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ABSTRACT

An agar dilution test and a disc diffusion test were 

developed for determining lead susceptibility of Staphylococcus 

aureus. An agar medium with 0.008 molar concentrations each

of lead acetate and EDTA was found to be reliable for

screening lead ion resistant strains of S. aureus. A test 

using six mm discs of Whatman #3 filter paper impregnated 

with 20 ul of 0.2 M lead acetate was also found to be ade

quate for determining lead resistance of S. aureus. We found 

that in this test the acetate does not precipitate into the 

medium, yet it gives a definitive test for lead ion resistance.

A total of 113 strains of S. aureus were screened for

resistance to cadmium, arsenate, arsenite, lead, bismuth, 

and inorganic mercury ions as well as to penicillin (10 units) 

by the disc diffusion method. We found that many of these 

resistances were linked because they frequently appeared 

together among all the strains of S. aureus. On the other 

hand, there was significant variability among all the strains. 

Finally, our data support the existing theories of staphylo

coccal plasmid evolution.
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I. LITERATURE REVIEW

A. Introduction

Since the introduction of antibiotics that were initially 

effective against Staphylococcus aureus, there has been an 

appearance of strains resistant to these antibiotics. At 

present there is no antibiotic to which S. aureus is resis

tant (4). Resistance to penicillin is the most widely 

studied resistance. This resistance is found in strains

which have the ability to produce the enzyme penicillinase. 

Although penicillinase production can be controlled by 

chromosomal genes, the genes determining the production of 

penicillinase in S. aureus are usually located extrachromo- 

somally on a plasmid (8).

Other genes that have been found on the same plasmid as 

the penicillinase genes are those that determine resistance 

to several metal ions and erythromycin (12, 18). At this 

point the evolutionary significance of multiple metal ion 

resistance is only speculative, but the clinical importance of 

antibiotic resistance is clearly evident. Staphylococci have 

a remarkable capacity to adjust to new adverse conditions in 

their environment by acquiring resistance genes. Clinically 

this is of utmost importance because once resistance is acquired, 

it usually remains a stable characteristic of the organism (11).
1
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B. History of Plasmids

Over thirty years ago, Joshua Lederberg found that 

conjugation of Escherichia coli was carried on by genetically 

determined mating types. Briefly conjugation is a mating 

process of E. coli where a "male" cell transfers genetic 

material to a "female" cell. The different roles played by 

the two cell types are determined by a sex factor (F) which 

is present in males but not in females. The F factor was 

found to be transferred independently of the bacterial genome 

implying that it was an extrachromosomal element (7).

In 1952, Lederberg coined the word "plasmid" to refer 

to all such extrachromosomal genetic systems (10) . Later 

in 1953 William Hayes in London, working with the F factor, 

showed that it had the capacity to integrate into the bacterial 

chromosome (10). It can either remain integrated or, rarely, 

it can pull a section of "male" chromosome and transfer it 

to the female cell via conjugation. At the same time, studies 

were being conducted at the Pasteur Institute in Paris by 

Jacob and Wollman (10). Noticing behavioral similarities 

between the F factor and a temperate bacterial virus (phage 

lambda) and another plasmid, ColEl (which encodes a protein 

that kills E. coli, called a colicin), they coined the term 

episome (10). Therefore an episome refers to a particle 

which can participate in a cell either as extrachromosomal

or as a chromosomal element.

For some time, F factor, lambda phage, and ColEl remained 

the only known episomes until the discovery of another episome
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in Japan (10). Japanese patients with bacterial dysentery 

were not responding to ordinary antibiotic treatments (7). 

Shigella dysenteriae, the causative agent, was found to con

tain genes that made it simultaneously resistant to several 

antibiotics (7). Experiments revealed that resistance to 

each drug is due to a different gene and this resistance could 

be transferred to other intestinal flora, much like the F 

factor. These resistant plasmids were later termed R plasmids 

and were found to confer resistance on bacteria by coding for 

the synthesis of enzymes which inactivated antibiotics.

The first indication that Staphylococcus aureus had R 

plasmids came from Barber in the early 1950s (11). He found 

that penicillin resistant strains of S. aureus occasionally 

lost the ability to produce penicillinase (11). Novick then 

concluded that the presence of penicillinase plasmids in S. 

aureus were responsible for penicillin resistance in a large 

number of hospital staph.strains in the early 1960s. Addi

tionally, he found that staphylococcal R plasmids are unable 

to promote their own transfer ( 4, 10,11). Apparently they lacked 

the ability to mediate conjugation. It has been found that they 

can be transferred from cell to cell by the process of trans

duction (10, 4, 11). Transduction can be defined as the 

transfer of bacterial DNA by the agency of a bacterial virus (14). 

Finally, Novick found that R plasmids do not undergo reversible 

integration into the host chromosome, thus they cannot be 

considered as episomes, but only as plasmids (10).
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C. Origin of Plasmids

At present the origin of plasmids is also in the 

speculative stage. Literature to date indicates four possi

bilities: plasmids are runaway chromosome fragments; plasmids

are degenerate viruses; plasmids are autonomous entities 

evolving independently; plasmids are anachronisms, indicating 

that chromosomes evolved from the union of plasmids (4, 7, 10, 

18). Novick has shown that plasmids have little in common 

with the host chromosome (9). This is evident because of 

the fact that the nucleotide base composition of a plasmid 

varies considerably from the base composition of the bacterial 

chromosome (18).

Since there does seem to be some indication of an

evolutionary relationship between the plasmid and the chromo

some, it was first hypothesized that plasmids originated 

from breakaway chromosome fragments (11). Yet data supporting 

this hypothesis are fragmentary, for our knowledge of plasmids 

to date is far from complete.

The most recent theory of plasmid origin is their evolu

tion as autonomous entities (10). The acceptance of this 

theory stems primarily from the influx of new data. For 

one thing, plasmids have a simpler organization than viruses 

in that they have no protein jacket or extracellular phase 

(10). In fact, Novick points out that plasmids may behave 

like independent replicons in the hierarchy of subcellular 

life, and if one were to classify them into a category, they

would be endosymbionts (10). Novick supports this theory
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with three observations. First, plasmids control their 

own number of copies present in a host cell (4). Second, 

plasmids upon conjugation can be exchanged between two 

different bacteria species or genera that would normally be 

unable to exchange chromosomal elements (10) . The third 

and most significant observation of Novick is that the 

exchange can result in the transfer of a plasmid from one 

bacterium to another at the expense of the donor (10). This 

fact implies that the plasmid has evolved the ability to 

survive without regard to the fate of its host. The puzzling

fact here is that this constitutes a total violation of the

law of natural selection if a plasmid is to be considered 

merely a part of the total bacterial genome. However complex 

the question of origin has been, one aspect of the plasmid 

is very evident. Since they are separate from the bacterial 

chromosome, they can be considered nonessential to an organ

ism under most environmental conditions. However, they impart 

to the cell a potential for rapid adaptability without the 

chance of endangering its viability as would normally occur 

with an evolutionary process involving chromosomal muta

tions (4) .

D. Detection of Plasmids in Staphylococcal aureus

As mentioned previously it is well established that

penicillin resistance in S. aureus is almost always due 

to the acquisition of a penicillinase plasmid. The spon

taneous loss of some phenotypic trait may indicate plasmid
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inheritance (4) . Plasmid inheritance has two features.

The first feature is the irreversibility of the change in 

trait (1). A point chromosomal mutation is often reversible, 

yet the loss of a relatively large piece of genetic material, 

which would occur with the loss of a plasmid, is always 

irreversible in the absence of another donor (4). The 

second feature that suggests plasmid inheritance is the 

simultaneous loss or acquisition of two or more phenotypic 

traits (11). For example, in Japan, strains of Shigella 

have been observed to lose resistance to both penicillin 

and tetracycline (7).

The loss of plasmid inherited traits has been found to 

be accelerated by growth of bacteria at high temperatures 

or in the presence of curing agents (2, 10). Asheshov and 

May found that plasmids conferring penicillin, tetracycline, 

and metal ion resistance in S. aureus were lost at a higher 
frequency when incubated at 40°C to 45°C instead of the 

normal 37°C (2). Agents which intercalate into DNA (acri

dine dyes, ethidium bromide) can also cure a bacterium of 

plasmids (4). Apparently, these agents cure plasmids by 

selectively interfering with plasmid replication. Plasmids 

determining resistance to streptomycin, neomycin, and erythro 

mycin have been cured in strains of S. aureus by treatment 

with penicillin (4). However, the use of curing agents is 

detrimental to an infected mammalian host; therefore, they 

are probably of no therapeutic value (4).
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In the absence of the selecting agent, usually an 

antibiotic, plasmid-bearing strain will often revert to 

plasmid negative strains (4, 10). Surveys have shown that 

the number of strains resistant to a specific antibiotic 

progressively declines in the absence of that antibiotic in 

a given population of people or farm animals (4). Perhaps

then the use of antibiotics in the future should be more 

carefully monitored to limit the spread of resistant plasmids 

(7, 10, 14) .

E. Penicillinase Plasmids in S. aureus

It has been well established that penicillinase production 

is coded by plasmids in the majority of penicillin resistant 

strains of S. aureus (3). However, four resistant strains 

have been reported in which the genes for resistance are 

located chromosomally (1, 16).

These plasmids usually confer a variety of traits on 

their hosts in addition to penicillin resistance. These 

traits can serve as markers for detecting the plasmid. 

Resistance to cadmium, arsenate, arsenite, bismuth, lead, 

and mercury ions as well as erythromycin are such markers 

(10, 11, 15, 17). These markers are seen on three prototype 

penicillinase plasmids that have been most thoroughly 

studied to date (12, 18). In addition to these phenotype 

markers, previous studies have also revealed resistance to 

zinc and antimony along with organomercurial compounds such 

as phenyl mercuric nitrate (10, 12, 18).
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Investigations of strains harboring penicillinase 

plasmids revealed the occasional spontaneous loss of 

penicillinase production (8, 11, 12). In most strains the

spontaneous loss of penicillinase production occurs at a
-3frequency of 10 per cell per generation or lower (11).

Like prophages there must be a special mechanism present to 

ensure the genetic continuity of the penicillinase plasmid. 

Prophages maintain genetic continuity by integrating into 

the host's chromosome (14), but there is no evidence to 

date indicating integration of the entire staphylococcal 

plasmid into the host chromosome (11). Two theories have 

been proposed to explain their genetic continuity. The 

first theory proposed by Jacob and his co-workers states 

that plasmids are segregated between dividing cells by a 

structural cell component such as the cell membrane to which 

they are attached. This component functions in a manner 

analogous to the mitotic spindle (11). This theory is 

presently the most widely accepted mechanism for penicillinase 

plasmid autonomy. The other theory proposes that a number 

of plasmid copies that are not part of any "pro-mitotic" 

apparatus is randomly allocated to daughter cells (11).

F. Tetracycline Resistance

In S. aureus strains exhibiting tetracycline resistance, 

there is evidence for plasmid inheritance and there seems 

to be only one tetracycline plasmid (3, 6). The tetracycline 

plasmid is different from the penicillin plasmid in that it
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is much smaller, present in many copies, and is not closely 

associated with chromosome replication (4). Strains of S. 

aureus exhibiting chloramphenicol resistance also have the 

characteristic properties of the tetracycline plasmid (4). 

Another characteristic of these two plasmids is that they 

do not carry resistance to other known antibiotics, nor do 

they confer on their hosts resistance to metal salts (13, 10).

G. Other Antibiotic Resistance

Plasmid inheritance to other antibiotics has been found

by several investigations. These antibiotics are streptomycin 

(16), neomycin, erythromycin (4), spectinomycin and genta- 

mycin. When considering the mechanisms evolved by plasmid 

genes to resist antibiotics, Novick cites three patterns.

The simplest form of resistance is the destruction of the 

antibiotic upon exposure (10). Antibiotics falling under 

this category are penicillin, chloramphenicol, and amino

glycosides (4, 10, 11, 16, 18). The second type of resistance 

involves direct blockage of the entry of that particular 

antibiotic into the target cell (10). For example, tetra

cycline is kept out of the cell by plasmid-encoded proteins 

that modify a specific transport system in the cell envelope 

(4, 10). The third mechanism of antibiotic resistance 

involves the substitution of the enzyme inhibited by the 

antibiotic with another enzyme that has the same function 

but is insensitive to the inhibition (10). It is clear that 

these mechanisms are not due to genetic strategies developing
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over a short period of time. Their complexity implies a 

long period of evolution. In fact, S. aureus isolated and 

stored before the wide use of antibiotics, or those isolated 

in places where exposure to antibiotics was limited, have 

been found to have fully developed R plasmids (7, 10, 14,

18) .

H. Heavy Metal Resistance

Staphylococcus aureus penicillinase plasmids usually 

carry one or more determinants for resistance to inorganic 

ions as well as determinants for penicillin resistance.

Novick and Roth demonstrated that resistance for arsenate, 

arsenite, lead, cadmium, mercuric, and bismuth ions have 

separate genetic loci which reside on a penicillinase plasmid 

(13). On the basis of observing different mutants for known 

sensitivities, it was demonstrated that zinc and cadmium 

resistances were probably located on the same locus (13).

This type of testing has also shown that antimony resistance 

is most likely controlled by the arsenite locus (13). This 

initial investigation led Novick to construct a tentative 

map of the prototype plasmid pI258. Plasmid pI258 is known 

to contain resistant genes for all these ions along with 

erythromycin (10, 13, 18). The physical genetic map of 

plasmid pI258 has become considerably more detailed since 

1968 through the use of DNA restriction enzymes which cleave 

the plasmids in specific locations (7, 10). Today there is 

more known about this plasmid than any other plasmid of S. 

aureus (10, 13).
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There have been few attempts to examine the exact

biochemical mechanisms of resistance to metal salts but

two definite mechanisms are known today (10, 17). One 

presently established is that for mercury resistance. 

Mercury-resistant strains resist toxic effects by destruction 

of the mercury compounds (10, 17). The other known bio

chemical mechanism has been established through the work of 

Simon D. Silver of Washington University (10). Silver found 

that resistance to the arsenate ion in S. aureus is due to 

an active transport process mediated by the genes on the 

plasmid. Under this mechanism the ions would be capable of 

entering the cell without difficulty but would be pumped out 

as fast as they entered (10).

Plasmid pI258 is by no means the only plasmid in S. 

aureus. Novick and Roth observed several naturally occurring 

plasmids that lacked one or more inorganic salt resistance 

markers, as well as penicillinase-negative plasmids that 

were resistant to one or more of the ions (10, 13).

In early studies conducted by Novick, the effects of 

bismuth ion indicated that different methods of testing 

gave different results (13). In a followup investigation 

conducted a year later by Peyru, Wexler, and Novick, it was 

found that certain plasmids had the ability to make their 

hosts more sensitive to bismuth (15). They referred to this 

effect as "expressible" sensitivity since the marker is 

recessive to plasmid-linked bismuth resistance (15). Another

observation drawn from this investigation was that in 26
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strains, cadmium, lead and penicillin resistance were all 

linked on a plasmid (15) . Once again, through the use of 

techniques involving restriction enzymes (endonucleases), 

linkage between these traits has been proven (10, 13, 15).

• Because of the widespread appearance of multiple

resistant staphylococcal strains in hospitals during the 

1960s, research was done to characterize the different strains 

(17). Resistance to mercury ions is a common recurring 

character of staphylococcal strains that became endemic in 

hospitals (3, 17). In studies conducted in London, the 

mercury-resistant strains were found to produce large quan

tities of penicillinase and were shown to be resistant to 

antibiotics unrelated to penicillin (3). Of the 96 strains 

tested by Dyke and Richmond, 70 were found to be resistant 

to both arsenate and cadmium (3). The strains resistant to 

arsenate, cadmium, and mercury were almost always resistant 

to one or more antibiotics (3). Furthermore, just over one- 

third of the strains were mercury-sensitive but resistant to 

arsenate and cadmium (3). These 36 strains were usually 

sensitive to antibiotics other than penicillin (3). It was 

concluded that in strains resistant to mercury, arsenate 

and cadmium, the genetic determinants for these traits were 

located on the same plasmid as the penicillinase genes (3).

In a study conducted by Richmond and John, they found 

strains of Staphylococcus aureus endemic in hospitals resis

tant to penicillin and mercury salts (3, 17). Novick showed 

that penicillinase-positive strains of S. aureus occasionally
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revert to the penicillinase-negative state (8). It was

later found by Richmond that in every mercury-resistant

strain of S. aureus examined, the loss of penicillinase

was accompanied by a mutual loss of mercury resistance (17).

This mutual loss of penicillinase production and mercury 

resistance suggests that the two genes are closely linked 

(17). This discovery led to the hypothesis that these 

two genetic determinants are found within the same plasmid 

(3, 4, 10, 11, 17, 18).

I. Transposons

Novick noticed a rather astonishing observation con

cerning multiple antibiotic resistance in S. aureus. He 

noticed that treating a patient with a single antibiotic 

could occasionally result in the selection of a strain of

S. aureus resistant to one or more unrelated antibiotics

(10). The occurrence of this selection first revealed

another amazing property of a plasmid. This is the property 

of acquisition of resistance through genetic transposition 

(10, 18). The actual answer to the questions concerning 

multiple antibiotic resistance and to the hypothesis of 

genetic transposition came in 1974 from Jacob and Hedges (10). 

They noticed that the same resistant genes could be in 

different types and sizes of plasmids; and these transposable 

genetic elements transfer themselves from one genetic position 

to another in plasmids or even chromosomes (10). Peculiarly, 

the transfer is not catalyzed by enzymes normally required

CARROLL COLLEGE LIBRARY
HELENA, MONTANA 59601
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for DNA recombination (10). These novel transposable

genetic elements are probably responsible for the relatively 

rapid accumulation of plasmid multiple resistance and 

rearrangements of the bacterial genome in populations of 

bacteria (10).

Until the discovery of transposons, the exact location 

of the erythromycin determinant in S. aureus had been 

shadowed with controversy (4, 9, 13). Novick and Pattee 

have now clearly shown that the determinant for erythromycin 

resistance of the S. aureus plasmid pI258 is located on a 

transposon known as Tn551 (10, 18). In a later study by 

Shalita, Murphy, and Novick involving the establishment of 

evolutionary relationships of penicillinase plasmids in S. 

aureus, it was found that the penicillin, arsenate-arsenite, 

and mercury resistance determinants are all transposable 

elements (18). This led them to hypothesize that a primordial 

plasmid may have carried resistance genes for cadmium, bismuth, 

and lead since these determinants are the only ones which are 

not transposable (18). Under this hypothesis there appears 

to be an evolutionary process involving molecular rearrange

ments of the original primitive plasmid (18).

J. Virulence in S. aureus

The question has long been asked whether or not naturally 

occurring resistant strains are more virulent than sensitive

strains. Studies have indicated isolated cases of some 

antibiotic resistant strains of S. aureus showing a higher
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degree of virulence compared to other strains (4). However, 

when considering virulence among Staph-human interaction, 

it seems virtually impossible to evaluate this, due to the 

multiplicity of variables (4). Although direct evaluation 

seems impossible at this stage, there have been several 

observations suggesting that plasmid-positive strain may be 

in fact less virulent than a plasmid-negative resistant 

strain (4). First, as mentioned previously, in the absence 

of antibiotics, resistant strains often lose their plasmid 

and become antibiotic-sensitive (2, 4, 10, 11). If we look 

upon this fact in terms of advantages or disadvantages, it 

would appear that the plasmid-negative cell would have an 

advantage because plasmid-positive strains usually grow 

more slowly than plasmid-negative strains (4). The second 

consideration is the size of a DNA plasmid. A single plasmid 

constitutes only 2 to 6% of the total DNA within a cell (10). 

The most logical assumption here is that mechanisms needed 

to maintain and replicate those plasmids could possibly 

decrease the invasiveness of the pathogen resulting in 

decreased virulence (4). A third consideration is the fact 

that very few defined virulence factors, such as the presence 

of toxins, have been found as yet to be associated with 

plasmids (4). The previous considerations suggested by R. W. 

Lacey indicate that virulence may be caused by other sources 

within S. aureus, for instance the presence of a prophage 

(4, 5).
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K. Staphylococcal Plasmid Evolution

Before stating the theories of evolution of resistance 

plasmids in S. aureus, it is necessary to mention the normal 

relationships between S. aureus and humans. The surface of 

the human body presents a natural environment of S. aureus 

(14). In fact, up to 50% of humans carry S. aureus in 

their noses at any one time and often harbor the organism 

from time to time on their skin (14). Multiplication occurs 

primarily in moist areas such as the axilla and perineum 

(14). The exposed dry skin presents more adverse environ

ment for S. aureus (8). However safe our own bodily immuno

logical and disinfectant functions usually are, it has been

found that cutaneous lesions such as abscesses and boils are

caused by the same strain of staph as that found in the nose 

(4, 14). Spread of S. aureus between people cannot only 

result from nasal carriage but also from skin carriage due 

to the shedding of epithelial fragments carrying the bacteria 

(4, 14).

An important feature pointed out by Williams is that 

different strains may flourish together in these carriage 

sites and superficial lesions. This can provide an environ

ment for inter-strain exchange of resistant factors (4).

Initially the theory on evolution of multiple resistance 

was thought to be similar to the R factors of the gram

negative coliform bacteria (4, 9, 10, 11, 13). However,

recent evidence has cast doubt. For instance, the fact that
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resistance to inorganic ions exists on plasmids but is no 

longer apparently favorably selected suggests a unique 

course of evolution (13). Furthermore, present information 

indicates that some determinants of resistance to inorganic 

ions may reside on the chromosome (11, 13, 15, 18). An 

example supporting this hypothesis is the observation that 

some penicillinase-negative strains are resistant to only 

one heavy metal ion such as cadmium, bismuth or lead (13).

Another reason why inheritance of resistance factors 

in S. aureus differs from the coliform pattern of acquired 

resistance is that there is no evidence of genetic linkage 

between two unrelated antibiotics as in the coliforms (3,

4). Therefore, multiple resistance theories of S. aureus 

must focus on ecological relationships. One possible eco

logical interaction may have occurred between aureus 

and S. epidermidis. Staphylococcus epidermidis is a non- 

pathogenic species that flourishes on the epidermis of 

humans (14). Since mixing of bacteria can occur in moist 

areas of the body, it is possible that plasmids of S. epi

dermidis may have spread to S. aureus (4, 18). This possi

bility is supported by evidence that some strains of S. 

epidermidis have plasmid-inherited resistance factors (4). 

In this light it is interesting that the plasmid-conferring 

tetracycline resistance on S. epidermidis is identical to 

a plasmid found in a strain of S. aureus (4, 16, 18).
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Richard Novick recently promulgated a new hypothesis 

regarding evolution of staphylococcal plasmids. It is 

known that antibiotics are produced by organisms that reside 

in the soils, and the soil contains traces of toxic heavy 

metals such as mercury, lead, bismuth, cadmium, arsenate, 

and arsenite (10). Novick therefore suggests that the 

presence of these toxic metals in the soil could have educed 

evolution of resistance genes in the sensitive soil bacteria 

(10). The process may have proceeded from acquired plasmid 

genes or chromosomal genes transferred to plasmids (10).

The next possible step would have been infection of animals 

by pathogenic bacteria that had previously acquired the 

resistance genes from soil bacteria plasmids (10). Novick's 

view has been supported by the fact that although penicillin 

and penicillin-like antibiotics are produced by soil fungi, 

many nonpathogenic soil bacteria have the ability to synthe

size a penicillinase that is similar to the enzyme responsible 

for penicillin resistance in pathogenic animal bacteria (10). 

Penicillinase plasmids in strains of S. aureus were found 

even before the clinical use of penicillin was prevalent 

(4, 10, 11, 12, 18). Tetracycline-resistant plasmids of 

soil bacteria have been found to be related to plasmids 

found in nonsoil strains (10, 15). Recently Polak trans

ferred a soil bacteria tetracycline plasmid into a strain 

of S. aureus proving that inter-species transformation is

possible (10).
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The soil-animal-man interrelationship concerning multi- 

resistant plasmids in S. aureus has been studied. Since 

Novick's new observations concerning soil bacteria, there 

has been a great deal of effort to find a connection of 

metal ion resistance in S. aureus. However, in a study 

conducted by Lacey in England, no direct correlation could

be established between animal strains and human strains (6). 

For example, the pattern of metal ion resistance was very 

different in animal and human strains (6). This investigation 

would seem to negate the possibility of a common pool of 

resistant determinants for both human and animal staphylo

cocci. In the animals there were more strains resistant to

arsenate than to cadmium ions and resistance to mercury ions 

was only 0.5% (6). The human strains had completely opposite 

traits, especially the mercury resistance, which showed a 

frequency of 47%. Although there is no association between 

resistance markers in animals and humans, it is interesting 

to note that in animals there is still a high prevalence 

of heavy metal resistant strains.

As previously stated, the erythromycin resistance 

determinant of S. aureus plasmid pI258 is located on a 

transposon. Novick noticed that this determinant has base 

sequence homologous to two plasmids from streptococci that 

carry erythromycin resistance and also to the chromosomal 

DNA imparting erythromycin resistance in pneumococci (18).

The most interesting aspect is the fact that this same 

determinant is not homologous to the other two naturally-
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occurring erythromycin resistance determinants in S. aureus 

(18). The implications at first seem shallow, but this

observation indicates a close association between certain

strains of S. aureus and streptococci. Clinically, this 

presents great significance due to the recent discovery of 

the disease caused by S. aureus entitled toxic shock syndrome. 

The pathognomonic characteristics of TSS seem to be very 

similar to scarlet fever which is caused by streptococci, 

indicating once again an association between the two genera. 

Some of the common symptoms include petechiae, fever, rash, 

lymphadenopathy, oropharyngeal inflammation, peripheral edema, 

desquamation, joint pain and myalgia (14, 19). The similarity 

of clinical manifestations between these two diseases, along 

with data compiled by Novick and Pattee, imply interesting 

associations between streptococci Group A and Staphylococcus

aureus.

L. Statement of the Thesis

When we began our research on the effects of metal ions 

on S. aureus, we found that the existing sensitivity tests 

for lead were not definitive in our hands. Therefore, the 

purpose of our thesis was to develop a definitive lead disc 

sensitivity test. We sought to do this by experimenting with 

different lead salts at varied concentrations in different 

growth media. After we found a suitable lead sensitivity 

test, we began testing many strains of S. aureus for their

resistance to penicillin, lead and five other heavy metal
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salts. We hypothesized that resistance to penicillin and 

these heavy metals are frequently linked in S. aureus.

This hypothesis was tested by conducting an epidemiological 

study of 113 strains of S. aureus.



II. MATERIALS AND METHODS

A. Strains of Staphylococcus aureus

Two isogenic strains designated as RNl and RN11 were 

used to develop a lead sensitivity test and served as controls 

for all tests conducted. RNl is known to be plasmid-negative 

and RNll contains plasmid pI258 which has the resistance 

genes for the heavy metals we tested as well as to penicillin 

and erythromycin (10). Therefore, these two strains served 

to provide an index for interpreting zones of inhibition.

A total of 58 strains of S. aureus isolated from various

body sites of hospital patients in Helena and Missoula were 

tested for resistance to penicillin and various heavy metal 

salts. Additionally, 55 strains provided by the Rocky 

Mountain Laboratory, Hamilton, Montana were tested. All 

strains were maintained on nutrient agar slants except RNll, 

which was maintained on Mueller-Hinton agar containing 4 ug 

per ml of erythromycin to prevent spontaneous loss of plasmid 

pI258.

B. Culture Methods

For each strain, 30 ml of tryptic soy broth was inocu
lated and statically incubated at 37°C in air. During 

incubation, turbidity was measured in a Coleman Junior

22
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spectrophotometer model 6/20 at 540 nm. An optical density 
g

(OD) of 0.25 is equivalent to approximately 5 x 10 colony 

forming units per ml (CFU/ml) which gives confluent growth 

on 10 cm dia. tryptic soy agar (TSA) plates inoculated 

with sterile cotton swabs satured with TSB. Therefore all 

tests were conducted on TSA plates plated from TSB having 

an OD of 0.25. At this OD, all strains were in exponential 

growth phase.

Screening tests for resistance to the salts of five 

heavy metals were carried out with blank BBL paper discs. 

Discs were impregnated with 20 ul of salt solutions and then 

dried (Table 1). Tests for the resistance to penicillin 

were carried out using 6 mm discs containing 10 units. For 

each strain, all discs were placed on TSA plates previously 

inoculated with bacteria. Plates were then incubated at 
37°C for 15 hours. Resistance was determined by measuring 

the diameter of the zone of inhibition around each disc.

C. Lead Sensitivity Test

The original lead sensitivity test devised by Novick 

called for the use of 0.1 M lead nitrate and an equimolar 

concentration of ethylene diamine tetra acetic acid (EDTA) 

(13). Subsequent testing at the Rocky Mountain Lab using 

this protocol gave undefinable results. It was found that 

lead nitrate salt precipitates in the media around the discs, 

causing difficulties in determining resistance. In order to 

alleviate this problem, we varied the parameters of the
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protocol. The first parameter tested was the type of lead

salt. Lead nitrate and lead acetate were each tested at

varying concentrations according to their optimal solu

bilities. The lead nitrate concentration ranged from 1.0 M 

to 0.05 M. The lead acetate concentration ranged from 1.5 M 

to 0.1 M. The second parameter tested was the type of 

medium used. Mueller-Hinton, brain heart infusion, sheep 

blood agar and tryptic soy agar were each tested. Lawns 

of RNl and RN11 were then grown on each medium in the presence 

of each lead compound by the standard disc test. Equimolar

concentrations of EDTA and lead acetate were also run in

this standard disc test.

To insure that the pH of lead acetate did not cause 

precipitation of the medium or inhibition of growth of strains 

RN1 and RNll, we impregnated discs with sodium acetate buffer 

(pH=5.2) equal to the pH of the 1.5 molar lead acetate solu

tion. Again, the standard disc test was performed.

Finally, a lead acetate disc test using 6 mm Whatman #3 

filter paper discs was run. Since the filter paper was only 

about one-half the thickness of the original BBL 6 mm discs, 

we impregnated discs with both 10 ul and 20 ul quantities 

of 0.1 M, 0.2 M and 0.3 M concentrations of lead acetate.

These discs were then placed on tryptic soy agar planted 

with lawns of strains RNl, RNll, 82026-3, 82028, 3916, HV1 
and CV1. These were incubated at 37°C for 15 hours before

readings were taken.
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The concentrations of lead acetate were varied and

the presence of EDTA was tested in an effort to find a 

medium which was optimal for the selection of strains 

resistant to lead (Table 2). All agar was autoclaved,

• cooled, and poured into petri dishes. Inocula of strains

RNl and RNll were stabbed into each medium with sterile 
toothpicks. Plates were incubated at 37°C for 15 hours 

and then observed for growth of macroscopic colonies.
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TABLE 1. OPTIMAL SALT CONCENTRATIONS FOR 
SENSITIVITY TESTS

Metal Salt
Concentration Amount

Toxic Metal (M) (ul) Disc Type

aCd(NO3)2
aNaAsO2
aNa2HASO4
HgC12
aK(BiO)C4H606
Pb(C2H3O2)2

Cd+2 5 x 10
As+3 .01
As+5 .10
n +2Hg 5 x 10
Bi+3 .10
Pb+2 .20

determined

20
20
20
20
20
20

BBL
BBL
BBL
BBL
BBL
Whatman # 3

aConcentrations by Novick and Roth (2)

TABLE 2. SCHEME FOR LEAD ACETATE 
AGAR ST£B TEST

TSA Agar
Concentration (M)
Pb(Ac)2

Concentration (M)'
EDTA

1 .008 —

2 .004 —

3 .002 —

4 .008 .008

5 .004 .004

6 .002 .002



III. RESULTS

A. Finding A Workable Lead Test

We found that lead acetate provided a more definitive 

test than lead nitrate (Tables 3 and 4). Notice that the 

difference of the zones of inhibition (ZOI) between RNl 

(lead sensitive) and RNll (lead resistant) is significantly 

greater in the 0.5 M lead acetate test than in the 0.5 M

lead nitrate test. The lead acetate shows a 6 mm zone size 

difference, whereas the lead nitrate shows only a 1 mm size 

difference. Subsequently, the lead acetate test was used 

to determine lead ion resistance in all strains.

B. Finding a Suitable Medium

Of the media tested, tryptic soy agar (TSA) was found 

to be the best. The zones of lead acetate precipitate 

around the discs were smaller on TSA than on any other medium 

(Table 3). Additionally, the zones of inhibition were 

generally larger, clearer and easier to interpret. There

fore, TSA was used in all subsequent testing.

C. Lead Acetate Concentration

A 0.2 M solution of lead acetate provided a clear, 

definable disc test for lead resistance, yet the troublesome 

problem of precipitate could not be alleviated. Then by

27
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chance, we ran out of BBL discs. As a substitute we used 

Whatman #3 discs. Much to our surprise, they provided a 

definitive lead test without a detectable precipitate 

(Table 5). All subsequent testing was done with these discs 

impregnated with 20 ul of 0.2 M lead acetate solution.

D. Lead Acetate Agar Stab Test

Agar having 0.004 M concentration of lead acetate, and 

an agar having 0.008 equimolar concentrations of lead ace- 

tate/EDTA were found to be best at selecting for lead- 

resistant strains. RNl did not grow on these media, whereas 

RNll flourished. The use of these media was not pursued 

because they provided no way in which to quantify the amount 

of lead resistance shown by strains of S. aureus.

E. Metal Salt Disc Sensitivity Tests

Both lead (Pb) and cadmium (Cd) sensitivity were easily 

interpreted. Strains showed either large zones (sensitive) 

or no zones (resistant). Arsenate (Asa), arsenite (Asi), 

and bismuth (Bi) tests on some strains showed cloudy zones. 

Since there was some expressible sensitivity, these strains 

were interpreted as sensitive. Mercury (Hg) results were 

more ambiguous. If zones were greater than 8 mm, these were 

interpreted as sensitive. If no zone was observed (6 mm) 

then the strain was interpreted as resistant. Forty-four 

strains fell into the range of 7 or 8 mm zone size. These 
strains were not interpreted.
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In our results, we found there was a high occurrence 

of bismuth resistance and lead resistance (Table 7). In 

Tables 8 through 15, the frequency at which any two resis

tance markers appeared together was tabulated. Furthermore, 

the frequencies at which arsenate-arsenite, cadmium-lead, 

and lead-penicillin occurred was found to be high (Table 17). 

The frequencies were calculated by finding the index of 

linkage in the following manner: RR + SS/total. We did 

this in order to assimilate the data so that linkage could 

be determined in this epidemiological study. Finally, we 

placed all strains into classes based on resistance patterns 

to all markers (Table 16). Interestingly, 52 of the strains 

fell into only three classes out of 31 classes.

F. Acetate Buffer Test

A disc containing 20 ul of sodium acetate buffer (pH= 

5.2) did not inhibit the growth of strains RNl and RNll.
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mm

Sheep
Blood Mueller-Hinton

TABLE 3. LEAD ACETATE DISC TEST 
Various concentrations of lead acetate were impregnated into 6 
BBL paper discs. These were placed on different media 
plated with strains RNl and RNll.

Concentration TSA BHI
Strainl of Pb(Ac)2 ZOP ZOI ZOP ZOI ZOP ZOI ZOP ZOI

RNla 1.5 M 12 20 14 17 11 16 19 19
1.0 M 9 17 12 15 8 11 19 19
0.5 M 8 17 8 12 8 8 13 13
0.1 M 6 * 6* 6 6 6 6 6 6

RNlla 1.5 M 12 17 14 16 11 16 22 22
1.0 M 11 16 12 13 8 8 16 16
0.5 M 7 11 7 7 6 6 13 13
0.1 M 6 6 6 6 6 6 6 6

RNlb 1.5 M 13 26 11 17 10 18 20 22
1.0 M 12 24 11 17 9 14 18 22
0.5 M 8 18 9 13 8 9 11 16
0.1 M 6 6 6 6 6 6 6 6

RNllb 1.5 M 13 13 14 17 9 9 23 23
1.0 M 12 19 13 17 7 7 17 17
0.5 M 8 13 8 10 6 6 12 12
0.1 M 6 6 6 6 6 6 7 7

ZOP = Diameter of zone of precipitate in mm
ZOI = Diameter of zone of inhibition in mm
*No zone outside of disc (disc diameter = 6 mm)
aLawns plated from broth <culture at OD = 1.0
t*Lawn plated from broth culture -at OD = 0.1
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TABLE 4. LEAD NITRATE DISC TEST 
Various concentrations of lead nitrate impregnated on BBL 
discs were placed on TSA plated with strains RNl and RNll.

Strain Salt Concentration (M) ZOP (mm) ZOI (mm)

RNl Pb(NO3)2 0.05

0.10

0.5

1.0

6

6

8

10

6

6

10

12

RNll Pb(NO3)2 0.05

0.10

0.5

1.0

6

6

8

9

6

6

9

11

All lawns plated with TSB inoculum at OD 1.0
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TABLE 5. LEAD ACETATE DISC TEST USING 
TWO DIFFERENT TYPES OF DISCS

Different disc types with 20 ul and 10 ul of lead acetate 
used to impregnate discs.

Salt
Disc Type Amount Strain Concentration ZOP (mm) ZOI

BBL 20 ul RN1 0.3 8 17
0.2 7 16
0.1 6 10

RN11 0.3 7 11
0.2 7 7
0.1

Whatman #3 20 ul RN1 0.3 7.5 16
0.2 6 17
0.1 6 10

10 ul RN1 0.3 6 11
0.2 6 9
0.1 6 9

20 ul RN11 0.3 7 9
0.2 6 6
0.1 6 6

10 ul RN11 0.3 6 6
0.2 6 6
0.1 6 6

20 ul 82028 0.3 7 10
0.2 6 6
0.1 6 6

10 ul 82028 0.3 6 6
0.2 6 6
0.1 6 6

20 ul 3916 0.3 7 10
0.2 6 6
0.1 6 6

10 ul 3916 0.3 6 6
0.2 6 6
0.1 6 6

(continued)
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TABLE 5

Disc Type Amount Strain

Whatman #3 20 ul HV1
(con't)

10 ul HV1

20 ul CV1

10 ul CV1

All lawns plated with TSB ,

(continued)

Salt
Concentration ZOP (mm)

0.3 7
0.2 6
0.1 6

0.3 6
0.2 6
0.1 6

0.3 7
0.2 6
0.1 6

0.3 6
0.2 6
0.1 6

ZOI (mm)

7
6
6

6
6
6

11
6
6

6
6
6

OD 0.25
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TABLE 7. RESISTANCE TO EACH PARTICULAR METAL SALT

Metal Ion
Resistance Strains/ 
Total Strains

% of All i 
Resistant

Pb 82/113 72.5

Bi 85/113 76

Cd 73/113 64.5

Asa 66/113 58.5

Asi 72/113 63.5

Hg 35/69 51

Penicillin 65/113 57.5
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TABLE 8. LEAD AND BISMUTH RESISTANCE PATTERN

Pb Bi Number of Strains % of Total
R R 69 62
S S 7 6
R S 14 12
S R 16 14

R ES*
*

5 4
S ES 2

Total 112

2

TABLE 9. CADMIUM AND ARSENATE RESISTANCE PATTERN

Cd Asa Number of Strains % of Total
R R 48 42.5
S S 25 22
R S 25 22
S R 15

Total 113
13.5

*ES = Expressible Sensitivity
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TABLE 10. CADMIUM AND LEAD RESISTANCE PATTERN

Cd Pb Number of Strains % of Total

R R 69 61
S S 21 18.5
R S 3 2.5
S R 20 18

Total 113

TABLE 11. LEAD AND PENICILLIN RESISTANCE PATTER!

Pb P10 - Number of Strains % of Total

R R 61 54
S S 24 21
R S 24 21
S R 4 4

Total 113
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TABLE 12. ARSENATE AND ARSENITE RESISTANCE PATTERN

Asa Asi Number of Strains % of Total

R R 66 58.5
S S 41 36.5
R S 0 0
S R 6

Total 113

5

TABLE 13. ARSENATE AND PENICILLIN RESISTANCE PATTERN

Asa_____ P ______ Number of Strains______ % of Total

R R 37 33
S S 19 17
R S 28 25
S R 29 25

Total 113
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TABLE 14. CADMIUM AND PENICILLIN RESISTANCE PATTERN

Cd

R
--

R 53 47
S S 29 26

R S 18 16
S R 13 12

Total 113

TABLE 15. BISMUTH AND PENICILLIN RESISTANCE PATTERN

Bi P10 Number of Strains % of Total

R R 53 48
S S 15 14

R S 30 27
S R 13 12

Total 111
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TABLE 16. RESISTANCE PATTERNS OF PENICILLIN AND ALL 
HEAVY METALS

Metal Ions
Class Cd Asa Asi Pb Bi P10 # Strains per

A + + + + + + 23
B + - - + + + 17

C + + + + + - 12

D + + + + ES + 7

E - - - - + - 7
F - - - - - - 5

G - + + - + - 4

H - + + + + - 4

I - - - + + + 4

j + + + + - - 2

K - + + + + + 1

L - + + - - - 2

M - - - + + + 2

N - - - + - + 2

0 - + + + - - 1

Q - - + - - - 1

R + - - + + - 1
S - - - + + - 1

T + - - + - + 1

U + + + - - + 1

V + + + - + + 1
W + + + + _ — 1

(continued)
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TABLE 16 (continued)

Metal Ions
Class Cd Asa Asi Pb Bi P10 # Strains per

X __ + + 1

• R - + + + - + 1
Z + + + - + + 1
z1 + - + + + - 1
z2 - - - + - - 1
z3 + — + + + + 1
z* - - + + + + 1
z5 + - + + - + 1
z6 — — + + + 1
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TABLE 17. POSSIBLE LINKAGE OF HEAVY METAL AND PENICILLIN 
RESISTANCE

Metal Ions and/or P^^ aindex of Linkage

Asa - Asi .95
Cd - Pb .80
Ph - P1O .75

cd - P10 .73

Pb - Bi .70
Cd - Asa .65

Bi - P10 .62

ASa - P1() .50

Index of Linkage = Number of strains that are both 
resistant plus number of strains that are both sensitive 
divided by the total number of strains
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Zone of Inhibition (Total = 114) 
Figure 1. Mercury Test: Distribution of Strains by Zone Size



47

Number of Strains



IV. DISCUSSION AND CONCLUSION

We found that lead acetate provided a more definitive sensitivity 

test than did incorporation of lead nitrate into discs . The 

difference of zone size between RNl (sensitive to lead) and 

RNll (resistant to lead) was more appreciable in the lead

acetate test than the lead nitrate test. We submit that

this phenomenon occurred for the following two reasons.

First, perhaps lead acetate was capable of diffusing into

the TSA medium at a faster rate than lead nitrate. This

would cause zones of inhibition to be larger because the

lead ion is distributed over a greater area. Second, since

lead acetate is more soluble in an aqueous solution than

lead nitrate, the rate of diffusion would be greater.

Additionally, more lead ion may be found in the

medium exerting a greater toxic effect on the bacteria.

The optimal concentration for the lead acetate solution

used to impregnate the discs was 0.2 M (Table 5). This con

centration worked even better with the thin Whatman #3 discs 

that it did with the thicker BBL discs. No precipitate was 

observed around the #3 discs. Again the rate of diffusion 

from these discs into the medium may be greater than for the 

BBL discs. We propose that this increase in the diffusion

48
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rate may be caused by a greater and more even distribution 

of salt due to decreased thickness of the disc. Additionally, 

the #3 disc may be less absorbent than the BBL disc. If 

this is the case, it may affect diffusion of lead salts in 

two ways. First, the more absorbent BBL would soak up more 

water from the medium, causing a greater tendency for preci

pitate to form around the disc. Second, the BBL would not

release salt into the medium as fast as the less absorbent

#3.

We feel that our lead acetate agar stab test was good 

for screening lead resistant strains of S. aureus. We did

not use this test for all strains because it was difficult

to maintain a consistent inoculum. Lead acetate was found

to form a visible precipitate in TSA. This problem was 

alleviated by EDTA. Apparently, chelating the lead aids in 

dissolving the salt while allowing the lead to exert its

toxic effects.

For our penicillin sensitivity test, we chose to 

classify all those strains showing zones greater than 13 mm 

as sensitive. This interpretation is significantly less 

than 20 mm, which is the standard interpretation used in a 

standardized antibiotic disc susceptibility test. We did 

this because we found that zones fell neatly into two basic 

categories: those greater than 13 mm and those less than

13 mm (see Fig. 2). This discrepancy could be due to one of 

two reasons. First, the standardized antibiotic disc test

calls for a Mueller-Hinton medium, and under our protocol
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we used TSA. Second, two or more distinct types of penicillin 

resistance may be prevalent among our strains. Unfortunately, 

we were unable to distinguish penicillinase types in our 

experiments.

Our test for mercury sensitivity appeared to be incon

clusive for intermediate strains (Table 6). Perhaps mercury 

chloride does not provide a definite test for mercury sensi

tivity. Other investigators have consistently used mercury 

nitrate for determining resistance (13, 3).

The tests for arsenate and arsenite revealed cloudy zones 

for a few strains. Obviously, there is a certain amount of 

sensitivity being expressed. Perhaps the resistant genes 

in these particular strains are located on transposable 

elements. If this is the case, some bacteria may lose the 

resistant determinants for one or both of these ions during 

replication. This would decrease the density of growth in 

the presence of asa and/or asi ions.

Some investigators believe that the evolution of staphylo 

coccal plasmids has occurred from a primordial plasmid which 

has the resistance genes for lead, cadmium and bismuth (18).

Our data show some close association between these three

traits, indicating that many of our strains may contain 

plasmids. For instance, the frequency in which cadmium-lead 

resistance or sensitivity occurs together is .80 (Tables 10 
and 17). This is very high, indicating linkage of these two 

traits. Additionally, lead and bismuth resistance appeared 

together frequently.
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According to Shalita's theory (18), asa and asi loci 

were later acquired together on this primordial plasmid.

Our data show that these loci are 95% linked, meaning that 

the presence of one locus almost always predicates the 

presence of the other locus. We conclude that these loci 

are frequently closely linked, perhaps on many different 

plasmids in the strains we studied.

A most interesting observation is the frequency in which 

the penicillinase trait appears together with the traits for 

metal ion resistance (Table 17). We submit that the locus 

for penicillin may have attached to the locus for lead resis

tance during the course of staphylococcal plasmid evolution, 

since our index of linkage shows lead resistance is more 

frequently linked to penicillin resistance than arsenate, 

bismuth or cadmium resistance. Obviously, our data indicate 

that there is a number of different plasmids among all the 

strains. The fact that penicillin resistance and lead 

resistance are so closely linked implies that these genes 

were not only attached together at one time, but have been 

conserved during plasmid evolution. In the past several 

years, the gene for penicillinase has been favorably selected 

Possibly, due to its association with the lead locus, the 

trait for lead resistance appears frequently among our 

strains.

The overall resistance pattern is shown in Table 16. 

Depending on their overall resistance pattern to all markers, 

each strain was placed into a class. Almost one-half of the
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strains fell into three classes while the remainder of 

strains fell into 28 classes. These data support our 

hypothesis that all resistances are often linked. On the 

other hand, there is significant variability but at a low 

frequency. This is shown by the fact that all strains are 

grouped into 31 classes at a very uneven distribution. 

Interestingly, 25% of all strains were either totally 

resistant or totally sensitive to penicillin, cadmium, 

arsenate, arsenite, lead, and bismuth. We believe that 

this is significant enough to show that these traits are 

usually linked. Conversely, the variability of all strains 

is significant enough to show that these traits are probably 

located on extrachromosomal plasmids because plasmids are 

known to change and evolve at a high rate.

One interesting observation is the resistance pattern 

seen in class E (Table 16). The loss of resistance to peni

cillin and all heavy metals but one usually indicates that 

the gene for resistance for that particular metal ion is 

found on the bacterial chromosome (13). The fact that bis

muth resistance is the only resistance seen in class E implies 

that the locus is on the chromosome. Furthermore, bismuth 

is found to be the most frequent resistance factor of all

S. aureus strains we tested (Table 7 ). Therefore, this locus 

may reside on the chromosome in strains showing resistance 

to other ions more frequently than we suspect. Perhaps this 

chromosomal inheritance of bismuth resistance is actually 

obscuring the frequency of plasmid linkage between lead and 
bismuth.



53

If we were to pursue the study of metal ion resistance 

in S. aureus, we would attempt to verify our results as 

follows. First, we would repeat sensitivity tests on all 

strains several times. This would provide us with more

• accurate interpretation of data. Second, we would screen

many more strains. Third, we would attempt to develop a 

more definitive test for mercury resistance. Finally, we 

would attempt to determine plasmid inheritance by examination 

of size and character of plasmids in these strains. This 

would enable us to identify plasmids and the freqency in 

which they occur in S. aureus.
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