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INTRODUCTION

Studies concerning the effects of procedural variations on 

the activity of aminoglycosides have revealed that a single pro

cedural change can significantly alter results, particularly in 

tests with Staphylococcus aureus (116,123). Variations in such 

factors as inoculum and type of medium used may at times also 

alter the clinical interpretation of results, and significant 

discrepancies between the minimal inhibitory concentrations and 

minimal bactericidal concentrations of aminoglycosides have been 

observed (62,90,116). These observations suggest the presence of 

a small subpopulation of cells within the sensitive parent strain 

which are more resistant to the effects of the aminoglycoside. 

Therefore, the purpose of this study was to (a) evaluate the 

bactericidal activity of aminoglycosides against Staphylococcus 

aureus by the use of kill curves (b) characterize the more 

resistant cells selected from strains of Staphylococcus aureus 

which appeared to be sensitive to aminoglycosides by minimal 
inhibitory concentration determinations, and (c) determine the 

prevalence of strains containing these more resistant cells.
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LITERATURE REVIEW 

The Aminoglycoside Antibiotics 

General characteristics
The aminoglycosides are a group of broad spectrum, bacteri

cidal antibiotics which are produced by species of Strentomyces 

and Micromonospora. The antibacterial activity of these drugs is 

due to the inhibition of protein synthesis. Since the discovery 

of streptomycin, the first aminoglycoside, by Schatz, Bugle, and 

Waksman in 1944 (127) in a strain of Streptomyces griseus, these 

drugs have been used primarily for the parenteral therapy of 

gram-negative infections, although their spectra include some 

gram-positive bacteria and Mycobacteria. Due to the increase in 

the number of individuals who are susceptible to opportunistic 

gram-negative infections, the aminoglycosides are becoming an in

creasingly important group of antibacterial agents. The con

sequences of the increased use of these agents, however, is the 

increased incidence of aminoglycoside-resistant bacteria. By 

understanding the mechanisms of this resistance, investigators 

have been able to synthesize new aminoglycosides which are active 

against many of these resistant bacteria.

Chemically, the aminoglycosides are composed of aminated 

sugars, linked to aglycon moieties usually by alpha glycosidic 

linkages. Based upon their structural features, they can be 

classified into six groups:
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(a) . streptomycin group (figure 1) - composition includes
streptose or dihydrostreptose bound to the 

aglycon, streptidine (106).

(b) . neomycin group (figure 2) - tetracyclic molecules con
taining D-ribose or D-xylose linked at the 4,5 

positions of 2-deoxystreptamine (120,64).
(c) . ribostamycin group (figure 3) - similar in structure to

the neomycin group but composed of tricyclic 

molecules (2).
(d) . kanamycin group (figure 4) - tricyclic molecules with

aminosugars substituted at the 4,6 positions of 2- 

deoxystreptamine. This group includes most of the 

aminoglycosides used clinically (eg. gentamicin, 

sisomicin, tobramycin, kanamycin, and amikacin 

142,80,95,27,28,59,118).

(e) . hygromycin B group (figure 5) - composed of D-talose,

destomic acid, and an N-methyl-2-deoxystreptamine 

(107).

(f) . miscellaneous group (figure 6) - includes the bacterio
static agent, spectinomycin which is composed of a 

fused ring structure (158)„

Mechanism of action
The mechanism of action of the aminoglycosides involves their 

effects on bacterial protein synthesis. Specifically these effects
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Fig. 1. General structure of streptomycin group, (reproduced 
from Bæzawa, S. The chemistry and conformation of 
aminoglycoside antibiotics. In S. HitsuhasM, ed. 
action and drug resistance in Bacteria, pp. 3-35. Tokyo, 
University of Tokyo Press. 1975.)
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Neosamine C

Fig. 2. General structure of neomycin group, (reproduced 
from Umezawa, S. The chemistry and conformation of 
aminoglycoside antibiotics. In S. Mitsuhashi, ed. Drug 
action and drug resistance in bacteria, pp. 3-35. Tokyo, 
University of Tokyo Press. 1975.)
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Fig. 3. General structure of ribostamycin group, (reproduced 
from Uinezawa, S. The chemistry and conformation of 
aminoglycoside antibiotics. In S. Mitsuhashi, ed. Drug 
action and drug resistance in bacteria, pp. 3-35. Tokyo, 
University of Tokyo Press. 1975.)
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Destomic acid D-Talose Hyosamine R = Me, R'=H
~ n r ~

NHR'

Fig. 5. General structure of hygromycin B group, (reproduced 
from Uæzawa, S. The chemistry and conformation of 
aminoglycoside antibiotics. In S. Mitsuhashi, ed. Drug 
action and drug resistance in bacteria, pp. 3-35. Tokyo, 
University of Tokyo Press. 1975.)
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(N,N'-dimethyl-2-
epi-streptamine)
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Fig. 6 . Structure of spectinomycin hydrate of miscellaneous 
group, (reproduced from Umezawa, S. The chemistry and 
conformation of aminoglycoside antibiotics. In S. Mitsuhashx, 
ed. Drug action and drug resistance In bacteria, pp. 3-35. 
Tokyo, University of Tokyo Press. 1975.)
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include the induction of misreading of SNA and the complete in

hibition of protein synthesis. Misreading is the incorrect 

translation of the mRNA code on the ribosomes -which results in 

the production of missense or nonsense proteins (11,32,33).

Since mutant cells have been described which produce high levels 

of misreading without lethality (12), the bactericidal effects 
are believed to be due to the complete inhibition of protein syn

thesis through the buildup of ribosomes frozen at the site of 

initiation. The exact mechanism of bactericidal activity, 

however, has never been conclusively established.

Most of the work to determine the mechanism of action of the 

aminoglycosides has been done using streptomycin. Protein in
hibition was suspected to be the major activity of the amino

glycosides as early as 1948 (47). Later studies helped to con

firm this hypothesis and to characterize the exact site of action. 

Several studies demonstrated directly that streptomycin inhibited 

amino acid incorporation (48,49,133) and suggested that the site 

of action was the ribosome (134). Herzog (63) showed that cells 

treated with streptomycin developed high numbers of ribosomes 

which were unable to continue protein synthesis after initiation 

and were resistant to lowered magnesium levels which normally 

causes them to fall apart. Luzzatto et _al (92,93) showed that 

this ’’freezing" of the ribosomes corresponded with the dis

appearance of polysomes from the cytoplasm and the buildup of
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monosomes, composed of the frozen initiation complex (ribosome 

and the mRNA-fmet-tRNA complex). Other ribosomes which were be

yond initiation at the time of exposure to streptomycin could 

complete protein synthesis and reenter the ribosomal pool; how

ever, they could not reinitiate new polypeptide synthesis since 
all of the initiation sites on the mKNA were occupied by frozen 

ribosomal complexes. The cause of the frozen ribosomes was 

attributed to a conformational change induced in the robosomes 

by the binding of streptomycin (128,129). In vitro protein syn

thesis experiments using cell-free extracts of resistant and 

sensitive cells revealed that streptomycin would not bind to the 

ribosomes from cells resistant to streptomycin but that it would 

bind to the ribosomes from the sensitive cells in a 1:1 molar 
ratio (16,23,74,88,151,170). Reconstitution experiments using 

combinations of 50s and 30s ribosomal subunits showed that only 
ribosomes containing 30s subunits from sensitive cells, regardless 

of the source of the 50s subunits, would bind streptomycin. If 

30s subunits from resistant cells were used, no inhibition of 
protein synthesis occurred. This suggested that the site of action 

was on the 30s subunit. Ozaki et al (112) confirmed this using 

30s subunits reconstituted with proteins from resistant and 

sensitive 30s subunits. The only protein which appeared to in

fluence the binding of streptomycin was the P10 protein. If the 

P10 protein was obtained from a sensitive 30s submit and the othê .
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proteins were obtained from resistant ribosomes, the newly re

constituted subunit would bind streptomycin. If a resistant P10 

protein was used, no streptomycin would bind to the ribosome.

The genetic information for this protein was shown to lie in the 

str A locus at minute 64 of the Escherichia coli chromosome (18, 

51,102,163,112). Since purified P10 protein from sensitive ribo

somes will not bind streptomycin in vitro, but 16s rRNA will, it 

has been suggested that the P10 protein does not directly bind 

streptomycin but determines by its conformation whether binding 

with the rRNA will occur (13).

Similar reconstitution studies have advanced the character

ization of the site of action on 30s subunits of the other amino- 

glycosides. Masukawa et al (99,100) has related kanamycin re

sistance to alterations in the S12 (P10) protein. The S5(P4) 

ribosomal protein plays an integral part in the binding of 

spectinomycin (15,17,36,50). Neomycin, kanamycin, and gentamicin 

have been shown to interact with the ribosome at more than one 

site (33) and polysomes rather than monosomes buildup in the pre

sence of these drugs within the cell (58).

Microbial resistance to aminoglycosides
Microbial resistance to aminoglycosides developed rapidly 

after the advent of their use for treatment of infections. Re

sistance to streptomycin developed within four years after its 

introduction (153). Resistance to neomycin was first observed
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around 1960, 10 years after its introduction (42,117) and was 

widespread by 1966 (72). In 1966, eight years after the intro

duction of kanamycin, Finland (44) reported that the percent of 

strains resistant to kanamycin was 30% among Staphylococcus 

aureus, greater than 30% among Klebsiella — Enterobacter spp, 25% 

among Escherichia coli, 15% among Proteus mirabilis, and 100% 

among strains of Pseudomonas aeruginosa. Although resistance to 

gentamicin is not yet widespread, R factor carrying strains cap

able of inactivating the drug have been isolated (98,73,131). 

Studies by Shulman et al (130) illustrated the rapidity with 

which Pseudomonas aeruginosa can become resistant to gentamicin 

with increased use of the drug. Over a four year period (1965- 

1969) the precent of pseudomonas strains sensitive to gentamicin 

dropped from 90% to 9% in a b u m  unit where topical gentamicin 

was used routinely to prevent b u m  wound sepsis.
There are presently three known mechanisms of microbial re

sistance to the aminoglycosides; ribosomal resistance, perme

ability resistance, and enzyme inactivation. Although ribosomal 

and permeability resistance have been characterized somewhat in 

vitro, little if any direct evidence exists for their involvement 

in the development of clinical resistance by strains which were 

previously sensitive to aminoglycosides. The mechanism which 

seems to be the most important clinically is enzyme inactivation 

which was first characterized in a resistant clinical isolate (111,
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Ribosomal resistance has been best characterized for strep

tomycin. This form of resistance is the result of a single step 

point mutation at the str A gene locus which is in the cistron of 

ribosomal proteins (34,109). The mutation produces the exchange 

of a single amino acid, aspartic acid, threonine, or arginine for 

lysine in protein P10 (51). This produces a conformational 

change in the P 10 protein which prevents the binding of strepto
mycin to the ribosome. Such streptomycin-resistant mutants have 

been selected in vitro from strains of Streptococcus faecalis 

(175). Several clinical strains of enterococci, isolated by 

Moellering et_ al (101) and Standiford et al (136) which were re

sistant to combinations of penicillin-streptomycin and penicillin- 

kanamycin, and were also highly resistant to streptomycin alone 

(6000 ug/ml) or kanamycin alone (50,000 ug/mi). These strains 

were suspected of possessing ribosomal resistance since the mag

nitude of their resistance was similar to that of a mutant se

lected in vitro that was shown to possess ribosomal resistance. 

However, this mechanism was never directly demonstrated in the 

clinical strains. Very few, if any clinical isolates have been 

clearly demonstrated to possess ribosomal resistance.

A second mechanism of resistance involves the exclusion of 

aminoglycosides from the bacterial cell (permeability resistance). 

Permeability resistance to aminoglycosides does occur naturally in

144).
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some species of bacteria, however the development of this type of 

resistance in clinical strains of bacteria which were originally 

sensitive to aminoglycosides has never been directly demonstrated. 

Moellering et al (101) and Zimmerman et al (175) in studies with 

clinical isolates of enterococci, demonstrated that radiolabelled 

streptomycin was excluded from the enterococcal cell unless a 

cell-wall active antibiotic such as penicillin was added to the 

medium. The penicillin produced "holes" in the enterococcal 

cell-wall which allowed the streptomycin to enter the cell.
Since amino acid incorporation studies showed that the ribosomes 

of these cells were sensitive to streptomycin, the mechanism of 

resistance may have been due to the inability of streptomycin to 

enter the cell, due to cell wall impermeability. Zimelis and 

Jackson (174) demonstrated that a sensitive strain of 
Pseudomonas aeruginosa was resistant to the activity of amino

glycosides in the presence of high amounts of divalent cation.

This resistance was also reversed in the presence of a cell wall 

active drug, carbenicillin. They hypothesized that the decreased 

susceptibility was the result of an interaction between the 

cations and the cell wall producing a decreased permeability to 

the aminoglycosides, but this hypothesis was never directly 

tested.
The third mechanism of resistance involves inactivation of 

the aminoglycosides by one of three types of inactivating enzymes,
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acetyltransferases which transfer the acetyl group from acetyl 

coenzyme A to amino groups on the hexoses and deoxystreptamine; 

phosphotransferases which transfer a phosphate group from ATP to 

hydroxyl groups on the hexose and ribose moieties; and nucleo

tidyltransferases which transfer nucleotidyl groups from ATP, CTP, 

TTP, or GTP to hydroxyl groups on the hexoses. This mechanism 

was first observed by Okamoto and Suzuki (111) in cell-free ex

tracts from R factor carrying Escherichia coli which inactivated 

kanamycin A in the presence of acetyl coenzyme A (kanamycin 

acetyltransferase). Umezawa et al (144) purified the inactivated 

antibiotic and demonstrated acetylation at the amino group of the 

6-N-6-deoxy-D-glucose moiety. To facilitate the assay for amino

glycoside inactivating enzymes, Davies et_ al (31) developed a 

radioisotopic assay. Cell-free extracts could be analyzed for 

aminoglycoside-inactivating enzymes by reacting them with an amino

glycoside and acetyl coenzyme A with a radiolabelled acetyl group, 

ATP with a radiolabelled phosphate group, or ATP with a radio- 

labelled adenyl group. Since aminoglycosides are basic molecules 

they bind readily to cation exchange paper and can be separated 

from the rest of the cell-free extracts. If an inactivating 

enzyme is present in the extract, the aminoglycosides will contain 

radiolabelled substitutions and the cation exchange paper will be 

radioactive. The amount of radioactivity can be quantitated by 

scintillation spectrometry. Using this technique, investigators
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have been able to isolate several enzymes Ctable 1). All of the 

enzymes studied to date have been determined by extrachromosomal 

genes, produced constituitively, and found at the cell s 
surface. The enzymes which inactivate streptomycin and spectino- 

mycin do not inactivate other aminoglycosides. One antibiotic 

may be inactivated by several enzymes, and one enzyme may in
activate several aminoglycosides. Although the neomycin-kana- 

mycin phosphotransferase is found in several species of bacteria, 

many of these enzymes have been found in only a few species. The 

enzymes can render resistance to amounts of aminoglycoside from

20 to 5000 ug/ml (9).
Structure-fmotion relationships

The structural moieties on aminoglycosides which were altered 

by the inactivating enzymes gave investigators some indication of 

which structural features of the aminoglycoside molecule were 

important for their antibacterial activity. The structure- 

function relationships of the aminoglycosides have been studied 
with regard to both misreading and inhibition of protein synthesis. 

Tanaka et al (139) compared the misreading activities of the 

various aminosugar moieties. They concluded that the 2—deoxy— 

streptamine or strepfamine rings were primarily responsible for 

the misreading activity, but that the entire aminoglycoside 

molecule was necessary for full activity. Benveniste and Davies 

(10) determined that the amino groups on the hexoses substituted
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Table 1. Aminoglycoside inactivating enzymes

Enzyme Modification

Kanamycin acetyItransferase 6-amino group 
of an amino 
hexose is 
acetylated

Gentamicin acetyltransferase 
I

3-amino group 
of 2-deoxy- 
streptamine 
is acetyl
ated

Gentamicin acetyltransferase 2-amino group
II of an amino

hexose is 
acetylated

Streptomycin-spectinomycin 
adenylytransferase

Gentamicin nucleotidyl
transferase

hydroxyl group 
of a D-three 
methylamino 
alcohol moiety 
is adenylylated

2-hydroxyl 
group of an 
amino hexose 
is nucleotidyl- 
ated

Streptomycin phospho
transferase

Neomycin-Kanamycin 
Phosphotransferase II

3-hydroxyl group 
of N-methyl-L- 
glucosamine is 
phosphorylated

3-hydroxyl group 
of an amino 
hexose is 
phosphorylâted

Drugs
inactivated

kanamycin A 
(kanamycin B)a 
(neomycin B,C) 
(butirosin) 
(gentamicin Cia) 
(gentamicin C2) 
(sisomicin) 
(tobramycin) 
amikacin 
(kanamycin B) 
gentamicin C]_a,
^2 >
sisomicin
tobramycin

gentamicin C^a,
C2»Ci

(gentamicin A) 
sisomicin 
(tobramycin)

streptomycin 
spectinomycin

kanamycin A,B,C 
gentamicin Cia>

c 2»c 1»asisomicin
tobramycin

streptomycin

kanamycin A,B,C 
neomycin B,C 
butirosin 
gentamicin A
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Table 1 (continued)

Enzyme

Neomycin-kanamycin

Modification

Same as II 
5-hydroxyl group 
of D-ribose of 
lividomycin is 
phosphorylated

aAminoglycosides in parentheses are modified 
but not inactivated.

Drugs
inactivated

kanamycin A,B,C 
neomycin B,C 
lividomycin A 
gentamicin A

by the enzyme
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at the four position of the aglycon moiety affected misreading 

ability, since acetylation of them decreased misreading consider

ably. The aminoglycosides with only one amino group showed mis

reading over a broad range of concentrations. Those with diamino 

sugars (ie. tobramycin, kanamycin B, gentamicin Cj.a,C].,€£, 
neomycins B and C) also produced misreading over a broad range of 

concentrations, but at higher concentrations (1000 ug/ml) they 
produced marked inhibition of protein synthesis. These investi

gators also related inhibition of protein synthesis to several 

structural features of the aminoglycoside molecule. The amino

glycosides with 1 ,2 substitutions on the aglycon were more potent 
protein synthesis inhibitors than those with 1,3 substitutions. 

Aminoglycosides with amino groups substituted at both the 2 and 6 
positions of the 4-substituted hexose were more potent inhibitors 
than those with only one ami no group. Of the molecules with only 

one amino group, those substituted at the 6 position were more 
potent than those substituted at the 2 position. The number of 

rings per molecule was also important since inhibition increased 

with the number of rings. Thus the number and position of the 

amino groups on the sugars and the number and position of the 

sugars themselves were responsible for inhibition of protein 

synthesis.
Knowledge of the precise substrates of the inactivating 

enzymes, as well as the structure-function relationships of the



aminoglycosides, allowed the synthesis of chemically modified 

aminoglycosides which, do not act as substrates for the enzymes. 

Since the 3’OH group of kanamycin was not needed for activity
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(10), and phosphorylation of this group inactivated the drug, 
several derivatives which are as active or more active than the 

parent molecule have been developed with this 3’OH group removed. 

Originally, those which were developed were produced naturally by 

strains of Streptomyces and Micromonospora. Such aminoglycosides 

as gentamicins Cia,Cj, and C2, sisomicin, and tobramycin were not 

substrates for the neomycin-kanamycin phosphotransferases, since 

they had no 3' or 4* OH groups upon which to substitute the 

phosphate group. Recent efforts have been made to synthesize new 

aminoglycosides without the 3’ and 4* OH groups by chemically re

moving these groups from aminoglycosides previously inactivated 

by the phosphotransferases (150,138,69,68,146,148,149). Hie 

discovery of the butirosins (37) and the characterization of their 

structures (164,165,166) led to another method of modification.

The butirosins are naturally occurring ribostamycin with a 1-N-(L- 
4-amino-2-hydroxybutyryl) side chain. Even though butirosin still 

had the 3’ and 4' OH groups, it was not inactivated by neomycin- 

kanamycin phosphotransferase I. It was shown that the presence of 

the sidechain prevented the enzyme from recognizing the 3’OH group. 

This prevented the phosphorylation. Various groups such as amino- 

hydroxybutyryl and isoseryl groups have been synthetically sub-
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stituted onto various sites on certain aminoglycosides (143,76, 

82,81). One such modified kanamycin is amikacin, l-N-(L-4-amino- 

2—hydroxybutyry1)kanamycin A, which has been shown to be effec

tive against organisms producing phosphotransferases and the 

nucleotidyltransferases which normally inactivate the parent 

molecule, kanamycin A.

Clinical importance of aminoglycosides
The aminoglycosides as a group are broad spectrum antibiotics 

which inhibit gram-negative bacilli, staphylococci, and Myco

bacteria. Individually, these drugs vary in their activity 

against certain organisms. Streptomycin is only useful alone in 

treatment of tularemia (125). It is used in combination with 

penicillin G in treatment of enterococcal endocarditis, with 

tetracycline in treatment of brucellosis and plague (124), and 

with other antitubercular drugs in treatment of tuberculosis (125). 

Kanamycin is useful in the treatment of a variety of infections 
caused by susceptible gram-negative organisms (44,45). Para- 
momycin and neomycin, due to their toxicity are only used top

ically for infections and orally for bowel surgery prophylaxis. 

Gentamicin is used to treat infections of unknown etiology, gram

negative bacteremias (24,29,65,78,97,126), urinary tract infections 

(71), pulmonary infections (14,52), burn wound infections (1), and 

osteomyelitis (22,119). Tobramycin and sisomicin were developed 

for uses similar to those for gentamicin. Any increase in micro
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bial resistance to these drugs poses a significant clinical 

problem. Since the therapeutic index of aminoglycosides is low, 

therapeutic levels against even very sensitive bacteria are close 

to toxic levels. High serum levels of an aminoglycoside may 

result in toxicity to the eighth cranial nerve and/or kidneys.

The cytotoxic action of the aminoglycoside on the cells of the 

eighth cranial nerve (19,61,67,71,156,157) can affect both 

vestibular function and hearing, sometimes resulting in deafness 

if the aminoglycoside levels remain high for very long. Nephro

toxicity can result in renal damage, particularly if the kidney 

is already diseased. Since aminoglycosides are normally excreted 

by the kidney, this nephrotoxicity results in increased serum 

levels of aminoglycoside which then can enhance both the eighth 

cranial nerve effects as well as nephrotoxic effects (125).

Staphylococcus aureus

Staphylococcus aureus is a gram-positive, spherical, non- 

mot ile organism which grows in clusters. On sheep blood agar it 
produces white to golden colonies, often surrounded by zones of 

beta hemolysis. It can be differentiated from other species of 

staphylococci by its ability to produce coagulase, DNAase, and to 

ferment mannitol, glucose, sucrose, and lactose (4). Strains of 

Staphylococcus aureus can be differentiated by their patterns of 

susceptibility to various lytic bacteriophages (phage typing).

The virulence of this organism correlates best with the production
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of coagulase (103). Although the exact role of coagulase in the 

pathogenesis of this organism is not clear, it may be responsible 

for the thick fibrin walls around the staphylococcal abscess, a 

typical feature of staphylococcal infection. Other factors have 

also been implicated in the pathogenic abilities of Staphylococcus 

aureus. This organism produces a variety of extracellular 

enzymes such as proteases, lipases, catalase, and hyaluronidase.

It also produces an alpha and beta hemolysin, as well as a leuko- 

cidin. Goshi et_ al (56) contend that the major virulence factor 

responsible for most, if not all, of the pathogenic effects of 

Staphylococcus aureus is the alpha toxin. These organisms also 

produce enterotoxins (types A through D) which are responsible for 

the manifestations of staphylococcal food poisoning.
The staphylococci, since they are so prevalent in the en

vironment are a frequent cause of infection. Williams (160,16) 

noted that approximately 50 percent of the population carry 

Staphylococcus aureus in their nose at any one time. Cluff (26) 

suggests that at least 30 percent of adults carry this organism 

in their anterior nares, some are chronic carriers while others 

are transient carriers. Nasal carriage is an established source 

of infection, particularly if the source is a chronic carrier with 

active lesions produced by his own strain (55,60,105,141,154,162, 

26). These organisms are frequently passed via epithelial frag

ments from the skin of a carrier (70,54,121,135,140,159). Noso
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comial infections with these organisms are also common. It has 

been estimated that approximately 25 percent of all infections 

developing in hospitalized patients are due to Staphylococcus 

aureus (40). These infections can arise from the patient’s own 

flora, but often they arise from exogenous, hospital sources.

The patient becomes colonized by these strains then the infection 

spreads to produce clinical disease. The infection may occur as 

a result of contaminated wounds, prolonged catheterization, con
taminated inhalation therapy and other devices, or from the hands 

of hospital personnel. The diseases produced by Staphylococcus 

aureus include furuncles, carbuncles, osteomyelitis, deep tissue 

abscesses, wound infections, pulmonary infections, urinary tract 

infections, meningitis, and endocarditis.

Of particular interest are the nosocomial staphylococcal in

fections arising during chemotherapy. These infections can occur 

in three different situations; a sensitive staphylococcal strain 

becomes resistant to the antibiotic during therapy, a sensitive 

staphylococcal strain is eliminated by the therapy and replaced 

by a resistant strain, or a resistant staphylococcal strain pro

liferates during therapy for an infection produced by another 

species of bacteria. Since the advent of antibiotic chemotherapy, 

the staphylococci have demonstrated a substantial ability to de
velop resistance to each new antibiotic developed for clinical use. 

When penicillin was first introduced around 1938, it was highly



26

effective against Staphylococcus aureus. By 1946, therapeutic 
failures were reported with this antibiotic due to penicillin 

resistant strains of Staphylococcus aureus (5). This increased 

from 14 percent to 38 percent in 1947, and to 59 percent in 1948. 

This resistance was attributed to the production of a plasmid 

linked, penicillinase enzyme which hydrolyzes the beta lactam 

ring of penicillin (77,25,110). Finland reported that by 1951,

73 percent of all staphylococcal strains, isolated over a five 

month period were resistant to penicillin. Also 50 percent were 

resistant to tetracycline (46). By 1955, 30 percent of strains 
were also resistant to streptomycin (6). Lepper et al (89), over 

a five month period, demonstrated a change in staphylococcal re

sistance to erythromycin from none at the beginning of the drug's 

use to 70 percent by the end of the study. Gibson (53) demon

strated a change in chloramphenicol resistance in staphylococci 

from zero to 55 percent over a six month period. Resistance of 

staphylococci to methicillin was demonstrated within weeks after 

its introduction in Great Britain in 1961 (72). Kanamycin, which 

was introduced around 1958, showed some promise in the treatment 

of staphylococcal infections. However, Finegold et al (43) rec

ommended that the drug not be used for serious staphylococcal 

infections since a 31 percent failure rate was noted during their 

clinical studies where the drug was used to treat staphylococcal 

infections. Since drugs of lower toxicity and greater effective
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ness existed for use against Staphylococcus aureus (ie. cephalo

sporins and penicillinase resistant penicillins), kanamycin was 

not recommended for use as the drug of choice in treatment of 

staphylococcal infections. Staphylococcal superinfections, how

ever, can occur during aminoglycoside therapy of nonstaphylococcal 

disease, where a resistant strain of Staphylococcus aureus re

places the aminoglycoside—sensitive organisms which were elim

inated by the drug. During the period of the Finegold study, 25 

percent of patients given oral kanamycin or neomycin for bowel- 
surgery prophylaxis, developed staphylococcal superinfections, in 

which the sensitive bowel flora was replaced by an aminoglycoside 

resistant Staphylococcus aureus strain. These superinfections 

resulted in several cases of staphylococcal enterocolitis. Also, 

several of the staphylococcal superinfections reported by Griffith 

et al (57) occurred during aminoglycoside therapy of infections 

caused by gram-negative organisms. Superinfections with 

Staphylococcus aureus have been reported during therapy of non

staphylococcal disease with some of the newer aminoglycosides 

such as gentamicin and tobramycin (87,66,1,96,70).
The mechanism of resistance in Staphylococcus aureus re

sponsible for the observed superinfections has not been studied 

to date. Resistance may be due to inactivation of the amino

glycoside by enzymes, or may be due to one of the other mechanisms 

of aminoglycoside resistance discussed previously. Thus far, only
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a few inactivating enzymes have been demonstrated in 

Staphylococcus aureus. Streptomycin phosphotransferase was re

ported in clinical isolates of staphylococci by Doi et_ al (38) in 

1968. Kawabi et_ al (75) reported the presence of three types of 

adenylylating enzymes. Using radioactive assays, he demonstrated 

one enzyme which adenylylated only streptomycin, one which 

adenylylated only spectinomycin, and one which inactivated both 

drugs. A neomycin-kanamycin phosphotransferase I enzyme was re
ported in a strain of Staphylococcus aureus by Umezawa et al in 

1973 (147). Several instances of infections produced by 

staphylococci which are resistant to gentamicin and tobramycin 

have recently been reported (132,152,115). These strains are 

believed to possess enzymes capable of inactivating gentamicin 

and tobramycin although they have not been thoroughly character

ized to date
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MATERIALS AND METHODS 

Strains

All strains of Staphylococcus aureus were obtained from 

clinical sources (Shand's Teaching Hospital, Gainesville, Florida; 

and Creighton Memorial St. Joseph's Hospital, Omaha, Nebraska).

Each was identified by their ability to produce coagulase and to 

ferment mannitol (4). The ability to produce coagulase was de

termined using the slide method. A colony of the suspected 

organism was suspended in a drop of sterile saline on a clean 

glass slide. To this was added a drop of reconstituted rabbit 

plasma (Baltimore Biological Laboratories, BBL.). A positive 

reaction was evidenced by clumping of the organisms. The ability 

to ferment mannitol was determined by inoculation of a tube con- i

taining mannitol (Fisher Sci. Co., Fairlawn, N.J.) and Purple 

Broth Base plus 1% trypticase (BBL). Positive fermentation was 

determined by the conversion of the indicator from purple to 

yellow, indicating the production of acid. Strains from clinical 

sources, identified in this manner, were designated parent 

strains. Cells from the parent strain, capable of growth in con

centrations of aminoglycoside eightfold above the MIC for the 

parent strains, and occurring at a frequency of 10“  ̂parent cells, 

were designated resistant subpopnlations. Both parent strains 

and resistant subpopulations were compared for ability to ferment 

glucose, mannitol (Fisher), sucrose, and lactose (BBL) as de—



30

scribed above. Coagulase production was determined by inocula

tion of each strain of Staphylococcus aureus onto trypticase soy 

agar (TSA,BBL) containing 15% reconstituted sterile rabbit co

agulase plasma (BBL) and incubated for 24 hours. Incubation 

conditions for all studies was 37°C in air, unless otherwise 

stated. A positive coagulase reaction was defined as the presence 

of a zone of opacity around a colony. DNAase production was de

termined by inoculation of each strain of Staphylococcus aureus 

onto DNA containing agar (Difco). The plates were incubated for 

24 hours, then 1.0 N HC1 was poured onto the surface. The 

presence of DNAase was determined by the presence of a clear zone 

around the colony.

Antibiotics

Gentamicin, sisomicin (Schering Corp., Bloomfield, N.J.), 

kanamycin (Bristol Laboratories, Syracuse, N.Y.) and tobramycin 

(Eli Lilly and Co., Indianapolis, Ind.) were used in the form of 

sulfate; amikacin (Bristol) was used as the base. Stock solutions 
of 1000 ug/ml were prepared in sterile distilled water (weight 

corrected for potency) sterilized by millipore filtration (pore 

size .45u, Millipore Corp., Medford, Mass.), and stored in the 

refrigerator at 4°C for no longer than one week before use.

Broth Dilution Susceptibility Tests 

Appropriate dilutions were made of stock antibiotic solutions 

in sterile Mueller-Hinton Broth (MHB,3BL), or sterile brain-heart
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Infusion broth- (BHIB,BBL) to yield a working drug solution of 

100 ug/ml for each drug. Three milliliters of the working drug 

solution were pipetted into a sterile, disposable glass tube 

containing three milliliters of sterile broth and were mixed with 

a pipette. From this tube, three milliliters were removed and 

placed into a second tube containing three milliliters of sterile 

broth. This process was continued to produce nine serial twofold 

dilutions of the working solution. For tests performed in MHB,

0.05 milliliters of a 1:100 dilution of an 18 hour MHB culture of 

Staphy1ococcus aureus was added to each of the dilution tubes.

For tests performed in BH1B, 0.05 milliliters of a 1:1000 dilution 

of an 18 hour BHIB culture was added to each of the dilution tubes. 

The final bacterial cell population in each tube equaled approx

imately 1 x 10^ to 5 x 10^ colony forming units per milliliter 

(cfu/ml). These tubes plus control tubes containing only medium 

and bacteria were incubated overnight. Minimal inhibitory con

centrations (MIC) were defined as the lowest concentration of 

drug that prevented macroscopic growth after incubation. Minimal 

bactericidal concentrations (MBC) were determined by subculturing 

0.01 milliliters (calibrated loop) from each clear tube onto a 5% 

sheep blood agar plate (BAP). The MBC was defined as the lowest 

concentration of drug that prevented all growth on subculture. 

Dilution susceptibility tests on each strain were performed simul

taneously for all five aminoglycosides. The accuracy of the
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method was twofold. Differences in MICs or MBCs which were four

fold or greater were considered significant.

Kill Curves - Calibrated Loop Method

Sterile MHB or BHIB containing amino glycoside was inoculated 

from overnight stock cultures of Staphylococcus aureus to produce 

an initial population of 10^ cfu/ml. During incubation, cali

brated loopfuls of these cultures were removed at time intervals 

of 0,*2,1,2,4,6,8,24, and 48 hours and streaked onto drug-free BAP. 

The plates were incubated for 24 hours in ten percent CC>2 in air 
and then graded according to the number of colonies present. The 

plates were graded as follows:

a. 0 colonies: 0

b. 1 - 5  colonies: 4-/-
c. 6 - 2 5  colonies: 14-

d. 26 - 100 colonies: 24-

e. greater than 100 colonies but individual colonies still
distinguishable: 34-

f. solid growth, individual colonies not distinguishable: 44-

Kill Curves - Plate Count Method

Drug-containing broth was prepared and inoculated as de

scribed above. During incubation, one milliliter samples were 

removed at 0,h f1,2,4,6,8,24, and 48 hours and diluted in sterile 

0.85 percent NaCl solution (saline). One milliliter of the 

various saline dilutions was then placed in sterile petri dishes 

to which was added approximately 15 milliliters of sterile molten
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Mueller-Hinton Agar (MHA) or brain-heart infusion agar (BHIA). 

After the agar had solidified, plates were then incubated for 24 

to 48 hours. After incubation, the number of colonies on each 

plate was counted. Final colony counts were based on counts from 

duplicate plates, each plate containing no fewer than 30 and no 

more than 300 colonies. Kill curves were always performed on each 

strain simultaneously for all five aminoglycosides.

Antibiotic Susceptibility Patterns - Bauer-Kirby Method (8) 
Staphylococcus aureus strains to be tested were inoculated 

into separate sterile culture tubes containing five milliliters 

of trypticase-soy broth (TSB,BBL) and incubated until the tur

bidity of the tube was equivalent to that of a turbidity standard 

(approximately four hours). The standard was prepared by adding 

0.5 milliliters of 0.048M BaCl2 to 99.5 milliliters of 0.36N 
E^SO^. This is equivalent to half the density of a MacFarland no. 

1 standard. The cells were then swabbed onto sterile 150 milli

meter plates containing 52 milliliters of MHA to form a confluent 

lawn of cells. Onto each plate were then placed paper discs im

pregnated with the following antibiotics: amikacin (lOug), 

kanamycin (30ug), gentamicin (lOug), sisomicin (lOug), tobramycin 

(lOug), lincomycin (2ug), tetracycline (30ug), penicillin (10 

units), cephalothin (30ug), chloramphenicol (30ug), streptomycin 

(lOug), methicillin (5ug), or erythromycin (15ug) (BBL). The 

plates were then incubated overnight. Clear zones of growth
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inhibition were then measured with a millimeter ruler.

Antibiotic Inactivation Tests - Disc Method 

BHIB containing aminoglycoside equivalent to six times the 

MIC for the parent strain of Staphylococcus aureus to be tested 

was inoculated with sufficient bacteria from an 18 hour culture 

to produce a population of 1 x 10^ cfu/ml. The tubes were then 

incubated for 24 hours. All of the bacteria were then removed by 

millipore filtration. Arithmetic dilutions of the filtrates were 

made in sterile broth and 0.02 milliliters of each was added to 

sterile seven-millimeter discs. These discs were then tested for 

antibacterial activity against a laboratory stock strain of 

S taphylococcus aureus. The test was performed exactly as in the 

Bauer-Kirby procedure (8) except for the discs used. The anti

biotic concentration of the filtrates was determined by comparison 

of zone sizes with those produced by freshly prepared aminoglyco

side in BHIB. For controls, this assay was performed on filtrates 

from 24 hour BHIB cultures without aminoglycoside, and uninocu

lated BHIB containing aminoglycoside which had been incubated for 
24 hours.

Frequency of Resistant Cells 

One milliliter of undiluted or diluted cultures of 

Staphylococcus aureus was inoculated into sterile petri dishes.

To each petri dish was added nine milliliters of molten agar con

taining various concentrations of aminoglycoside. The concentra
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tions used ranged from two to 32-fold above the MIG for the 

parent strain being tested. The plates were then incubated for 

24 to 43 hours, and colonies growing in the agar were then 

counted. The frequency of cells resistant to a particular con

centration of aminoglycoside was then expressed as the total 

number of colonies on the drug-containing plates divided by the 

total number of colony-forming units placed in the agar, as de

termined by standard plate count. These frequencies were based 

on duplicate counts for each concentration of aminoglycoside 

tested, and frequencies for all five aminoglycosides were deter

mined simultaneously in both MHA and BHIA.

Stability of Resistance

Each resistant subpopulation was subcultured daily on drug- 

free BAP, incubated overnight, and refrigerated. Each subculture 

was then inoculated into fresh, sterile MHB and incubated over

night. Each MHB culture was then diluted in fresh MHB to produce 

a final population of approximately 1 x 10^ cfu/ml. A small 

amount of each diluted stock was then pipetted into individual 
wells of a multiple inoculator device (137). Using the inoculator 

device, a small inoculum from each well was then placed onto a 

series of MHA plates containing nine serial twofold dilutions of 

each aminoglycoside. The plates were then incubated overnight.

The MIC was considered to be the lowest concentration of amino

glycoside in which no colonies were observed. The susceptibility



of each, subculture and the parent strain to all five aminoglyco

sides was determined simultaneously.
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RESULTS

Preliminary Studies

MICs and MBCs were determined for amikacin, kanamycin, 

tobramycin, gentamicin, and sisomicin in both MHB and BH1B with 

four clinical isolates of Staphylococcus aureus (strains 2,3,4, 

and 18). Discrepancies, defined as differences of fourfold or 

greater, were observed between MICs and MBCs (table 2). With 

strain 4, discrepancies were observed for amikacin, kanamycin, and 

tobramycin in BHIB, and for all five aminoglycosides in MHB. With 

strain 2, discrepancies were observed for kanamycin and gentamicin 

in BHIB, and for amikacin and kanamycin in MHB. With strain 3, 

discrepancies were observed for amikacin in BHIB, and for kanamycin 

in MHB. With strain 18, discrepancies were observed for sisomicin 

and tobramycin in BHIB and for all five aminoglycosides in MHB.

To more closely examine the discrepancies seen between the 

MICs and MBCs of aminoglycosides for Staphylococcus aureus, the 

kinetics of bactericidal activity were studied by the use of kill 

curves. Tests were performed in both MHB and BHIB with strains 4 

and 3 in concentrations of aminoglycoside sixfold above the MIC, 

and with strains 2 and 18 in concentrations of aminoglycoside 

twofold above the MIC. Growth was monitored by the calibrated- 

loop method. Regardless of aminoglycoside and medium used, there 

was an initial drop in viable cell counts for the first 6 to 7 

hours of incubation with strains 4,2, and 3 (figures 7-9). This



Table 2. Activity3 of five aminoglycosides against Staphylococcus aureus, 
strains 4,2,3, and 18 in two media.

Strain Aminoglycoside
Amikacin Kanamycin Tobramycin Gentamicin Sisomicin

BHIfit- MHBC BHIB MHB BHIB MHB BHIB MHB BHIB MHB

4 MICd 3.1 0.8 3.1 0.8 0.4 0.2 0.2 0.2 0.4 0.2
MBCe 12.5 6.3 12.5 12.5 1.6 1.6 0.4 1.6 0.4 0.8

2 MIC 12.5 0.8 6.3 0.8 1.6 0.2 0.4 0.2 0.8 0.2
MBC 25.0 3.1 25.0 6.3 3.1 0.4 1.6 0.2 1.6 0.2

3 MIC 3.1 0.8 12.5 0.8 1.6 0.2 0.8 0.2 0.8 0.2
MBC 12.5 1.6 12.5 3.1 1.6 0.2 0.8 0.2 1.6 0.2

18 MIC 12.5 0.8 6.3 0.8 0.4 0.2 1.6 0.4 0.8 0.2
MBC 25.0 3.1 12.5 6.3 3.1 0.8 1.6 3.1 3.1 1.6

aResults obtained by serial twofold tube dilution tests. 
^Brain-heart infusion broth 
cMue1le r-Hinton broth
^Minimal inhibitory concentration in ug/ml. 
eMinimal bactericidal concentration in ug/ml.



Fig. 7. The bactericidal activity of amikacin ( #  ), 

kanamycin ( O ) * tobramycin ( ▼  ) , gentamicin ( i  ) ,  and 
sisomicin ( D  ) against Staphylococcus aureus strain 4 (control, 
V ). Tests were performed by the calibrated loop method in 

brain-heart infusion broth (A, B) and Mueller Hinton broth (C, D) 

at a drug concentration sixfold above the minimal inhibitory

concentration.
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Fig. 8. The bactericidal activity of amikacin ( S  )» 

kanamycin ( O )» tobramycin ( ▼  ), gentamicin ( 9  ), and 
sisomicin ( D ) against Staphylococcus aureus strain 2 (control 
V  )• Tests were performed by the calibrated loop method in 

brain-heart infusion broth (A, B) and Mueller Hinton broth (C, D) 

at a drug concentration two—fold above the minimal inhibitory

concentration.
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Fig. 9. The bactericidal activity of amikacin C •  )» 

kanamycin ( O ) > tobramycin ( ▼  ), gentamicin ( 1  ), and 
sisomicin C D )  against Staphylococcus aureus strain 3 Ccontrol, 

>¡7 ). Tests were performed by the calibrated loop method in 

brain-heart infusion broth (A, B) and Mueller Hinton broth (C, D) 

at a drug concentration sixfold above the minimal inhibitory

concentration
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was also observed for strain 18 with all five aminoglycosides in 

MHB, and with amikacin, kanamycin, gentamicin, and sisomicin in 

BHIB (figure 1G). However, sisomicin produced a much slower drop 

in the viable cell counts of strain 18 than did amikacin, 
kanamycin, and gentamicin in BHIB. Tobramycin in BHIB produced 

no significant drop in the viable cell counts with strain 18 

(figure 10). These initial decreases in the viable cell count 

were followed by a significant increase in the number of viable 

cells. The occurrence of this "regrowth" in the various tests is 

summarized in table 3. Strain 2 produced significant growth 

(^5 x 10^ cfu/ml) in 24 hours regardless of aminoglycoside or 

medium (table 3, figure 8). In BHIB, strains 4 and 18 produced 

significant growth in 24 hours regardless of aminoglycoside 

(table 3, figures 7A,7B,10A, and 10B), although the growth in 

sisomicin was slower for strain 4. Strain 4 in MHB produced 

significant growth within 24 hours in amikacin, kanamycin, and 

tobramycin, and within 48 hours in gentamicin; it failed to grow 

in sisomicin (table 3, figures 7C and 7D). Strain 18 in MHB pro
duced significant growth within 24 hours with amikacin, kanamycin, 

tobramycin, and sisomicin although growth in tobramycin was 

slower for strain 18; it failed to grow in gentamicin (table 3, 

figures 10C and 10D). Strain 3 produced significant growth in 24 

hours in amikacin in both media and in kanamycin In MHB, but 

failed to grow in any of the other aminoglycosides (table 3,
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Fig. 10. The bactericidal activity of amikacin C H  ), 

kanamycin C O ) ,  tobramycin C ▼  ), gentamicin C l ) )  and 
sisomicin ( Q  ) against Staphylococcus aureus strain 18 Ccontrol, 

X7 ). Tests were performed by the calibrated loop method in 

brain-heart infusion broth CA, B) and Mueller Hinton broth CG, D) 

at a drug concentration two-fold above the minimal inhibitory 

concentration„
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Table 3. Occurrence of regrowth of four strains of Staphylococcus aureus in 
five aminoglycosides at superinhibitory concentrations

Strain Cone, of Medium Aminoglycoside

2

aminogly- 
coaidea

2-fold BHIB

Amikacin

+b

Kanamycin

+

Tobramycin

+

Gentamicin

+
18 2-fold II + + + +
4 6-fold II + + + +
3 6-fold II + _c

2 2-fold MHB + + + +
18 2-fold ii + + + “ ,

4 6-fold it + + + (+)d
3 6-fold it ■h

Sisomicin

+
+
+

Expressed as multiple above the minimal inhibitory concentration 
bSignificant growth ( >5 x 102 cfu/ml) between 6 and 24 hours 
cNo significant growth up to 48 hours 
^Significant growth between 24 and 48 hours

4>
Oo

+ +
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figure 9).
The cells from strains 2 and 4 which grew in the presence of 

aminoglycoside were tested by the Bauer-Kirby disc sensitivity 

method (8) to see if their susceptibility patterns differed from 

that of the parent strain (tables 4-7), Regardless of the medium 

and aminoglycoside used in the kill curves, zone sizes decreased 

for all aminoglycosides tested, including streptomycin which 

wasn’t used in any of the kill curves. These decreases were 

greatest with amikacin and streptomycin. Strain 4 (tables 6 and 7) 

had larger decreases than strain 2 (tables 4 and 5). No decreased 

zone sizes for tobramycin or gentamicin were observed with strain 

2 cells grown in kanamycin in BHIB (table 4) or with strain 4 

cells grown in tobramycin in BHIB (table 6). Zone sizes with 

antibiotics other than the aminoglycosides either changed very 

little or increased.
To further study the kinetics of bactericidal activity, kill 

curves were again performed with strains 3 and 4 using a series of 

concentrations of each aminoglycoside above the MIC. Both MHB and 

BHIB were used in these tests. Regardless of aminoglycoside, 
strain, or medium used, there was an initial drop in viable cell 

counts for the first 7 hours of incubation (figures 11-14). The 

magnitude of this initial drop in viability increased with each 

increase in aminoglycoside concentration. As seen, in table 8, the 

ability to grow after 7 hours varied with the concentration,



Table 4. Change in susceptibility patterns3 of cells from Staphylococcus aureus,
strain 2 grown in aminoglycosides in

brain-heart infusion broth

Disc Parent
strain Amikacin Kanamycin

Cells grown 
Tobramycin

in
Gentamicin Sisomicin

Amikacin (7)e 22b NDC -12 -10 -8 -10
Kanamycin (7) 26 _8d -6 -8 -6 -8
Tobramycin(8) 24 -4 0 -6 -2 -6
Gentamicin (8) 26 -6 0 -4 -4 -4
Sisomicin (8) 26 ND ND -6 ND ND
Streptomycin (8) 20 -8 -8 -10 -10 -10
Lincomycin (6) 20 4-4 4-4 -2 4-4 -2
Penicillin (11) 40 -2 -2 -2 -4 -2
Chloramphenicol (7) 26 4-4 4-4 0 4-2 0

0Methicillin (5) 20 0 4-2 0 0
Erythromycin (8) 28 +6 +4 -2 0 0

determined by standardized disc diffusion test: 
bZone size in millimeters 
cNot done
^Change in zone size in millimeters; zone size for cells grown in 

aminoglycoside minus zone size for parent strain. 
Significant change in zone size in millimeters



Table 5. Change In susceptibility patterns3 of cells from Staphylococcus aureus,
strain 2 grown in aminoglycosides in

Mueller-Hinton broth

Disc Parent
strain Amikacin Kanamycin

Cells grown 
Tobramycin

in
Gentamicin Sisomicin

Amikacin (7)e NDb ND ND ND ND ND
Kanamycin (7) 26c -8d -6 -8 -10 -14
Tobramycin (8) 24 -6 -4 -4 -8 -6
Gentamicin (8) 26 -6 -4 -6 -8 -4
Sisomicin (8) 26 ND ND ND ND ND
Streptomycin (8) 20 -8 -8 -10 -12 -12
Lincornyein (6) 20 +4 0 0 +6 +6
Penicillin (11) 40 -8 -8 -4 +8 +6
Ch lo ramph en i co 1 (7) 26 0 +2 +4 0 0
Methicillin (5) 20 +2 0 +2 +10 +6
Erythromycin (8) 28 +4 +2 +4 +8 -4

determined by standardized disc diffusion test
West not done
cZone sizes in millimeters
^Change in zone size in millimeters; zone size for cells grown in 

aminoglycoside minus zone size for parent strain. 
Significant change in zone size in millimeters



Table 6. Change in susceptibility patterns3 of cells from Staphylococcus aureus,
strain 4 grown in aminoglycosides in

brain-heart infusion broth

Disc Parent
strain Amikacin Kanamycin

Cells grown 
Tobramycin

in
Gentamicin Sisomicin

Amikacin (7)^ 30b -16c -12 -16 -16 -18
Kanamycin (7) 26 -6 -10 -10 -6 -10
Tobramycin (8) 24 -2 -4 0 -4 -6
Gentamicin (8) 26 -6 -6 0 -2 -6
Sisomicin (8) 24 -4 -6 -2 -2 -4
Streptomycin (8) 20 -8 -8 -8 -10 -10
Lin corny ein (6) 20 +6 +4 +6 +8 +6
Penicillin (11) 16 +2 +2 0 0 +2
Chlo ramphenicol (7) 28 +2 +4 +6 +6 0
Methicillin (5) 20 0 +2 +2 0 +4
Erythromycin (8) 28 +8 +4 +6 +6 +8

determined by standardized disc diffusion test 
done size in millimeters
cChange in zone size in millimeters; zone size for cells grown in 
^ aminoglycoside minus zone size for parent strain 
Significant change in zone size in millimeters

LnK>



Table 7. Change In susceptibility patterns* of cells from Staphylococcus aureus,
strain 4 grown in aminoglycosides in

Mueller-Hinton broth

Disc Parent
strain Amikacin Kanamycin

Cells grown 
Tobramycin

in
Gentamicin Sisomicin

Amikacin (7)e 30b -16c -18 -20 -16 NDd
Kanamycin (7) 26 -10 -8 -12 -8 ND
Tobramycin (8) 24 -4 -4 -6 -4 ND
Gentamicin (8) 26 -6 -6 -6 -2 ND
Sisomicin (8) 24 -2 -4 -2 -2 ND
Streptomycin (8) 20 -10 -10 -10 -8 ND
Lincornyein (6) 20 +14 +2 +12 0 ND
Penicillin (11) 16 0 +2 +2 +2 ND
Chloramphenicol (7) 28 +6 0 +4 +2 ND
Methicillin (5) 20 +2 0 +6 0 ND
Erythromycin (8) 28 +8 +2 +6 +2 ND

^Determined by standardized disc diffusion test 
bZone size in millimeters
cChange in zone size in millimeters; zone size for cells grown in 

amino glycoside minus zone size for parent strain. 
dTest not doneSignificant change in zone size in millimeters



Fig. 11. The bactericidal activity of (A) amikacin, (B) 

kanamycin, (C) tobramycin, (D) gentamicin, and (E) sisomicin 

against S taphylococcus aureus, strain 4 in concentrations twc™

( o )» four- c ▼  ). six- ( v )> and eightfold ( |  ) above 
the minimal inhibitory concentration in brain-heart infusion 
broth as determined by the calibrated loop method (control )„
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Fig. 12. The bactericidal activity of (A) amikacin, (E) 

kanamycin, (C) tobramycin, CD) gentamicin, and (E) sisomicin 

against Staphylococcus aureus, strain 4 in concentrations two- 

( o ), four- ( V  )» six- ( v )» and eightfold ( M  ) above 
the minimal inhibitory concentration in Mueller-Hinton Broth as 

determined by the calibrated loop method (control %  ).
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Fig. 13. The bactericidal activity of (A) amikacin, (B) 
kanamycin, (C) tobramycin, (D) gentamicin, and (E) sisomicin 

against Staphylococcus aureus, strain 3 in concentrations two- 

( o )> four- c ▼  ), six- c V ), and eightfold C il ) above 
the minimal inhibitory concentration in brain-heart infusion 

broth as determined by the calibrated loop method (.control ^  ).
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Fig. 14. The bactericidal activity of (A) amikacin, (B) 

kanamycin, (C) tobramycin, (D) gentamicin, and (R) sisomicin 

against Staphylococcus aureus, strain 3 in concentrations two— 

( O  )» four- ( ▼  ), six- ( V  )> and eightfold ( U  ) above 

the minimal inhibitory concentration in Mueller-Hintcn Broth 

as determined by the calibrated loop method (control ®  ).
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Table 8. Occurrence of regrowth of Staphylococcus aureus strains 3 and 4 in 
varying concentrations of aminoglycoside in two media

Strain Cone, of Medium Aminoglycoside
aminogly Amikacin Kanamycin Tobramycin Gentamicin Sisomicin
coside3

4 2-fold BHIB +,b + + + +
4-fold it + + + + +
6-fold i i + 4- + + +
8-fold it + + + + +

4 2-fold HUB + + + + +
4-fold it + + + + +
6-fold it + + + + +
8-fold n + + + + +

3 2-fold BHIB + + + + +
4-fold it + - C (+)d + +
6-fold i i + - (+) — +
8-fold n + —

3 2-fold MHB + + 4 * + +
4-fold n + + (+) + —
6-fold i i + + (+) (+) —
8-fold i i + (+) - + —

Expressed as multiple above the minimal inhibitory concentration 
bSignificant growth ( >5 x 102 cfu/ml) between 6 and 24 hours
cNo significant growth up to 48 hours m
^Significant growth between 24 and 48 hours
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strain, aminoglycoside, and medium used. Strain 4 consistently 

grew to significant levels within 24 hours in all five amino

glycosides and at all concentrations above the MIC that were 

tested (table 8, figures 11 and 12). This growth occurred more 

slowly in concentrations eightfold above the MIC of amikacin 

(figure 11A), and sisomicin (figure HE) in BHIB and eightfold 

above the MIC of gentamicin (figure 12D) and sisomicin (figure 

12E) in MH3 than it did in the other curves. The ability of 

strain 3 to grew in the presence of aminoglycoside was much less 
consistent. In BHIB strain 3 grew to significant levels within 

24 hours at eightfold above the MIC of amikacin, twofold above 

the MIC of kanamycin, twofold above the MIC of tobramycin, £  four

fold above the MIC of gentamicin, and <  sixfold above the MIC of 

sisomicin (table 8, figure 13). It required 48 hours to produce 

significant growth in tobramycin (figure 13C) at four- and six

fold above the MIC. In MHB, strain 3 produced significant growth 

within 24 hours at <  eightfold above the MIC of amikacin; <. six

fold above the MIC of kanamycin; twofold above the MIC of 

tobramycin; two-, four-, and eightfold above the MIC of gentamicin; 

and twofold above the MLC of sisomicin (table S, figure 14). It 

required 48 hours to produce significant growth in concentrations 

eightfold above the MIC of kanamycin (figure 14), four- and six

fold above the MIC of tobramycin (figure 14C), and sixfold above 

the MIC of gentamicin (figure 14D).
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Because of its consistent ability to grow in the presence of 

all five aminoglycosides in both, media, strain 4 and the cells 

from strain 4 growing in the presence of aminoglycoside at two

fold above the MIC were selected to test for changes in suscep

tibility to the aminoglycosides by serial twofold tube dilution 

tests. The fold increase in aminoglycoside MIC above that for 

the parent strain in each medium was compared (table 9). The 

increases in the MIC of each aminoglycoside above that for the 

parent were 4 to 32 fold in both media. Since no significant 
differences existed between the sizes of the increases observed 

in, BHIB and MH3, the rest of the tests were performed in MHB 

alone.
Quantitative Studies

To obtain a quantitative description of the kinetics of 

bactericidal activity, kill curves were again performed in MHB 

with various concentrations of each aminoglycoside above the MIC 

for strain 4 using the plate—count method. Regardless of the 

aminoglycoside used, at concentrations two- and fourfold above 

the MIC, there was an initial drop in viable cell counts for the 

first 7 hours of incubation (figures 15-19). As before, the mag

nitude of the initial drop in viability increased with each in

crease in the aminoglycoside concentration. This was followed 

over the next 17 hours in most tests by a significant increase in 

the number of viable cells. Lack of significant growth after 7



Table 9. Activity of five aminoglycosides against Staphylococcus aureus, 
strain 4, and cells grown in each aminoglycoside 

at twice the minimal inhibitory concentration

Aminoglycoside Tests in MHB Tests in BHIB
MIC3 MICb MIC MIC

P r P r
Amikacin 0.8 12.5 (16)c 3.1 50.0 (16)
Kanamycin 0.8 25.0 (32) 3.1 50.0 (16)
Tobramycin 0.2 0.8 (4) 0.4 3.1 (8)
Gentamicin 0.2 1.6 (8) 0.8 3.1 (4)
Sisomicin 0.2 0.8 (4) 0.4 3.1 (8)

aMinimal inhibitory concentration in ug/ml for parent strain 
^Minimal inhibitory concentration in ug/ml for cells grown in 

aminoglycoside
clncrease in minimal inhibitory concentration: MICr/MICp



Fig. 15. The bactericidal activity of amikacin against Staphylococcus aureus, strain 4, in 
various concentrations above the minimal inhibitory concentration, as determined in Mueller- 
Hinton broth by the plate-count method.
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Fig. 16. The bactericidal activity of kanamycin against Staphylococcus aureus, strain 4, in 
various concentrations above the minimal inhibitory concentration as determined in Mueller- 
Hinton broth by the plate-count method.
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Pig. 17. The bactericidal activity of tobramycin against Staphylococcus aureus, strain 4, in 
various concentrations above the minimal inhibitory concentration, as determined in Huelier- 
Hinton broth by the plate-count method.
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Fig. 18. The bactericidal activity of gentamicin against Staphylococcus aureus, strain 4, in 
various concentrations above the minimal inhibitory concentration, as determined by the plate- 
count method in Mueller-Hinton broth.
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Fig. 19. The bactericidal activity of sisomicin against Staphylococcus aureus, strain 4, in 
various concentrations above the minimal inhibitory concentration, as determined in Huelier- 
Hinton broth by the plate-count method.
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hours was observed only with concentrations 16-fold above the MIC 

of amikacin, kanamycin, tobramycin, and gentamicin, and eight- to 

16-fold above the MIC of sisomicin.

The cells recovered after 24 hours in this series of kill 

curves, were tested for their susceptibility to the aminoglyco

side which had been used in the kill curve and compared to that 

of the parent strain (table 10). For each aminoglycoside, the 

increase in MIC for these cells above that for the parent strain 

(MICp) was similar regardless of the concentration used in the 
kill curve. Furthermore, every increase observed was fourfold or 

greater. The increase in MBCs for these cells above that for the 

parent strain showed no consistent pa-tem like that seen for the 

MICs.
The more resistant cells (R cells) were next tested for cross 

resistance to aminoglycosides not used in their selection. MICs 

and MBCs were determined simultaneously for all five aminoglyco

sides (tables 11A-D, first column). Regardless of aminoglyco

side or concentration of aminoglycoside used to select the R 

cells, an increased resistance to all five aminoglycosides was 

observed. All increases were four to 32-fold except for those 

cells selected by tobramycin at twofold above the MIC. The MIC of 

gentamicin and sisomicin against these latter cells was increased 

only twofold above that for the parent strain. In general, the 

increases in MIC for amikacin and kanamycin against cells grown in



Table 10. Activity of five aminoglycosides against Staphylococcus aureus,
strain 4, and cells grown in each aminoglycoside at two-, four-,
six-, and eightfold above the minimal inhibitory concentration

Aminoglycoside Parent
strain

Cells
Twofold

grown in aminoglycoside above MICp
Fourfold Sixfold Eightfold

MICa MBCb MIC MBC MIC MBC MIC MBC MIC MBC

Amikacin 0.8 6.3b 12.5 50 12.5 12.5 6.3 100 6.3 200
Kanamycin 0.8 12.5 25.0 100 12.5 25.0 6.3 50 6.3 200
Tobramycin 0.2 1.6 0.8 1.6 1.6 3.1 1.6 25 1.6 6.3
Gentamicin 0.2 1.6 1.6 3.1 0.8 1.6 1.6 3.1 1.6 12.5
Sisomlcin 0.2 0.8 0.8 0.8 1.6 6.3 0.8 1.6 1.6 1.6

aMiniraal inhibitory concentration in ug/rnl 
^Minimal bactericidal concentration in ug/ml



R cells R cells tested in

Table 11A. Comparative activity of five aminoglycosides against Staphylococcus
aureus, strain 4 and resistant cells grown in aminoglycoside at twofold

above MIC®

grown in Amikacin Kanamycin Tobramycin Gentamicin Sisomicin
Midi MBCc MICr MBCp MIC,. MBCp MICr MBCp MIC,- MBC
MICp MICp MICp MICr MICp MICp MICp MICp MIC? MIC

Amikacin 16 0.5 16 1.0 16 0.5 8 1 8 0.5
Kanamycin 16 0.5 32 0.5 16 0.5 8 1 8 0.5
Tobramycin 4 2.0 4 4.0 4 4.0 2 4 2 2.0
Gentamicin 16 0.5 32 0.5 16 0.5 8 1 8 0.5
Sisomicin 8 1.0 8 2.0 8 1.0 4 2 4 1.0

aMinimal inhibitory concentration in ug/ml for the parent strain
^Ratio-minimal inhibitory concentration in ug/ml for R cells______

minimal inhibitory concentration in ug/ml for parent strain 
cRatfo-minimal bacterid dal concentration in ug/ml for parent strain 

minimal inhibitory concentration in ug/ml for R cells



R cells R cells tested in

Table 11B. Comparative activity of five aminoglycosides against Staphylococcus
aureus t strain 4 and resistant cells grown in aminoglycoside at

fourfold above MICa

grown in Amikacin Kanamycin Tobramycin Gentamicin Sisomicin
MICp mb c£ MICy MBC MICr MBC MICr MBC MICr MBC
micJ, MICr MICp micP MICp MICT. MICp MIC^ MICp MIC

Amikacin 16 0.5 16 2.0 4 2.0 4 2.0 4 1.0
Kanamycin 16 1.0 16 2.0 8 1.0 4 2.0 4 1.0
Tobramycin 16 1.0 16 2.0 8 1.0 4 2.0 4 1.0
Gentamicin 16 1.0 16 2.0 8 1.0 4 2.0 4 1.0
Sisomicin 16 1.0 16 2.0 8 1.0 4 2.0 8 0.5

aMinimal inhibitory concentration in ug/ml for the parent strain
kRatio-minimal inhibitory concentration in ug/ml for R cells______

minimal inhibitory concentration in ug/ml for parent strain 
cRatio-minimal bactericidal concentration in ug/ml for parent strain 

minimal inhibitory concentration in ug/ml for R cells



Table 11C. Comparative activity of five aminoglycosides against Staphylococcus
aureus , strain 4 and resistant cells grown in aminoglycoside at

sixfold above MICa

R cells R cells tested in
grown in Amikacin Kanamycin Tobramycin Gentamicin Sisomicin

MICb MBCc MIC MBC MIC MBC MIC MBC MIC MBC
MTCJ MICp MICp MIC? MICJ MICp MICp mic£ MICp MLclp

Amikacin 8 1.0 16 1.0 8 1.0 4 2.0 4 1.0
Ranamycin 8 1.0 8 2.0 8 1.0 8 1.0 4 1.0
Tobramycin 16 0.5 16 1.0 8 1.0 8 1.0 8 0.5
Gentamicin 8 1.0 16 1.0 8 1.0 8 1.0 8 0.5
Sisomicin 8 1.0 16 1.0 8 1.0 4 2.0 4 1.0

aMinimal inhibitory concentration in ug/ml for the parent strain
bRatio-minimal inhibitory concentration in ug/ml for R cells______

minimal inhibitory concentration in ug/ml for parent strain 
cRatio-mlnimal bactericidal concentration in ug/ml for parent strain 

minimal inhibitory concentration in ug/ml for R cells



R cells R cells tested in

Table 11D. Comparative activity of five aminoglycosides against Staphylococcus
aureus, strain 4 and resistant cells grown in aminoglycoside at

eightfold above MICp

grown in Amikacin Kanamycin Tobramycin Gentamicin Sisomicin
m i cB MBCp MICr MEG MICr MBC m x MBÇp MICr MBC
MICp MICÇ MICp MICÇ MICp MIC* MICp MIC£ MICp MIC1

Amikacin 8 1.0 8 2.0 8 1.0 4 2.0 4 1.0
Kanamycin 8 1.0 8 2.0 8 1.0 4 2.0 4 1.0
Tobramycin 8 1.0 8 2.0 8 1.0 4 2.0 4 1.0
Gentamicin 8 1.0 3 2.0 8 1.0 8 1.0 8 0.5
Sisomicin 8 1.0 8 2.0 8 1.0 8 1.0 8 0.5

aMinlmal inhibitory concentration in ug/ml for the parent strain
^Ratio-minimal inhibitory concentration in ug/ml for R cells_____

minimal inhibitory concentration in ug/ml for parent strain 
cRatio-mlnlmal bactericidal concentration in ug/ml for parent strain 

minimal inhibitory concentration in ug/ml for R cells
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any of the five aminoglycosides, were larger than for tobramycin, 

gentamicin, and sisomicin. The size of the increases in MIC 

corresponded closely to the size of the discrepancies seen be

tween the MICs and MBCs of each of the five aminoglycosides for 

the parent strain (tables 11A-D, second column). However, since 

MBCs for the R cells also increased in seme instances, discrep

ancies between MIC and MBC were not always eliminated (tables 12 
A-D).

Kill curves were repeated to compare the R cells selected in 

two- and eightfold concentrations of aminoglycoside above the 

MICp, and the parent strain relative to (a) bactericidal activity 

of aminoglycosides and (b) their normal growth rates. Concentra

tions of aminoglycoside two- and eightfold MICp were used in these 
tests. Growth was monitored by both plate-count and calibrated- 

loop methods. As shown in figures 20-24, the viability of the 

parent strain dropped initially as before with amikacin, kana- 

mycin, tobramycin, gentamicin, and twofold MICp concentrations of 

sisomicin, with growth occurring after 7 hours. Mo significant 

growth of the parent strain was observed in eightfold MICp con

centrations of sisomicin between 7 and 24 hours. In tests with 

the R cells, amikacin, kanamycin, tobramycin, and gentamicin in 

concentrations twofold MICp (figures 20A,21A,22A, and 23A) had 

little effect on the growth of the R cells which was equivalent 

to that of the two controls. Amikacin at a concentration SMIC



Table 12A. Relationship between minimal inhibitory and minimal bactericidal 
concentrations3 of aminoglycosides against R cells from 
Staphylococcus aureus, strain 4, grown in aminoglyco

side at twofold above MICp

R cells R cells tested in
grown in Amikacin Kanamycin Tobramycin Gentamicin Sisomicin

Amikacin 4C 4 8 8 4
Kanamycin 4 4 16 1 16
Tobramycin 2 8 4 2 2
Gentamicin 2 8 8 2 1
Sisomicin 2 8 2 1 1

determined by serial twofold dilution procedure 
kMinimal inhibitory concentration in ug/ml for the parent strain 
cRatio-mlnimal bactericidal concentration in ug/ml for R cells 

minimal inhibitory concentration in ug/ml for R cells



Table 12B. Relationship between minimal inhibitory and minimal bactericidal 
concentrations3 of aminoglycosides against R cells from 
Staphylococcus aureus, strain 4, grown in aminoglyco

side at fourfold above MICp

R cells 
grown in Amikacin Kanamycin

R cells tested in 
Tobramycin Gentamicin Sisomicin

Amikacin 0.5° 4 4 4 64
Kanamycin 1 4 4 4 16
Tobramycin 1 4 2 4 8
Gentamicin 1 2 4 2 8
Sisoraicin 1 4 2 2 4

determined by serial twofold dilution procedure 
^Minimal inhibitory concentration in ug/ml for the parent strain 
cRatio-minimal bactericidal concentration in ug/ml for R cells 

minimal inhibitory concentration in ug/ml for R cells



Table 12C. Relationship between minimal inhibitory and minimal bactericidal 
concentrations3 of aminoglycosides against R cells from 
Staphylococcus aureus, strain 4, grown in aminoglyco

side at sixfold above MICp

R cells R cells tested in
grown in Amikacin Kanamycin Tobramycin Gentamicin Sisomicin

Amikacin 16 8 8 8 8
Kanamycin 8 8 2 8 4
Tobramycin 16 32 16 2 32
Gentamicin 8 4 1 2 16
Sisomicin 2 8 1 1 2

determined by serial twofold dilution procedure 
^Minimal inhibitory concentration in ug/ml for the parent strain 
cRatio-mlnimal bactericidal concentration in ug/rnl for R cells 

minimal inhibitory concentration in ug/ml for R cells



Table 12D. Relationship between minimal inhibitory and minimal bactericidal 
concentrations3 of aminoglycosides against R cells from 
Staphylococcus aureus, strain 4, grown in aminoglyco

side at eightfold above MIC^

R cells
grown in Amikacin Kanamycin Tobramycin Gentamicin Sisomicin

Amikacin 32 16 32 64 16
Kanamycin 8 32 64 32 16
Tob ramycin 2 1 4 4 4
Gentamicin 8 8 16 8 2
Sisomicin 2 2 4 1 1

determined by serial twofold dilution procedure 
^Minimal inhibitory concentration in ug/ml for the parent strain 
cRatio~minimal bactericidal concentration in ug/ml for R cells 

minimal inhibitory concentration in ug/ml for R cells
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Fig. 20. Bactericidal activity cf amikacin against 
Staphylococcus aureus, strain 4 ( 0 5  and resistant cells 
( □  ) as determined By the plate count method (solid lines) 
and calibrated—loop method (dashed lines). Concentrations of 
drug two—fold (A) and eight—fold (B) above the minimal 
inhibitory concentration for the parent strain were used. Drug 
free controls; parent ( ©  ) and resistant calls (Sffl ).
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10 T

lff V

Fig. 21. Bactericidal activity of kanamycin against 
Staphylococcus aureus, strain 4 ( 0 )  and resistant cells 
( D  ) as determined by the plate count method (solid lines) 
and calibrated—loop method (dashed lines). Concentrations 
of drug two—fold (A) and eight—fold (E) above the minimal 
inhibitory concentration for the parent strain were used. Drug 
free controls; parent ( $  ) and resistant cells ( H  ).

Quantity of viable cells
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Fig. 22. Bactericidal activity of tobramycin against 
Staphylococcus aureus, strain 4 ( 0 )  and resistant cells 
( Q  ) as determined by the plate count method (solid lines) 
and calibrated—loop method (dashed lines). Concentrations of 
drug two-fold (A) and eight—fold (B) above the minimal 
inhibitory concentration for the parent strain were used. Drug 
free controls; parent ( S  ) and resistant cells ( H  ).

Quantity of viable cells
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Fig. 23. Bactericidal activity of gentamicin against 
Staphylococcus aureus, strain 4 ( Q  ) and resistant cells 
1 U  ) as determined by the plate count method (solid lines) 
and calibrated-locp method (dashed lines). Concentrations 
of drag ton-fold (A) and eight-fold CB) shore the minimal 
inhibitory concentration for the parent strain were used, 
free controls; parent ( %  ) and resistant cells ( g  ). Drug

Quantity of viable celle
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Fig. 24. Bactericidal activity of sisomicin against 
Staphylococcus aureus, strain 4 ( 0 )  and resistant cells ( Q  ) 
as determined By the plate count method (solid lines) and 
ca^ibrated-loop method (dashed lines). Concentrations of drug 
two-fold (A) and eight-fold (B) above the minimal inhibitory 
concentration for the parent strain were used. Drug free 
controls; parent ( ®  ) and resistant cells ( H  ),

Quantity of viable cella
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slowed the growth rate of the R cells, but growth continued 

steadily until, at 24 hours, it was equivalent to the two con

trols (figure 20R). Kanamycin at eightfold HICp and sisomicin at 

twofold MICp also slowed the growth rate of the R cells to the 

extent that at 24 hours the number of viable cells was cne log 

lower than both controls (figures 21B and 24A). Tobramycin at 

8MLCp produced a bacteriostatic effect on the R cells while both 

controls were equivalent (figures 22B). Gentamicin at 8 M C p 

produced little effect on the growth rate of the R cells; however, 

the growth rate of the R cell control was somewhat slower than 

the parent control (figure 23B). Sisomicin at 8MTCp produced a 

drop in the viable cell count of both parent and R cells and no 

significant growth occurred after 7 hours. The parent and R cell 
controls were equivalent (figure 24B). The calibrated-loop method 

and the plate-count method correlated well in all cases. The 

changes observed in the kill curves with the R cells further sub

stantiated the presence of a subpopulation of more resistant cells 
within the parent strain.

The frequency of these cells within the parent strain that 

were capable of growing in concentrations of aminoglycoside above 

the MIC (superinhibitory concentrations) was determined in agar 

tests. Varying concentrations of each ¿aminoglycoside above the 

MICp were used in these tests („table 13), The frequencies of 

cells capable of growth in drug-containing agar decreased pro-



Table 13. Frequency of cells from Staphylococcus aureus, strain 4 capable 
of growing in agar containing increasing concentrations of

aminoglycoside

Concentration of 
aminoglycoside3 Amikacin

Frequency of 
Kanamycin

cells capable of 
Tob ramycin

growing in 
Gentamicin Sisomicin

Onefold 10"2b 10° 10“2 10° iO-5
Twofold 10“4 io-4 10-5 10“4 10“6
Fourfold 10“5 10“6 10“6 10“7
Eightfold 10“6 10“6 10_g

10~8
10"7 10“ 8

Sixteenfold 10“ 7 10“ 7 10™8 10“8

‘ Expressed as multiple of minimal inhibitory concentration for strain 4
DRatio-number of colonies growing in drug-containing agar 

number of colony-forming units placed in the agar
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gressively one log per twofold increase in amikacin, kanamycin, 

and tobramycin between two- and eightfold MICp. At 8MICp, the 

frequency was 10 or greater. The frequency of cells capable 

of growing in gentamicin dropped two logs between two— and four

fold MICp but was also 10 7 at 8MICp. For sisomicin, the fre

quency dropped one log per twofold increase in concentration, but 

the frequency at 8MICp was less than 10 7. There was considerable 

variation in differences between the number of cells capable of 

growth at the MIC and twofold MICp. This difference was two logs 

for amiKacin; four logs for kanamycin; three logs for tobramycin; 

four logs for gentamicin; and one log for sisomicin.

Prevalence Of More Eesistant Cells Within Clinical 
Isolates Of S taphvlococcus aureus

To determine the prevalence of strains of Staphylococcus 

aureus containing more resistant cells, thirty clinical isolates 

°f Staphylococcus aureus were examined for the presence of cells 

capable of growing in agar in concentrations of aminoglycoside 
four-, eight-, and 16-fold MICp (table 14). In the majority of 

bCrains, cells resistant to fourfold MICp concentrations occurred 

at a frequency ^ICT6 parent cells. In approximately one-half of 

the strains, the frequency of cells resistant to concentrations 

SMICp was ¿1Q~7 parent cells. The majority of strains had cells 

resistant to concentrations 16—fold MICp occurring at a frequency 
of <;iO-3 parent cells.



Table 14. Percent of strains of Staphylococcus aureus containing cells capable of growing
in agar containing concentrations of aminoglycoside four-, eight-, and 16-fold

above the minimal inhibitory concentration for the parent strain
Concentration of Frequency Percent of strains containing cells capable of growing inaminoglycoside3 Amikacin Kanamycin Tobramycin Gentamicin Sisomicin

Fourfold _sb >10 j 63 57 60 57 4710 6 17 23 13 20 2010 7 7 0 7 7 13¿10-8 13 20 20 17 20
Eightfold >10“5 27 7 17 20 1310“6 - —7 20 20 37 23 2310 7Q 7 17 17 10 13¿10 0 47 57 30 47 50
Sixteenfold >10“5 10 0 7 3 010~6 10 3 13 3 13

lo:l
7 10 13 17 7¿10 y 73 87 67 77 80

^Expressed as multiple of minimal inhibitory concentration for parent strain°Ratio-number of colonies growing in drug-containing agarnumber of colony-forming units placed in the agar
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In the previous studies with. Staphylococcus aureus, strain 4, 

concentrations of aminoglycoside 8MICp in broth, were the highest 

concentrations of aminoglycoside at which, growth of R cells con

sistently occurred within 24 hours. In agar tests, cells capable 

of growth at 8MICp most often occurred at a frequency of approx

imately 10-7. Therefore, the 30 strains were tested for the 

presence of cells capable of growing in 8MICp in both broth and 

agar at a frequency of M O -7 parent cells. Of the 30 strains 

tested, the percent of strains containing cells capable of growing 

in 8MICp in broth within 24 hours was 73% for amikacin, 77% for 

kanamycin, 93% for tobramycin, 83% for gentamicin, and 87% for 

sisomicin (table 15, column 1). The percent of strains with cells 

capable of growth in 8MICp in agar at a frequency of ^10”7 parent 

cells in agar was 53% for amikacin, 43% for kanamycin, 60% for 

tobramycin, 53% for gentamicin, and 47% for sisomicin (table 15, 

column 2). The percent of the thirty strains which contained the 
cells capable of growing in both broth and agar tests was 43% for 

amikacin, 36% for kanamycin, 53% for tobramycin, 43% for gentamicin, 

and 40% for sisomicin (table 15, column 3). The limiting factor 

of this evaluation was the frequency of 10~7 since several of the 

strains demonstrated more resistant cells in broth tests but agar 

tests showed the cells occurred at a frequency of less than 10”7.

A resistant subpopulation was defined as cells within the parent 

strain of Staphylococcus aureus (a) occurring at a frequency of at



Table 15, Percent of strains of Staphylococcus aureus containing cells 
capable of growing in concentrations of aminoglycoside eight

fold above the minimal inhibitory concentration for the
parent strain

Aminoglycoside

Amikacin
Kanamycin
Tobramycin
Gentamicin
Sisomicin

In broth In agar at frequency Both in broth, and in
of 10~7 parent cells agar at frequency of

10“  ̂parent cells

22(73%)a 16(53%) 13(43%)
23(77%) 13(43%) 11(36%)
28(93%) 18(60%) 16(53%)
25(83%) 16(53%) 13(43%)
26(87%) 14(47%) 12(40%)

aNumber of strains (percent of total 30 strains)
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least 1 in 10“7 parent cells, and (b) capable of growing in con

centrations of aminoglycoside SMIC^ within 24 hours.

Characterization Of The Resistance

The resistant subpopulations were characterized with regard 

to stability of resistance, extracellular degradation of drug, 

and physiological similarity to the parent strain. To determine 

the stability of the resistance, each subpopulation was trans

ferred daily for eight days in drug-free medium and retested for 
its susceptibility to aminoglycosides. Those subpopulations 

selected by gentamicin and sisomicin reverted to the parent sen

sitivity to all five aminoglycosides after two transfers. The 

subpopulations selected by amikacin, kanamycin, and tobramycin 

maintained their resistance to all five aminoglycosides after 

eight transfers (table 16).
To determine whether significant degradation or inactivation 

of the aminoglycosides by the resistant subpcpulations occurred 

during the kill curves, kill curves were performed with amikacin 
at a concentration of 20 ug/ml in BHIB and residual active drug 

was measured after 24 hours incubation. Resistant subpopulations 

from strains 4 and 2 were used for the kill curves. As before, 

the parent cell count of strains 4 and 2 dropped initially and 

then grew to 4+ by 24 hours (figures 25A and B). The parent and 

resistant subpopulations of both strains grew at the same rate in 
drug-free medium. Amikacin delayed the growth of resistant sub-



Table 16. The stability of resistance of resistant subpopulations after transfer in
drug-free medium

Subpopulations Number of Minimal inhibitory concentration3 of
grown in transfers Amikacin Kanamycin Tobramycin Gentamicin Sisomicin

Amikacin 0 12.5b 12.5 1.6 1.6 0.8
4 12.5 12.5 1.6 1.6 0.8
8 12.5 12.5 1.6 1.6 0.8

Kanamycin 0 12.5 12.5 1.6 1.6 0.8
4 12.5 12.5 1.6 1.6 0.8
8 12.5 12.5 1.6 1.6 0.8

Tobramycin 0 12.5 12.5 1.6 1.6 0.8
4 12.5 12.5 1.6 1.6 0.8
8 12.5 12.5 1.6 1.6 0.8

Gentamicin 0 0.4 0.4 0.05 0.1 0.05
4 0.4 0.4 0.2 0.1 0.05
8 0.4 0.4 0.1 0.1 0.05

Sisomicin 0 0.2 0.4 0.1 0.1 0.1
4 0.4 0.8 0.1 0.1 0.05
8 0.4 0.8 0.1 0.1 0.1

Parent strain 0.4 0.4 0.1 0.1 0.05

determined by serial twofold agar dilution procedure using multiple inoculator device 
^All results in ug/ml VO

VO
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Fig. 25. Activity of 20 ug/nl of Amikacin against 
Staohylococcus aureus, strains 2 (A) and 4 (3), parent cells 
( 0  ) and resistant cells C SI ); in SHIS as determined by 
calibrated-loop method (parent cell control, Q  , resistant 
cell control, □  ).
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populations for two hours, after which- growth-was equivalent to 

the controls. Tests: for residual drug activity after 24 hours 

revealed no significant difference (p>0.05) between freshly pre

pared drug solutions and drug solutions incubated in the presence 

of the organisms (table 17). To determine the physiological 

similarity to the parent strain, resistant subpopulations were 

tested for the ability to ferment glucose, sucrose, mannitol, and 

lactose, and for the ability to produce coagulase and DNAase. The 

tests revealed no physiological differences between the parent 
strain and subpopulations.



Table 17. Comparison of drug degradation in presence and absence of 
Staphylococcus aureus strains 2 and 4 by disc diffusion test

Drug Solution Mean3, cone, of Amikacin T-testb

Fresh drug 20.3 + 3.1
Control drugc 17.9 + 1.5 1.57

Strain 4 parent 21.4 + 4.4 0.48

Strain 4 subpop 17.6 + 3.7 1.40

Strain 2 parent 17.6+3.7 1.40

Strain 2 subpop 20.6 + 5.0 0.10

Estimated by biological assay of filtrates from each solution against a 
sensitive strain of Staphylococcus aureus 

^Determined by comparison of mean concentrations obtained with each filtrate 
against the mean concentration of fresh drug 

cDrug incubated in sterile broth
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DISCUSSION

The results of this study indicated that the discrepancies 

observed between the MICs and .MB.Cs of aminoglycosides against 

Staphylococcus aureus were due to the presence of small sub

populations of cells more resistant to the bactericidal effects 

of aminoglycosides than the parent strain. These subpopulations 

were selected by a single exposure to superinhibitory concentra

tions of aminoglycoside. Kill curves performed with the sub

populations in concentrations of aminoglycoside SMIC^ showed no 

decreased viability (except with sisomicin), but did suggest some 

bacteriostatic effect, particularly with tobramycin. The drop in 

the viability of the sisomicin-selected subpopulations in 

sisomicin may have been due to reversion to parent sensitivity 
since the sisomicin-selected subpopulations were unstable.

The resistant cells characterized in this study, except for 

those selected by sisomicin and gentamicin, appear to be different 

from the aminoglycoside-resistant cells described by Price e_t al 

(116) and by Weinstein et al (155). In those studies the resistant 

cells were selected in vitro from sensitive clinical strains of 

Pseudomonas aeruginosa, Klebsiella pneumoniae, Escherichia coli, 

and Staphylococcus aureus by multiple transfer (4-5 times) in 

sublethal concentrations of amikacin, kanamycin, or gentamicin.

The cells selected in one aminoglycoside showed cross-resistance

to the other two aminoglycosides at concentrations 8 to 63 fold
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above the MICp. However, they reverted rapidly to sensitivity, 

grew more slowly than the parent (doubling time was 2 to 4 times 

that of the parent), were nutritionally dependent when grown on 

minimal salts agar, and lacked virulence for mice.
The subpopulations described in the present study are 

similar to those observed in studies with the penicillin, BL- 

P1654 (122). Strains of pseudomonas were shown to contain small 

subpopulations of cells 4 to 32 fold more resistant to BL-P1654 

than the parent pseudomonas strain. These subpopulations were 
selected by a single exposure to superinhibitory concentrations 

of drug and were stable upon transfer in drug-free media. The 
presence of those subpopulations explained the significant dis

crepancies observed between the MIC and MBC of BL-P1654.

The mechanism of resistance of the staphylococcal subpopu

lations in this study, although not completely evaluated, appears 

to be unique. The physiological similarities of the subpopula

tions to the parent strain as demonstrated by growth curves in 
drug-free media and biochemical tests, and the cross-resistance 

to the other aminoglycosides, suggested the production of an in

activating enzyme. Since no extracellular Inactivation of the 

aminoglycoside was observed, enzyme inactivation, if it is 

responsible for the resistance, must occur within or at the 

surface of the cell. The only well characterized enzyme capable 
of inactivating all five of the aminoglycosides used in this study
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is kanamycin-acetyltransferase. This enzyme inactivates amino

glycosides by substituting acetyl groups onto the 6* amino groups 

of the hexoses bound to the one position of the deoxystreptamine 

ring (111). An acetyltransferase has been demonstrated in a 

strain of Staphylococcus aureus. however, that enzyme does not 

inactivate amikacin (132). Furthermore, disc sensitivity tests 

revealed that the subpopulations of this study were cross-resis

tant to streptomycin. No inactivating enzyme has been demon

strated which can inactivate both the five aminoglycosides used in 

this study and streptomycin. If the resistance of the subpopula
tions is due to an inactivation of aminoglycosides, the inacti

vation must be due to an enzyme not previously described, or to 

several enzymes, each inactivating several drugs. In either case, 

no strain of Staphylococcus aureus has been described with such a 

broad range of aminoglycoside inactivation capabilities.

The frequency of these subpopulations ( 10”  ̂parent cells)
is approximately that of spontaneous mutation which produces 

ribosomal resistance to aminoglycosides (96). However, ribosomal 

resistance confers an extremely high level resistance (MIC >250 

ug/ml) which was not observed in the subpopulations. Also, this 

mechanism of resistance is drug specific and has not been demon

strated to confer cross-resistance to other aminoglycosides.

There have bean several reports of resistance of aminoglyco
sides resulting from impermeability of cells to the drugs. An



106

"intrinsic resistance" Cthat which is not acquired but inherent 

to the organism) to aminoglycosides has been demonstrated among 

the enterococci which has been related to the lack of cell per

meability to these drugs. Studies with radiolabelled streptomycin 

showed that the streptomycin was bound to the outside of the cell 

but did not enter the cell. Entry of the streptomycin into the 

cell was assisted by cell wall active drugs such as penicillin 

which could destroy the integrity of the cell wall and allow 

passage of the aminoglycoside. Spheroplasts of the enterococcal 
cells were found to be sensitive to aminoglycosides. Also, in 

vitro protein synthesis using ribosomes from these cells could be 

inhibited by streptomycin. This mechanism of resistance confers 

cross-resistance to several aminoglycosides (101). "Extrinsic 

resistance" to aminoglycosides (that which is acquired by pre

viously sensitive strains), due to cell wall impermeability, has 

been reported in a strain of Pseudomonas aeruginosa (174). This 

type of resistance occurred only with pseudomonas and was pro

duced in vitro_ with, high concentrations of divalent cations. Cell 
wall impermeability to aminoglycosides has also been postulated to 

be the mechanism of resistance possessed by several clinical iso

lates of Pseudomonas aeruginosa (84). However, these strains 

demonstrate enzyme inactivation of aminoglycosides and rihosomal 

resistance. Evidence for impermeability was supported only by 

changes in susceptibility to aminoglycosides induced by EDTA
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treatment.

The staphylococci are not intrinsically resistant to amino

glycosides, and extrinsic resistance due to cell wall imperme

ability has not been reported in staphylococci. This type of 

mechanism, however, has been implicated in the resistance of 

stap-ylococci to methicillin (9). Strains of Staphylococcus 

aureus demonstrating this resistance maintain small subpopulations 

of methicillin-resistant cells ( ilO-  ̂parent cells) within the 

sensitive population. These subpopulations are resistant to con
centrations of methicillin approximately IQ-fold above the MiG of 

the parent and are cross-resistant to other penicillins and 

cephalosporins. When methicillin is present in the medium, the 

sensitive population decreases and is replaced by the replicating 

resistant subpopulations (39,114). The methicillin-resistant 

subpopulations of Staphylococcus aureus are thus similar to the 

aminoglycoside-resistant subpopulations of the present study par
ticularly with regard to frequency of occurrence, kill kinetics, 

cross-resistance to antibiotics which are similar instructure to 

the antibiotic used to select the subpopulations, and magnitude of 

resistance (approximately SMICp). The methicillin-resistant sub- 

populations, however, are unstable unlike the aminoglycoside- 

resistant subpopulations selected in amikacin, kanamycin, and
tobramycin (3).

The presence of such subpopulations in a high percentage of
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Staphylococcus aureus strains may be of clinical importance.

The concentrations of aminoglycosides required to inhibit or kill 

the subpopulations were near or above levels achievable in the 

serum of man without significant risk of toxicity. This was 

particularly true for amikacin and kanamycin. Since the sub- 

populations were physiologically similar to the parent strains, 

they also may have equivalent pathogenic capabilities. Thus they 

may be responsible for some of the staphylococcal complications 
observed during therapy with aminoglycosides. Complications such 

as the high incidence of staphylococcal enterocolitis observed by 

Finegold (43) due to staphylococcal superinfections after kana

mycin and neomycin bowel-surgery prophylaxis, or the staphylococcal 

superinfections observed during treatment of gram-negative in

fections with aminoglycosides (57,87,66,1,96,70) may be explained 

by the presence of resistant subpopulations. Aminoglycosides are 

not drugs of choice for staphylococcal infections, however, it is 

obvious that due to the great prevalence of staphylococci in the 

hospital environment, potentially pathogenic staphylococci can 

come into contact with, patients being treated for diseases of non- 

staphylococcal etiology and cause therapeutic failures. Treatment 

or prophylaxis with aminoglycosides should not be done indiscrim

inately, and when treatment with these drugs is necessary, it 

should be undertaken with, the awareness that staphylococcal compli

cations such as superinfections with resistant organisms can occur.
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SUMMARY

Susceptibility tests with aminoglycosides against 

Staphylococcus aureus have revealed discrepancies between the 

minimal inhibitory concentrations and the minimal bactericidal 

concentrations. To further evaluate these discrepancies, kill 

curves were performed against a sensitive strain of Staphylococcus 

aureus with five different aminoglycosides (amikacin, kanamycin, 

tobramycin, gentamicin, and sisomicin) at concentrations up to 

16-fold above the MIC. Results revealed the presence of small 

subpopulations of cells capable of growth within 24 hours in con

centrations of aminoglycoside up to eightfold above the MIC for 

the parent strain. These subpopulations occurred at a frequency 

of :>10~7 parent cells, were not physiologically different from 

the sensitive parent strains, and were present in approximately 

one half of 30 strains of Staphylococcus aureus tested. The re

sistance of these subpopulations was approximately eightfold 
higher than that of the parent for all five aminoglycosides, and 
was independent of concentration or type of aminoglycoside used to 

select them. This resistance was not due to extracellular degra

dation of drug, and was stable over eight transfers in drug-free 

medium except when selected by gentamicin or sisomicin. These 

observations may provide an explanation for the occasional failures 

of aminoglycoside therapy of staphylococcal infections or the 

occurrence of superinfection with Staphylococcus aureus during
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treatment with, aminoglycosides.
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