (1973) reported the isolation of

strains of Klebsiella aerogenes giving either a strong or a weak

lactose-positive phenotype. This character difference was subsequently

shown to result from the acquisition of a plasmid that increased the

efficiency of the host chromosome some 107», giving the strong lactose-

positive characteristic. Loss of the plasmid by the cells resulted in

the weak lactose-positive characteristic (Reeves, 1976). In Salmonella

tennessee, a plasmid carrying determinants for both lactose and sucrose

has been reported. This plasmid has also been conjugally transferred to

Salmonella typhosa and to Escherichia coli (Johnson, et al. , 1976).

Plasmid relationships to carbohydrate utilization have also been

reported in many Gram-positive bacteria. McKay, Baldwin and Zaltola (1972)
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related the unstable ability to metabolize lactose in Streptococcus

lactis v/ith a plasmid. Efstathious and McKay (1976) reported this same

lactose plasmid of Streptococcus lactis associated with proteinase

activity and found that this plasmid was "curable" by growth of cultures

at elevated temperature for a number of generations. The lactose

plasmid in Streptococcus lactis has also been shown to influence the

metabolism of galactose (LeBlanc, et al., 1979). Anderson and McKay

(1977) associated variation in lactose utilization in Streptococcus

cremoris V7ith a plasmid carrying determinants for the three phospho-

transferase enzymes.

Among the staphylococci, plasmids have a rather long history. The

existence of plasmid-linked resistance to tetracycline, chloramphenicol,

penicillin, certain heavy metals such as mercury, cadmium, lead, and

arsenic have heen reported (May, Houghton and Perret, 1964; Richmond and

John, 1964; Novick and Richmond, 1965; Richmond, 1967; and Sabatti, et al.,

1968). Many of these same plasmid-linked characteristics have been

reported in Staphylococcus epidermidis. Schaefler (1972) was able to

cure a strain of Staphylococcus epidermidis of its penicillinase plasmid.

This loss v;as associated with the concomitant loss of the ability to

ferment ribose and mannitol. Nazar, Heckzo and Pulverer (1977) were able'

to use a bacteriophage obtained from a strain of Staphylococcus

epidermidis (Pulverer, et al., 1975) to transfer determinants for

penicillinase production together with the ability to ferment ribose and

mannitol to different strains of Staphylococcus epidermidis and

Staphylococcus aureus. The earlier results of Egan and Morse (1965a),

reporting the recovery of a "deletion mutant" of Staphylococcus aureus
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showing the loss of utilization of an array of carbohydrates, may be

due to the loss of a plasmid. The carbohydrates affected by this

deletion included lactose, maltose, sucrose, galactose, fructose,

ribose, mannitol, and trehalose. This carbohydrate mutant (car“)

appeared to be a carrier mutant instead of a strict cryptic mutant. A

carrier mutant has no carbohydrate-specific permease; therefore, no

active transport or facilitated diffusion of the carbohydrates is

possible. A cryptic mutant has no capacity to actively transport due

to loss of ATP utilisation capability to drive active transport;

facilitated diffusion, however, is possible because the specific permease

is present (Egan and Morse, 1965b).

Lysogeny: The Prophage Condition

Shortly after the discovery of bacteriophages it became apparent

that some, bacteria w^ere themselves a source of phage which were carried

in some intracellular form (Adams, 1959). According to Campbell (1962),

the phage nucleic acid had the ability to be intergrated into the

bacterial chromosom.e by means of a single, reciprocal recombination event

at a region of homology between the bacteriophage and bacterial chromo-

some. This was termed the "insertion hypothesis" (Campbell, 1962). The

resulting bacterium was said to be lysogenic and the viral genome within

the bacterial chromosome was termed a prophage.

All lysogenic cultures are characterized by always containing a

low titer of free phage particles resulting from spontaneous induction.

These phages apparently result from the prophage's inability to be

permanently maintained in the lysogenic state in all of the host cells.
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Induction results from prophage occasionally becoming "lytic" to produce

mixtures of complete phage particles (virulent) and defective viruses.

These defective viruses may contain phage nucleic acid that has under-

gone recombination with nucleic acid from the bacterial cell; subsequently,

being included within the viral coat. These defective phages result

from a process analogous to phenotypic mixing (Clowes, 1958). The

lysogenic culture always carries the potential to spontaneously produce

and release phages at any time. The cultures may also be induced to

release phages by the action of certain chemical and physical agents.

Finally, all lysogenic cultures are apparently immune to lytic infection

by the same or closely related phages (Bcrtani, 1953).

Lysogeny is now reguarded as normal in bacteria rather than an

exception (Hayes, 1958). Many early studios suggested that most strains

of staphylococci are lysogenic (Roundtree, 1949; Gorril and Gray, 1956;

Blair and Carr, 1951). This condition may also involve the carriage of

more than one phage at a time. One strain of Staphylococcus aureus has

been reported to carry up to 5 different phages at one time (Roundtree,

1949).

Induction of lysogenic prophage to become virulent is usually

observed as a decrease in turbidity of the induced broth culture of

bacteria or by the demonstration of increased numbers of plaque forming

units present in the filtrate of induced cultures. The latter is

dependent upon the availability of a sensitive indicator strain of bacteria.

For example, coli strain K-12 was accidentally found to be lysogenic

when a UV-irradiated induced mutant (later found to have been cured of

the lam.bda prophage) was able to be plaqued by lysogenizing phage lambda.



Therefore, loss of the lysogenic lambda phage resulted in a strain

sensitive to plaquing by the same phage it once maintained (Lederberg,

1951). The non-irradiated E. coli strain K-12 (lysogenic) was unable

to be lytically infected with phage lambda.

Nature of Phage Release

Early studies of the lysogenic state were designed to explain the

existence of free phage particles present in lysogenic cultures. Burnet

and McKie (1929) showed that no phages' were detectable upon artifically

produced rupture of the lysogenic bacterial cell. Thus, the free phages

found in lysogenic cultures were not due to whole viral particles inside

the lysogenized bacterium that leaked into the surrounding medium, but

were the result of spontaneous induction of a small number of lysogenic

bacteria. Lwoff and Gutman (1950) established beyond doubt that lysogeny

represented an hereditary potential of the bacteria to generate phages,

since viral particles are maintained in tiiehost DNA and may be induced

spontaneously or experimentally to go lytic resulting in production and

release of phages .

More recent studies give a more detailed picture of the phage-

bacterium relationship. Stainer, Adelberg and Ingraham (1976)

summarized these studies. Only one gene is active in the lysogenized

phage. That gene codes for a repressor protein that prevents the

expression of the remaining phage, genome. Immediately following infec-

tion of the bacterium by the phage there is essentially a race established

between production and accurnmulation of repressor protein and the proteins

needed for viral particle maturation. The result of this race determines

whether the lysogenic state is achieved or whether the lytic cycle is
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initiated. If sufficient repressor is concentrated to interfere with

viral maturation, then the lysogenic state is established. If the

repressor is not generated in sufficient amounts, the lytic cycle is

completed resulting in whole viral particles plus lysozyme production

disrupting the cell membrane and freeing viral particles. The fate of

the bacterium infected with viral nucleic acid is thought to be

determined by the genetic constitution of the host, the genetic con-

stitution of the virus, and by the environment.

Induction of Prophage

Lwoff and Gutman (1950), using pedigree analysis of individual

lysogenic bacteria, showed that the proportion of bacteria in a

population liberating phages varied with environmental conditions

suggesting phage production might be inducible by external factors.

Lwoff, Siminovitch and Kjelgaard (1950) found virtually all lysogenic

bacteria exposed to stibinhibitory doses of UV light liberated phages.

Virus production v;as later found to be dependent on the nutritional

environment with maximal lysis occurring only in nutritionally rich

media. Many other effective inducing agents have since been found

including X-rays, gamma rays, nitrogen mustards, hydrogen peroxide,

organic peroxides. Mitomycin C, and temporary thymine starvation (Hayes,

1968). Both UV-irradiation and Mitomycin C have been shown effective

for induction of coagulase-negative staphylococci (Verhoef, et al.,

1971; Pulverer, et al., 1975; Bostian and Allen, 1976).

The method of action of inducing agents is not clear. Stainer,

et al. (1976) suggested that inducing agents such as UV and Mitomycin C

may create lesions in the DNA which bind the repressor nonspecifically
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making it unable to bind its specific receptor site. Since the repressor

protein is essential to maintain the prophage condition, the result is

production of phages followed by lysis. Goldwait and Jacob (1964) found

that adenosine derivatives (ATP and deoxy-ATP) present in bacteria in

concentrated amounts would lead to induction. They hypothesized that

upon inhibition of DNA synthesis by inducing agents (UV or Mit C) there

is an accumulation of adenosine derivatives that bind and inactivate the

repressor protein to the point of inefficiency of maintenance of the

prophage state. This hypothesis was supported by Hong, et al. (1971)

who referred to the adenosine derivatives as the "active inducer."

Transduction

In transduction, as first described by Zinder and Lederberg

(1952), a small piece of bacterial chromosome is incorporated into a

maturing phage particle. Upon infection, this phage particle transfers

the genetic material from the donor cell into a recipient new host cell.

There are two basic types of transduction: specialized and generalized.

In specialized transduction, the donor genetic material incorporated in

the phage particle is restricted to those donor genes immediately

adjacent to the prophage attachment sites. In generalized transduction,

any donor chromosomal marker has an approximately equal chance of being

incorporated into the phage particle (Hayes, 1968; Stainer et al., 1976).

To obtain a specialized transducing particle the lysate must be

prepared by induction of a lysogenic culture. Transducing phage capable

of generalized transduction incorporate host chromosome (at the expense

of all viral DNA) in a phage package through a normal lytic cycle or by

induction of a lysogenic cell. Another difference is the fate of the
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exogenotic DNA within the "host cells following transduction. In

specialized transduction, the degenerate prophage is added to the

recipient chromosome while in generalized transduction the extragenotic

DNA undergoes recombination with host cell chromosome or exists as an

autonomously replicating extrachroraosomal genetic element (plasmid).

Transduction was first reported in Staphylococcus aureus by

Cavello and Terrsnova (1955). Since that time, tranduction experiments

in staphylococci involved characterization and transfer of many genetic

markers. Transductions have generally been used to transfer resistance

markers in order to further understand the nature of their existence

and transfer in bacteria (Novick and Richmond, 1965; Sweeney and Cohen,

1968). In the staphylococci, plasmid transfer appears to occur only by

transduction. There is evidence to suggest transduction occurs often

enough to play an important part in the development, spread and*perpet-

nation of plasmids in staphylococci in nature (Richmond, 1969; Lacey, 1971).

Phage Conversion

The acquisition of new properties by the bacterium accompanying

lysogeny is called phage conversion. Unlike transduction, true phage

conversion involves a phage particle that is capable of all phage functions

and is capable of controlling some host cell property (Stainer, et al.,

1976). Phage conversion may be an extreme manifestation of transduction

in which phages have incorporated bacterial genes without becomiiag

defective (Luria, et al., 1958).

True phage conversion has been reported in the staphylococci.

Beta-toxin positive and staphj^lokinase-negative strains of Staphylococcus

aureus have been reported convertible to beta-toxin negative and
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staphylokinase positive by Winkler, et al. (1965) and Mason and Allen

(1975).

Summary

Determinants controlling a host cell process may occur as an

integral part of the host chromosome resulting from evolution or

lysogenic conversion, or may occur as extrachromosomal (plasmidal)

elements. In each situation, the determinants have been shown to be

transferable among miembers of the host' cell population by transduction

(Stainer et al., 1976).



MATERIALS AND METHODS

Cultures and Media

The 50 cultures of staphylococci used in this study (5 representa-

tives of each of 10 species of Staphylococcus) were provided by

Dr. Wesley E. Kloos (N. C. State University). All stock strains were

initially tested for penicillinase activity using a modification of the

starch-iodine method of Perret (1954) as performed by Baldwin, et al.

(1969) (see Penicillinase Determination). Lactose positive (Lac"^)

strains selected during preliminary testing of all cultures of

staphylococci for which Kloos and Schleifer (1975c) had reported as

variable ("V", less than 707o of the strains positive or negative) for

lactose utilization were designated as parental strains (Appendix B:

Classification of Staphylococci). These strains were isolated by

streaking dilutions onto brom cresol purple lactose agar plates and

screening isolated colonies for lactose utilization (see Acid Production

From Carbohydrates Under Aerobic Conditions). Three of the five strains

of Staphylococcus xylosus: strains 2, 3, and 4; and two of the five strains

of Staphylococcus hominis; strains 1 and 5, were consistently lac”^.
These lac"^ strains were subjected to curing conditions in attempts to

obtain lac variants.

All cultures were maintained at 4°C on Trypticase Soy Agar (TSA;

Baltimore Biological Laboratories, BBL: Baltimore, Maryland) containing

0.37o Yeast Extract (YE) and 400 yg/ml calcium chloride (TSA-YE-Ca) with

the exception of the variant strains obtained after exposure to sodium

dodecyl sulfate (SDS) and ethidium bromide (EB). The variant strains

were maintained at 4°C on TSA-YE containing 10~^ M sodium citrate
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(TSA-YE-Cit). Broth cultures were grown in Trypticase Soy Broth

(TSB; BBL) containing 0.3% YE plus any added ingredient such as sodium

citrate or calcium chloride in the above proportions and we'»”, identified

as TSB-YE, TSB-YE-Cit, or TSB-YE-Ca, respectively. All media and

chemicals used in all experiments were prepared in distilled water unless

otherwise indicated.

Penicillinase Determination

Penicillinase determination was performed on TSA-YE containing

0.1 units per ml benzyl penicillin (Sigma). The filter-sterilized

(0.45 p, Nalge Sybron Corp) solution penicillin was added in appropriate

amounts to melted and cooled (50°C) agar before dispensing. A 0.1-ml

dilution of a 24-hour TSB-YE grovm culture to be tested for penicillinase
3

production (containing approximately 1 X 10 cfu/ml) was spread onto the

surface of a penicillin agar plate using a sterile glass spreader. The

plates were incubated for 48 hours at 37°C, then overlayed with 4 ml of

sterile melted and cooled (50°C) solution containing 1%, agar (BBL), 1%

soluble starch (Fisher) and 10 mg/ml benzyl penicillin. Plates vjere

incubated at room temperature for 10-15 minutes then 4 ml of an iodine

solution (2.0 g of I, 4.0 g of KI in 1000 ml of distilled water) was

added to the surface of the plates. The iodine solution was poured off

after the plate turned intensely blue (10-30 seconds). ^Thite colonies

with clear zones were reported as producing moderate amounts of

penicillinase. Colonies initially blue but gradually changing to white

indicated small amounts of penicillinase. Blue colonies having no clear

zones were reported as penicillinase negative.
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Identification

The parental strains, cured strains, rever tant strains or trans-

ductants were characterized by the abbreviated scheme for the

classification of human cutaneous staphylococci as described by Kloos

and Schleifer (1975c). Test procedures given below used to characterize

the staphylococci in this study were according to Kloos and Schleifer

(1975c).

Phosphatase Production

Phosphatase activity was determined coloriraetrically. Chemically

clean test tubes (16 x 100 mm) containing 0.5 ml of a 0.005 M solution

of 7)henolphthalein monophosphate sodium salt (Sigma) in 0.01 M citric

acid-sodium citrate buffer (pH 5.8) were inoculated with a loopful of

24-hour, TSB-YE-Ca culture to be tested and incubated for 4 hours at 37°C

in a shaking water bath. The reaction was stopped by adding 0.5 ml of

a 0.5 N sodium hydro;;ide solution and 0.5 ml of a 0.5 M sodium bicarbonate

solution. Color w^as developed by adding 0.5 ml of 4-aminoantipyrine

solution (0.6 gm/100 ml. Sigma) and 0.5 ml of a potassium ferricyanide

solution (2.4 gm/100 ml. Allied Chemical). Color tests were interpreted

as follows: +, moderate to strong activity, moderate to intense red color;

+, weak activity, development of pink color; -, no activity, color re-

mained yellox>7.

Coagulase Production

Coagulase test was performed using 10 x 100 mm test tubes, a loopful

of 24-hour TSB-YE-Ca culture to be tested and 0.5 ml of reconstituted

rabbit coagulase plasma (BBL). The contents were mixed gently and allowed
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to incubate at 37°C in a water bath for 4 hours. Any evidence of clotting

was regarded as a positive reaction, no clotting was regarded as a nega-

tive reaction.

Nitrate Reduction

Chemically clean test tubes (16 x 100 mm) containing 5 ml of Nitrate

Broth (BBL) were inoculated with several loopfuls of 24-hour TSB-YE-Ca

culture to be tested. The contents were shaken in a 34°C water bath for

48 hours at approximately 60 eye les/minute. Color was developed by

addition of 0.5 ml of a sulfanilic acid reagent (0.8 gm of sulfanilic

acid/lOO ml of 5 N acetic acid) and 0.5 ml of an aIpha-naphthylamine

reagent (0.5 gm a-naphthylamine/100 ml of 5 N acetic acid) to the culture.

Results were recorded after 2 minutes: +, moderate to strong reduction,

development of red to red-purple color; +, weak reduction, development

of pink color; -, no reaction, no distinct color change but red color

produced after addition of zinc dust (Fisher).

Lysostaphin Susceptibility

Plates used for testing resistance of cultures to lysostaphin were

prepared by addition of a 0.1% (w/v) filter sterilized stock solution

of lysostaphin (Sigma) to melted and cooled (50°C) TSA-YE. A loopful of

24-hour TSB-YE-Ca culture to be tested was streak inoculated onto the dry

surface of a plate of lysostaphin-containing medium and a control TSA-YE

plate without lysostaphin. Cultures were incubated 24 hours and examined

for growth. Any growth of the culture along the streak on the medium

containing lysostaphin was considered as evidence of resistance to the

concentration of lysostaphin, while no growth of the culture along the
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streak indicated sensitivity.

Anaerobic Growth in Thioglycollate

Test tubes (16 x 150 mm), containing 8 ml of Fluid Thioglycollate

Medium (BBL) at 50°C were inoculated with 0.1 ml of a 24-hour TSB-YE-Ca

culture to be tested. The contents of the tubes were incubated at

37°C and read at 24-hour intervals for a maximum of 5 days at which time

growth characteristics were noted. Strains showing dense uniform

anaerobic growth usually showed this property in 24 to 48 hours; thus,

requiring no further incubation. Strains demonstrating a gradient of

dense surface growth to less growth in the depths of the tube or those

showing no evidence of anaerobic growth within 48 hours were incubated

a full 5 days for development of discrete colonies.

Acid Production From Carbohydrates Under Aerobic Conditions

Acid production from different carbohydrates was determined under

aerobic condition using a solid medium composed of 0.8% Nutrient Broth

(NB ; BBL), 0.157o Yeast Extract (YE), 0.002% brom cresol purple (BCP),

1.5%, agar and 1.0% carbohydrate. A stock solution of each carbohydrate

V7as sterilized by filtration (0.45 p, Nalge Sybion Corp.) and the appro-

priate volume was mixed with the autoclaved and cooled (50°C) basa],

medium prior to pouring the plates. Inoculation was made by using an

inoculating needle to lightly streaking a culture in a 1-cm line on a

dried (12 hours at 37°C) agar plate. Five streaks were inoculated

radially on the surface of a single agar plate. Plates were incubated

at 37°C and examined for acid production after 24, 48, and 72 hours.

Reactions were interpreted as follows: +, moderate to strong acid
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production, with yellow color extending away from the streak into the

medium; -, no acid, faint to no yellow color under streak.

Novobiocin Susceptibility

A 0.1-ml aliquot of culture (24-hour, TSB-YE) to be tested,
O

containing approximately 10 cfu/ml, was spread on TSA-YE-Ca plates

using a sterile glass streaker. Two 5 y g novobiocin sensitivity disks

(BBL) v/ere centered 4 cm apart on the agar surface. Plates were incu-

bated at 37°C for 24 hours then checked for novobiocin susceptibility

by measuring the zones of inhibition. Strains inhibited from 1 to

5 mm from the edge of the disks were assumed to be resistant to 1.6 ug/ml

novobiocin.

Hemolysis

Hemolytic activity of a test strain was determined by the use of

5% sterile defibrinated whole bovine blood (Granite Diagnostics,

Burlington, N. C.) in TSA-YE. Up to 5 inoculations, each 1 cm long,

could be spaced on the surface of a single plate using an inoculating

needle. Hemolytic activity was recorded after 24, 48, and 72 hours of

incubation of the plates at 37°C. Results were determined as follows:

+, strong hemolysis (hemolytic zones greater than or equal to 1.5 mm);

+, moderate to weak (trace to less than 1.5 mm zones); -, no hemolysis

detectable.

Curing

Five strains of coagulase-negative, lactose-positive staphylococci

were cured by exposure to sodium dodecyl sulfate (SDS, Sigma) using a

modification of the methods of Sonstein and Baldwin (1972a) and by
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exposure to ethidium bormide (EB, Sigma) using a modification of the

methods of Bouanchaud, et al. (1969). The five strains used in this

study were obtained from two species of coagulase-negative staphylococci

(Staphylococcus xylosus and Staphylococcus hominis) reported variable

in the utilization of lactose.

SDS Curing

A 0.1-ml inoculum (10^ cfu/ml) in TSB-YE-Ca of the parental strain

(lac*^) to be treated was incubated for 18 hours at 37°C with constant

shaking at 60 cycles/min (Model 50 shake. Precision Scientific Company)

in sterile 16 x 150 mm test tubes containing 5 ml autoclave-sterilized

TSB-YE including 0.002% (w/v) sodium dodecyl sulfate (SDS). The treated

cells were harvested by centrifugation at 1500 X g for 20 minutes. The

supernatant was discarded and the cells resuspended in 5 ml TSB-YE-Cit

and tested for "cured" (lac“) cells on BCP lactose agar plates. Parental

strains (lac*^) grown in TSB-YE with no SDS and treated as above served

as controls.

Ethidium Bromide Curing

A 0.1-ml volume of 24-hour TSB-YE-Ca culture (approx. 10^ cfu/ml)

of a parent strain (lac*^) to be cured xvas incubated at 37°C for 18 hours

with constant shaking in 16 x 150 mm test tubes containing 5 ml autoclave
•" 6

sterilized TSB-YE including 6 x 10 M ethidium bromide (EB, Sigma).

The treated cells were harvested and tested for presence of lac“ cells

as above. Parental strains (lac"*") grown in TSB-YE with no EB and

treated as above served as controls.
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Detection of Cured Cells

Detection of lac cells was accomplished by appropriately diluting

the SDS and EB-treated cell suspensions in TSB-YE-Cit to contain approx-

3
imately 1 x 10 cfu/ml. A 0.1-ml aliquot of each suspension was streaked

onto 30 BCP lactose agar plates using a sterile glass streaker. Plates

were incubated at 37°C and examined for non-lactose utilizing colonies

after 24, 48, and 72 hours. Any lac" colonies were isolated, trans-

ferred to TSA-YE-Cit slants and stored at 4°C until further use.

Induction of Bacteriophage

Induction by Mitomycin C

A 0.5-ml aliquot of sterile filtered aqueous solution of Mitomycin

C (5 yg/ml. Sigma) was added to 5 ml of a 24-hour TSB-YE, TSB-YE-Cit,

and TSB-YE-Ca cultures of parental (lac"^) cultures. The tubes were

incubated for 4 hours at 37°C in a shaking water bath at 60 eye les/min.

The content of each tube was transferred to a separate sterile centrifuge

tube and centrifuged at 1500 X g for 20 minutes. The supernatant was

decanted into a second centrifuge tube and the sediment discarded. The

supernatant was incubated an additional 2 hours at 37°C in the shaking

water bath then stored at 4°C until further use.

Staphylococcus simulans strain 2, known lysogenic and inducible by

Mitomycin C, was treated as above and served as a control. A second

control consisted of Staphylococcus simulans strain 2 and parental strains

treated as above in the absence of Mitomycin C. Cultures used in controls

were grown in TSB-YE.
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Induction by UV-irradiation

Five milliliters of the same broth (TSB-YE, TSB-YE-Cit, or TSB-YE-

Ca) was added to each 24-hour culture of lac"^ parental strain in 5 ml of

TSB-YE, TSB-YE-Cit, or TSB-YE-Ca. The contents were incubated as in the

Mitomycin C induction technique. The resulting cultures contained

approximately 5 x 10^ cfu/ml depending on the particular strain of

Staphylococcus. Each culture was then centrifuged (1500 X g for 20

minutes), the supernatant discarded, and the cells resuspended in 2.5 ml

of sterile 0.066 M phosphate buffer (Sorensen) at pH 7.5. The buffered

cell suspension of each strain was placed in a sterile Petri dish and

exposed for 45 seconds at 12 cm distance to UV-irradiation from an

8-watt germicidal lamp (Sylvania G815, at 254 nm), delivering 0.68 x

A" 2
10 ergs/cm sec as measured by a radiometer (Model 65, Yellow Springs

Instrument Company). The irradiated cells were transferred to a

sterile centrifuge tube and 3.0 ml of the particular fresh broth added.

The cultures were incubated 2 hours at 37°C in a shaking water bath,

centrifuged as above, and the supernatants transferred to sterile

centrifuge tube for storage until further use. The cells were discarded.

Staphylococcus simulans strain 2, known lysogenic and inducible by

UV-irradiation, was treated as above and served as a control. A second

control consisted of Staphylococcus simulans strain 2 and parental

strains treated as above with the omission of UV-irradiation. Cultures

used as controls were grown in TSB-YE.

Detection of Phage

All induction products were sterilized using 0.45 micron membrane

filters (Nalge Sybron Corp.). The filtrates were tested for sterility
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by inoculating two loopfuls of each into a separate tube of TSB-YE.

Any filtrates producing turbidity after 24 hours incubation at 37°C in

TSB-YE were discarded.

The presence of viruses in the cell-free induction products

obtained from treated parent strains was determined by testing for

plaque forming activity against the corresponding cured strains and by

observation with the transmission electron microscope (Hitachi; Model

HS-8). A 0.1-ml aliquot of the cured strain grown 24 hours in TSB-YE
o

at 37 C was smeared over the surface of each of four TSA-YE-Ca plates.

One plate was subsequently smeared with 0.1 ml of the product from an

induction procedure. The second plate was tested with 0.05-ml aliquots

of 2-fold serial dilutions of each induction product. Phage were pre-

pared for transmission electron microscope examination by a modification

of Bradley & Kay (1960). The phage particles were sedimented at 8900 X g

and the supernatant discarded. The pellet was resuspended in 17o (w/v)

solution of phosphotungstic acid. Electron photomicrographs were taken.

All UV-irradiated and Mitomycin C-induced lysates were tested in this

manner.

Induction products from known lysogenic Staphylococcus simulans

strain 2, induced by both UV-irradiation and Mitomycin C were tested for

free viruses as above using Staphylococcus simulans strain 5 as the

indicator strain. A flow design of the above procedures is presented in

Appendix A: General Flow Sheet.
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Transduction Procedures and Detection
of Lactose Positive Transductants

To 5 ml of a 24-hour TSB-YE culture of the lac cured cells was

added 0.1 ml of calcium chloride stock solution (20,000 yg/ml water) to

make a final concentration of 400 yg CaCl2/nil. To this suspension was

added 1 ml of the induction product from the corresponding lac"*" parent

strain. The contents were allowed to incubate 10 minutes at 37°C in

a shaking water bath at 60 cycles/min. Then 5 ml of TSB-YE with

2 X 10 M sodium citrate was added to the tubes and the tubes placed on

ice until tested for presence of lac”*” transductants.

Detection of transduced cells was accomplished by appropriately

diluting the above suspension in sterile water to yield approximately
O

2.0 X lO'^ cfu/ml then streaking 0.1-ml samples of each on 40 BCP lactose

agar plates. The plates were incubated at 37°C and checked for presence

of lactose-fermenting colonies after 24, 48, and 72 hours. Suspected

transductants (lac"*") were isolated onto fresh BCP lactose agar plates.

After incubation for 24 hours at 37°C, stable lac"^ isolates were

inoculated onto TSA-YE-Ca slants, incubated at 37°C overnight and stored

at 4°C until further use.

Isolation and Preparation of Plasmid DNA

Isolated colonies of the strain to be tested were spread over a

1 cm area on TSA-YE-Ca plates (cured strains were inoculated onto TSA-

YE-Cit) and grown for 24 hours at 37°C. A heavy inoculum, 2\ loopfuls,

was transferred into 100 ml volumes of sterile primary growth medium.

Primary growth medium contained 47» (w/v) enzymatic casein hydrolysate

(Nut. Biochem. Corp.), 0.2% K2HP0^, 0.005% MgSO^-7H20, 0.0001% thiamine.



30

0.0017,, nicotinic acid, O.OOIT, biotin, 0.00017, panothenic acid and 1 mg/ml

glycine. The contents were incubated 5-6 hours or until late log phase

of cellular growth. The content of each flask was then treated with

0.1-ml volume of a 150 yg/ml solution of bacitracin (Sigma) for 5-20

minutes. Time of treatment with bacitracin was strain dependent.

Evidence of activity on the bacterial cell walls by the bacitracin was

noted by browning or blackening of the contents of the flask. Each

treated suspension was cooled in an ice bath approximately 10 minutes

then harvested by centrifugation at 4500 X g for 10 minutes. Each cell

pellet was resuspended in 10 ml of Tris buffer (0.05 M Tris, 2.5 M NaCl,

0.05 M EDTA, pH 7.0) and harvested as above. Each cell pellet was re-

suspended in Tris buffer to a final volume of 27» of the original culture;

lysostaphin (Sigma) stock (1 mg/ml water) was then added to a final

concentration of 75 yg/ml, mixed gently and allowed to react 10 minutes.

Each preparation was immediately diluted with equal volumes of cooled

TES plus dodecylamine (Eastman Products) and vortexed to mix. Each

treated cell preparation was transferred into 25 ml flasks and kept

frozen until further treatment. TES buffer x^as composed of 0.03 M Tris,

0.005 M Na*EDTA, 407o (w/v) sucrose and 0.05 M NaCl adjusted to pH 7.0 and

warmed to 37°C. TES plus dodecylamine was prepared by adding N-dodecylamine

to TES usually over a 5-20 minute period until saturation, the solution was

cooled to 18°C for 15 minutes and filtered through íThatman itl filter

paper tx,/ice.

Complete lysis was achieved after thaxsring and incubation for 30

minutes at 37°C with shaking (100 cycles per minute). If needed,

additional lysostaphin was added at this point to complete lysis. Each
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lysed suspension was cooled on ice and an equal volume (6.4 ml) of

lysing buffer (pH 8.0) containing 0.05 M Iris, BRIJ-58 (l/i,, w/v; Atlas

Chemical Comp.), sodium desoxycholate (0.047o, w/v) and 0.3 M EDTA was

added, mixed thoroughly and allowed to cool for approximately 15 minutes

at 4°C. Each viscous crude lysate formed vjas transferred to 15 ml

centrifuge tubes and centrifuged at 19,000 X g for 15 minutes. If

primary centrifugation resulted in a turbid supernatant, a second centri-

fugation was performed. Each supernatant was decanted and stored frozen

until further use. The sediment was discarded.

Each supernatant xvas heat treated at 60°C for 25-30 minutes (up to

1 hour for the difficult-to-lyse strains) in order to denature any pro-

tein in the prepai-ation, cooled in ice for 10 minutes, centrifuged at

10,000 X g for 20 minutes and the superna,tant collected. The centrifuga-

tion was repeated as necessary to obtain a clear lysate. Each cleared

lysates was frozen in plastic tubes for 30 minutes. Each preparation

was again heated for 25-30 minutes at 60°C then 20 ul of an RNase (bovine

pancreas type lA, Sigma) stock (0.05 M sodium acetate plus 1 mg/ml RNase,

pK 5.0) was added to each ml of lysate and heated for 25 minutes at 90°C.

The final concentration of RNase was 20 ug RNase/ml of lysate preparation.

Separation of Plasmid DNA

Each lysate (40-50 Pi) was mixed with bromophenol blue solution

¿O.QTL (w/v) bromophenol blue, 77. (w/v) SDS, and 337. (v/v) glycero_l/ in

a ratio of 50 pi of sample per 10 Pl of dye. The contents were mixed

gently. All samples were set into wells of a vertical agarose gel (1.27o

or 0.7% agarose) and subjected to electrophoresis (Bio-Rad Comp.) for

approximately 2 - hours at 60 amps (constant) and 180 volts. The



32

agarose gels consisted of 90 ml of tris-borate buffer (0.089 M Tris,

0.0025 M EDTA, 0.089 M boric acid, pH 8.0-8.3), 10 ml of 107„ (w/v) SDS

stock plus 1.2 or 0.77» (w/v) grams of Agarose (Bio-Rad). Gels were

stained in the dark for 30 minutes with ethidium bromide (60 yl of a

10 mg/ml stock of ethidium bromide dissolved in 1500 ml of deionized

water, yielding a final concentration of 0.4 yg/ml). Gels were photo-

graphed on an ultraviolet light stage using a Polaroid camera and film.



RESULTS

Selection of Cultures for Exposure to
Techniques Used to Eliminate Plasmids

Two cultures of the 50 tested produced penicillinase (Staphy-

lococcus simulans strains 1 and 4) while three of the 5 cultures of

Staphylococcus xylosus (strains 2, 3, and 4) and two of the 5 cultures

of Staphylococcus hominis (strains 1 and 5) tested produced acid

aerobically from lactose (lac"*").

Curing

Curing procedures performed on lac"^ parental strains of

Staphylococcus xylosus and Staphylococcus hominis produced loss of acid

production aerobically from lactose in 3 of the 5 parental strains.

Loss of the lac"*” ability occurred in one of 3 Staphylococcus xylosus

cultures tested (strain 3) and in both of the Staphylococcus hominis

cultures (strains 1 and 5). The loss of the ability for aerobic acid

production from lactose (lac~) by these five strains following exposure

to curing techniques identified isolates suspected of having lost plasmid(s)

used in subsequent experiments. These lac" variants were obtained using

SDS (Table 1). Approximately 1 lac variant was obtained from every 5,500

colonies tested yielding an average rate of lac**” -^lac curing by SDS of

0.02%. No lac~ colonies were detected from any of the parental strains

following treatment xíith ethidium bromide.

Detection of Phages in Induction Lysates

Transmission electron microscopy revealed no evidence of phage

particles in any of the induction products. No plaque formation resulted

on the cured strains upon exposure to either Mitomycin C or UV-irradiation
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induction products from the parental strains. However, 1 to 2 mm

diameter halos of clearing within the lawn of growth of the test cultures

occurred at the margins of areas of application of both UV and

Mitomycin C-treated induction products. The size of the halos varied

directly with the dilution of induction product tested.

Transduction

+
Results of attempts to transduce lac cured strains to lac strains

phenotypically resembling the parental strains are shown in Table 1.

For Staphylococcus xylosus strain 3, a total of 6 lac”^ colonies were

observed among approximately 79,000 colonies inspected. In Staphylococcus

hominis strains 1, a total of 21 lac"*" colonies were observed among approx-

imately 80,000 colonies inspected. More lac”^ colonies resulted after

transduction with induction products from UV-induced cultures than with

products from Mitomycin C-induced cultures. With Staphylococcus hominis

strain 5, six lac”^ colonies were observed among some 79,000 colonics

inspected. All 6 isolates resulted from transduction attempts using

induction products from W-induced cultures. No lac"^ colonies V7ere

obtained from transduction attempts using products from Mitomycin C-induced

cultures of Staphylococcus hominis strain 5. Control transduction experi-

ments using filtrates from untreated parental strains yielded no lac"^
colonies among the 16,000 screened for each test strain.

Table 1 shows the effect the medium lac”^ cells were grown in and

induced in had on the numbers of lac -^lac"^ transductants obtained in

subsequent transduction attempts using the respective induction products.

For Staphylococcus xylosus strain 3, transduction of lac cured cells to

lac"^ cells only occurred with TSB-YE-Ca as the induction medium. Likewise,



Table 1. Percentage Lactose-Variant Colonies Observed Using Curing and Transducing Techniques

Technique
No. of

Per Total
Lactose-Variant Colonies
Number of Colonies Screened

Percentage Change

S. xvlosus str. 3 S. hominis str. 1 S. hominis str. 5 S. xvlosus str. 3 S. hominis str. 1 S. hominis stn 5

Curing^
(Lac"^ ^Lac )

^/5855
1 1

SDs2 /4080 /6900 0.02 0.02 0.02
Eb2 °/6370 0/5400 0/4920 0.00 0.00 0.00

Control^ °/6880 °/6145 °/7645 0.00 0.00 0.00

3Transduction

(Lac" ^Lac"*")
0/14,640Mit C^ 0/15,440 0/11,280 0.00 0.02 0.00

Mit C-Cit 0/12,640 0/10,320 0/12,360 0.00 0.01 0.00
Mit C-Ca 2/15,420 ‘^/12,880 0/15,600 0.01 0.03 0.00

UV^ 0/10,320 ^/13,680 2/10,800 0.00 0.04 0.02
UV-Cit 0/10,960 2/11,360 2/12,720 0.00 0.02 0.02
UV-Ca Vl4,880 ^/16,480 2/16,320 0.03 0.03 0.01

Control^ °/15,890 °/16,450 °/16,880 0.00 0.00 0.00

1. Average counts of 60 plates in two separate experiments.
2. podium Dodecyl ^ulfate; Ethidium Bromide.
3. Average counts of 80 plates in two separate experiments.
4. Mitomycin C induction of cultures in TSB-YE = Mit C; TSB-YE-Cit = Mit-C-Cit; TSB-YE-Ca = Mit C-Ca.
5. Ultraviolet irradiation induction of cultures in TSB-YE = UV; TSB-YE-Cit = UV-Cit; TSB-YE-Ca = UV-Ca.
6. Controls--not treated with inducing agents.
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in Staphylococcus hominis strain 1 a higher percentage lac" lac"^

change occurred with TSB-YE-Ca and TSB-YE compared with TSB-YE-Cit.

In Staphylococcus hominis strain 5, no variation occurred in the low

rate of lac” -> lac"*" changes with any of the three media. The percentage

of lac" ->■ lac"^ change that occurred using TSB-YE-Cit was equal to or

less than that occurring with TSB-YE or TSB-YE-Ca for all three of the

test cultures.

Characteristics of Cured Strains

Table 2 presents the characteristics of the lac'^ parental and the

lac" variant stains of Staphylococcus xylosus and Staphylococcus hominis

obtained by SDS treatment used in this study according to the general

classification scheme (Appendix B: Classification of Staphylococci) of

Kloos and Schleifer (1975c). SDS treatment also resulted in additional

changes in phenotypic characteristics of the lac" variants selected.

Seven phenotj'pic differences occurred for Staphylococcus xy losus strain 3.

These changes included loss in the ability to grow anaerobically in

Thioglycollate Medium and to produce acid aerobically from two monosaccha-

rides _/D(+) mannose and D(-) ribos£/, three disaccharides _/maltose,

alpha-lactose, and D(+) turanose^/ and a trisaccharide _/D(+) melizitose_/.

Four phenotypic changes occurred for Staphylococcus hominis strain 1,

while Staphylococcus hominis strain 5 showed 6 phenotypic variations. The

characteristics altered for both Staphylococcus hominis strain 1 and

strain 5 included loss in the ability to aerobically produce acid from

one monosaccharide _/D(+) galactose_/, two disaccharides _/alpha-lactose

and D(+) turanoseT" and one trisaccharide _^D(+) melezitos£/. Additionally,

Staphylococcus hominis strain 5 acquired the abilities to aerobically



Table 2. Comparison of Parental (lac"*") and Cured (lac“) Strains According
to the Kloos-Schleifer (1975) Classification Scheme^

1. A single listed symbol denotes a character frequency of 90-100%; parenthesis around a symbol denotes a
character frequency of 70-89%; two symbols Listed denotes a character fequency of 80-100%; V-denotes a
character frequency of less than 707».

2. Symbols for anaerobic growth (Thioglycollate): +, dense uniform growth; +, gradient from dense to light
down tube; + C, gradient plus large individual colonies; f, small individual colonies to absence of
growth; V, variable (+, +, and +C).

3. Symbols for novobiocin resistance: -V, iiegative in Kloos-Schleifer study but conceivable variable upon
environmental exposure; +, resistant in this study; -, not resistant in this study.

4. According to Kloos, W. E. and K. H. Schleifer. 1975. J. Clin, Microbiol. 1: 82-88.
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produce acid from tvjo monosaccharides [_ D(+)mannose and D(-)ribose_/.

Characteristics of Transduced Strains

Table 3 gives the results of the various phenotypic characteristics

associated with transduction of lac"^ from the respective parental strains

(donors) into the lac~ cured strains of Staphylococcus xylosus strain 3

and Staphylococcus hominis strain 1 and 5 (recipients). The lac”^ tranS“

ductants of the lac" cured strains also returned to parental type with

respect to utilization of D(+)melizitose and D(+)turanose (Table 3A).

Some change, other than the above mentioned ones, occurred in one

species but not in other species or changes occurred in some strains of

a species but not in others. Utilization of D(+)galactose in both

strains of Staphylococcus hominis was lost upon exposure to SDS and was

regained upon transduction in 15 of 21 Staphylococcus hominis strain 5

isolates. No such changes in galactose utilization occurred in the 6

isolates of Staphylococcus xylosus (Table 3A) . In Staphylococcus xylosus

acid production aerobically from maltose and D(-)ribose were lost upon

exposure to SDS treatment and in some cases were jointly restored upon

transduction with induction products from parental strains possessing

the ability to utilize both carbohydrates. Tne transduction of the two

properties was not completely linked, since maltose utilization was

regained in all 6 of the isolates while ribose utilization was regained

in only 2 of the 6 isolates. The utilization of maltose or D(-)ribose

was not changed as the result of SDS treatment or exposure to induction

products for the strains of Staphylococcus hominis (Table 3B).

Several characteristics of both Staphylococcus hominis and

Staphylococcus xylosus were unchanged from the parental phenotype after
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curing and/or transduction procedures (Table 3, C and D). Many of these

characteristics are common to both species in this study and were,

therefore, considered stable characteristics. Examples of these inter-

species characteristics were acid production aerobically from sucrose,

3-D(-)fructose, D(+)xylose, D-mannitol, D(+)trehalose, and xylitol;

coagulase, phosphatase, and nitrate reductase production and lysostaphin

resistance. Other characteristics were species specific. Intraspecies

characteristics for Staphylococcus xylosas included acid production

aerobically from D(+)galactose which was common in all 6 isolates. Intra-

species characteristics for Staphylococcus hominis included acid produc-

tion aerobically from D-mannitol and maltose which was also common in both

isolates of Staphylococcus hominis strain 1 and all 6 isolates of

Staphylococcus hominis strain 5 (Table 3, C and D).

A sampling of the lac colonies isolated from platings of transduced

strains of Staphylococcus xylosus strain 3 and Staphylococcus hominis

strains 1 and 5, tested according to the Kloos-Schleifer (1975c)

classification scheme, yielded phenotypes that were identical to the cured

strains from which they came.

Cross-transduction attempts using induction products from parental

Staphylococcus hominis strain 1 (lac"^, donor) and cured Staphylococcus

hominis strain 5 (lac”, recipient) and vise versa were unsuccessful. A

total of approximately 6000 cfu in 2 separate experiments were inspected

for a return in the ability to utilize lactose in the Staphylococcus

hominis strain 1 (donor) and Staphylococcus hominis strain 5 (recipient)

experiment. Likewise, the same number of colony forming units were

inspected for the hominis strain 1 (recipeint) and hominis strain 5 (donor)



Table 3. Effects of Transduction on Various Characteristics of SDS-Treated (Cured) Cultures

o

Parental Cured^ S. xvlosus str. 3

TRANSDUCTION RESULTS FOR CULTURES^
S. hominis str. 1 S. hominis str. 5

a'- + - Lac'^el'* Ton'ka !'*'( 2) ^
Lac'%e l’ilia !'*’( 2)
Lac'^e I'^'Tur'^a l‘''Rib’hyIan'*'( 2)

Lac'^el‘^Tur'*‘Gal'''( 14)
Lac+Mel+Tur+(1)
Tur+(4)
Gal+(1)

Lac+Mel+Tur+Gal+(4)

B + Rib Man (4)
Rj b”Man"Tur~(2)

Lac'Mel'Tur'Gal'Cl)
Lac“Mel“Tur"(1)
Lac“Mel“Gal“(4)
Gal“(l)

Lac Mel“Tur'Gal“(2)

C + + Ga 1+Suc+Fru+Xyl+Phos"^ it+(6) Mal'''Suc'''Fru'''Nit‘’'Lys'''Tre'''(17)
Ma 1+Suc'^Fru'^ i t+Lys'''( 4)

Mal'*’Suc'^Fru’^Nit'^Lys'*’( 6)

D - Coag“Tre'"Xyll ”Lys“ ( 6) Rib“Man“Mantl~Coag“Xyl“Xy11“(3)
Man“Mantl“Coag“XyI'Xyll"(18)

Coag“Mant1“Xyl“Xyll“Tre“(6)

E + Man“Rib’^( 6)

F - Rib'^(3)

G + + Tre“(4)

1. Lac; oi-Lactose; Mel: D(+)-Melezitose ; Tur: D(+)Turanose ; Mai: maltose; Rib: D(-)Ribose; Man; D(+)Mannose;
Gal; D(+)Galactose ; Mantl: D-Mannitol; Sue: Sucrose; Fru: 3-D-(-)Fructose; Xyl: D(+)Xylose; Xyll; Xylitol;
Tre: D(+)Trehalose ; Coag; Coagulase; Phos: Phosphate; Nit: Nitrate Reduction; Lys: Lysostaphin resistance.

2. Indicates parental strain phenotype and cured strain phenotype for the characteristic(s) in question.
3. The numeral inside the parenthesis indicates the number of strains isolated after transduction showing the

phenotype.
4. Letters A-G are for reference in the text.

o
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experiment. No attempts at cross transduction were performed between

Staphylococcus xylosus strain 3 and Staphylococcus hominis strains 1 and

5.

A few isolates were obtained from curing and transduction experi-

ments possessing characteristics exhibiting apparently random patterns

of alteration (Table 3 E, F, and G). From the parental Staphylococcus

hominis strain 5, unable to produce acid aerobically from mannose (man”),

a man"^ variant was obtained after treatment with SDS. This acquired

characteristic (man’*') was subsequently lost (man”) upon exposure to pro-

ducts from UV-induced cells in all of the 6 isolates. A similar response

was observed with the ribose characteristic in this strain except

transduction failed to restore the phenotype to the parental type

(remained rib"^) in the same 6 isolates (Table 3E) . Three transduced lac"*"

isolates of Staphylococcus hominis strain 1 acquired the ability’to pro-

duce acid aerobically from D(-)ribose (rib*^) even though neither the SDS-

treated (cured) nor the parental strain used as the recipient in trans-

duction possessed this phenotype (Table 3F). Also, acid production

aerobically from trehalose was lost (tre”) in 4 of 21 lac"*" isolates of

Staphylococcus hominis strain 1 upon exposure to induction products even

though both parental and SDS-treated strains were tre"*" (Table 3G).

Agarose-Gel Electrophoretic Separation of Bacterial DNA

The results of agarose-gel electrophoresis of plasmidal and chromo-

somal DNA of a parental strain, an SDS treated strain (cured) and

suspected transductants of Staphylococcus xylosus strain 3, Staphylococcus

hominis strains 1 and 5 are shown in Figures 1 and 2. Two transduced

strains of Staphylococcus hominis strain 1 were used since the
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Fig. 1. Distribution of plasmidal DNA and host chromosomal DNA bands
of Brij lysates using 1.2% agarose, 1.0% SDS agarose-gel
electrophoresis. 1 - hominis str. 5, parental; 2 - _S.
homlnis str. 5, transduced; 3 - hominis str. 5, cured;
4 - hominis str. 1, transduced; 5 - hominis str. 1,
transduced; 6 - hominis str. 1, cured; 7 - hominis
str. 1, parental; 8 - xylosus str. 3, cured; 9 - xylosus
str. 3, transduced; 10 - xylosus str. 3, parental.
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Fig. 2. Distribution of plasmidal DNA and host chromosomal DNA bands
of Brij lysates using 0.7% agarose, 1.0% SDS agarose-gel
electrophoresis. 1 - hominis str. 5, parental; 2 -
hominls str. 5, transduced; 3 - hominis str. 5, cured;
4 - hominis str. 1, transduced; 5 - hominis str. 1,
transduced; 6 - hominis str. 1, cured; 7 - hominis
str. 1, parental; 8 - xylosus str. 3, cured; 9 - xylosus
str. 3, transduced; 10 - xylosus str. 3, parental.
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electrophoretic cell could contain 10 samples of DNA preparations. All

strains showed from 2 to 5 plasmidal bands in addition to the large

chromosomal band. No series of parental cured transduced strains

showed the possession -> loss reacquisition of one or more plasmidal

bands. Staphylococcus xylosus strain 3 parental and transduced strains

(set 10 and 9, respectively) possessed 2 bands that were identical in

size while the cured strain (set 8) possessed 4 bands that appeared

different from the parental and transduced strains. Staphylococcus hominis

strain 5 parental and transduced (set 1 and 2, respectively) showed

similarity in band numbers (5) and band size while differing from the

cured strain (set 3) which possessed 3 bands containing different sized

pi asmids. The one parental (set 7) and two transduced strains (set 5 and

4) of Staphylococcus hominis strain 1 showed apparent identity in the

three-band patterns they possessed. The cured strain of Staphylococcus

hominis strain 1 (set 6) differed in one band which was displaced.



DISCUSSION

Cultures Selected for Use in Experiments

Original intentions were to use the loss of acquisition of the

ability to produce penicillinase, a determinant known to be located on

a staphylococcal plasmid (Barber, 1949; Baldwin, et al., 1969), to

select for any variant altered during curing, transducing or lyso-

genizing procedures. However, upon testing all 50 staphylococcal

cultures, only 2 strains of one species (Staphylococcus simulans strains

1 and 4) were found to be penicillinase producers. An alternate pro-

cedure using loss of the lactose determinant was employed. The lactose

determinant has been reported by Kloos and Schleifer (1975c) as variable

for 2 species of staphylococci. Staphylococcus xylosus and Staphylococcus

hominis, suggesting the gene(s) may not be chromosomal. Three lac"^

strains of these two species were used as parental strains, and in the

curing and induction procedures.

Effectiveness of Sodium Dodecyl Sulfate (SDS) and Ethidium Bromide
(EB) as Curing Agents for Coagulase-Negative Staphylococci

The efficiency of the chemicals used to disrupt plasmid maintenance

in order to obtain variants is important. Both SDS and ethidium bromide

were used in attempts to isolate strains of Staphylococcus xylosus and

Staphylococcus hominis showing loss of the ability to utilize lactose

( lac )^ however, only SDS was effective on the strains used. A

strain of Staphylococcus aureus also resistant to ethidium bromide effect

was previously isolated by Johnson and Dyke (1969). The gene(s) conveying

resistance to the effects of ethidium bromide were later found located

on a plasmid. Furthermore differences in DNA and RNA polymerases may be
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responsible for the variation in ethidium bromide sensitivities of

bacterial strains (Bouanchaud, et al,, 1969). Therefore, it may be

necessary to try more than one kind of curing treatment on previously

unstudied species.

The effectiveness of an agent to produce elimination of plasmids

was shown by Bouanchaud, et al. (1969) to vary with the species or

strains tested and the nature of the plasmid itself. Rates of plasmid

loss from Staphylococcus aureus resulting from ethidium bromide treat-

ment varied from 0.8% to 100%, (Bouanchaud, et al., 1969), while plasmid

elimination reached 96.1% to 1007o in certain strains of Staphylococcus

aureus using SDS treatment (Sonstein and Baldwin, 1972a) . The rates of

curing approximately 0.02% for the strains affected by SDS in our study

were similar for the three strains tested. Staphylococcus xylosus strain

3 and Staphylococcus hominis strains 1 and 5, implying a similarity in

the mechanism for plasmid maintenance and susceptibility in these two

species,

Effectiveness of UV-Irradiation and Mitomycin C-Induction
of Coagulase-Negative Staphylococci

It is important to show the presence of bacteriophages in any

preparation in which transduction is the mechanism proposed to account

for the movement of genes among species or strains of bacteria. No

phages were observed in electron photomicrographs prepared of UV-

irradiation and Mitomycin C-induction products from parental strains.

However, the areas of reduced growth occurring where the induction pro-

ducts were spotted onto the confluent growth of cured variants could be

evidence of phage lysozyme activity associated with the release of
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lytic phages. Each SDS-treated variant strain was exposed to induction

products in attempts to find an indicator strain for any phages released.

The known lysogenic and inducible culture. Staphylococcus slmulans

strain 2, used as induction controls yielded products upon UV-irradiation

and Mitomycin C exposure that formed plaques on Staphylococcus slmulans

strain 5. Therefore, the induction procedures were known to be

functionally inducing prophage. The cured strains of Staphylococcus

xylosus and Staphylococcus hominis employed; however, were apparently

not susceptible to lytic infection and did not function as indicator

strains. The isolation of a fully susceptible Indicator strain on which

to plaque induction products is difficult (Stainer, et al., 1976).

Transfer of Genes from Parental to Cured Strains

Whether or not transduction or lysogenic conversion produced the

subsequent changes in phenotypes of the variants obtained from SDS

treatment (curing) was not completely resolved by the experiments reported

herein since an indicator strain capable of being plaqued by the hypo-

thetically existing phages, confirming their existence; and, thus, the

probability of transduction was not found. Two lines of evidence exist;

however, supporting transduction.

The SDS-treatment technique of Sonstein and Baldwin (1972a) used

as the curing procedure would not be expected to induce prophage in

lysogenic cells. If SDS functions to free plasmids from their membrane

attachment sites, as reported by Sonstein and Baldwin (1972a), SDS would

not be expected to also induce excision of prophage from the host

chromosome. Therefore, phage mediated transfer of plasmids would be the

assumed method by which the genetic differences between parental and
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cured cells occurred and not prophage associated lysogenic conversion.

Secondly, the fact that no lac"*" isolates were detected on the con-

trol plates of Staphylococcus xylosus strain 3 or Staphylococcus hominis

strains 1 and 5 using filtrates from uninduced parental cultures

indicated lysogenic conversion probably did not account for the pheno-

typic differences between parental and cured cells. Lysogenic cultures

always possess a small titer of complete phages resulting from

spontaneous induction (Hayes, 1968). The demonstration that these phages

would convert some portion of cured cells to parental phenotype would

have supported the occurrence of lysogenic conversion instead of trans-

duction.

The absence of calcium ions in induction media has been shown to

protect sensitive bacteria from infection by free bacteriophages present

(Clark, 1952). Upon induction with UV-irradiation or Mitomycin C the

lysogenizing phage is excised resulting in a large number of complete

viral particles plus a low titer of transducing or lysogenizing phages.

In the presence of calcium ions complete viral particles reinfect

adjacent cells producing increased numbers of virulent and transducing/

lysogenizing particles in subsequent lytic cycles. In opposition, the

presence of sodium citrate (chelating agent) prevents reattachment of

induced phages to adjacent cells; thus, the titer of phages would

theoretically be less than in non-citrated, calcium-containing media.

In this study, induction products in non-citrated media (TSB-YE-Ca or

TSB-YE) produced increased numbers of lac"*" colonies upon use in trans-

duction/lysogenization attempts in most instances compared to induction

products in citrated (TSB-YE-Cit) medium (Table 1). In conclusion.
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although the experimental results do not resolve whether transduction

or lysogenic conversion produced the phenotypic changes occurring in

the cured variants upon exposure to induction products, these results

support the hypothesis of phages mediating the changes observed.

Basis for Variability in Characteristics
of Coagulase-Negative Staphylococci

The data presented supported the possibility that genetic transfer

between strains by bacteriophages accounted for some of the variability

in characteristics observed for the species of coagulase-negative

staphylococci. The subjection of the parental strains of Staphylococcus

xylosus and Staphylococcus hominis to known curing techniques resulted

in some changes common to all strains studied (i.e., lactose, melezitose,

and turanose utilization. Table 2). Some of these characteristics,

such as lactose and turanose utilization, were reported by Kloos and

Schleifer (1975c) as 20-30% or more variable for the species studied.

These less stable characteristics were observed to be returned to

parental phenotype at varying rates by the use of transduction procedures

(Table 3). The consistency with which characteristics such as lactose,

turanose, and melezitose utilization appeared as curable and transducable

in Staphylococcus xylosus strain 3 and Staphylococcus hominis strains 1

and 5 supported the hypothesis that the relative ease of movement of genes

affecting these properties may explain some of the heterogeneity of the

coagulase-negative staphylococci.

Some other traits were curable and transducable among one species

and not among other species. For example, galactose utilization was

curable and restorable in Staphylococcus hominis but not in Staphylococcus
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xylosus supporting the reports by Kloos and Schleifer (1975c) that

Staphylococcus hominis was variable for the galactose property while

Staphylococcus xylosus was stable (Appendix B: Classification of

Staphylococci). Likewise, maltose utilization was curable and restorable

in Staphylococcus xylosus strain 3 but not in Staphylococcus hominis

(Table 3A). Kloos and Schleifer (1975c) reported that Staphylococcus

xylosus was variable while Staphylococcus hominis was stable for

maltose utilization. It may be concluded that some characteristics

reported by Kloos and Schleifer as variable among the species of

coagulase-negative staphylococci may actually be located on plasmids

that are spontaneously lost, reacquired, or transferred in nature.

Any particular culture would contain some cells with and some without

a particular determinant; the balance between the numbers of each type

would be a reflection of the ratio of the frequency of loss to

reacquisition of a particular genetic element (plasmid). The presence

of a few cells in a population possessing the gene for utilization of

a carbohydrate will be "dominant" and make the culture appear "positive."

Alternatively, loss of a determinant containing genes for utilization

of a carbohydrate from a fraction of cells in a population would be

undetectable by conventional culture testing methods unless isolated

individual colonies were tested.

Curing resulted in either the loss of or gain in the ability to

utilize some carbohydrates by different species. Curing resulted in

loss of the ability to utilize mannose and ribose for Staphylococcus

xylosus strain 3 and gain in the ability to utilize these carbohydrates

for Staphylococcus hominis strain 5 (Table 2). Kloos and Schleifer
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(1975c) reported Staphylococcus xylosus to be variable for ribose but

stable for mannose utilization while Staphylococcus hominis was reported

unable to utilize both of the carbohydrates in at least 90% of the

strains (Appendix B: Classification of Staphylococci). These results

may also be explained by loss or gain of a plasmid or prophage. The

acquisition of characteristics after curing in Staphylococcus hominis

strain 5 could have resulted from the loss of plasmid-borne genes con-

trolling the uptake or utilization of these carbohydrates. Once the

repressor was lost the determinants for ribose and mannose were free to

be expressed. Lysogenic conversion has previously been shown to account

for the loss or acquisition of traits in Staphylococcus aureus (Winkler,

et al., 1965; Mason and Allen, 1975) and may function here to effect

utilization of some carbohydrates in the coagulase-negative staphylococci.

There is no reason why plasmids could not also contain genes for

repressor production.

Not all characteristics studied were able to be changed by curing

and transduction/lysogenization techniques. The interspecies stable

characteristics (Table 3C,D) that were not lost in any of the strains

used in this study (i.e., sucrose, fructose, and xylose utilization)

were predominantly properties reported by Kloos and Schleifer (1975c)

as less than 10% variable for all the species of coagulase-negative

staphylococci (Appendix B: Classification of Staphylococci). The

characteristics stable for some species; for example, galactose utili-

zation by Staphylococcus xylosus and maltose utilization by

Staphylococcus hominis were variable for other species (Table 3A).

Thus, some characteristics showed interspecies stability and others
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showed intraspecies stability. If plasmidal or viral involvement is

proposed to account for the genetic heterogeneity of staphylococci,

then the fact that some species were not susceptible to curing of the

plasmids they harbored or were not susceptible to transducing viral

particles would explain the variation in the relative stabilities of

staphylococcal characteristics observed.

Additionally, the stable traits could be chromosomally located.

Any changes in chromosomally located genes would result from mutation

or prophage insertion within the genes, effects that would be expected

to occur less frequently than loss or gain of plasmids, and account for

the greater stability of some staphylococcal characteristics. The

possibility exists that several loci on the staphylococcal chromosome

exhibit variable degrees of mutability restorable by transduction at

different rates in different strains or species of staphylococci.

This hypothesis was supported indirectly by the electrophoresis study

(Figures 1 and 2). No conclusive results were obtained showing loss of

whole plasmids associated with the variations occurring after the curing

of parental strains. However, the changes observed in the agarose-gel

electrophoresis preparations of DNA from the cured strains supported the

hypothesis that SDS treatment resulted in the production of nicked

(restriction-enzyme cleaved) plasmids (linear DNA, less dense). The

transduction of portions of such plasmids remains a possible explanation

for the results obtained.

Egan and Morse (1965b) isolated carbohydrate-transport mutants

(UV-irradiated) of Staphylococcus aurues in which a deletion mutation

was proposed to produce a loss of the ability to utilize an array of



53

carbohydrates. Some of these same carbohydrates were lost during SDS

curing in our study (i.e., lactose, maltose, galactose, ribose, and

trehalose utilization). Egan and Morse (1965b) also demonstrated a

single transduction event returned the capacity to utilize an array of

carbohydrates. Proposedly these results occurred from the loss and

reacquisition of a carrier protein common to the uptake of all carbohy-

drates in questions. Unlike the Egan and Morse model, our study

described the loss and gain of properties that were not all demonstrated

changed simultaneously, suggesting no single mechanism affected all the

carbohydrates in question. Different determinants for each property

could have been lost and regained at different rates depending on

plasmid-nicking patterns and how-closely linked these determinants were

on a plasmid(s). More work is necessary to substantiate the hypothesis

that genes for utilization of certain carbohydrates existed on plasmids

for some species of staphylococci--the loss, gain, or transfer of parts

or entire plasmids accounting for at least some of the heterogeneity of

the coagulase-negative staphylococci.

Classification of Cured Strains and the Relation
to Distribution on the Human Host

Differences in relative rates of loss, transfer, and acquisition

of certain characteristics could be proposed to partially explain the

existing distribution of the particular kinds of staphylococci occurring

on the human host and the heterogeneity of the coagulase-negative species.

The properties of a particular species may be dependent on its nearest

neighbor or most abundant cohabitant.

Attempts to reclassify cured strains were made using characteristics
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that were lost or gained upon exposure to SDS. Based on both unstable

(changed) and stable (unchanged) characteristics all three strains cured

(Staphylococcus xylosus strain 3, Staphylococcus hominis strains 1 and

5) were reclassifiable to different species of staphylococci (Table 4).

This reclassification was based on characteristics reported by Kloos

and Schleifer (1975c) as 90-1007c, stable for the particular species.

Sodium dodecyl sulfate-treated Staphylococcus xylosus strain 3 lost

mannose, ribose, maltose, lactose, turanose, and melezitose utilization

becoming similar to Staphylococcus cohnii except for galactose and

xylose utilization and Staphylococcus capitis except for galatose,

xylose, and trehalose utilization and lysostaphin susceptibility.

Staphylococcus hominis strain 1 exposed to SDS lost galactose, lactose,

turanose, and melezitose utilizing ability becoming similar to

Staphylococcus cohnii except for lysostaphin susceptibility;

Staphylococcus capitis except for maltose, trehalose, and mannitol

utilization; and Staphylococcus epidermidis except for trehalose utili-

zation. Both S taphylococcus haemolyticus and S taphylococcus warneri

were identical to Staphylococcus hominis strain 1 after curing procedures.

Staphylococcus hominis strain 5 exposed to SDS lost galactose, lactose,

turanose, and melezitose utilization but gained ribose and mannose

utilization becoming similar to Staphylococcus cohnii except for ribose

utilization and lysostaphin susceptibility; Staphylococcus capitis except

for ribose, maltose, trehalose, and mannitol utilization; Staphylococcus

epidermidis except for ribose and trehalose utilization; Staphylococcus

haemolyticus except for mannose utilization; and Staphylococcus warneri

except for ribose utilization.
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Table 4. Reclassification of SDS-Treated Cultures of Staphylococci
Based on "Stable" Species Characteristics^

These SDS-Treated
Strains Can Be. . .

Reclassified as the

Following Species. . .

Except For These
Characteristics^

S. xylosus str. 3 S. cohnii gal", xyl"

S. capitis lys , gal , xyl , tre

S. hominis str. 1 S. haemolyticus (no differences)

S. Warneri (no differences)

S. cohnii lys”*"
S. epidermidis tre"

S. capitis mal , tre , mantl”*"
S. hominis str. 5 S. haemolyticus man”

S. Warneri rib+

S. cohnii rib , lys”^
S. hominis rib , man

S. epidermidis rib , tre

S. capitis rib", mal", tre", mantl”*'

1. Those reported (Kloos, W. E. and K. H. Schleifer. 1975. Simplified
Scheme for Routine Identification of Human Staphylococcus species.
J. Clinical Microbiol. 1; 82-88.) as 90-1007o positive or negative for
a particular property.

2. Properties of the reclassified species that differ from the corres-
ponding cured cultures.



56

Many of the species to which the SDS-treated cultures could be

assigned were reported by Kloos and Schleifer (1975 a and c) as being

closely related and occupying the same sites on the human body. Thus,

the potential for loss and acquisition of determinants among the species

of staphylococci occupying the same sites on the human body is physically

possible. Kloos and Schleifer (1975a) suggested a close relationship

existed between Staphylococcus xylosus and Staphylococcus cohnii based

on peptidoglycan type, novobiocin resistance and distribution over the

body, particularly the arms, legs, and head (Kloos and Schleifer, 1975b).

The differences between these two species may be due to the conjoint

loss or acquisition of certain properties such as lactose, melezitose,

and turanose utilization (Table 3) at an equivalent rate. Kloos and

Schleifer (1975c) also concluded that Staphylococcus homi.nls could be

misidentified as Staphylococcus haemolyticus, 7% of the time;

S taphylococcus Warner i, 57» of the time; Staphylococcus epidermidis, 27»

of the time ; Staphylococcus saprophyticus, 27. of the time; and

Staphylococcus xylosus, 27, of the time; thus, suggesting a close relation-

ship betw'een each of these species and Staphylococcus hominls.

Staphylococcus hominis, being one of the most predominant species of

staphylococci on the body, was found in much higher percentages than

Staphylococcus warneri and Staphylococcus haemolyticus particularly on

the arms, legs, and head (Kloos and Schleifer, 1975b). The predominance

of Staphylococcus hominis may indicate a low rate of loss of the pro-

perties that would make Staphylococcus hominis more similar or identical

to Staphylococcus warneri or Staphylococcus haemolyticus.
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Summary

Characteristics that exhibit various degrees of alterability are

used in classification of the staphylococci and other bacteria. These

variations may be the results of spontaneous mutation, loss or acquisi-

tion of plasmids, transformation, transduction, or lysogenic conversion

(Stainer, et al., 1976). Techniques are presently available whereby

the causes of the "spontaneous” changes in characteristics can be

defined, made to occur in the laboratory and the relative rates of

change of the various characteristics measured and compared. Such

studies permit the experimenter to mimic evolution and propose the

manner by which spéciation of staphylococci might be occurring. The

experiments reported here used techniques kno\m to affect the removal

of plasmids producing the loss (most usually) of genetic characteristics

residing on or controlled by plasmids. The taxonomically important

phenotypic traits of the species were then tested to determine whether

or not the variants became similar or identical to other species.

Transduction or lysogeny was used in attempts to re-establish the

determinants in the variants resulting in the reacquisition of original

phenotypes. The effect of curing on other "variable" carbohydrate

utilization characteristics of coagulase-negative staphylococci should

be correlated with the characterization of cured and transduced strains

of the species used in this study plus the other species. It is hoped

that taxonomically important traits associated with movable determinants

may thereby be identified, perhaps leading to a redefinition of the

heterogeneous species of coagulase-negative Staphylococcus.



LAC'*' PARENT STRAINS APPENDIX A: GENERAL FLOW SHEET

EQUAL VOL. OF RESPECTIVE FRESH BROTH
ADDED TO 24 HR. CULTURE

INCUBATE 4 HRS. WITH SHAKING

centrifuge; discard supernatant
RESUSPEND CELLS IN 2.5mL PHOSPHATE

BUFFER (pH 7.5)

4^

ADD 0.5ml of a 5ug/ML MIT C SOLUTION INOCULATE 10^ CFU/ML INTO 5ml INOCULATE 10® CFU/ML INTO 5ml
INCUBATE 4 HRS., WITH SHAKING TSB-YE PLUS SDS (0.002%) TSB-YE PLUS EB (8 UG/ML)
centrifuge; collect supernatant,

DISCARD SEDIMENT
INCUBATE SHAKING, 2 HRS.
STORE a 4°C FOR TESTING

IRRADIATE 45 SEC. WITH UV; SHAKE CONSTANTLY

4^
DILUTE WITH 5.ÜML OF RESPECTIVE FRESH
INCUBATE 2 HRS. WITH SHAKING
centrifuge; save SUPERNATANT
STORE 8 40C FOR TESTING

BROTH

DETECTION
OF PHAGE

TRANSDUCTION

INCUBATE OVERNIGHT, SHAKING
CENTRIFUGE,DISCARD SUPERNATANT
RESUSPEND CELLS IN 5mL TSB-YE-CIT
DILUTE TO APPROX. 1.0 X 10'^ CFU/mL
INOCULATE 0.1ml VOLS ON BCP LACTOSE

AGAR PLATES
INCUBATE AND OBSERVE FOR LAC‘ COL.

UVOR MIT C TREATED FILTRATES LAC’ CURED STRAIN

DETECTION OF PHAGE

1. Plate O.I ml of SDS or EB cured strain
on 2 separate TSA-YE-Ca plates.
2. Plate 0.I ml Induction product on first
plate; on the second plate, spot 0.05 ml
volumes from 2-fold serial dilutions of
induction product.
3. Incubate 24 hrs. at 37°C; observe for
evidence of plaque formation.
4. Control plates with known lysates
inducable with UV and Mit C plated on an
indicator strain were used as above.

FROM UC+ CULTURES GROWN IN:
TSB-YE
TSB-YE-CIT
TSB-YE-CA

OVERNIGHT
TSB-YE

CULTURE IN

CACL2

INCUBATE a 370c 10 MIN.,
GENTLE SHAKING

ADD EQUAL VOLUME T
DILUTE TO APPROX.

4^
(400

J
ug/ml)

PLATE 0.1m
INCUBATE

LAC'*’ COL.

^b-ye-2x,cit ,2.0 X 10^ cfu/ml
LACTOSE AGAR PLATES

HRS.;OBSERVE FOR

5ml



Appendix; B Classification of Human Cutaneous Staphylococci According to Kloos and Schleifer (1975c) 1

Species

a
Acid (aerobically) from:

1
u
CO

O
(Ü CO E

<u u CO <u (U
u a o 0) <1> CO U Û0
CU d u CO CO cu O w ;3.

c XJ 0) u o 0) O CO u
r—1 ♦H 0» CO d 4J CO (D QJ o •l—1 1-^ Ü Xi
o <D CO fo U o CO CO <D CO c N O
Ü Ch W 4J (TJ c O o CO Xi CO 0) 4J U «-*

nj cu CO 0) CC G T-—J 0) O 0) 0) 1—< o
r—' XJ u r- 1 03 G •P^ CO 4J CO d (U c o •H O

w 1—^ o- Ü s x p¿; o CJ o H H s tí U 43 44
o o bO O u CO I N 4J CO u CD •i~4 0
•f—1 w CT3 e XJ O Q + + + 1 r—1 hJ Ü + IS r—l > 44
rC O 0) •i—f æ: 1 CO d Vw' O títJU. ■ a —g— CQ Q -fí..e. QJ2L sa.. Q ña p a

S. aureus + - + (+) 4- + + + (+) 4- 4- (+) 4- 4- (+) 4- -V

S, simulans + - - ±. - + (±) .+ - (+) V “ .± 4- 4- (+) - - (+) - -V

S. xvlosus V - - (-) (+) (+) + + > + + 4-,+ V (+) V 4- 4- (+.±) - + (-) 4-

S. cohnii V - - (-.±) - (-) + - V - 1+ 1 (-) 4- - ■ (+,+)(4-,-) 4-

S. saprophyticus (+,+)(+) - - - (-) + - - - 4- (+) 4- 4- 4- - + (+,±) 4-

S. haemolyticus (±,C) + - (+) (+) (-) +. - V - - (±) 4- -

> + 4- 4- V ■ +>± ■ -V

S. warneri (+) + - (-) (-) + (-) - " ±» + + .± (-) 4- 4- (-) - 4-, - -V

S. epidermidis + + - ■ »±(+>±) + + (+) (+) - 4- (+) 4- - V (-) - - -V

S. capitis V + - (-) (+) (-) ,+ - (+) - - - 4- - - 4- -V

S. hominis c” + - (-)(+,±)(-) + V - - 4- V 4- 4- (+) V - - -V

1. A single listed symbol denotes a type character frequency of 90 to 1007o; parentheses around a symbol
denotes a type character frequency of 70 to 897o; two symbols are listed for a character when either type
is in frequency below 70%, but together equal 30 to 100%. Symbols for characters are: +, positive; +
weak; -, negative; V, variable.

2. Symbols for anaerobic growth: +, dense uniform; +, gradient from dense to light down tube; +C, gradient
plu large individual colonies; T, small individual colonies to absence of visible growth; V, variable,

3. Symbol: -V, negative, but conceivably variable to novobiocin in environment.
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