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Preface

On June 9, 1999, the New York Times published a lengthy obituary for Anne Miller. 

Ms. Miller, who was 90 when she died, was not a celebrity or a high-profi le politi-

cian. Her claim to fame was that, at the age of 33, she had been one of the fi rst people 

to be given the new and largely untested antibiotic penicillin. The transformation in 

her condition, which occurred within days, from a young woman slipping into death 

to a woman who could sit up in bed, eat meals, and chat with visitors was a stunning 

demonstration of what was to become commonplace in a new era of medicine. Such 

seemingly miraculous cures soon led physicians and the public to call antibiotics 

“miracle drugs.”

Since then, antibiotics have not only saved people with pneumonia and other 

dreaded diseases, such as tuberculosis, but also have become the foundation on which 

much of modern medicine rests. Antibiotics make routine surgery feasible. They 

protect cancer patients whose chemotherapy had rendered them temporarily sus-

ceptible to a variety of infections. They even cure diseases like ulcers that had been 

considered uncurable chronic conditions. In recent years, antibiotic use has been 

extended to agriculture, where it plays an important role in preventing infections and 

in promoting animal growth. 

The success of antibiotics in so many areas has, ironically, led antibiotics to become 

an endangered category of drugs. Bacteria have once again demonstrated their enor-

mous genetic fl exibility by becoming resistant to one antibiotic after another. At fi rst, 

bacterial resistance to antibiotics, such as penicillin, did not seem very alarming because 

new antibiotics were regularly being discovered and introduced into clinical use. In 

the 1970s, however, a scant two decades after the introduction of the fi rst antibiotics, 

the number of new antibiotics entering the pipeline from laboratory to clinic began to 

decrease. Antibiotic discovery and development are expensive, especially consider-

ing the speed with which bacterial resistance can arise. And they are becoming more 

and more diffi cult to discover and develop. These factors have led pharmaceutical 

companies to be less and less interested in antibiotic production. One company after 

another has shut down or cut back on its antibiotic discovery program. 

Finally, the medical community has begun to take antibiotic-resistant bacteria 

seriously. The public has also become alarmed. This alarm is refl ected in the number 

of articles in the popular press anguishing about the new “superbugs.” Agricultural 

use of antibiotics has been called into question as a possible threat to human health. 

There is also the potential fallout if antibiotics were to be “lost.” Medical researchers 

have failed to cure many diseases, and the public accepts these failures with grum-

bling stoicism. But what if overuse of antibiotics caused physicians to lose a cure, an 

event that would be a fi rst in history? How would this affect public confi dence in the 

medical community?
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This book explores many of the aspects of the growing problem posed by 

 antibiotic-resistant bacteria. What is unique about this book is that it is a blend of the 

purely scientifi c and the practical, an approach that is essential because antibiotic 

resistance is a social and economic problem as well as a scientifi c problem. Chapter 1 

explores the history of antibiotics and how bacteria became resistant to them. Under-

standing the forces leading to the overuse and abuse of antibiotics that have sped the 

appearance of ever more resistant bacteria is important because it impresses on peo-

ple the need for rapid and effective future action. The speed with which resistance 

has arisen is something that everyone needs to appreciate. 

Chapter 2 discusses the ecology of antibiotic resistance genes. In recent years, 

scientists have realized that there is more to the epidemiology of resistance than the 

transmission of resistant strains of bacteria. Resistance genes are also moving from 

one bacterium to another, across species and genus lines. Bacteria do not have to 

spend years mutating their way to resistance; they can become resistant within hours 

by obtaining genes from other bacteria. Also clear from this chapter, however, is how 

primitive and inadequate our understanding of resistance ecology still is.

Chapters 3 through 14 describe the means by which bacteria become resistant to 

antibiotics, methods of detecting resistance genes, and the latest fi ndings on resis-

tance or susceptibility specifi c to particular groups of bacteria. The bacteria that 

cause human and animal disease exhibit a staggering diversity. There is no one 

answer to the  question of how bacteria become resistant to antibiotics. Understanding 

resistance mechanisms is the foundation for more rational design of new antibiotics 

that are themselves resistant to resistance mechanisms.

A complementary approach, exemplifi ed by combination of a compound that 

inhibits bacterial β-lactamases with a β-lactam antibiotic, offers great promise. More 

such successes are needed. To take such an approach, however, is necessary to 

 understand the mechanisms of resistance at a very basic level. Even in the case of the 

β-lactamase inhibitors, variations in the mechanisms of resistance have foiled this 

approach in some bacteria that do not use β-lactamases as a resistance mechanism. 

These chapters pull together all of the information on resistance mechanisms in 

 different groups of bacteria in a way that should help future efforts to develop such 

combination therapies.

Chapters 15 and 16 examine the public health aspects of the resistance problem. 

Science alone is not going to solve the resistance problem.  Communicating scientifi c 

advances and new understandings of forces that promote the rapid development of 

resistance is essential if the public is to join in the effort to slow the increase in bacte-

rial resistance to antibiotics. Taking antibiotics is a personal matter for most people, 

a decision made by them and their physicians. As long as antibiotic use remains a 

personal matter and is not put in the context of public welfare, it is unlikely that 

progress will be made toward saving antibiotics.

Chapter 17 addresses the problem of fi nding and developing new antibiotics. 

This chapter is written by an “insider,” a scientist who runs an antibiotic discovery 

program and thus knows the industry side of the problem. Since the resistance genie 

is out of the bottle and it will not be easy to put him back in, the continued discovery 

of new antibiotics is going to be a critical part of the effort to combat resistant bacte-

rial strains. This effort is a critical legacy that we owe our children, who are the ones 

most likely to bear the consequences of the crisis we have precipitated.
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This book is one-stop shopping for anyone interested in all of the facets of 

 bacterial resistance to antibiotics. The breadth of the topics covered refl ects the input 

of a diversity of editors, some of whom have spent their careers in the ivory tower of 

academic research, some who have had an interest in the public health issues involv-

ing the resistance problem, and some who have had direct experience with antibiotic 

discovery and development. The book represents a unique contribution to the 

 continuing discussion of the best ways to respond to the challenge posed by resistant 

bacteria. Victory in this battle is not going to be easy. After all, our bacterial adver-

saries have had a 3-billion-year evolutionary head start. Their diversity and ability to 

respond to adversity are amazing and frightening. Disseminating information and 

thus stimulating more scientists to become part of the solution to the problem of 

resistant bacteria is our best strategy for victory.

Richard G. Wax
Kim Lewis

Abigail A. Salyers
Harry Taber
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Almost as soon as it was known that microorganisms could be killed by certain 

 substances, it was recognized that some microbes could survive normally lethal 

doses and were described as “drug-fast” (German: -fest = -proof, as in feuerfest = 

fi re-proof; hence “drug-proof,” in common usage by at least 1913). These early 

 studies [1–3] conceived of microbial resistance in terms of “adaptation” to the toxic 

agents. By 1907, Ehrlich [4] more clearly focused on the concept of resistant 

 organisms in his discussion of the development of resistance of Trypanosoma brucei 
to p-roseaniline, and in 1911 Morgenroth and Kaufmann [5] reported that pneumo-

cocci could develop resistance to ethylhydrocupreine. For every new agent that killed 

or inhibited microorganisms, resistance became an interest as well.

While we think of antibiotic resistance as a phenomenon of recent concern, the 

basic conceptions of the problems, the controversies, and even the fundamental 

mechanisms were well developed in the early decades of the twentieth century. 

These principles were, of course, elaborated in terms of resistance to anti-microbial 

 toxins, such as the arsenicals, dyes, such as trypan red, and disinfectants, such as 

acid, phenols, and the like. However, by the time the fi rst antibiotics were employed 

in the 1940s and resistance was fi rst observed, the framework for understanding this 

phenomenon was already in place.
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2 Bacterial Resistance to Antimicrobials

DRUG-FASTNESS

Drug-fastness became a topic of importance as microbiologists sought understanding  

of the growth, metabolism, and pathogenicity of bacteria, protozoa, and fungi. 

In 1913, Paul Ehrlich clearly described the basic mechanisms of drug action on 

microbes [6]: “parasites are only killed by those materials to which they have a 

 certain relationship, by means of which they are fi xed by them.” He went on to 

describe specifi c drug binding (fi xation) to specifi c organisms and elaborated “The 

principle of fi xation in chemotherapy.”

Once this principle was accepted, one could investigate how drugs are fi xed 

by microbes, what kinds of cross-sensitivities existed, and what happened when 

organisms became resistant to chemotherapeutic agents. Ehrlich noted that both 

 trypanosomes and spirochaetes, his favorite experimental organisms, exhibited 

 different chemoreceptors that were specifi c for drugs of a given chemical class. Thus, 

there seemed to be a chemoreceptor for arsenic compounds (arsenious acid, arsanilic 

acid, and arsenophenylglycine) that differed from the receptor for azo-dyes (trypan 

red and trypan blue) as well as from the receptor for certain basic triphenylmethane 

dyes, such as fuchsin and methyl violet.

Drug-fastness, therefore, was readily explained as “a reduction of their (the 

 chemoreceptors) affi nity for certain chemical groupings connected with the remedy 

(the drug), which can only be regarded as purely chemical” [6]. Clearly, Ehrlich’s 

approach was an outgrowth of his earlier work on histological staining and dye 

chemistry and refl ected his strong chemical thinking.

Already in 1913, the problem of clinical drug resistance was confronting the 

 physician and microbiologist. Ehrlich discussed the problem of “relapsing crops” of 

parasites as a result of the parasites’ biological properties. His views were mildly 

selectionist, but he also held the common view that microbes had great adaptive power 

and that the few that managed to escape destruction by drugs (or immune serum) 

could subsequently change into new varieties that were drug-fast or serum-proof.

One corollary of the specifi c chemoreceptor hypothesis was that combined 

 chemotherapy was best carried out with agents that attack entirely different chemo-

receptors of the microbes. Ehrlich, who frequently resorted to military metaphors, 

wrote: “It is clear that in this manner a simultaneous and varied attack is directed at 

the parasites, in accordance with the military maxim: ‘March apart but fi ght com-

bined’ ” [6]. He also allowed for the possibility of drug synergism so that in favorable 

cases the effects of the drugs may be multiplied rather than simply additive. From the 

earliest days of chemotherapy, it appears that multiple drug therapy with agents with 

different mechanisms was seen as a way to circumvent the problem of “relapsing 

crops” or emergence of resistant organisms.

Ehrlich, too, realized the relationship between evolution of resistant variants and 

the dose of the agent used to treat the infection. Clinical practice often used remedies 

in increasing dosages, perhaps a therapeutic principle derived from empirical treat-

ment practice of long tradition. He noted that these were precisely the conditions 

likely to lead to emergence of drug-fast organisms and developed the idea of “thera-
pia sterilisans magna” (total sterilization) in which he advocated the maximum 

 microbicidal dose that was non-toxic to the host [7]. Indeed, by 1916, there was 
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Microbial Drug Resistance: A Historical Perspective 3

experimental confi rmation in controlled in vitro laboratory studies that gradual 

increases in drug concentration would lead to outgrowth of resistant spirochetes, 

while exposure to initial high concentrations of antitreponemal agents (arsenicals, 

mercuric, and iodide compounds) would not [7].

DISINFECTION

Often early research on antimicrobial agents was directed to problems of “disinfec-

tion” and related matters of public health, and the origins and properties of resistant 

organisms became of concern in the “fi ght against germs” [8]. Protocols for inducing 

drug-resistance in vivo were elaborated, and the relevance of in vitro resistance to 

“natural” in vivo resistance was debated in the literature of the 1930s and 1940s. One 

interesting aspect, now forgotten, was the widespread belief in bacterial life cycles as 

an explanation for the changing properties of bacterial cultures under what we would 

now call “selection.” This theory of bacterial life cycles [9–11], called “cyclogeny,” 

held that bacteria had defi nite phases of growth, and that properties of bacteria, such 

as shape, nutritional requirements, pathogenicity, antigenic reactivities, and chemical 

resistances, were variable properties of the organism that simply refl ected the growth 

phase of the culture. This cyclogenic variation revived an old nineteenth century 

 controversy in bacteriology, namely that of Koch’s monomorphism versus Cohn’s 

polymorphism. Ferdinand Cohn believed that bacterial forms were highly variable so 

that one “species” of bacteria could exist in many shapes and with many different 

properties, while Robert Koch held that specifi c bacterial “species” had unique 

 morphologies and properties that were unchanging. This debate, of course, had 

far-reaching implications both for problems of bacterial classifi cation and for under-

standing variation and mutation of bacterial characteristics.

MICROBIAL METABOLISM AND ADAPTATION

The basic issue, as we would see it today, that faced microbiologists in the early days 

of antimicrobial research is one of “adaptation versus mutation.” It was passionately 

debated and contested by leading microbiologists from the mid-1930s until the early 

1960s. Even those who viewed most microbial resistance as some sort of heritable 

change, or mutation, were divided on the basic problem of whether the mutations 

arose in response to the agent, or occurred spontaneously and were simply observed 

after selection against the sensitive organisms. This problem was unresolved until 

the 1940s and 1950s, but has returned in a new form recently, as will be discussed 

subsequently.

As early as the 1920s, the ability of bacterial cells to undergo infrequent abrupt 

and permanent changes in characteristics was interpreted as a manifestation of the 

phenomenon of mutation as had been described in higher organisms [12]. The rela-

tion of these mutations to the growth conditions where they could be observed, was, 

however, unclear. In the 1930s, this question was confronted directly by I.M. Lewis 

[13], who studied the mutation of a lactose-negative strain of “Bacillus coli mutabile” 
(Escherichia coli) to lactose-utilizing profi ciency. Lewis laboriously isolated colonies  

and found that even in the absence of growth in lactose, the ability to ferment this 
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sugar arose spontaneously in about one cell in 105. This work was the beginning of 

a long line of investigations that quite conclusively showed that mutation is (almost 

always) independent of selection. 

The second kind of adaptation, that “due to chemical environment,” is of special 

historical interest. As early as 1900, Frédéric Dienert [14] found that yeast that were 

grown for some time in galactose-containing medium became adapted to this 

medium and would grow rapidly without a lag when subcultured into fresh galactose 

medium, but that this “adaptation” was lost after a period of growth in glucose-

 containing medium. By 1930, Hennig Karström in Helsinki had found several 

instances of such adaptation [15]. For example, he found that a strain of Bacillus 
aerogenes could grow on (“ferment” to use the older term) xylose if “adapted” to do 

so, but that this strain could ferment glucose “constitutively” without the need for 

adaptation. When he examined the enzyme content of these adapted and unadapted 

cells, he found that there were some enzymes that were “constitutive” and some that 

were “adaptive.” Thus, the metabolic properties of the culture mirrored the intra-

cellular chemistry. By experiments in which the medium was changed in various 

ways, Karström and others showed that metabolic adaptation could sometimes take 

place even without measurable increase in cell numbers in the culture. 

Marjory Stephenson, a leading mid-twentieth century bacterial physiologist, 

described these variations in her infl uential book, Bacterial Metabolism [16], as 

“Adaptation by Natural Selection” and “Adaptation due to Chemical Environment.” 

The former included the phenomenon that is now termed mutation.

Between 1931 and the start of World War II, Stephenson and her students, John 

Yudkin and Ernest Gale, investigated bacterial metabolic variation in detail, often 

exploiting the lactose-fermenting system in enteric bacteria to study it. The mecha-

nism of chemical adaptation, however, eluded them. The fi nal paragraph of her 

monograph expressed her belief in the importance of the study of bacterial metabo-

lism: “It (the bacterial cell) is immensely tolerant of experimental meddling and 

offers material for the study of processes of growth, variation and development of 

enzymes without parallel in any other biological material” [16].

In 1934, another research group on “bacterial chemistry” consisting of Paul 

 Fildes and B.C.J.G. Knight was established at Middlesex Hospital in London [17]. 

Fildes and Knight investigated bacterial nutrition and established vitamin B1 

 (thiamine) as a growth factor for Staphylococcus aureus. Their work on bacterial 

growth factors suggested a unity of metabolic biochemistry at the cellular level, 

and they investigated the variations in growth factor requirements. One recurrent 

theme in their early work was the fi nding that they could “train” bacteria to grow on 

media defi cient in some essential metabolite. For example, they could train Bact. 
typhosum (modern name Salmonella typhi) to grow on medium without tryptophan 

or without indole. Fildes noted that “during this time little attention was given to the 

mechanism of the training process, but it was certainly supposed that the enzyme 

make-up of the bacteria became altered as a result of a stimulus produced by the 

defi ciency of the metabolite” [18].  

By the mid-1940s, however, Fildes and his colleagues undertook a study of the 

mechanism of this ubiquitous “training.” Was it another example of enzyme adapta-

tion or was it something else? Using only simple growth curves, viable colony counts 
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on agar plates, and ingenious experimental designs, they concluded “that ‘training’ 

bacteria to dispense with certain nutritive substances normally essential may be 

looked upon as a cumbersome method for selecting genetic mutants” [18]. Little by 

little, the underlying mechanisms of the different kinds of biochemical variations 

seen in bacteria were becoming clear, and little by little, genetics was joining 

 biochemistry as a powerful approach to study bacterial physiology. This understand-

ing, of course, was central to discovering the underlying mechanisms involved in the 

variation of microbial behavior related to drug resistance.

This approach, however, was not uncontested and matters were not so easily 

 settled as Arthur Koch pointed out in an important review of the fi eld in 1981 [19]. 

A more extreme view of cellular metabolism was proposed by Cyril Hinshelwood, a 

Nobel Prize winner, no less, who argued that all variations in cellular functions, such 

as enzyme inductions, changes in nutritional requirements, and drug resistances, 

were but readjustments of complex multiple equilibria of chemical reactions already 

active in the cell [20].

ADAPTATION OR MUTATION?

With the discovery and development of antibiotics and their medical applications, drug 

resistance took on new relevance and new approaches became possible. No sooner 

were new antibiotics announced than reports of drug resistance appeared: sulfonamide 

resistance in 1939 [21], penicillin resistance in 1941 [22], and streptomycin resistance 

in 1946 [23], to cite a few early reports in the widely read literature. Research on 

 resistance focused on three major problems: (i) cross-resistance to other agents, that is, 

was resistance to one agent accompanied by resistance to another agent? (ii) distribu-

tion of resistance in nature, that is, what was the prevalence of resistance in naturally 

occurring strains of the same organism from different sources? (iii) induction of 

 resistance, that is, what regimens of drug exposure led to the induction or selection of 

resistant organisms?

While many practically useful results came from such research, two lines of 

investigation emerged that were later to prove scientifi cally interesting. Rare nutri-

tional markers were somewhat limited and such mutations often resulted in loss of 

function, usually recessive traits that were diffi cult to manipulate experimentally. 

Drug resistance, on the other hand, provided a potent experimental tool to micro-

biologists who were studying bacterial genes and mutations because it allowed the 

analysis of events that took place at extremely low frequencies. For example, in 1936, 

Lewis [13] tested for preexisting, spontaneous mutations to lactose utilization in a 

previously lactose-negative strain of E. coli, but his results gave only indirect 

 evidence for the random, spontaneous nature of bacterial mutation (as did the 

 statistical approach of Luria and Delbrück in 1943 [24]). However, Lederberg and 

Lederberg [25] were able to use both streptomycin resistance and their newly devised 

replica plating technique to provide direct and convincing evidence to support the 

belief that mutations to drug resistance occurred even in the absence of the selective 

agent. Not only did such work on drug resistance clarify the nature of microbe–drug 

interactions, but it provided a much-needed tool to the nascent fi eld of microbial 

genetics [26].
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Just as Paul Ehrlich’s 1913 summary of the principles of chemotherapy provided a 

window on early understanding of drug resistance, we can fi nd a similar succinct 

 presentation of the mid-twentieth century state of the fi eld in a review by Bernard Davis 

in 1952 [27]. By this time, genetics of microbes had replaced microbial biochemistry 

as the fashionable mode of explanation for bacterial drug resistance. Although bacteria 

did not have a cytologically visible nucleus with stainable chromosomes, it was recog-

nized that they had “nucleoid bodies” and that the material in this structure appeared to 

behave in a way similar to the chromosomes of higher organisms. Davis boldly (for the 

time) asserted that bacteria have nuclei, and that “within these nuclei are chromosomes 

that appear to undergo mitosis.” He went even further to note that “some bacterial 

strains can inherit features (including acquired drug resistance) from two different 

 parents, as in the sexual process of higher organisms.” Thus, by the mid-twentieth 

 century, bacteria had become “real” cells, with conventional genetic properties. If 

 bacteria were like higher organisms, and since “almost all the inherited properties of 

animals or plants are transmitted by their genes,” it was only logical, Davis argued, to 

consider genetic mutations as the basis for inherited drug resistance. 

Davis, however, gave a fair consideration to the possible neo-Lamarckian hypo-

thesis that single-cell organisms, where there is no separation between somatic and 

germ cells, might behave differently from higher sexually dimorphic organisms. 

To his mind, however, the recent work in microbial genetics by Luria and Delbrück 

[24], by Lederberg and Lederberg [25], and by Newcombe [28], settled the matter: 

the mutations to drug resistance were already present, having originated by some 

“spontaneous” process, and were simply selected by the application of the drug. 

A very important clinical correlate of this new understanding of the nature of 

bacterial drug resistance was its application to combination chemotherapy. Since it 

became clear that mutations to resistance to different agents were independent events, 

the concept of multiple drug therapy, initially envisioned by Ehrlich [6], was refi ned 

and made precise. It was realized that adequate dosages and lengths of treatment 

were necessary if the emergence of resistant organisms was to be avoided [27,29].

DRUG DEPENDENCE

The second observation of basic signifi cance was the odd phenomenon of drug 

dependence, which was fi rst noted for streptomycin in 1947 by Miller and Bohnhoff 

[30]. This fi nding seemed to be restricted to streptomycin, but was extensively investi-

gated at the time, and was thought to offer clues to the problems of antibiotic 

 resistance in general. Later, however, this puzzling fi nding would be fundamental to 

understanding the functioning of the ribosome, and rather specifi c to the mode of 

action of streptomycin. The history of this aspect of drug resistance emphasizes our 

inability to predict the future course of research and our failure to identify, before-

hand, just where the likely advances will take us.

MULTIPLE DRUG RESISTANCE AND CROSS RESISTANCE

In the 1950s, in the era of many new antibiotics and the emphasis on surveys of both 

cross resistance and distributions of resistance in natural microbial populations, 
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especially in Japan, it was recognized that many strains with multiple drug resis-

tances were emerging. The appearance of such multiple drug resistance could not be 

adequately explained on the basis of random, independent mutational events. Also, 

the patterns of resistance were complex and did not fi t a simple mutational model. 

For example, resistance to chloramphenicol was rarely, if ever, observed alone, but it 

was common in multiply-resistant strains. Careful epidemiological and bacterio-

logical studies of drug-resistant strains in Japan led Akiba et al. [31] and Ochiai et al. 

[32] to suggest that multiple drug resistance may be transmissible both in vivo and 

in vitro between bacterial strains by so-called resistance transfer factors (RTFs) [33].

Genetic analysis of this phenomenon showed that the genes for these antibiotic 

resistance properties resided on the bacterial genome, yet were transmissible between 

strains albeit at low frequency. Further study showed that the transfer of these genes 

was mediated by a conjugal plasmid and that the resistance genes could associate 

with the conjugal plasmid; it was suggested that the resistance gene could be hori-

zontally transmitted to other strains in a fashion similar to that for the integrative 

recombination for the temperate phage lambda [34]. It soon became clear, however, 

that the F-episome/F-lac system in E. coli was a better analogous genetic system. In 

some cases, the resistance genes and the transfer genes could be separated both 

genetically and physically [35]. Because of the promiscuous nature of the RTF, once 

a gene for drug resistance evolves, it can rapidly spread to other organisms. Addi-

tionally, because the R-factor plasmids replicate to high copy number, probably as a 

way to provide high levels of the drug-resistant protein, these plasmids have become 

the molecule of choice for molecular cloning technology.

With the better understanding of the genetics of drug resistance and the classifi -

cation of the types of resistance, the biochemical bases for resistance were eluci-

dated. Knowledge of the mechanism of action of an agent led to understanding 

of possible mechanisms of resistance. The specifi c role of penicillin in blocking 

cell wall biosynthesis, coupled with the knowledge of the structures of bacterial cell 

walls, could explain the sensitivity of Gram-positive organisms and the resistance of 

Gram-negative organisms to this antibiotic. Likewise, understanding of its metabolic 

fate led to the fi nding that penicillin was often inactivated by degradation by 

β-lactamase, which provides one mechanism of bacterial drug resistance. Detailed 

biochemical studies of the actions of antimicrobials have led to the understanding of 

the many ways in which microbes evolve to become resistant to such agents.

NEWLY FOUND MODES OF RESISTANCE

Not all voices for the adaptation hypothesis of drug resistance were drowned by the 

din of the genetic and conjugal mechanists. In the 1970s, mainly through the work of 

Samson and Cairns [36] and their colleagues, a variant of the adaptative model was 

revived and new mechanisms for bacterial drug resistance were discovered. Cairns 

and his colleagues observed that in accord with some of the older work, indeed, 

 bacteria could be “trained” to resist certain agents by prior exposure to small, sub-

lethal concentrations of the agent. They found that alkylating agents could induce the 

expression of specifi c genes whose products react with the alkylators, thus acting as 

a sink for further alkylating damage and rendering the cell hyper-resistant. While this 
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phenomenon seems to represent a specialized pathway for dealing with alky lation 

damages, it suggests that a century after its fi rst observation, microbial drug resis-

tance is still a fruitful and surprising area of research.
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The movement of antibiotic resistance genes, as opposed to the movement of  resistant 

bacterial strains, has become an issue of interest in connection with clinical and 

 agricultural antibiotic use patterns. Evidence to date suggests that extensive DNA 

transfer is occurring in natural settings, such as the human intestine. This transfer 

activity, especially transfers that cross genus lines, is probably being mediated 

mainly by conjugative transfer of plasmids and conjugative transposons. Natural 

transformation and phage transduction probably contribute mainly to transfers 

within species or groups of closely related species, but the extent of this contribution 

is not clear. A considerable amount of information is available about the mechanisms 

of resistance gene transfer. The goal of future work on resistance ecology will focus 

on new approaches to detecting gene transfer events in nature and incorporating this 

information into a framework that explains and predicts the effects of human anti-

biotic use patterns on resistance development.

INTRODUCTION

For many years, surveillance systems designed to monitor patterns of bacterial resis-

tance to antibiotics focused exclusively on antibiotic-resistant strains of bacteria. 

Moreover, of necessity, these surveillance efforts had to focus on a limited number 

of clinically important bacterial species such as Staphylococcus aureus [1–4] and 

Salmonella spp. [5]. A limitation of this approach is not just that it can monitor only 

a limited number of species but also that it does not take into account the dynamic 

nature of the bacterial genome. In theory, DNA is constantly fl owing into and out of 
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bacterial cells located in a natural setting. Thus, the pattern of resistance gene distri-

bution could be as important, if not more so, than the distribution of resistant strains 

of a particular species. This is especially true if resistance genes from one species 

can move to another species. Even if a newly acquired resistance gene is not expressed 

initially in a bacterial host, selective pressures imposed by the widespread clinical 

and agricultural use of antibiotics could select for promoter or codon usage muta-

tions that allow the resistance gene to be expressed [6,7].

The importance of understanding the fl ow of resistance genes became particu-

larly evident in discussions of possible impacts of agricultural use of antibiotics. 

In this case, initial attention focused on Salmonella and Campylobacter spp., types 

of bacteria that could cause human disease. Attention soon expanded, however, to 

include a broader question. Was it possible that even non-pathogenic bacteria,  moving 

through the food supply from farm to the consumer, could transfer resistance genes 

to human intestinal bacteria [8–10]? Since human intestinal bacteria are a common 

cause of post-surgical infections [11,12], increased resistance due to acquisition of 

genes from swallowed bacteria passing through the intestinal tract could indeed have 

a direct impact on human health [13,14]. 

Assertions such as this prompted an old idea, called the “reservoir hypothesis” 

to resurface [15–17]. The reservoir hypothesis as it applies to human colonic bacteria 

is illustrated in Figure 2.1, but similar sorts of gene fl ows could occur almost any-

where in nature. According to the reservoir hypothesis, commensal bacteria in the 

colon, including those that could act as opportunistic pathogens and those that were 

truly non-pathogenic, exchange DNA with one another. They can also acquire DNA 

from or donate DNA to swallowed bacteria that cannot colonize the human colon, 

but spend enough time in the colon for DNA transfer to occur [18,19].

FIGURE 2.1 The reservoir hypothesis. Bacteria in the human colon serve as “reservoirs” 

for resistance genes that can be acquired from ingested bacteria.
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But how likely are such exchanges to occur, especially broad host range transfers 

between members of different species and genera? This is the type of transfer that 

could be most problematic because it would allow resistance genes to move into 

 bacteria capable of causing human disease. In trying to answer this question, atten-

tion has focused on conjugative gene transfer because this is the type of transfer 

known to be capable of crossing genus and phylum lines [20]. Initially, however, the 

focus was somewhat larger because early studies sought examples in which the same 

gene, with “same” defi ned as DNA sequence identity of more than 95%, was found 

in two very distantly related species of bacteria. That is, the only criterion was evi-

dence that some sort of DNA transfer had occurred, without specifying the mecha-

nism. The 95% cutoff was arbitrary but was motivated by the need to eliminate the 

possibility of convergent evolution. In convergent evolution, the same amino acid 

sequence might arise by selection from two different genes. Since two genes can dif-

fer by as much as 20% at the DNA sequence level and still have the same amino acid 

sequence, the requirement for 95% or higher DNA sequence identity seemed to be a 

good way to restrict attention to recent horizontal transfers of resistance genes.

In fact, the cutoff could have been 98%, because it proved all too easy to fi nd 

resistance genes in different genera and species that were 98% to 100% identical at 

the DNA sequence level. Some examples are shown in Figure 2.2, where the 

 resistance gene designation is shown inside the oval at the center and the names of 

Gram-positive and Gram-negative bacterial species found to have that gene are shown 

on either side of the oval. What is striking about this fi gure is that not only has the same 

gene been found in widely divergent species, but also in species commonly found in 

different locations. That is, the same genes were found not only in human colonic 

bacteria, but also in bacteria from other sites, such as soil, the intestinal tracts of 

FIGURE 2.2 Example of genes with more than 95% sequence identity that have been found 

in distantly related bacteria from different sites.
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non-human animals, and the human mouth. Most of these genes are genes that con-

fer resistance to tetracycline (tetM, tetQ) or to macrolides (ermB, ermF, ermG). The 

 tetracycline resistance genes are not the ones that encode effl ux pumps, but encode a 

cytoplasmic protein that protects the bacterial ribosome from tetracycline. Why 

these two types of genes seem to be the ones most commonly found in different 

 species and genera is not clear but could have something to do with the fact that they 

have a cytoplasmic location and thus do not need to be coupled with the proton 

motive force in membranes or to be secreted through the cytoplasmic membrane, 

requiring localization functions that could be species-specifi c. 

A striking feature of all of the genes shown in Figure 2.2 is that they have been 

found almost exclusively on a type of integrated conjugative element called a conju-

gative transposon (CTn). CTns normally reside in the chromosome, but can excise to 

form a non-replicating circular intermediate, which transfers similarly to a plasmid. 

That is, there is a single stranded nick in the circular form, followed by transfer of a 

single strand of the DNA through a multi-protein complex that joins the cytoplasms 

of the donor and recipient. Once in the recipient, the circular copy of the CTn 

becomes double stranded and integrates into the recipient chromosome. Presumably 

the copy of the CTn in the donor has the same fate. Even if the copy of the CTn in the 

donor is sometimes lost, this affects only a small fraction of donor cells and the 

 outcome of the process is a net increase in the number of bacteria carrying the CTn, 

especially if there is antibiotic selection for resistant cells. 

CTns were fi rst discovered in the Gram-positive bacteria and in the Bacteroides 
group of Gram-negative bacteria, but now that their existence is known, scientists are 

discovering CTns in other types of Gram-negative bacteria, such as Vibrio cholerae, 
Salmonella spp., and Rhizobium spp. [21–23]. There is no consistent nomenclature 

for this type of integrated transmissible element. They have also been called inte-

grating, conjugative elements (ICE) elements and constins as well as CTns [24,25]. 

These alternative terms have the advantage that they avoid the word “transposon.” 

Calling the CTns “transposons” is misleading, because their excision and integration 

is quite different from that of transposons, such as Tn5 and Tn10. In fact, the enzyme 

that catalyzes the integration reaction, the CTn integrase, has most often proved to 

be a member of the tyrosine recombinase family, a family associated with many 

lambdoid phages. In some ways, the CTns resemble “phage” that travel from cell to 

cell through a multi-protein “capsid,” similarly to the fusigenic viruses of mamma-

lian cells. We will use the nomenclature CTn, because for better or worse, this 

nomenclature has been the one most commonly used in the literature.

Just as there are mobilizable plasmids that are transferred with the help of self-

transmissible plasmids, there are also mobilizable transposons (MTns). The fi rst of 

these to be discovered was NBU1, an MTn that is mobilized by a Bacteroides CTn, 

CTnDOT [26]. CTns can also mobilize plasmids [27,28]. 

MOVEMENT OF CTNS BETWEEN SPECIES OF 
HUMAN COLONIC BACTEROIDES SPP.

Figure 2.1 posits that gene transfer events occur between different species of colonic 

bacteria. What is the evidence that such transfers can occur and that if they do occur, 
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they are common? A fi rst attempt to answer this question was made in a 2001 publi-

cation by Shoemaker et al. [29]. In this study, two sets of human colonic Bacteroides 
strains were screened. One set had been isolated prior to 1970 and was obtained from 

the culture collection of the now defunct Virginia Polytechnic Institute Anaerobe 

Laboratory (Blacksburg, Virginia, U.S.A.). The second set included isolates obtained 

after 1990. The two sets of strains were further divided into clinical and community 

isolates. The community isolates were derived from healthy people. The clinical iso-

lates were obtained from patients with Bacteroides infections. The reason for look-

ing at these two groups separately was that if the  reservoir hypothesis is correct, both 

sets should follow the same pattern of gene acquisition, rather than clinical isolates 

exhibiting a different ecology as might be expected if events happened primarily in 

a clinical setting.

The patterns of antibiotic resistance genes seen in the clinical and community 

isolates were indeed similar. A striking difference was apparent, however, when the 

pre-1970 and post-1990 strains were compared. The older strains had a much lower 

rate of carriage of tetQ and the erm genes than the strains isolated after 1990. So, 

something had happened in the two-decade period that separated the two sets of 

strains, a period characterized by extensive use of antibiotics, such as tetracycline 

and the macrolides [30]. It is also surprising how high the carriage rate was in the 

isolates obtained prior to 1970, before the onset of intensive use of antibiotics in the 

treatment of human disease. This type of anomaly has been seen in other cases, such 

as detection of antibiotic-resistant bacteria in “pristine” environments [31,32]. This 

raises the question of whether antibiotics are the only force selecting for antibiotic-

resistant bacteria, a still-unanswered question to which we will return at the end of 

this chapter. 

The high number of strains in the post-1990 period that carry tetQ, even in the 

community isolates obtained from people who were not taking antibiotics, indicates 

that once acquired, tetQ is maintained very stably. Since, as already indicated, tetQ 
is found almost exclusively on a type of CTn exemplifi ed by CTnDOT, a human 

Bacteroides CTn, this indicates that the CTn itself is also maintained very stably. 

It is interesting to note another characteristic of CTnDOT: its excision and transfer 

are stimulated 100- to 1000-fold by exposure of the bacteria to tetracycline [33–35]. 

Tetracycline is used not only to treat acute human infections, but also in dermatology 

and agriculture. In the treatment of acne, tetracycline is administered orally in 

 relatively low doses over a period that can extend from months to years [36,37]. In 

agriculture, tetracycline has been used to stimulate growth of some animals [38]. 

Thus, long dosage regimens for tetracycline have been widespread and could have 

been responsible for the increased carriage of tetQ between 1970 and 1990.

The tetQ gene is not the only gene whose carriage has increased over the past 

few decades. Carriage of some of the erm genes, principally ermB, ermF, and ermG, 

increased dramatically between the pre-1970 and post-1990 period. A particularly 

interesting aspect of this increase in carriage by human colonic Bacteroides strains 

is that ermB and ermG were previously thought to be “Gram-positive” resistance 

genes, because they were found primarily in Gram-positive bacteria. These genes 

seem to have entered Bacteroides spp. only very recently [29]. Could they be coming 

in from Gram-positive bacteria? The largest population of bacteria in the human 
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colon is that of the Gram-positive anaerobes, a little studied and poorly understood 

group of bacteria [39,40]. Similarly, Gram-positive bacteria are the predominant pop-

ulation of bacteria in the human mouth and in the intestines of farm animals [41,42].  

CHARTING THE MOVEMENT OF RESISTANCE 
GENES INTO BACTEROIDES SPP.

Given that the ermB and ermG genes had been found previously exclusively in the 

Gram-positive bacteria, is it possible that these genes were obtained from Gram-

positive bacteria? Recently, it became possible to ask this question, because a CTn 

that carries ermB, CTnBST, was found in Bacteroides spp: It has been sequenced. 

The results of this analysis are both revealing and confusing [43]. We had hoped that 

the answer would be a  simple one, that is, that a single CTn of Gram-positive origin 

would be revealed as having moved into Bacteroides. What we found was that the 

ermB gene was carried on a segment of DNA that is at least 7 kbp in size, and has 

integrated into a CTn that has been found previously in Bacteroides fragilis. The CTn 

is now clearly a chimera of Gram-positive and Bacteroides-like DNA. The Bacteroi-
des-like DNA may not be from Bacteroides after all, however, because the percentage 

G+C content of the CTn outside the ermB region is higher than the percentage G+C 

content of Bacteroides spp. The chimeric nature of CTns and plasmids is becoming 

an old story. Recently, tetM, a Gram-positive tetracycline resistance gene, has been 

found in Escherichia coli [44]. Whether this gene is on a transmissible element 

remains to be seen. In the Gram-positive bacteria, tetM is usually found on CTns.

Some of the same resistance genes seen in human oral and colonic bacteria are 

also found in animal feces. The ermB and tetQ genes are examples of this. The tetQ 
gene was reported in a bacterium isolated from the rumen of cattle in the 1990s. This 

gene was not on a CTn but on a plasmid. Nonetheless, its DNA sequence was more 

than 95% identical to the sequences of the tetQ genes we were fi nding in human 

colonic bacteria [10]. More recently, the ermB gene has been found in  isolates, mostly 

Gram positive, from a below-barn pig manure collection tank. 

The overwhelming majority of reports of antibiotic resistance genes in bacteria 

isolated from animals and humans have focused on such foodborne pathogens as 

 Salmonella and Campylobacter. Since these pathogens can colonize humans as well 

as animals, it is perhaps not surprising that they would move as resistant strains between 

human and animal reservoirs. More surprising is the apparent movement of genes, such 

as tetQ and ermB between members of the normal microfl ora of humans and animals, 

populations of bacteria that differ in species composition [10,29]. In these cases, it is 

almost certainly the genes that are moving rather than just the bacterial strains. 

THE TRICLOSAN QUANDRY

A cause for concern is the widespread use of antimicrobial agents in products ranging 

from soaps to cutting boards. The story of triclosan is a good example of marketing 

gone wild. Triclosan is an antibacterial compound that has been added for years 

to plastic products to maintain the integrity of the products. One day, some marketing 

genius realized that by adding the label “antibacterial” to the product, the product 
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suddenly gained added value in the public eye. Soon, triclosan was being added to 

soaps, toothpaste, and mouthwash, among other products.

Initially, triclosan was thought to be a disinfectant, but it has since been found to 

have a specifi c mode of action. It inhibits fatty acid biosynthesis. In 1998, Stuart 

Levy and co-workers fi rst showed that E. coli strains resistant to triclosan could 

be isolated and that these strains had a specifi c defect in fatty acid synthesis [45]. 

Since then, many studies of the mechanism of triclosan action have been published, 

but the question that is still hanging fi re is the question of how widespread triclosan 

use might affect the distribution of antibiotic-resistant strains. Fortunately, obtaining 

approval to use other antibacterial compounds in personal products is not easy, so there 

may be time to evaluate the impact of triclosan before decisions on newer antibacterials 

are made. How best to evaluate the impact of triclosan? The most obvious approach is 

to assess the ease with which triclosan-resistant mutants are selected, but this is not the 

critical question. The critical question is whether triclosan use could cross-select for 

strains resistant to other antibiotics. This question remains to be answered. 

Whatever the impact of triclosan use on antibiotic resistance patterns, the sudden 

popularity of “antibacterial” products is a cautionary tale. Public health offi cials 

were unprepared for the sudden advent of such products, and it remains unclear what 

the appropriate response to such changes in public consumption patterns is and how 

best the implications of such usage changes can be evaluated for safety.

THE ECOLOGY OF THE FUTURE

Although the ecology of antibiotic resistance genes is still a relatively new area, 

some problems and challenges are evident. First, very few systematic studies of 

the distribution and movement of resistance genes in nature have been done. 

 Comparisons of the incidence of resistant strains in farms that do or do not use 

 antibiotics are misleading if variables such as the proximity of water supplies that 

might be contaminated with antibiotics or the movement of wild birds and rodents 

between the farms are not taken into account. The fi nding of signifi cant concentra-

tions of antibiotics in some water sources has demonstrated what should have been 

obvious all along: antibiotics do not necessarily stay in the location where they are 

used. Antibiotics used in the hospital or in agriculture can appear later in water 

released from sewage treatment plants [46,47]. Or water recovered from  animal 

manure and used to irrigate vegetable crops can spread antibiotics to locations where 

antibiotics are not being used intentionally [48–50]. 

An unanswered question is how widely distributed antibiotic resistance genes 

are in nature outside the human body. Our fi nding that even in strains isolated from 

humans prior to 1970, the tetQ gene was already present in nearly one-third of 

 Bacteroides strains is perplexing since tetracycline use only became widespread in 

the 1960s and 1970s. Is it possible that there are non-antibiotic selections for 

 anti biotic-resistant strains? Production of antibiotics by antibiotic-producing bacteria 

is very low in natural settings, but plant compounds that mimic antibiotics may be 

more abundant. Also, it is important to keep in mind that resistance genes are often 

linked on the same element. Integrons are an excellent example of this phenomenon. 

If a set of genes in an operon includes, for example, a cadmium resistance gene as 
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well as several antibiotic resistance genes, cadmium may select for maintenance of 

the antibiotic resistance genes. In the case of the Bacteroides CTns in our studies of 

human colonic bacteria, the CTnDOT type element contained both a tetracycline 

resistance gene, tetQ, and a macrolide resistance gene, ermF, so that selection for 

either resistance gene tends to select for maintenance of the other type [51,52].

Relatively few studies have been done to evaluate the distribution of antibiotic 

resistance patterns in environmental bacteria, especially bacteria in sites outside of 

farms or areas of human settlement. It would be informative to conduct a study 

 similar to those often done by marine microbiologists, in which sites around the 

perimeter of an island that differ in the amount of human pollution are sampled and 

evaluated. Unfortunately, none of the major funding agencies regards this type of 

survey as part of its mission. Thus, the question of whether there is such a thing as a 

truly pristine site, free of antibiotic-resistant bacteria, remains unanswered. Also, 

surprisingly, the question of the extent to which animal or human pollution affects 

the incidence of antibiotic resistance genes is also unanswered. 

Clearly, systematic surveys of antibiotic resistance gene distribution are needed, 

and ideally surveys should be guided by the principles developed by environmental 

microbiologists who have had long experience in ecology. An interesting approach to 

this type of analysis has been taken by Randall Singer and his associates. The 

approach is called landscape ecology [53]. It is a form of mathematical modeling that 

assesses correlations between antibiotic use patterns and the incidence of resistant 

strains. Proving association is not the same as proving cause and effect, but the 

fact that scientists are beginning to explore mathematical modeling of resistance 

 patterns as a means of seeking possible cause-and-effect connections is encouraging.
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The majority of attention on antibiotic resistance mechanisms has been justifi ably 

focused on those factors that are highly transmissible among species and that lead 

to high levels of resistance to a specifi c class of antibiotics. Less is known about the 

ability of bacteria to alter their susceptibility to noxious agents by modulating 

their own intrinsic physiological systems. In this chapter, we describe two of the 

better-studied examples of this latter situation, both of which occur in Gram-

negative species.

In the fi rst example, the mar/sox regulatory network found in Escherichia coli 
is described. This system acts to modulate factors that limit the accumulation of a 

wide range of noxious agents, including several clinically important antibiotics. As 

such, we discuss a network of sensory and regulatory factors that operate to control 

the expression of genes whose products either actively extrude antibiotics or 

enhance the effectiveness of external permeability barriers. Because Chapter 4 

 specifi cally addresses effl ux pumps, our discussion focuses on the structure and 

function of the marRAB and soxRS regulatory loci. We review evidence describing 

the high degree of molecular redundancy shared by these two regulatory systems, 

leading toward the concept that these are two semi-independent sensory systems 

that control a nearly identical set of target genes, although in quantitatively differ-

ent ways. These differences may refl ect the distinct types of signals that are sensed 

by the two systems, such that a protective response to inducers of one (e.g., super-

oxide generating compounds for soxRS) may require a slightly different gene 

expression pattern than would the response to  inducers of the second (phenolic 

agents and antibiotics for marRAB).

In the second example, we describe the regulatory mechanisms controlling the 

aac(2′)-Ia gene in Providencia stuartii. The aac(2′)-Ia gene is a member of a grow-

ing family of chromosomally encoded aminoglycoside acetyltransferases that are 

intrinsic to certain bacterial species. Although the role of these acetyltransferases is 

largely unknown, the AAC(2′)-Ia enzyme in P. stuartii functions as a peptidoglycan 

O-acetyltransferase. Given the possibility of diverse functions for these enzymes, 

we anticipate that the regulation of these genes will involve distinct mechanisms. 

However, the information on aac(2′)-Ia expression that has been compiled to date 

may serve as a useful preliminary model for other systems.

INTRODUCTION

Microorganisms live in intimate proximity to their environment. For free-living 

 species, this situation equates to the constant threat of exposure to a wide variety of 

potentially toxic agents produced either deliberately (e.g., by other organisms for 

defense against microbial encroachment) or as a consequence of normal organic 

turnover. Similarly, commensal and pathogenic organisms must protect themselves 

from both specifi c and non-specifi c agents elicited by the host. Not surprisingly, 

then, unicellular species have evolved an elaborate array of defenses designed to 

reduce or prevent the accumulation of unwanted toxic substances. There is, for 

example, a remarkable inventory of effl ux systems that can be identifi ed in the 

genomes of almost all bacteria. The mechanisms by which effl ux pumps operate are 

discussed in Chapter 4 of this volume.
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With such a genetic investment in defense systems, it also makes sense that these 

organisms would possess similarly intricate regulatory mechanisms, which allow 

them to control the deployment of these systems. In this chapter, we highlight our 

understanding of a few of the better-characterized regulatory systems, including 

global resistance systems and intrinsic modifying enzymes. Although the systems 

described in this chapter have been studied primarily in E. coli and P. stuartii, it is 

reasonable to expect that these systems will serve as formal paradigms for as yet 

undiscovered control networks in other bacterial species.

GLOBAL REGULATORS OF ANTIBIOTIC 
RESISTANCE IN ESCHERICHIA COLI

THE MAR REGULATORY LOCUS 

Undoubtedly, the best-characterized global antibiotic resistance regulatory system is 

the mar (multiple antibiotic resistance) system in E. coli. An excellent review of the 

molecular genetics of this system has been published [1]. Much of the detailed work 

described in that review is only summarized here, and the reader is encouraged to 

look to that source for additional detailed information. The mar locus was fi rst 

described in 1983 in the pioneering studies of George and Levy. As a component of 

an ongoing effort to understand the mechanisms contributing to tetracycline 

 resistance, these investigators identifi ed a locus on the E. coli chromosome that was 

associated with the frequent emergence of low-level resistant strains [2]. Moreover, 

it was shown that these tetracycline-resistant (tetr) strains had also acquired a 

 concomitant resistance to other structurally unrelated antibiotics including chloram-

phenicol, rifampicin, and fl uoroquinolones [2]; mechanistically this phenotype was 

associated with reduced accumulation and effl ux of the affected agents [2–4]. The 

substrate spectrum for this system was later expanded to include certain organic 

 solvents and disinfectants [5,6]. A Tn5 insertion at the 34 min region of the chromo-

some reversed the resistance phenotype for all of these agents, and identifi ed the 

genetic locus, which was designated as mar [7]. DNA sequence analysis of cloned 

genetic segments that could complement the Mar phenotype associated with either 

the Tn5 insertion or a larger chromosomal deletion encompassing this region revealed 

a three-gene regulatory operon, designated marRAB [8–11]. The Tn5 insertion 

 originally isolated by George and Levy was located in the second gene, marA. 

 Overexpression of this gene by itself was shown to be suffi cient to confer the Mar 

phenotype in all cell types, including strains deleted for this region of the chromo-

some [12]. The deduced protein product of this gene, MarA, is related by amino acid 

sequence similarity to a family of transcriptional activators, the prototype for which 

is the AraC regulator that controls genes involved in the metabolism of arabinose 

[13]. This observation suggested that the Mar phenotype resulting from a mutation at 

the mar locus was likely due to an indirect mechanism, with MarA serving to control 

the expression of genes located elsewhere on the chromosome. It is presumably these 

target genes that are the more direct effectors of antibiotic resistance.

If overexpression of marA is suffi cient to confer a Mar phenotype, then the mar 

locus must be capable of controlling the expression of marA. This proved to be the 
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case, and the fi rst gene in the operon, marR, was determined to play a critical role in 

this process [9]. Unlike MarA, the MarR protein, at the time of its sequencing, bore 

little similarity to any known genes. However, analysis of selected Mar isolates 

showed that the majority of these bore mutations in marR, and concomitantly exhi-

bited elevated levels of the marRAB transcript [9,11,14]. Introduction of a wild type 

copy of marR in trans on a plasmid reversed the Mar phenotype, indicating that the 

marR mutations were recessive, and that this gene encoded a repressor of marRAB 

operon expression. Results of genetic experiments suggested that the target for MarR 

repression is the operator/promoter region of the marRAB operon, marOP, as one 

could titrate the repressing activity of MarR simply by introducing additional copies 

of marOP on a plasmid [9,14]. This fi nding was confi rmed biochemically by showing 

that purifi ed MarR protein bound specifi cally to marOP DNA sequences [15].

At roughly the same time as the original George and Levy experiments, it was 

noted that exposing E. coli cells to the weak aromatic acid salicylate (SAL) induced 

a condition of phenotypic antibiotic resistance subsequently referred to as Par [16]. 

Notably, SAL treatment conferred resistance to the same diverse group of antibiotics 

as was observed for the mar mutants. These fi ndings converged mechanistically 

when it was found, through the use of a mar-lacZ fusion, that SAL treatment led to 

an induction of marRAB expression [17]. Importantly, this was the fi rst observation 

that connected the mar regulatory locus with extracellular stimuli. Deletion of the 

marRAB operon led to a greatly reduced responsiveness to SAL as an inducer of 

antibiotic resistance, and to a hypersensitivity to many of the same agents that were 

affected by the original mar mutants [11,12,17]. The extent to which this hypersen-

sitivity was observed depended on the specifi c E. coli strain background in use 

[8,10,11].

The crystal structure of the MarR repressor has been determined at 2.3 Å of 

 resolution by Alekshun and co-workers [18]. The structure reveals MarR as a dimer, 

with each subunit composed of six helical regions that mediate a protein–protein 

interface in each monomer. The DNA binding domain consisting of amino acids 61 

to 121 adopts a winged helix fold from amino acids 55 to 100. The formation of the 

MarR crystal required the presence of SAL, a strong inducer that relieves MarR-

mediated repression of the Mar regulon. Based on electron density, there appear to 

be two SAL binding sites, both of which are positioned near the DNA binding helix. 

The location of these sites is consistent with the ability of SAL to alter the DNA 

binding properties of MarR by directly interacting with the repressor.

These studies suggested that the following hierarchy could explain inducible 

antibiotic resistance mediated by the marRAB system. The mar locus is normally 

maintained in a quiescent state due to the autorepressor activity of the marR gene 

product. Exposure to a specifi c inducer such as SAL leads to the binding of the 

inducer by MarR, antagonizing its ability to mediate transcriptional repression of the 

marRAB operon. This results in an increase in transcription of the marRAB genes, 

leading to an increase in the abundance of the products of these genes in the cell. 

MarA, the proximal activator of target genes involved in the antibiotic resistance 

response, thus becomes available in suffi cient quantities to diffuse to other sites on 

the chromosome and activate its target genes. A more detailed discussion of the 

 targets and inducers in the mar regulatory network is provided below.
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THE SOXRS SYSTEM

Exposure of E. coli cells to various redox cycling agents, such as paraquat, leads to 

the induction of a number of genes that collectively constitute the superoxide stress 

response [19]. Constitutive mutants have been selected in which the expression of 

these target genes is elevated in the absence of any inducing agent. Such regulatory 

mutants typically map to the soxR locus, located at 92 min on the E. coli chromo-

some [20]. Notably, these constitutive regulatory mutants also exhibit a concomitant 

antibiotic resistance phenotype, which is remarkably similar to that observed with 

mar strains. In addition, one such regulatory mutant with a very similar phenotype, 

known as soxQ1, mapped to the marA locus [21].

Molecular dissection of the soxR locus revealed two divergently transcribed 

 regulatory genes, soxR and soxS. The constitutive sox mutants mapped to soxR and 

have been referred to as soxR(Con) alleles, to distinguish them from non-functional 

mutants. Gene expression studies showed that the expression of soxR is unaffected 

by either superoxide generating agents or the constitutively activating mutations 

[22,23]. In contrast, expression of soxS is induced by redox cycling agents, such as 

menadione or paraquat, as well as by soxR(Con) mutants, and an intact soxR gene is 

required for induction of soxS expression as well as that of superoxide stress response 

target genes [22,23]. Similar to fi ndings described above for marA, overexpression of 

soxS was shown to be suffi cient to activate the expression of superoxide stress 

response target genes as well as confer the antibiotic resistance phenotype [22,23]. 

These fi ndings, combined with the recognition that the SoxR protein contains iron–

sulfur clusters in its C-terminal region that are characteristic of those involved with 

redox reactions, suggested that SoxR activity (and not expression) may be modulated 

in response to superoxide radicals, and led to a better molecular understanding of the 

two-stage model for control of this regulon [24,25]. In this model, exposure to agents 

or conditions leading to an accumulation of superoxide radicals results in the con-

version of inactive SoxR to an activated form. Activated SoxR then induces the 

 transcription of the adjacent soxS gene, whose product stimulates the expression of 

the unlinked regulon genes, the products of which presumably engender resistance 

to superoxide radical-generating agents and Mar-type antibiotics. Constitutive soxR 

mutants appear to be permanently in an activated conformation, which may explain 

why in these strains regulon genes are expressed even in the absence of a small 

 molecule activator.

Additional observations tied the soxRS regulon to the mar system. Along with 

the observations that soxR(Con) mutants have a Mar phenotype, and that the soxQ1 

mutant mapped near marA, another mutant that was initially selected based on its 

strong Mar phenotype was found to map to the soxR locus [26]. Reconciliation of 

these genetic observations began when it was recognized that MarA and SoxS, the 

proximal activators in these regulatory systems, are closely related members of the 

AraC family of transcription factors [13]. Thus, overexpression of either soxS or 

marA leads to a Mar phenotype as well as induction of the superoxide stress response 

target genes. However, these regulators do not behave in completely  redundant ways, 

as there appear to be quantitative differences in the effects of these activators on the 

different target genes that have been studied to date. For example, marA overexpression 
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tends to produce a greater level of antibiotic resistance and a smaller induction of 

superoxide stress response target genes, such as nfo (encodes endonuclease IV), than 

does soxS [21,26].
Studies of clinical isolates have verifi ed the role of soxRS in resistance. In 

E. coli, fl uoroquinolone-resistant clinical isolates exhibited mutations in soxR and 

soxS that resulted in higher levels of soxS expression and activation of downstream 

genes required for resistance [27–29]. In Salmonella enterica (serovar typhimurium), 

a quinolone-resistant isolate arose during treatment that contained a single point 

mutation in soxR. This substitution rendered SoxR constitutively active and increased 

expression of SoxS-dependent genes [30]. 

ROB—A THIRD REGULATOR?

E. coli contains another gene whose product exhibits signifi cant amino acid sequence 

similarity to MarA and SoxS. This protein, known as Rob, was fi rst identifi ed as a 

factor that binds to the chromosomal origin of replication [31]. It is larger than either 

MarA or SoxS, and appears to contain an additional domain not found in the other 

two proteins. It is also different in that it is constitutively expressed at high levels, 

increasing in concentration as cells transition from logarithmic to stationary phase. 

Although higher-level induction of recombinant Rob accumulation has been shown 

to confer a Mar phenotype, and purifi ed Rob protein has been shown to bind to 

MarA/SoxS target promoters in vitro [32,33], a physiological role for this protein in 

antibiotic resistance has yet to be demonstrated. In addition, mutants affecting intrin-

sic antibiotic resistance have yet to be linked to the rob gene. For these reasons, this 

interesting and mysterious protein will not be described further here.

A SINGLE REGULON WITH TWO ACTIVATORS

As has been proposed recently, it now seems reasonable to consider the existence of 

a single stress response regulon that is controlled by multiple related regulators [34]. 

This could be called the mar regulon, as has been proposed, or be referred to by a 

more general descriptor to refl ect the distinct stresses that led to its activation. 

Regardless, the important consequence from the perspective of this review is that 

intrinsic antibiotic resistance is affected. We shall now consider more distal and 

proximal components of this pathway.

REGULON TARGETS AND ANTIBIOTIC RESISTANCE

Recent work has led to a greater understanding of the target binding site in MarA 

and SoxS responsive promoters [34–36]. Work with MarA has suggested that this 

activator interacts with target promoters as a monomeric protein, and that it can bind 

in either of two orientations to effect transcription. However, the orientation of the 

binding site in a given promoter must be as it originally exists in that element; invert-

ing it leads to a loss of MarA responsiveness. In addition, distinct spacing rules 

appear to exist regarding the distance between the “marbox” and the binding sites 

for RNA polymerase (RNAP), depending on whether the marbox is present in the 

� or � orientation. Marboxes that are located on the opposite strand from that of the 
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RNAP binding sites (�35 and �10 sequences) are positioned further upstream than 

are those that are found on the same strand as the RNP binding site [34,37,38]. It has 

been proposed that these positions and orientations allow MarA to interact produc-

tively with RNAP in either orientation.

Marboxes that have been found upstream from a number of target promoters in 

E. coli have been aligned to generate a consensus binding site [34]. Despite signifi -

cant experimental work, this consensus remains quite degenerate. From the crystal 

structure studies of MarA, it has been proposed that MarA interacts with specifi c 

promoter elements by way of an interaction of complementary shapes that are held 

together by Van der Waals forces [39]. Whether the interaction of MarA with a mar-

box results in activation or repression of transcription appears to be related to the 

relative position and orientation of the marbox within a promoter element [40]. 

By inference, it seems reasonable to expect that many of the mechanistic obser-

vations made for MarA will also be applicable to SoxS. This is supported by 

 biochemical studies conducted with this latter protein, and its interaction with 

known target genes [35,36,38,41]. Thus, several of the genes containing marbox 

 elements in their  promoters have been implicated by both genetic and biochemical 

methods as specifi c targets for MarA and/or SoxS control. Because of the focus 

of this volume, those key target genes implicated in antibiotic resistance are 

discussed in further detail here.

micF

One of the earliest physiological observations associated with the Mar phenotype 

was a down regulation of the major outer membrane porin OmpF [42]; this effect has 

also been observed following SAL treatment [43]. This porin forms a large outer 

membrane channel through which low-molecular-weight, water-soluble compounds 

can diffuse. Thus, a reduction in the abundance of this channel in mar mutants fi ts 

well with the reduced antibiotic accumulation phenotype observed with these strains. 

Studies of OmpF regulation revealed that one form of negative control involved a 

post-transcriptional repression mechanism mediated by the anti-sense RNA micF 

[44,45]. Experiments with micF-lacZ fusions as well as micF deletions demonstrated 

that mar mutants have elevated levels of micF expression, and that mar-mediated 

down regulation of OmpF requires an intact micF gene [12,46]. However, using 

strains deleted for the ompF gene, it was also shown that a simple loss of OmpF from 

the outer membrane was not suffi cient to confer a Mar phenotype [12]. Thus, 

 additional marA targets appeared to be required for a full Mar phenotype.

acrAB and tolC

Accumulating experimental evidence on the structure and function of effl ux pumps 

in Gram-negative organisms [47] suggested that one of these export systems might 

play a role in mar-mediated antibiotic resistance. Subsequent genetic studies then 

showed that the multidrug effl ux pump encoded by the acrAB genes is required for 

the Mar phenotype, as a deletion of acrAB completely eliminated the Mar phenotype 

associated with mar mutants [48]. Subsequently, it was noted that the promoter for 

the acrAB operon, as well as that of the tolC gene, whose product forms the outer 
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membrane channel component of the AcrAB pump, contains a marbox element 

[34,49], which is bound by both MarA and SoxS in vitro. This strongly suggests that 

the products of acrAB and tolC, which act in concert to increase antibiotic effl ux, are 

both controlled by MarA.

marRAB

The promoter for the marRAB operon also contains a marbox element and is subject 

to autoactivation [50]. This observation helped rationalize earlier studies, which 

showed that high-level expression of either soxS or marA led to increased marRAB 

operon expression. The marbox in the marRAB promoter region is one of the most 

MarA-responsive elements studied to date [34]. Moreover, marRAB operon expres-

sion is subject to both transcriptional and translational regulation [51].

As mentioned above, the SoxS protein is expected to bind to virtually the same 

set of target gene promoters as MarA. This has been largely substantiated experi-

mentally, and in many cases a SoxS interaction was demonstrated fi rst [41]. If this is 

true, then the explanation for the different effects of marA versus soxS induction on 

multiple antibiotic resistance, or the superoxide stress response, must lie in the quan-

titative ways in which these two regulators interact with their target promoters. This 

hypothesis is supported by recent evidence [52]. The marbox elements in  different 

regulon promoters respond differently to MarA or SoxS induction. This difference 

was shown to be due to specifi c nucleotide sequence differences among the various 

marbox elements, and it was possible to vary the responsiveness of a  promoter to 

MarA compared with SoxS by changing the sequence of a specifi c  marbox [52]. 

These fi ndings may also provide an explanation for a perplexing observation associ-

ated with certain bases in the proposed consensus sequences. Some of the invariant 

positions in the consensus have nonetheless been shown to be dispensable for MarA 

responsiveness. While one can consider it reasonable to propose that MarA and SoxS 

control an almost identical set of target genes (although in quantitatively different 

ways), it seems possible that these positions may be more important for SoxS binding 

than they are for MarA.

MECHANISMS OF REGULON INDUCTION AND PHYSIOLOGICAL ROLES

While much work has focused on the mechanisms by which MarA and SoxS interact 

with regulon target promoters, early studies were actually driven by physiological 

observations that gave insights into regulon induction. For the mar system, this work 

centered on the phenolic compound salicylate and its ability to stimulate marRAB 

expression [17]. As mentioned earlier, marRAB induction involves antagonism of the 

MarR repressor, apparently by a direct interaction with SAL [15,18]. The poor 

 solubility of MarR in a purifi ed form along with the relatively weak affi nity of SAL 

for MarR has made biochemical characterization of this interaction diffi cult. In con-

trast, soxRS induction by superoxide inducing agents is somewhat better understood. 

Genetic and biochemical experiments demonstrated that superoxide radicals activate 

soxS transcription via their effects on SoxR [24,25]. As stated earlier, SoxR activa-

tion involves a cluster of iron–sulfur centers near the 3′ end of the protein, suggesting  

that a direct activation mechanism may be involved.
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Studies of global regulation in E. coli using microarrays or macroarrays have 

revealed that MarA controls the expression of at least 60 genes [53] and SoxS controls  

at least 95 genes [54]. Array analysis of gene expression has confi rmed common 

 targets of both MarA and SoxS, such as zwf (encodes glucose 6-phosphate dehydro-

genase), fumC (fumarase), acrA, inaA (pH-inducible protein involved in stress 

response), and sodA (superoxide dismutase) and also identifi ed acnA (aconitase), 

ribA (GTP cyclohydrolase) and nfsA (nitroreductase) as new targets for both activa-

tors [53,54]. Additional genes activated by both paraquat (SoxS inducer) and sodium 

salicylate (MarA inducer) include: artP (arginine transport protein, ATP-binding), 
cysK (cysteine synthase A), dps (DNA protection protein induced during starvation), 
deoB (phosphopentomutase), and b1452 of unknown function [54]. Studies by Martin 

and Rosner indicate that the total number of genes directly activated by MarA and 

SoxS is less than 40 [55]. While MarA and SoxS affect the expression of what appears 

to be a common regulon, their impact on the expression of individual target genes is 

clearly not identical [56].

In a potentially intriguing connection, the mar and sox regulatory system may be 

linked at the sensory level, much in the same way that they share target genes. In a 

series of preliminary studies, a collection of naturally occurring, plant-derived 

 phenolic compounds were tested for their ability to induce either marA or soxS 

expression [57]. It was noted that certain naphthoquinones that were known to induce 

soxS expression were also effective inducers of marA transcription [17,58]. These 

observations led to the proposal that compounds of this sort may be the true inducers 

(and substrates?) [59], or may be related to the inducers of a progenitor stress response 

system that has subsequently duplicated and diverged into the present-day mar/sox 
system. This proposal is supported by the fi nding that MarR is related at the amino 

acid sequence level to regulatory proteins found in other bacterial species that are 

known to respond to phenolic compounds [60]. For example, the HpcR repressor that 

controls the expression of genes involved in the catabolism of homoprotocatechuate 

(HPC), a plant-derived phenolic compound, is found in free-living E. coli C strains 

and is a member of the MarR family. HpcR-mediated repression of the hpc gene 

cluster is antagonized by HPC. Again, structural studies describing the specifi c 

interactions between MarR and the inducers that it binds will lead to a better under-

standing of the kinds of compounds that induce the mar system and will help shed 

light on this question.

The highly overlapping mar and sox systems represent intrinsic, inducible stress 

response networks in E. coli and other enteric species [1,61]. The complexity of this 

regulatory network suggests that more signifi cantly diverged microbes may have 

also evolved their own strategies to counter these same environmental challenges, 

even if they lack recognizable mar and sox homologs. mar mutants have been identi-

fi ed among clinical antibiotic-resistant isolates of E. coli [62], and a Mar phenotype 

has been observed among several other Gram-negative quinolone-resistant strains, 

typically contributing a two- to four-fold decrease in the susceptibility of these 

 isolates [63]. It is also possible that mar mutations may emerge as a consequence of 

agricultural usage of antibiotics whose activity is affected by the mar system, as this 

locus is also present in the notoriously pathogenic E. coli strain O157:H7 [64]. 

 Observations of this sort raise the possibility that the role of mar-type mechanisms 
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is substantially under-appreciated in considerations of the factors affecting both 

intrinsic and acquired antibiotic resistance. Thus, the identifi cation and characteriza-

tion of these systems can only help us in our efforts to predict, avoid, and counteract 

antibiotic resistance.

ADDITIONAL MAR-LIKE SYSTEMS INVOLVING SMALL ARAC/XYLS-LIKE ACTIVATORS

In Klebsiella pneumoniae, overexpression of the ramA gene encoding a transcrip-

tional activator related to MarA/SoxS/Rob activators confers multiple antibiotic 

resistance [65]. Moreover, introduction of ramA on a multi-copy plasmid into E. coli 
also conferred multiple antibiotic resistance. In both K. pneumoniae and E. coli, 
RamA overexpression was associated with reduced expression of the OmpF porin. 

Studies have also suggested that RamA plays a signifi cant role in clinical resistance 

to fl uoroquinolones, where resistant isolates exhibited ramA overexpression [66]. 

In Ram overexpressing isolates, the AcrAB proteins were also overexpressed. More 

recent studies further support the role of RamA in AcrAB expression where a 

 tigecycline-resistant isolate overexpressed both ramA and acrAB [67]. Moreover, an 

IS903 insertion in ramA reversed the overexpression of acrAB [67]. Recent work has 

also shown that TetD, which is encoded by the transposon Tn10, can also activate the 

expression of a subset of genes controlled by MarA and SoxS, thereby conferring a 

Mar phenotype. As TetD exhibits 43% amino acid sequence identity with SoxS and 

MarA, it has been proposed that this protein represents an additional member of the 

MarA/SoxS/Rob family [68].

INTRINSIC ACETYLTRANSFERASES IN BACTERIA

While the previous section describes a mechanism by which certain Gram-negative 

bacteria can alter their permeability barriers to afford antibiotic resistance, a different  

approach involving antibiotic inactivation will now be presented. In this case, 

 antibiotic resistance is restricted to a particular chemical class of agents, the amino-

glycosides, but with apparent broad specifi city among constituent components of 

this group. Because of the regulatory nature of many of the mutations described 

below, it is appropriate to consider this an additional example of intrinsic global 

resistance.

Aminoglycoside resistance in bacteria is primarily mediated by the presence 

of plasmid-encoded modifying enzymes [69]. These enzymes modify the amino-

glycosides by acetylation, phosphorylation, or adenylylation [69]. In addition to these 

plasmid-encoded enzymes, an expanding list of chromosomally encoded amino-

glycoside acetyltransferases has been identifi ed. For each of these enzymes, the 

 corresponding gene appears to be intrinsic to the bacterial species in which it is 

found [70,71].

Therefore, it is possible that these intrinsic acetyltransferases act as housekeeping  

enzymes involved in the acetylation of cellular substrates. Since these enzymes also 

acetylate aminoglycosides, there may be structural similarities between amino-

glycosides with the cellular substrates for these enzymes. The AAC(2′)-Ia enzyme in 

P. stuartii has a role in peptidoglycan acetylation (see below) and the AAC(2′)-Id 
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enzyme in Mycobacterium smegmatis has a role in lysozyme resistance indicating a 

possible function related to the cell wall [72]. Recently, the AAC(6′)-Iy enzyme has 

been identifi ed in Salmonella enterica subsp. enterica serotype Enteritidis [73]. The 

potential function of this enzyme may be related to sugar metabolism. Additional 

chromosomal acetyltransferase genes that have been identifi ed in other bacteria 

include aac(6′)-Ic in Serratia marcescens [74], aac(6′)-Ig in Acinetobacter haemo-
lyticus [75], aac(6′)-Ij in Acinetobacter sp. 13 [76], and aac(6′)-Ik in Acinetobacter 

sp. 6 [77]. However, the regulatory mechanisms controlling their expression have yet 

to be identifi ed and these genes will not be discussed further.

AAC(2’)-IA IN PROVIDENCIA STUARTII

PHYSIOLOGICAL FUNCTIONS

Early studies on mutants that overexpressed the AAC(2′)-Ia enzyme indicated that 

they possessed altered cell morphology, forming small rounded cells. To further 

address the role of AAC(2′)-Ia, a null allele was created by introducing a frameshift 

mutation into the aac(2′)-Ia coding region by allelic replacement [78]. The loss of 

aac(2)-Ia resulted in cells with a slightly elongated phenotype [78]. Furthermore, the 

staining properties of aac(2′)-Ia mutant cells with uranyl acetate was altered, relative  

to wild-type cells. The basis for this phenotype is unknown; however, it suggests 

changes in the surface properties of cells. These data suggested a possible role for 

AAC(2′)-Ia that is related to the cell envelope. Work done by Payie and Clarke has 

revealed that AAC(2′)-Ia functions as a peptidoglycan O-acetyltransferase [79]. 

The O-acetylation of peptidoglycan is a modifi cation that regulates the activity of 

autolytic enzymes involved in peptidoglycan breakdown and turnover [80,81]. The 

altered cell morphology seen in cells with changes in aac(2′)-Ia expression may be 

due to the changes in the activity of autolytic enzymes. The AAC(2′)-Ia enzyme is 

capable of obtaining acetate from peptidoglycan, N-acetylglucosamine, and acetyl-

coenzymeA [79]. Interestingly, the AAC(2′)-Ia enzyme is released by osmotic shock 

and may be located in the periplasm. Since acetyl-CoA is not located within the 

periplasm, the use of this substrate as a source of acetate would require a mechanism 

for transfer into the periplasm. The mechanism for such a transfer is unknown in 

P. stuartii.

GENETIC REGULATION

Studies on the regulation of aac(2′)-Ia have been conducted using lacZ reporter gene 

fusions to the aac(2′)-Ia promoter region. Early studies demonstrated that aac(2′)-Ia 
transcription was not inducible by sub-inhibitory amounts of aminoglycoside anti-

biotics [82]. Using these fusions, two approaches have been used to identify gene 

products that act in trans to regulate aac(2′)-Ia. The fi rst approach involved selecting  

spontaneous gentamicin resistant mutants of a P. stuartii strain harboring an aac(2′)-
lacZ fusion on a low-copy plasmid. One mechanism for the increased gentamicin 

resistance of these mutants would be increased expression of the chromosomal 

aac(2′)-Ia gene. During these isolations, the predominant class of mutants were 
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darker blue in the presence of X-gal indicating increased transcription from the 

aac(2′)-Ia promoter region on the plasmid. A second approach to identify regulatory 

mutants involved isolating transposon insertions (mini-Tn5Cm) that activated the 

aac(2′)-lacZ fusion. Insertions that resulted in aac(2′)-lacZ activation were then 

tested for increased expression of the chromosomal aac(2′)-Ia gene. Using both of 

these strategies, genes designated aar (aminoglycoside acetyltransferase regulator) 

have been identifi ed. The surprising number of regulatory genes that have been 

 identifi ed suggests the importance of modifying aac(2′)-Ia expression in response to 

various environmental conditions. This would allow cells to fi ne-tune the levels of 

peptidoglycan acetylation and regulate autolysis.

The aar genes are grouped into two classes. The fi rst class of genes act pheno-

typically as negative regulatory genes since loss of function mutations increase 

aac(2′)-Ia expression. The second class of regulatory genes are those that act in a 

positive manner and are required for normal levels of aac(2′)-Ia expression.

NEGATIVE REGULATORS

aarA

The aarA gene encodes a very hydrophobic polypeptide of 31.1 kDa in size [83]. The 

AarA protein contains at least two possible transmembrane domains, suggesting that 

it is an integral membrane protein. The AarA protein has been shown to be a member 

of the Rhomboid family of intramembrane serine proteases that are widely distrib-

uted in prokaryotes and eukaryotes [84,85]. The AarA protein is required for the 

production or activity of an extracellular pheromone signal, AR-factor, that acts to 

reduce aac(2′)-Ia expression. The aarA gene was identifi ed as a mini-Tn5Cm inser-

tion that increased gentamicin resistance levels eight-fold above wild-type. The aarA 

mutants increase aac(2′)-Ia transcription 3- to 10-fold depending on the growth 

phase of cells. Null mutations in aarA are highly pleiotropic and additional pheno-

types include loss of production of a diffusible yellow pigment and a cell chaining 

phenotype that is most prominent in cells at mid-log phase.

aarB

The aarB3 mutation originally designated aar3 [82] results in a 10- to 12-fold 

increase in aac(2′)-Ia transcription. In the aarB3 background, the levels of amino-

glycoside resistance are increased 128-fold above wild-type, suggesting that this 

mutation further increases aminoglycoside resistance in a manner independent of 

aac(2′)-Ia expression. The aarB3 also results in altered cell morphology and a slow 

growth phenotype. The identity of the aarB gene has not been determined.

aarC

The aarC gene encodes a homolog of gcpE, a protein widely distributed in bacteria 

and required for isoprenoid biosynthesis. A missense allele, aarC1, resulted in a 

number of pleiotropic phenotypes including slow growth, altered cell morphology, 

and increased aac(2′)-Ia expression at high cell density [86]. The biochemical 

 function of AarC remains to be determined.
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aarD

The aarD was identifi ed by a mini-Tn5Cm insertion that resulted in a fi ve-fold acti-

vation of an aac(2′)-lacZ fusion and a three-fold increase in the levels of aac(2′)-Ia 

mRNA accumulation [87]. In addition, a 32-fold increase in aminoglycoside resis-

tance was observed in aarD mutants, relative to wild-type P. stuartii. The aarD 

locus encodes two polypeptides that are homologs of the E. coli CydD and CydC 

proteins [87–89]. The CydD and CydC proteins act in a heterodimeric ABC trans-

porter complex required for formation of a functional cytochrome d oxidase complex 

[90–93]. P. stuartii aarD mutants exhibit phenotypic characteristics consistent with 

a defect in the cytochrome d oxidase including hyper-susceptibility to the respiratory 

inhibitors Zn2+ and toluidine blue [87].

The increased aac(2′)-Ia expression observed in the aarD1 background contri-

butes minimally to the overall increase in gentamicin resistance since introduction 

of the aarD1 mutation into an aac(2′)-Ia mutant strain also results in a 32-fold 

increase in gentamicin resistance. Previous studies have demonstrated that uptake of 

aminoglycosides is dependent on the presence of a functional electron transport 

 system [94–96]. Since electron transport is defective in the aarD1 background [87], 

it is probable that a decrease in aminoglycoside uptake accounts for the high level of 

resistance observed in aarD mutants. However, the mechanism that contributes to 

increased aac(2′)-Ia transcription is unknown. A direct role for aarD in the regula-

tion of aac(2′)-Ia is unlikely, since ABC transporters are not known to function as 

transcriptional regulators [97]. A regulatory protein may couple changes in the redox 

state of the membrane to aac(2′)-Ia expression (see below) [98]. Mutations in aarD 

are predicted to alter the redox state of the membrane and thus indirectly affect 

aac(2′)-Ia expression.

aarG

The aarG gene encodes a protein with similarity to sensor kinases of the two-

 component family with the strongest identity to PhoQ (57%). Immediately upstream 

of aarG is an open reading frame designated aarR, which encoded a protein with 

75% amino acid identity to PhoP, a response regulator [99,100]. The regulatory 

 phenotypes associated with the aarG1 mutation may result from a failure to phos-

phorylate the putative response regulator AarR, which functions as a repressor of 

aarP, and possibly aac(2′)-Ia.

A recessive mutation (aarG1) results in an 18-fold increase in the expression of 

β-galactosidase from an aac(2′)-lacZ fusion [99]. Direct measurements of RNA from 

the chromosomal copy of aac(2′)-Ia have confi rmed this increase occurs at the level 

of RNA accumulation. Taken together, these results demonstrate that loss of aarG 

results in increased aac(2′)-Ia transcription. The aarG1 allele also results in enhanced 

expression of aarP, encoding a transcriptional activator of aac(2′)-Ia (see below) [101]. 

Genetic experiments have shown that in an aarG1, aarP double mutant, the expression 

of aac(2′)-Ia is signifi cantly reduced over that seen in the aarG1 background. 

However, the levels of aac(2′)-Ia in this double mutant are still signi fi cantly higher 

than in a strain with only an aarP mutation. Therefore, the aarG1 mutation increases 

aac(2′)-Ia expression by both aarP-dependent and -independent mechanisms.
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The aarG1 allele confers a Mar phenotype to P. stuartii, resulting in increased 

resistance to tetracycline, chloramphenicol, and fl uoroquinolones. This Mar pheno-

type in the aarG1 background is partially due to overexpression of aarP, which is 

known to confer a Mar phenotype in both P. stuartii and E. coli (see below).  However, 

an aarP-independent mechanism also accounts for increased levels of intrinsic resis-

tance in the aarG1 background. This mechanism could involve increased expression 

of a second activator with a target specifi city similar to that of AarP.

POSITIVE REGULATORS OF AAC(2’)-IA

aarE

The aarE gene is ubiA, which encodes an octaprenyltransferase required for the 

 second step of ubiquinone biosynthesis [102]. Although the aarE mutations increase 

aminoglycoside resistance, accumulation of aac(2′)-Ia mRNA is signifi cantly 

reduced in the aarE1 background. The loss of ubiquinone function is predicted to 

decrease the uptake of aminoglycosides, which accounts for the high-level amino-

glycoside resistance. The decreased aac(2′)-Ia mRNA accumulation may refl ect a 

requirement for ubiquinone, either directly or indirectly in a regulatory process 

involved in aac(2′)-Ia mRNA expression.

aarF

The aarF locus of P. stuartii acts as a positive regulator of aac(2′)-Ia expression with 

the level of aac(2′)-Ia mRNA decreased in an aarF null mutant [98]. Despite the lack 

of aac(2′)-Ia expression, aarF null mutants exhibit a 256-fold increase in gentamicin 

resistance over the wild-type strain. P. stuartii aarF null mutants also exhibit severe 

growth defects under aerobic growth conditions and have been found to lack detect-

able quantities of the respiratory cofactor ubiquinone. The aarF gene is the ubiB 

homolog of P. stuartii, and heterologous complementation studies demonstrated that 

these genes were functionally equivalent [103].

The high-level gentamicin resistance observed in the aarF(ubiB) mutants is likely 

associated with decreased accumulation of the drug resulting from the absence of 

 aerobic electron transport. It seems unlikely that aarF is directly involved in the regu-

lation of aac(2′)-Ia. It has been proposed that a reduced form of ubiquinone acts as an 

effector molecule in an uncharacterized regulatory pathway that activates the expres-

sion of aac(2′)-Ia [98]. In ubiquinone-defi cient aarF mutant strains, this regulatory 

cascade would be disrupted, resulting in decreased aac(2′)-Ia expression (see below).

aarP

The aarP gene was originally isolated from a multi-copy library of P. stuartii 
 chromosomal DNA based on the ability to activate aac(2′)-Ia expression in trans 

[101]. The presence of aarP in multiple copies led to an eight-fold increase in 

aac(2′)-Ia mRNA accumulation. Studies utilizing an aac(2′)-lacZ transcriptional 

fusion demonstrate that this increase results from an activation of aac(2′)-Ia 

 transcription. Chromosomal disruption of the aarP locus resulted in a fi ve-fold 

reduction in aac(2′)-Ia mRNA levels and eliminated the induction of aac(2′)-Ia 
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expression normally observed during logarithmic growth [101]. Expression of aarP 

has been shown to be increased in the aarB, aarC, and aarG mutants, demonstrating 

that aarP contributes to the overexpression of aac(2′)-Ia in these mutant backgrounds 

[82,86,99].

The aarP gene encodes a 16 kDa protein that contains a putative DNA binding 

helix-turn-helix motif and belongs to the AraC/XylS family of transcriptional activa-

tors [101,104]. The AarP protein exhibits extensive homology with the E. coli MarA 

and SoxS proteins that were discussed above. AarP exhibits high homology to 

MarA and SoxS in the helix-turn-helix domain and was found to activate targets of 

both MarA and SoxS in vivo [101]. The purifi ed AarP protein binds to a wild-type 

aac(2′)-Ia promoter fragment in electrophoretic mobility shift assays [105].

Expression of aarP appears to be governed by a mechanism that differs from 

those controlling MarA and SoxS expression. Unlike the MarA and SoxS proteins, 

which are located in operons containing a gene that regulates their expression, the 

aarP message appears to be monocistronic. Expression of aarP is not elevated in the 

presence of SAL, a potent inducer of MarA. Recent studies of aarP expression have 

revealed that the AarP message accumulates as cell density increases [106]. At least 

three aar genes (aarB, aarC, and aarG) are involved in aarP regulation [82,86,99]. 

In addition, we have recently identifi ed a role for the stationary phase starvation 

 protein SspA as an activator of aarP [106]. The SspA protein is a global regulator 

that is proposed to interact with RNA polymerase during starvation and redirect new 

gene expression [107,108].

ROLE OF QUORUM SENSING IN AAC(2’)-IA REGULATION

The regulation of aac(2′)-Ia expression is mediated by cell-to-cell signaling [109]. 

The accumulation of aac(2′)-Ia mRNA exhibits two levels of growth phase depen-

dent expression. First, as cells approach mid-log phase, a signifi cant increase is 

observed relative to cells at early-log phase. This increase at mid-log phase is the 

result of increased aarP expression. Second, as cells approach stationary phase, the 

levels of aac(2′)-Ia mRNA are decreased to levels that are at least 20-fold lower than 

those at mid-log phase. This decrease at high density is mediated by the accumula-

tion of an extracellular factor (AR-factor) [109]. The growth of P. stuartii cells in 

spent (conditioned) media from stationary phase cultures resulted in the premature 

repression of aac(2′)-Ia in cells at mid-log phase. The ability to produce AR-factor 

is dependent on the AarA protein described previously.

In summary, the large number of genes that infl uence aac(2′)-Ia regulation 

 suggest that the expression of aac(2′)-Ia and the subsequent O-acetylation of pepti-

doglycan must be tightly controlled in P. stuartii. The AAC(2′)-Ia enzyme repre-

sents a minor O-acetyltransferase in P. stuartii [78]. The physiological function of 

AAC(2′)-Ia may be to “fi ne-tune” the levels of peptidoglycan O-acetylation in 

response to different environmental conditions or phases of growth. For example, in 

cells at mid-log phase, there is a burst of aac(2′)-Ia expression that may be required 

for peptidoglycan turnover in rapidly growing cells. As cells increase in density and 

approach stationary phase, the accumulation of AR-factor leads to decreased aac(2′)-Ia 

expression at stationary phase. This may refl ect a requirement for lower peptido-

glycan turnover at stationary phase. The additional levels of aac(2′)-Ia regulation, 
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namely, the role of ubiquinone and/or electron transport, are understood in less detail. 

The simplest model, proposed earlier, is that aac(2′)-Ia expression is also coupled to 

electron transport via regulatory protein(s) that sense the redox status of the cell. The 

AarG/AarR two-component system may have a role in this process. At the present 

time, interplay among the aar genes, electron transport, and quorum sensing in 

 controlling aac(2′)-Ia expression is being investigated. The mechanisms identifi ed 

may serve as a model for the regulation of other chromosomally encoded acetyl-

transferases. In addition, the identifi cation of physiological roles for the other intrinsic  

acetyltransferases will allow us to better predict how the modifi cation of intrinsic 

genes can lead to antibiotic resistance.

CONCLUDING REMARKS

While the mar/sox and aac(2′)-Ia systems differ signifi cantly at both the genetic 

and physiological levels, there are important similarities worth noting. As global, 

intrinsic resistance systems, they both contain regulatory components as key factors 

controlling the expression of resistance determinants. In the case of MarA/SoxS and 

AarP, the products of key regulatory genes are remarkably conserved. In addition, 

there is a common element of environmental sensing that is shared by these two 

 systems. These observations support the notion that the resistance phenotypes 

observed for specifi c regulatory mutants are physiologically relevant, because they 

result from changes in the activity of factors that control the expression of otherwise 

normal effector genes. As the best-studied examples of global resistance systems, the 

mar/sox and aac(2′)-Ia networks provide models for how subtle yet effective path-

ways affecting antibiotic resistance may lie buried within the complex genomes of 

many microorganisms. It is interesting to note that the kinds of antibiotics affected 

by the two systems are almost entirely complementary: aminoglycosides are among 

the only kinds of agents that are not impacted by the mar/sox pathway. Perhaps 

the aac(2′)-Ia system evolved divergently to address this gap? Regardless, these 

pathways provide paradigms that should assist future investigators in the characteri-

zation of other global systems that affect antibiotic susceptibility.
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The world of antibiotic drug discovery and development is driven by the necessity 

to overcome antibiotic resistance in common Gram-positive and Gram-negative 

pathogens. However, the lack of Gram-negative activity among both recently 

approved antibiotics and compounds in the developmental pipeline is a general trend. 

It is despite the fact that the plethora of covered drug targets is well conserved in 

both Gram-positive and Gram-negative bacteria. Multidrug resistance (MDR) effl ux 

pumps play a prominent and proven role in Gram-negative intrinsic resistance. More-

over, these pumps also play a signifi cant role in acquired clinical resistance. Together, 

these considerations make effl ux pumps attractive targets for inhibition in that the 

resultant effl ux pump inhibitor (EPI)/antibiotic combination drug should exhibit 

increased potency, enhanced spectrum of activity, and reduced propensity for 

acquired resistance. To date, at least one class of broad-spectrum EPI has been 

 extensively characterized. While these efforts indicated a signifi cant potential for 

developing small molecule inhibitors against effl ux pumps, they did not result in a 

clinically useful compound. Stemming from the continued clinical pressure for novel 

approaches to combat drug resistant bacterial infections, second-generation programs  

have been initiated and show early promise to signifi cantly improve the clinical 

 usefulness of currently available and future antibiotics against otherwise recalci-

trant Gram-negative infections. It is also apparent that some changes in regulatory 
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 decision-making regarding resistance would be very helpful in order to facilitate 

approval of agents aiming to reverse resistance and prevent its further development. 

MDRs IN CLINICALLY RELEVANT DRUG RESISTANCE

Five families of bacterial drug effl ux pumps have been identifi ed to date [1]. However,  

it is mostly members of a single resistance/nodulation/division super family (RND) 

found in Gram-negative species that are implicated in clinically relevant resistance. 

In this section, we will review the structure and mechanism of RND MDRs. 

Effl ux is most effective when working in cooperation with other resistance 

 mechanisms. Reduced uptake across the outer membrane of Gram-negative bacteria, 

which is a signifi cant permeability barrier for both hydrophilic and hydrophobic 

 compounds, constitutes such a mechanism [2,3]. To take advantage of the reduced 

uptake, some Gram-negative MDR pumps extrude their substrates across the whole 

cellular envelope directly into the medium, performing trans-envelope transport [4].

The RND MDRs [5] possess an astonishing breadth of substrate specifi city, and 

in this respect surpass even the notorious ABC transporters, such as P-glycoprotein 

(P-gp), that are major hurdles for the effectiveness of anti-cancer therapy [6]. RND 

pumps can recognize and extrude positive-, negative-, or neutral-charged molecules, 

substances as hydrophobic as organic solvents and lipids, and compounds as hydro-

philic as aminoglycoside antibiotics. They are a ubiquitous family whose members 

are distributed across various kingdoms. Several representatives of the RND-

 permease superfamily are encoded in the human genome, though the similarity to 

bacterial RNDs is negligible (16% identity). Examples of human RNDs include the 

Niemann-Pick disease, type C1 (NPC1) protein, localized in lysosomal membranes 

and apparently involved in intracellular cholesterol transport [7], and the homolog of 

Drosophila morphogen receptor Patched, thought to be crucial in the suppression of 

basal cell carcinoma [5,8]. Given the low similarity between the bacterial and human 

RNDs, the identifi cation of highly selective inhibitors of bacterial pumps devoid of 

mechanism-based mammalian toxicity appears feasible.

The past few years have seen the publication of an extraordinary amount of 

structural information on bacterial RND transporters. Several high-resolution 

 structures of the AcrB effl ux pump from Escherichia coli, with and without co-

 crystallized substrates, as well as several mutant AcrBs, have recently emerged from 

several laboratories across the world [9–14]. As discussed below, RND transporters 

from Gram-negative bacteria function as a complex with two other types of proteins, 

and X-ray structures of these have also become available [15–19]. Only the structure 

of the tripartite complex itself is lacking. The input from this detailed structural 

information should dramatically facilitate discovery of inhibitors of RND transport-

ers to improve effi cacy of antibiotics against problematic bacteria that are the cause 

of many life-threatening infections.

In this review, we will summarize the recent advances on structure and function 

of RND transporters. It is important to emphasize that much research has also been 

devoted to understanding the complex regulation of effl ux gene expression, which is 

usually governed by local and global regulatory mechanisms. To learn more about 

this topic, the reader is referred to several excellent reviews [20–23].
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In addition, more and more information is becoming available regarding the 

 signifi cance of RND transporters in bacterial pathogenesis. Many transporters have 

been demonstrated to be essential for cellular invasion and resistance to natural host 

substances, such as bile salts and specialized host-defense molecules [24]. Some 

RND transporters from Pseudomonas aeruginosa (and other relevant pathogens) are 

involved in controlling the balance of quorum signal molecules important for cell-

to-cell communication, and apparently for the establishment of persisting infections 

[25,26]. Interestingly, the Gram-positive organism Mycobacterium tuberculosis con-

tains four RND transporters involved in controlling virulence [27]. A comprehensive 

review regarding this emerging “physiological” role of RND transporters has recently 

been published [24].

To perform trans-envelope effl ux the inner membrane RND transporter works 

together with accessory proteins: a periplasmic protein belonging to the Membrane 

Fusion Protein (MFP) family, and the outer membrane channel, a member of the 

Outer Membrane Factor (OMF) family. RND pumps and accessory proteins form 

large multi-protein assemblies that traverse both the inner and outer membranes of 

Gram-negative bacteria [4,28,29]. All components are absolutely essential for 

 transport. Working together as a well-coordinated team, they achieve the direct 

extrusion of substrates across the whole cell envelope and into the medium.

This is where another aspect of teamwork is evident. The integrity of the outer 

membrane is absolutely critical. When it is compromised no resistance is seen, even 

in the presence of fully functional RND-containing complexes [30]. One might infer 

that these MDR transporters are in fact rather sluggish machines, relying heavily for 

their effectiveness upon restricted diffusion of effl uxed compounds back into the 

bacterial cell, but no reliable kinetic measurements exist for RND transporters to 

argue this point. An alternative explanation is that the outer membrane is simply the 

only barrier across, which substrates are transported, and that RND transporters, 

unlike all other known drug pumps, are capable of capturing their substrates in the 

periplasmic space rather than in the membrane or from the cytoplasm. X-ray crystal-

lography illuminates these points.

High-resolution structures of all components of the effl ux complex are now 

available. A steady stream of structural information, starting with the OMF TolC 

[18] protein from E. coli in 2000 and continuing to the present day, has produced a 

series of remarkable discoveries [9,11,12].

The best-studied AcrB transporter from E. coli serves as a prototype for all 

members of the RND family. AcrB is a protein of ca. 1100 amino acid residues that 

contains a transmembrane domain (TMD), consisting of 12 TM segments, and an 

unusually large periplasmic domain. Importantly, structural data have established 

that AcrB functions as a trimer (Figures 4.1 through 4.3). Inside the membrane, 

 monomers of AcrB, which we will refer to as protomers, have very limited contact 

with one another [10]. In the periplasm, by contrast, they assemble into an intricate 

“mushroom-like” structure that protrudes about 70 Å from the membrane. The 

 periplasmic portion of the AcrB trimer can be further sub-divided into the porter and 

the TolC docking domains. In the porter domain, neighboring protomers form three 

large vestibules that are wide open to the periplasm. These vestibules lead to a 

 spacious central cavity.
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FIGURE 4.1 Structure of AcrA (PBD code 2f1m), AcrB (PBD code 1ek9), and TolC (PBD 

code 2dhh) proteins from E. coli. The fi gure shows a monomer of AcrA and trimers of AcrB 

and TolC. All proteins  are shown to scale.

The structural features of the accessory proteins are consistent with their role in 

extending drug effl ux across the outer membrane. The 3D structures of three OMFs, 

TolC, OprM, and VceC from E. coli, P. aeruginosa, and Vibrio cholerae, respec-

tively, have been solved recently [15,18,31]. Despite very little sequence similarity, 

they are structurally conserved. Like AcrB, they form stable trimers organized into 

two-barrel structures. A 12-stranded β-barrel 40 Å long inserts into the outer mem-

brane to form an open pore 30 Å in diameter. An unusual α-helical barrel 100 Å in 

length protrudes deep into the periplasm, where it reaches the TolC docking domain 

of AcrB. The lower half of this barrel is bounded by an equatorial domain of mixed 

α/β-structure. The tip of the periplasmic end of the channel is closed in an iris-like 

manner by interacting loops of α-helices.

Biochemical and genetic data demonstrate that MFPs interact with both the 

RND pump and the OM channel [32,33]. It is therefore proposed that the MFP stabi-

lizes weak RND–OMF interactions and promotes and maintains the tripartite 

 complex. Recently determined structures of MexA and AcrA, from P. aeruginosa 

and E. coli, respectively [16,17,19], are consistent with such a function. These MFPs 

appear to a have modular structure, with a long β-barrel domain connected to a 

lipoyl domain that in turn is attached to a long periplasmic α-helical hairpin. By 

 forcing E. coli TolC to make a functional complex with the MexAB-translocase 

from P. aeruginosa (which otherwise is non-functional), it was established that key 

interactions between the MFP and OMF are located in the equatorial domain and in 

the vicinity of the coiled coils of the TolC entrance [34]. In addition, the MFP appears 
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to possess signifi cant conformational fl exibility [35], which might be important to 

ensure the most advantageous interaction with TolC.

In modeling an “open state” of the TolC entrance, there appears to be a perfect fi t 

with the funnel-like opening of the TolC docking domain of AcrB [36]. The possibility  

exists that the MFP plays an active role in the opening of the TolC channel during 

drug transport. It is also possible that the “open state” is the result of the AcrB–TolC 

interaction, and that the role of the MFP is to keep both proteins in this fi xed state.

The oligomeric state of MFPs still remains controversial. Soluble forms of AcrA 

and MexA have been found to be monomeric in vitro, but cross-linking of AcrA 

in vivo suggests that the MFP works as a trimer with its two other partners [37,38].

While many details remain to be clarifi ed, the emerging architecture of the  trimeric 

complex provides a structural basis for understanding trans-envelope effl ux. A sub-

strate enters the tripartite transporter through the appropriate inter-envelope “substrate 

gate” and exits into the extracellular space through the “exhaust pipe” of TolC.

The possibility of periplasmic capture fi rst arose based on genetic and biochemical  

experiments [39–42] and was subsequently reinforced with the advent of the high-

resolution structures of protein–ligand co-crystals.

Interestingly, co-crystals revealed several possible drug interacting sites. In the 

fi rst report, several unrelated drugs were detected in the central cavity on the 

 membrane–periplasm interface, prompting a model in which drugs fi rst intercalate 

FIGURE 4.2 Fitted model of the E. coli AcrAB-TolC tripartite effl ux complex. Most of 

the AcrA trimers are removed by cross-section. There is signifi cant evidence that the “cra-

ter” in the fully assembled pump is connected to TolC, either directly or via an adaptor 

composed of AcrA subunits. The tubular TolC structure serves as an “exhaust pipe” that 

penetrates the outer membrane, providing the exit route for the substrate effl ux into the 

external medium. The opening indicated by the white color in the AcrB-trimer leads to the 

periplasmic space.
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into the phospholipid bilayer and then diffuse laterally into the central cavity of 

AcrB [14,43]. Drugs observed in this site are in the vicinity of a few aromatic  residues 

that appear to interact with them through hydrophobic and stacking interactions. 

However, the observed ligand/protein interactions appeared weak and are insuffi -

cient to explain substrate specifi city. In fact, the few amino-acid residue side-chains 

observed to be interacting with the ligands are highly conserved across various 

effl ux pump proteins of broadly varying substrate recognition. Mutational analyses 

of AcrB and the related EmhB from Pseudomonas fl uorescens nevertheless show 

that amino acid residues in the central cavity do have an impact on transporter-

 mediated antibiotic resistance [13,44].

In the next structure of the same protein, an additional drug binding pocket was 

detected in a prominent cleft on the surface of the periplasmic domain. This site 

might be fully exposed to the periplasm, with easy access for drug binding. The 

problem with this site is that it is not clear where the drug can go from there. Muta-

tions altering several amino acids within this site were also reported to impact RND-

related antibiotic resistance [13,41,45]. One intriguing possibility is that this site 

might play a role in regulation of the activity of the transporter by its substrates, 

rather than mediating the actual transport process directly.

Finally, a third structure revealed yet another, non-overlapping, multidrug 

 binding pocket, located deep inside the periplasmic domain [9]. This voluminous 

pocket is extremely rich in aromatic amino acid residues capable of hydrophobic and 

stacking interactions. There are also a few polar residues that can form hydrogen 

bonds. Interestingly, the co-crystallized substrates doxorubicin and minocycline 

were found to be interacting with different sets of amino acid residues. This fi nding 

fi ts very well with the rapidly emerging paradigm of a versatile multi-specifi c recog-

nition pocket, which was originally proposed based on the results obtained with sol-

uble multidrug binding regulatory proteins, such as BmrR [46,47], QacR [48,49], and 

PXR [50]. These studies demonstrated (i) that different substrates can use different 

residues to bind in the same pocket; (ii) that the same substrates can assume multiple 

positions in the pocket; (iii) that two substrates can be bound simultaneously; and 

(iv) that this binding can give rise to negative or positive cooperativity. Numerous 

studies on human MDR ABC transporter P-gp, though not at the structural level, 

illustrate such versatility through the concept of the “induced best fi t,” by which a 

substrate can provoke rearrangements in the pocket during binding [51,52].

The fi rst high-resolution structure of the MDR ABC transporter, Sav1866 from 

Staphylococcus, has also been determined [53]. Though the crystals lack substrate, 

the location of the binding pocket can be easily identifi ed based on a variety of 

 biochemical, mutagenesis, and cross-linking experimental data [54,55], collected 

over many years of research on ABC transporters. The large chamber within the 

membrane that is formed by two TMDs opening to the extracellular milieu may also 

be accessible from the lipid phase at the interfaces between the two TMDs [56], 

 constituting a drug binding pocket for the MDR ABC transporters. The TM domains 

of P-gp do not contain any charged residues. Thus, ligand/protein interactions 

may be based solely on H-bonding, hydrophobic, and stacking interactions. The 

architecture  of this binding pocket is very different from the one observed for AcrB. 

However, multidrug binding appears to follow the same rules.
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In addition, this structure provides important details on the mechanism of ATP-

driven ABC-mediated effl ux, which has been proposed to occur using an “alternat-

ing access and release” mechanism. In essence, high affi nity substrate binding 

induces high affi nity ATP binding, which in turn induces substrate release, ATP 

hydrolysis, and subsequent release of ADP to re-set the system.

To return to the RND transporters: as implied earlier, a substrate can reach the 

binding pocket through the uptake channel. The main entrance to the channel is 

about 15 Å above the plane of the membrane. It is easily accessible from the peri-

plasmic space via the “vestibules” leading to the central cavity. It seems possible that 

the role of the weak binding observed previously in the central cavity [43] might be 

to slow down the lateral diffusion of substrates in the vicinity of the entrance to the 

uptake channel. 

Two recent studies, published side by side, provide further exciting and unex-

pected insights into possible transport mechanisms by RND transporters [9,11].

The fi rst X-ray structure of the RND pump AcrB was presented as a perfectly 

symmetric trimer [10]. It gave rise to the so-called “elevator mechanism” [43] of 

transport, wherein it was proposed that substrates accumulating in the central cavity 

are actively transported into the upper portal space via a channel that opens along 

the central axis of the structure. However, in this model, a very signifi cant conforma-

tional change associated with channel opening would have to be coupled with proton 

transport via the TMD in order to accommodate the passage of substrates.

The two new structures of AcrB trimers, while symmetric overall, show each 

protomer in a distinct conformation [9,11]. Although only one of these “new genera-

tion” structures contains co-crystallized substrates [9] the conformations of 

 protomers in both are strikingly similar. This argues that substrate is not needed to 

induce asymmetry.

In the periplasmic portion, the main differences between the old and new struc-

tures are in the substrate binding pocket. First, the substrate is present in only one of 

the protomers, dubbed the “binding” protomer (B). The spacious drug binding pocket 

(described earlier) is open to the periplasm and expands far into the porter domain, 

almost reaching the TolC-docking funnel. The exit from the pocket into the funnel is 

blocked by the inclined α-helix of the central pore from the adjacent protomer. The 

binding pocket of this second protomer, called the “extrusion” protomer (E), is closed 

to the periplasm, signifi cantly reduced in size, and opened toward the funnel. The 

binding cavity of the third “access” protomer (A) is largely inaccessible from either 

the periplasm or the exit funnel.

Based on this asymmetric structure, a new mechanism of drug transport has 

been proposed. This “alternate occupancy” model implies that each protomer cycles 

through three consecutive conformations, named after F1F0-ATPase as loose (L), 

tight (T), and open (O), corresponding to three phases of effl ux [11]. This cycling is 

sequential, rather than synchronous, such that at any given time each protomer exists 

in a different phase.

Several sequences for a transport process can be envisioned. In one model [9,11], 

the fi rst is the L-phase (corresponding to A-protomer), where the substrate gains 

limited access to the uptake channel. During the second T-phase (corresponding to 

B-protomer), the uptake channel expands and the substrate enters the voluminous 
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binding pocket. In the last O-phase (corresponding to the E-protomer), the binding 

pocket disconnects from the periplasm and shrinks in size. The drug is pushed out 

of the binding pocket (presumably concomitant with the α-helical exit opening) into 

the funnel, where it can diffuse into the TolC channel. At the same time, one adjacent 

protomer receives another substrate molecule in the binding pocket, while the third 

protomer returns to the substrate accepting state.

It should be noted that the role of the L-phase, where the cavity is largely 

 dis connected from either the periplasm or the funnel, is somewhat unclear. Rather 

than being the fi rst, substrate accepting phase, it may actually be the second. Trans-

port might be initiated by binding into the expanded pocket after entering through 

the open uptake channel (as in Figure 4.3). After a conformation change, the cavity 

may be closed off from the periplasm, entering the L-phase. One may hypothesize 

that the substrate can then be trapped, but unbound in the cavity before the transition 

to the funnel-open state, when it is released. The volume of the closed cavity is 

 estimated at ~1200 Å3, suffi cient to accommodate substrates over 1000 Da MW. 

FIGURE 4.3 Structure of AcrB based on the asymmetric crystal. Lateral view of the cross-

section of the AcrB/substrate complex X-ray structure. Bound substrate (aquamarine space-

fi lling model) can be observed in the cavity near the end of the deep gorge. The gorge has an 

opening to the periplasm on the right. The corresponding cavity is empty and opens to the 

crater-like structure at the top.
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Finally, another possibility is that this is in fact the third and truly ligand-free phase 

following drug binding and drug release.

Based on the obvious analogy, AcrB has been nicknamed a peristaltic pump [11]. 

Perhaps a more poetic comparison would be with the three-step rotation of the 

Vienna waltz. During the “dance,” each protomer of AcrB functionally rotates 

through three different positions. This model of RND-mediated effl ux is also 

 somewhat reminiscent of an exit through “revolving doors.” 

Regardless of the sequence of events that produce effl ux of the substrate 

against the concentration gradient, the affi nity of the substrate to the periplasm-

accessible conformation of the pump subunit cavity is expected to be higher than 

the affi nity to the funnel-opened conformation. The transition of the ligand-bound 

protomer from a high-affi nity to low-affi nity state should require energy input, 

which is evidently provided by the coupled proton transport in the TMDs. While 

the details of the mechanism remain to be clarifi ed, existing studies provide some 

initial clues.

Mutagenesis data indicate that AcrB has four electrostatically interactive 

residues  that constitute the putative proton relay pathway, located in TM4, TM10, 

and TM11 [57,58]. In the binding and access protomers, Lys 940 of TM10 and 

Asp407 and Asp408 of TM4 are coordinated by salt bridges. However, in the extru-

sion protomer, Lys940 is turned toward Thr978 and the salt bridges are absent. This 

is turn causes twisting of TM4 and TM10. Without additional data, it is impossible 

to say whether or not these subtle changes in TMDs are suffi cient to produce the 

large conformational changes in the porter domain, resulting in ultimate effl ux. 

However, what is absolutely clear is that the residues involved in proton and sub-

strate translocation are, as expected, far apart.

Understanding the mechanism of transport and identifi cation of the multidrug 

binding pockets will help in the design of new clinically relevant approaches to 

inhibit drug effl ux.

ANTIINFECTIVE DRUG DISCOVERY AND EFFLUX 
PUMP INHIBITORS

Approaches to combating drug effl ux offer new opportunities to combat antibi-

otic resistance development across the spectrum of drugs in development and in 

clinical use.

The fi rst category includes antibiotics approved by the FDA from 1998 to 2005, 

including rifapentine, quinupristin/dalfoprystin, moxifl oxacin, gatifl oxacin, 

 linezolid, ceftidoren, ertapenem, gemifl oxacin, daptomycin, telithromycin, and 

 tigecycline [59,60]. The second category are antibiotics currently in clinical trials, 

such as doripenem in phase III trials, ceftobiprole, dalbavancin, telavancin, 

 ramaplanin, sitafl oxacin, and garenofl oxacin, as well as more phase I and phase II 

fl uoroquinolones and β-lactams, and the macrolide EP-420, the oxazolidinone ran-

benzolid, the dihydrofolate reductase inhibitor iclaprim, the peptide deformilase 

inhibitor LMB-415, and the tetracycline analog PTK 0796 [61]. Finally, the third 

category consists of compounds at various stages of preclinical development, 

including more β-lactams, fl uoroquinolones, oxazolidinones, and ketolides [62] as 
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well as new  analogs in the less prevalent rifamycin [63] and lincosamide [64] 

classes. This  category also contains several compounds with novel modes of action, 

such as the dual GyrB/ParE inhibitor VX-692 [65] and the FabI inhibitor API-1401 

[66]. Until recent termination or suspension [67,68], this category included many 

more  compounds with novel modes of actions—compounds targeting DNA poly-

merase, DNA ligase, tRNA synthases, enzymes essential in cell division, as well as 

various essential metabolic and unexploited cell wall synthesis enzymes [69,70].

Compounds from all three categories have one thing in common. Almost all 

have poor activity against P. aeruginosa and other recalcitrant Gram-negative bacteria 

(such as Acinetobacter spp., Stenotrophomonas maltophilia, and Burkholderia 
 cepacia). In fact, most of them lack appropriate activity against any Gram-negative 

bacteria at all [71]. Only tigecycline, the most recently approved antibiotic [72,73], 

has potent in vitro activity against Acinetobacter spp. and S. maltophilia, but not 

P. aeruginosa or Proteus and only the carbapenem doripenem is active against 

P. aeruginosa [74,75] (but not the strains producing metallo-β-lactamases. In this 

respect, it is not different from the currently approved anti-pseudomonal carba penems 

 imipenem and meropenem). This general trend in the lack of Gram-negative activity 

among both recently approved antibiotics and compounds in the developmental 

pipeline is rather remarkable considering the plethora of drug targets covered, both 

old and new, and the fact that most of the compounds have the potential to be truly 

broad spectrum, since they inhibit the activity of “genomically correct” targets that 

are well conserved in both Gram-positive and Gram-negative bacteria.

Effl ux-mediated intrinsic and acquired resistance is well documented even for 

the limited number of antibiotics (fl uoroquinolones, β-lactams, and aminoglyco-

sides), which are available for the treatment of P. aeruginosa and similar recalcitrant 

Gram-negative bacteria [76,77].

An alternative and potentially more elegant approach is to identify and develop 

compounds, which avoid effl ux pumps altogether rather than to resort to combina-

tion therapy with EPIs. Indeed, there are several examples where this approach has 

been perfectly successful for Gram-positive bacteria. In the fi rst example, the 

newer fl uoroquinolones, levofl oxacin, moxifl oxacin, gemifl oxacin, gatifl oxacin, 

and garenofl oxacin are not affected by the MDR pumps NorA and PmrA, in Staph-
ylococcus aureus or Streptococcus pneumoniae, respectively [78–83]. It is believed 

they are suffi ciently hydrophobic, so that their rapid passive uptake overwhelms 

active effl ux from the cell. Sparfl oxacin has been shown to non-competitively 

inhibit the NorA transporter, which may be the reason why susceptibility to 

 sparfl oxacin is not affected by the NorA pump [84]. In the case of tetracycline 

derivatives tigecycline  [85,86] and PTK 0796 [87], the mechanism of resistance to 

effl ux is due to the lack of recognition by the tetracycline-specifi c transporters 

(TetA-D and TetK, M). Note, however, that the “out-foxed” effl ux pumps  mentioned 

above are either antibiotic specifi c or are MDR transporters from Gram-positive 

bacteria. The same antibiotics are still effectively extruded by MDR transporters 

from Gram-negative bacteria.

In the late 1990s, Microcide and Daiichi Pharmaceuticals undertook a compre-

hensive program to search for and develop EPIs for Gram-negative bacteria. 

The specifi c goal of their collaborative program was to potentiate the activity of 

levofl oxacin, a substrate for multiple homologous tripartite MDR pumps belonging 
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to the RND family of transporters. Four of these tripartite pumps in P. aeruginosa 

(MexAB-OprM, MexCD-OprJ, MexEF-OprN, and MexXY-OprM) are capable of 

conferring clinical resistance to this antibiotic [76]. High-throughput screening 

 identifi ed an inhibitor, MC-207,110, capable of reducing Mex-mediated effl ux resis-

tance to fl uoroquinolones in P. aeruginosa [88]. This compound effectively inhibits 

all four clinically relevant P. aeruginosa pumps as well as similar RND pumps from 

other Gram-negative bacteria. Based on the broad spectrum of pump inhibition in 

various Gram-negative bacteria, compounds in this drug class are considered broad-

spectrum EPIs. Interestingly, not all antibiotic substrates for a given pump are poten-

tiated by MC-207,110. The degree of pump inhibition is dependent on the nature of 

the substrate. For example, MC-207,110 potentiates fl uoroquinolones, macrolides/

ketolides, oxazolidinones, chloramphenicol, and rifampicin, but not β-lactams or 

aminoglycosides. Mechanism of action studies indicated that MC-207,110 itself is a 

substrate of effl ux pumps [89]. The assumption is that different antibiotics have 

non-identical binding pockets within the transporter protein and that MC-207,110 

works by competing with antibiotics for binding in the substrate pocket specifi c to 

the potentiated antibiotic, but not to the binding site for the non-potentiated antibiotics,  

explaining the substrate-dependent inhibition. This may also explain why attempts 

to isolate target-based mutations conferring resistance to MC-207,110 (making the 

effl ux pump non-susceptible to inhibition) were unsuccessful (Lomovskaya, unpub-

lished results). Most likely, such mutations would render the pump incapable of 

 interacting with other substrates and hence be observed as inactive. This being the 

case, specifi c targeting of the pump substrate-binding site may be a viable future 

strategy to design alternative or improved EPIs. It also became clear during the 

course of the program that in any empiric search for EPIs it is very important to 

identify and use specifi c partner antibiotics.

MC-207,110 decreased intrinsic resistance to levofl oxacin about eight-fold in 

wild-type strains of P. aeruginosa, while effl ux pump over-expressing strains 

 susceptibility may be increased up to 64-fold. This same degree of potentiation is 

observed irrespective of the presence of target-based mutations in DNA gyrase. 

Recent clinical isolates of P. aeruginosa with a wide range of resistant phenotypes 

also showed increased susceptibility to levofl oxacin in the presence of MC-207,110. 

Remarkably, both the MIC50 and the MIC90 were decreased to the same extent, 

16-fold by MC-207,110, providing additional evidence that the potentiating effect is 

not dependent on the absolute level of resistance, but solely on the level of effl ux 

pump expression. In the presence of the inhibitor, both MIC50 and MIC90 were below 

the susceptibility barrier for levofl oxacin. 

Of particular importance is the observation that the selection frequency for 

 fl uoroquinolone-resistant bacteria was also dramatically decreased in the presence of 

MC-207,110. The appearance of both effl ux-mediated and target-based mutations is 

minimized. This is presumably because the inhibitor decreases MexAB-OprM-

 mediated intrinsic resistance to the level at which a single target-based mutation does 

not confer enough resistance to emerge under selection conditions [88]. Suppression 

of resistance development was also demonstrated in vivo using later stage  compounds, 

in the neutropenic mouse thigh model of P. aeruginosa infection [90,91].

The attractiveness of MC-207,110 as a lead was based on its broad-spectrum 

effl ux pump inhibitory activity. Such broad-spectrum activity is absolutely needed in 
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order to have a clinically signifi cant impact on fl uoroquinolones, which are extruded 

by multiple effl ux pumps. However, broad-spectrum EPI activity is not always 

 essential. For example, resistance to aminoglycosides is conferred by a single pump, 

MexXY-OprM [92], while it is mainly MexAB-OprM, which confers resistance to 

β-lactams in P. aeruginosa [93,94].

EPIs with high selectivity toward MexAB-OprM were also identifi ed in the 

Microcide-Daiichi collaboration [95–98]. One such series of compounds, the pyrido-

pyrimidines, unlike MC-207,110, inhibit the effl ux of all substrates of the MexAB-

OprM pump, including β-lactams and fl uoroquinolones, with little effect on the other 

Mex systems. In later studies, mutagen-induced mutations conferring resistance to 

potentiation by these compounds were identifi ed in the MexB gene [Lomovskaya, 

unpublished results]. Of note is that these mutations were not cross resistant to MC-

207,110, confi rming the differences in modes of action of these two types of EPIs. 

Resistance studies demonstrated that while mutants with simultaneous resistance to 

β-lactams and fl uoroquinolones due to overexpression of MexAB-OprM could be 

easily isolated, no such mutants were selected in the presence of MexAB-OprM-

selective EPIs [Lomovskaya, unpublished results]. 

These studies demonstrated that multiple inhibitors of a single pump could be 

identifi ed. They also validated the belief that inhibition of effl ux pumps is a viable 

strategy to reversing antibiotic resistance and blocking its development [99–102]. 

Extensive efforts have been made to improve the potency and the absorption, distri-

bution, metabolism, excretion, and toxicity (ADMET) profi le of this compound 

series [91,90,103,104]. It has two basic moieties that were shown to be essential for 

activity. Unfortunately, the same moieties were found to be associated with unfavor-

able pharmacokinetic and toxicological profi les, and development of this lead series 

was suspended. While downgraded at least temporarily from drug candidate status, 

these compounds are widely used as a research tool, owing to broad-spectrum EPI 

activity, to evaluate the contribution of effl ux pumps to antibiotic resistance in 

 clinical isolates of P. aeruginosa and other Gram-negative bacteria [105–113].

Several other structural classes of inhibitors of the RND transporters are des-

cribed in the literature, though none has been reported to have EPI activity against 

effl ux pumps from P. aeruginosa. In a high-throughput screening assay for potentia-

tors of novobiocin, scientists at Pharmacia, now Pfi zer, identifi ed 3-arylpiperidines as 

inhibitors of the AcrAB-TolC pump from E. coli [114]. In a report from University 

Hospital in Freiburg, Germany, selected arylpiperazines have been shown to inhibit 

the same transporter and to potentiate activity of its multiple antibiotic substrates 

[115]. Several laboratories in France undertook systematic efforts to identify and 

characterize various alkoxy- and alkylaminoquinolines as EPIs showing signifi -

cant activity against laboratory and clinical strains of Enterobacter aerogenes and 

Klebsiella pneumoniae [116–119]. To the authors’ knowledge, no large-scale develop-

ment programs have been initiated based on these compounds.

PERSPECTIVES FOR DEVELOPING MDR INHIBITORS

It is also desirable that the antibiotic and the EPI should not engage in drug–drug 

 interactions. In this respect, some lessons may be learned from the clinical experience 
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with inhibitors of P-gp and other ABC-transporters as reversing agents for combination 

with anticancer drugs. The search for such compounds started in the mid-1970s, almost 

concomitant with the discovery of P-gp [120–125]. Several P-gp inhibitors have since 

failed in clinical trials. Perhaps the main reason for this is that P-gp and some other 

ABC-transporters have a distinct physiological function in the human body: they 

 protect various cells from endogenous toxic metabolites and xenobiotics, as well as the 

cytotoxic anticancer drugs themselves. In addition, they participate in drug disposition. 

As a result, in the presence of P-pg inhibitors exposure to the co-administered cytotoxic 

drug in normal cells increased, resulting in toxicity. Several more potent and selective 

agents are undergoing clinical development at the present time. 

It is expected that the introduction of inhibitors of bacterial RND transporters as 

antiinfective agents to the clinic might be more expeditious than for MDR-reversing 

agents for cancer therapy since no close human homologs exist and therefore no 

 target-based toxicity is expected. In addition, based on the emerging signifi cance of 

RND transporters in bacterial pathogenesis one can imagine EPIs as stand-alone, 

anti-virulence agents.

Importantly, an EPI interacting with the RND transporter in the binding site 

may have different modes of inhibition. They might compete directly for binding 

with other substrates, but they might also facilitate such binding due to positive 

cooperativity and thereby prevent dissociation of substrates from the pump. 

In addition, based on the structure of AcrB, two of the three different conforma-

tions of the binding pocket offer the potential for inhibition without requiring that 

the drug reach the cytoplasm. The T-phase (or B-protomer) conformer might 

be accessed from the periplasm, and the O-phase (or E-protomer) from the TolC-

docking funnel. These two conformations might be targeted independently. 

Effl ux inhibitors might also act at sites distinct from those involved in substrate 

binding, but whose disruption impacts overall pump activity. Such allosteric inhibi-

tors would be expected to inhibit effl ux of all substrates and therefore potentiate the 

activity of multiple antibiotics. A series of structurally diverse inhibitors with high 

selectivity toward the MexAB-OprM effl ux pump from P. aeruginosa have been 

identifi ed [95–98,126,127] and shown to negatively impact the export of all MexAB-

OprM antimicrobial substrates equally [95]. It was hypothesized that these EPIs bind 

not to substrate-binding sites on the pump but rather to site(s) that modulate pump 

activity (i.e., modulation sites). Several alkoxy- and alkylaminoquinoline EPIs 

(Figure 4.4) showing activity against clinical strains of E. aerogenes have been 

reported [107,116,119,128] that potentiate the activities of all antimicrobials tested 

equally, consistent with action at a modulation site of an RND-type effl ux system. 

At the present time, it is unclear whether or not the RND transporters do, in fact, 

have a “dedicated” modulation site, but the empirical observation of a link between 

the ability to potentiate multiple substrates (“modulator mode”) and high selectivity 

toward specifi c RND transporters is suggestive of such a feature.

Other possibilities for interfering with effl ux include targeting the assembly of 

the pump components and blocking the TolC-like tunnel. At the present time, these 

are purely hypothetical; there are no reports of molecules with such activity yet.

An alternative approach is to screen libraries of known drugs. The identifi cation 

of a novel mode of action in an approved drug could signifi cantly shorten the 
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FIGURE 4.4 Various inhibitors of RND transporters. (a) Broad-spectrum effl ux pump 

inhibitors (EPIs) with activity against multiple RND pumps, including those in P. aeruginosa. 

These inhibitors are themselves substrates of effl ux pumps and most probably interact with the 

transporter via a substrate-binding pocket. (b) Narrow-spectrum EPIs with selective activity 

against the MexAB-OprM complex from P. aeruginosa. These inhibitors might interact with 

the transporter at the allosteric “modulator” site. (c) EPIs with activity against transporters 

from various species of Enterobacteriacea. Their mode of action is mostly uncharacterized. 

(d) Dual action antiinfectives with NorA pump blocker linked to anti-bacterial agent.
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 development pathway and mitigate the risks inherent in an new chemical entity 

(NCE). However, for such a proposition to be practical, the EPI activity needs to be 

much higher in potency compared to the original pharmacological activity. An 

 interesting possibility would be to discover an EPI mode of action against RND 

transporters in compounds that themselves are antiinfective agents, but are used for 

a different indication. One such compound, MP-601,205 [129], was identifi ed by 

 scientists at Mpex Pharmaceuticals. This compound entered phase I clinical trials in 

cystic fi brosis patients, but the program is currently on hold due to concerns around 

drug tolerability.

Recently several effi cient pharmaco-informatic methods have been reported for 

the identifi cation of new inhibitors of P-gp [122]. Leads were discovered by ligand-

based virtual screening of large, commercially available libraries of compounds. 

These approaches are based on machine learning algorithms and require a relatively 

large number of known inhibitors to be used as a training set. In the case of P-gp, 

many structurally unrelated compounds are available for this purpose. It is expected 

that as a greater number of more diverse bacterial EPIs are identifi ed through “wet” 

screening, the more feasible alternative screening methods, including various virtual 

screening protocols, will become.

Finally, based on the characteristics of the binding sites of RND pumps, another 

approach might be the synthesis of fl exible molecules carrying multiple aromatic 

moieties that could bind with high affi nity into recognition cavities by inducing the 

best fi t in the binding pocket. A complementary approach might be the synthesis of 

inhibitor dimers [130] and substrate-inhibitor hybrids, discussed below.

NATURAL MDR INHIBITORS

Attempts to fi nd potent, non-toxic, broad-spectrum antibiotics from plants, and more 

specifi cally from medicinal plants, have failed, even though large-scale screens have 

been undertaken by both the pharmaceutical and the biotech industries [Merck, Lynn 

Silver, personal communication; Emergent BioSolutions Inc, Joanna Clancy, personal 

communication; Phytera; Shaman]. One conclusion from the failure to identify potent 

broad-spectrum antibacterial compounds in plants is that plants  utilize a different 

chemical strategy for the control of microbial infections. For example, plant antibac-

terials may act in combinations and have little effi cacy on their own. This idea has 

been tested in one of our laboratories (K.L.) using the plant alkaloid berberine. 

 Berberine is widespread in nature and is present in common  Barberry (Berberis) 
plants and is the principal component of the medicinal plant golden seal (Hydrastis 
canadensis). Berberine is a hydrophobic cation that increases membrane permeability 

and intercalates into DNA [131]. Moreover, its positive charge leads to its active accu-

mulation in bacterial cells [132]. Nevertheless, in spite of its apparently excellent 

properties, berberine is ineffective as an antibacterial because it is readily extruded by 

pathogen-encoded MDR pumps [133]. Hydrophobic cations such as berberine are 

actually the preferred substrates of all classes of MDRs [133,134]. Reasoning that 

plants would benefi t from blocking this effl ux, an MDR inhibitor, 5′-methoxyhydno-

carpin (MHC) (Figure 4.4) was isolated from berberis plants. MHC blocks major 

 facilitator (MF) pumps of Gram-positive bacteria, which are drug/proton antiporters 
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and have an especially strong bias toward cationic substrates. A combination of MHC 

and berberine produced a potent antibacterial [135]. 

The fi nding of MHC in berberis plants provided support for the hypothesis that 

in general, plant antibacterial compounds are individually relatively weak, but func-

tion in synergy. This led to a broader question—are plant antibacterials generally 

limited in their effi cacy by MDR effl ux? Testing a random collection of compounds 

against a panel of bacterial pathogens showed that disabling MDRs by mutation and/

or addition of synthetic MDR inhibitors improved antibacterial activity in all cases 

tested, and for some compounds quite dramatically [136]. For example, rhein, the 

principal antibacterial from rhubarb, was potentiated 100- to 2000-fold (depending 

on the bacterial species) by disabling MDRs. Comparable potentiation was observed 

with plumbagin, resveratrol, gossypol, and coumestrol. The extent of potentiation 

was the largest in the case of Gram-negative bacteria. For example, rhein had no 

activity against E. coli at the limit of solubility (500 μg/mL), whereas disabling MDRs 

produced an MIC of 0.25 μg/mL. In principle, MDR effl ux could be countered by 

simply increasing the concentration of the antibacterial above the saturation of the 

pumps. This is indeed how commercial antibiotics are empirically dosed. It is possible 

that plants may also produce antimicrobials in high concentrations for the same 

 reason, but as the above example shows, this strategy would not work with rhein. 

So far, several types of plant-derived inhibitors such as MHC mentioned above 

have been reported [135,137–141], but all of them are inhibitors of MF MDRs of 

Gram-positive bacteria. Indeed, plants seem to do very well in protecting themselves 

against Gram-positive bacteria (refl ected, perhaps, in the fact that essentially all 

agriculturally signifi cant bacterial pathogens are Gram-negatives), in part due to 

multiple weak antibacterials and the presence of MF MDR inhibitors. But do plants 

make inhibitors that are effective against RND MDRs of Gram-negative species? 

This remains an intriguing open question.

One of the possible approaches to EPI development is to physically combine an 

antibiotic with a pump inhibitor. This concept was tested by covalently linking 

 berberine to INF55, an inhibitor of MF MDRs. The resulting hybrid SS14 showed 

excellent penetration into cells, and was superior to berberine and INF55 added 

together [142]. INF55 is a fairly toxic molecule, but unlike the inhibitor, the hybrid 

showed no toxicity in a Caenorhabditis elegans model of enterococcal infection, 

 curing worms of the pathogen [143]. This is an example of making an agent less toxic 

as an indirect result of improving its effi cacy, by changing it so greatly as to create a 

new molecule. The effi cacy of the hybrid provides an important proof-of-principle 

for this approach, and opens the way for similar compounds aimed at bypassing 

RND effl ux in Gram-negative species. 

A very different approach to bypassing MDR effl ux has been examined in the 

design of “sterile surface” polymers. The rationale was to create a polymer of anti-

microbial molecules long enough to enable penetration across the cell envelope. 

Polymers of hydrophobic cations, such as vinyl N-hexyl pyridinium and N-alkyl PEI 

attached covalently to the surface of materials, rapidly killed Gram-positive and 

Gram-negative bacteria [144,145]. As noted above, hydrophobic cations have the 

advantage of being actively accumulated in the cells of pathogens, but MDR effl ux 

counters this ability. For example, benzalkonium chloride is a hydrophobic cation 

9190_C004.indd   609190_C004.indd   60 10/26/2007   7:27:37 PM10/26/2007   7:27:37 PM



Multidrug Effl ux Pumps: Structure, Mechanism, and Inhibition 61

used widely as an antiseptic, and whose effi cacy is limited by MDR effl ux [132]. 

Importantly, antimicrobial activity of polymeric hydrophobic cations is not affected 

by MDR effl ux [146]. Apparently, the pumps can extrude small molecules, but not 

large polymers. This enables creation of effective sterile surface materials that could 

prevent the spread of pathogens and serve to inhibit biofi lm formation [147].

CONCLUDING REMARKS

Where does industry stand with regard to developing EPIs? There is indisputably 

high awareness of the contribution of effl ux to both intrinsic and acquired antibiotic 

resistance as well as practical attention given to the implications for antibiotic 

 development. In fact, most researchers involved in antibacterial drug discovery and 

development routinely evaluate the impact of effl ux pumps on their “favorite” com-

pounds, using either strains lacking effl ux pumps or broad-spectrum effl ux inhibi-

tors, such as MC-207110. Despite such appreciation, to our knowledge there is no 

industry-wide effort to discover and develop small molecule inhibitors of RND effl ux 

pumps from Gram-negative bacteria to overcome resistance and improve clinical 

outcomes of antibiotic treatment of recalcitrant infections, such as those associated 

with conditions such as cystic fi brosis and nosocomial respiratory diseases. 
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Aminoglycoside antibiotics are positively charged carbohydrate-containing molecules 

that fi nd clinical use for the treatment of infections caused by both Gram- negative 

and Gram-positive bacteria. The fi rst aminoglycosides were discovered over 60 

years ago and several continue to fi nd important clinical use including  gentamicin, 

tobramycin, amikacin, netilmicin, and streptomycin. These antibiotics target the 

bacterial ribosome and interfere with protein translation. Unlike other antibiotics 

that block translation, most aminoglycosides are bactericidal, a highly desirable 

feature in an antiinfective chemotherapeutic agent. The bactericidal action of ami-

noglycosides is correlated with the propensity to cause misreading of the mRNA 

transcript resulting in the production of aberrant proteins.
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Resistance to the aminoglycosides can occur through decreased uptake of the 

drugs, aminoglycoside effl ux, mutations in the rRNA and ribosomal protein, and 

methylation of rRNA. However, it is the presence and action of aminoglycoside-

modifying enzymes that are the most relevant in the majority of resistant clinical 

isolates. Three distinct classes of modifying enzyme are known: the phosphotrans-

ferases (APHs), the adenylyltransferases (ANTs), and the acetyltransferases (AACs). 

The APHs and ANTs are ATP-dependent enzymes, while the AACs require acetyl 

coenzyme A (acetylCoA). Members of each of these classes of enzyme are known 

and prevalent in both Gram-positive and Gram-negative clinical isolates. Several 

dozen distinct enzymes have been identifi ed and these are designated by the position 

on the molecule where modifi cation occurs (given by a number in parentheses), the 

resistance profi le, represented by a Roman numeral, and the specifi c gene, indicated 

by a lowercase letter, for example, AAC(6′)-Ia is an aminoglycoside acetyltransfer-

ase modifying position 6′.
Research on aminoglycoside-modifying enzymes has greatly benefi ted from 

crystal structures of representative proteins from each class. Together with an 

increasing body of knowledge on the chemical mechanisms of modifying group 

transfer, and the molecular strategies for aminoglycoside substrate discrimination, 

the availability of 3D protein structural data is permitting detailed understanding of 

the basis for aminoglycoside antibiotic resistance and providing insight into the 

 origins of aminoglycoside-modifying enzymes. For example, APHs have been 

shown to share structural similarities with protein Ser/Thr/Tyr kinases as well as the 

capacity to phosphorylate proteins and peptides themselves. AACs fall into a growing 

family of GNAT acyltransferases, which includes important protein acyltransferases, 

such as the histone acetyltransferases. Furthermore, ANTs are structurally similar to 

DNA polymerase β and share the same aspects of reaction chemistry.

Knowledge of enzyme mechanism and structure is now fueling research into 

specifi c inhibitors of these enzymes and aminoglycoside molecules that are not 

 substrates for them and recent results in this area are promising. Furthermore, under-

standing of enzyme mechanism and structure can be used in the design of effi cient 

and specifi c APH, ANT, and AAC inhibitors. These could fi nd clinical application 

in reversing the impact of aminoglycoside resistance enzymes through the potentia-

tion of existing aminoglycosides, and possibly the re-introduction of antibiotics no 

longer in use as the result of the dissemination and impact of aminoglycoside-

 modifying enzymes.

INTRODUCTION

AMINOGLYCOSIDE ANTIBIOTICS

The aminoglycoside antibiotics are a diverse class of clinically important antimicro-

bial compounds that have proven to be instrumental in the treatment of infectious 

diseases since their discovery in the mid-1940s. The aminoglycosides fi nd use in the 

treatment of infections, caused by both Gram-positive and Gram-negative bacteria 

[1] and, in addition, some protozoa. In general, they are bactericidal compounds, an 

important trait especially for treatment of infections in immunocompromised indi-

viduals. The aminoglycosides are natural products, derived from bacterial producers, 
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though some clinically important compounds, such as amikacin and isepamicin are 

semisynthetic derivatives of natural products. All aminoglycosides contain an amino-

cyclitol nucleus (a six carbon ring substituted with alcohol and amino groups) and as 

such are more formally termed aminoglycoside-aminocyclitol antibiotics; however, 

the label “aminoglycosides” is generally accepted for the class.

Aminoglycoside antibiotics can be ordered into two groups depending on 

whether they incorporate a 2-deoxystreptamine ring or not (Table 5.1 and Figure 5.1). 

Within the 2-deoxystreptamine group, the most clinically relevant antibiotics are 

substituted on the 2-deoxystreptamine ring at positions 4 and 6 or 4 and 5. Chemical 

diversity in the class arises from the variety of aminohexoses and/or pentoses that 

decorate the aminocyclitol ring. Additional variance in these antibiotics is derived 

from further substitution by amino (and non-amino)-hexoses, methylation, de-

 oxygenation, and epimerization of various sites on the molecules (Figure 5.1). The 

result is a structurally rich and varied family of compounds, many of which fi nd 

clinical use as antimicrobial agents. Numbering of the carbon centers, which is 

essential for deciphering the nomenclature of modifying enzymes, generally follows 

the rule that the aminocyclitol ring has no suffi x while additional rings are labeled 

with a prime (′), double prime (″), and so on (Figure 5.1). The ubiquitous presence of 

amino groups confers an overall positive charge to these compounds at physiological 

pH, making them highly water soluble and poorly orally available.

MODE OF ACTION OF AMINOGLYCOSIDE ANTIBIOTICS: 
INTERACTION WITH THE BACTERIAL RIBOSOME

The cationic nature of aminoglycosides provides the electronic basis for interaction 

with the 16S rRNA on the small (30S) ribosomal subunit. Specifi cally, aminoglyco-

sides bind to the region on the ribosome termed the A-site, where the aminoacyl-

tRNAs dock and where cognate codon–anticodon recognition occurs. The crystal 

structure of the aminoglycosides paromomycin [3], spectinomycin [3], hygromycin B 

TABLE 5.1
Aminoglycoside Antibiotics

2-Deoxystreptamine Aminoglycosides

4,5-Disubstituted 
2-Deoxystreptamine

4,6-Disubstituted 
2-Deoxystreptamine Others

Kanamycin Neomycin Streptomycin

Amikacin Butirosin Spectinomycin

Tobramycin Ribostamycin Fortimicin

Gentamicins Lividomycin

Arbekacin

Isepamicin

Sisomicin

Netlimicin
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[4], and streptomycin [3] bound to the 30S subunit of Thermus thermophilus have 

been reported to approximately 3 Å resolution. These studies have been augmented 

by additional structural analysis using high-resolution NMR of complexes of amino-

glycosides and A-site RNA-derived oligonucleotides [5–8]. In a parallel approach, 

the Westhof group has reported high-resolution (2.2 to 3.0 Å) X-ray structures of the 

4,5-disubstituted 2-deoxystreptamine aminoglycoside antibiotics paromomycin, neomy-

cin B, lividomycin A, and ribostamycin and the 4,6-disubstituted 2-deoxystreptamine 

FIGURE 5.1 Structures and numbering of selected aminoglycoside antibiotics.
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aminoglycoside antibiotics tobramycin, geneticin, gentamicin C1a, and kanamycin 

A, along with 2-ring minimal unit neamine bound to oligonucleotides containing 16S 

rRNA A site sequences [9–12]. This work has shown that the 2-deoxystreptamine 

class of aminoglycosides bind similarly to the A site 16S rRNA. 

The 2-deoxystreptamine and the prime (′) ring linked to position 4 of the 

2-deoxystreptamine form the active “warhead” of these antibiotics and participate in 

direct and indirect contacts with invariant bases and phosphates in 16S rRNA helix 

44 (Figure 5.2). In particular, N1 and N3 of the 2-deoxystreptamine ring form uni-

versal contacts with A1493, G1494, and U1495. The prime (′) ring adopts a unique 

pucker and stacks against G1491. It also interacts with A1408 through the 6′-amino 

(or 6′-hydroxyl for paromomycin and lividomycin) group. Additional contacts to the 

rRNA are made via hydrogen bonds and van der Waals interactions between other 

hydroxyl and amino groups and sugars linked to the 2-deoxystreptamine, often 

through the intermediacy of water molecules. 

The resulting tight interaction of these aminoglycosides with the A site 16S 

rRNA is a bulging out of adenines 1492 and 1493 into the RNA-recognition area of 

the A site. Recent X-ray crystallographic studies along with several decades of bio-

chemical research have demonstrated that the ribosome participates actively in 

codon–anticodon discrimination to ensure translation fi delity (reviewed in ref. [13]). 

A key element in this recognition is a movement of G530, A1492, and A1493 from a 

loop region in helix 44 of the 16S rRNA to permit an interaction with the helix 

formed when cognate codon–anticodon pairing occurs in the A site [14]. On the 

other hand, binding of non-cognate anticodons to mRNA-bound ribosomes does not 

result in this conformational change, strongly implicating it as a key element in 

maintaining translational fi delity. Binding of aminoglycosides displaces A1492 and 

A1493 into the A site into a conformation that enables interaction of these residues 

with even non-cognate codon–anticodon pairs. The result is impairment of proper 

codon–anticodon discrimination by the ribosome in the presence of aminoglycoside 

antibiotics. This remarkable structural insight into the molecular mechanism of 

action is completely consistent with the well-established observations that amino-

glycoside antibiotics cause errors in translation and that this miscoding results in 

formation of aberrant proteins that contribute to cell death [15,16]. 

FIGURE 5.2 Conserved interactions of 2-deoxystreptamine antibiotics with the 16S rRNA.
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Structural studies of aminoglycoside-RNA interactions have also provided the 

means to evaluate the basis for the specifi city of aminoglycosides for bacterial versus 

eukaryotic rRNA and it has been determined that the A1408 site is critical to this 

selectivity. In eukaryotes, this position is generally a G, and an A1408 to G mutation 

in Escherichia coli 16S rRNA confers resistance to most aminoglycosides in the 

mutant bacteria [17,18]. The sensitivity of some protozoa to 6′-hydroxyl- containing 

aminoglycosides, such as paromomycin, may refl ect A C1409-G1491 base pair, which 

is not found in other eukaryotes, but is shared with prokaryotes [18].

The atomic resolution structures of ribosome-aminoglycoside complexes have 

served to rationalize decades-old literature in the fi eld and enlighten the link between 

aminoglycoside antibiotic action with subversion of the genetic code. These efforts 

now permit for the fi rst time structure-based drug design approaches to the devel-

opment of new aminoglycosides (see Strategies to Circumvent Aminoglycoside-

Modifying Enzymes, below).

AMINOGLYCOSIDE UPTAKE

Aminoglycoside antibiotics gain entry to the cell through a multi-phase process. The 

initial step is passive accumulation of the positively charged aminoglycosides at the 

negatively charged cell surface. The antibiotics then gain entry to the bacterial cyto-

sol apparently by diffusion through the plasma membrane. This process is dependent 

on the electronic potential of the membrane and is thus energy dependent. Support 

for this model comes from experiments in which inhibitors of membrane potential 

(such as CCCP and CN−) prevent aminoglycoside entry (reviewed in ref. [19]). It is 

generally accepted that this mechanism of aminoglycoside uptake is ubiquitous and 

does not require a protein component, however, evidence for the participation of a 

specifi ed protein component in aminoglycoside translocation into the cytosol has 

been reported (e.g., oligopeptide binding protein [20]).

MECHANISM OF BACTERICIDAL ACTION OF AMINOGLYCOSIDES

While it is well established that aminoglycosides target the bacterial ribosome, this 

interaction in and of itself is not suffi cient to explain the bactericidal action of these 

compounds. Other antibiotics that target the translation machinery, such as the tetra-

cyclines and chloramphenicol are bacteristatic rather than bactericidal [21]. As 

described above, once inside the cell, the aminoglycoside antibiotics bind to the 

decoding A site region of the ribosomes and cause mistranslation in de novo protein 

synthesis, resulting in the production of aberrant proteins [15,22–25]. There has also 

been a long-standing observation that aminoglycosides cause membrane damage as 

evidenced by the loss of ions from the cell such as K+ [26–28]. It has since been dem-

onstrated that the fate of some of these mistranslated proteins is interaction with the 

cell membrane, and that this interaction results in altered membrane permeability 

[29,30]. It has been proposed by Davis that aminoglycoside-mediated mistranslation 

followed by membrane damage caused by perturbation by the altered peptides may 

account for the breach of membrane integrity, which seems to be essential for the 

bactericidal activity of these antibiotics [16] (spectinomycin, a bacteristatic amino-

glycoside, does not cause mistranslation [25] nor does it bind to the decoding A site 
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of the ribosome [3]). Thus, aminoglycosides kill bacteria by pleotropic means involv-

ing ultimate loss of membrane integrity, however, interaction with the ribosome and 

mistranslation appears to be the primary and critical events.

AMINOGLYCOSIDE RESISTANCE

Bacterial resistance to the aminoglycosides can occur through four general mecha-

nisms: (i) altered uptake, (ii) antibiotic effl ux, (iii) target modifi cation, and (iv) chemical 

modifi cation.

ALTERED UPTAKE

Since uptake of aminoglycosides is an energy-requiring phenomenon, mutations 

that affect the membrane potential can confer aminoglycoside resistance [31,32]. 

Taber and Halfenger [33] isolated multiple aminoglycoside-resistant mutants of 

Bacillus subtilis that were defi cient in aminoglycoside uptake and one of these was 

characterized as a menaquinone (a lipophilic quinone required for electron trans-

port) auxotroph. Supplementation of the growth medium with shikimic acid (a 

menaquinone biosynthesis precursor) restored aminoglycoside sensitivity [34]. 

Similarly, quinone auxotrophs of Staphylococcus aureus have an aminoglycoside 

resistance phenotype that can be abolished by the addition of menaquinone precur-

sors to the medium [35]. Furthermore, depletion or mutations in other electron 

transport components,  including cytochrome aa3 [36] and the γ-subunit of the F1F0 

ATPase [37], result in aminoglycoside resistance. 

While electron transport mutations can be readily isolated in the laboratory (and 

are not the result of exposure to aminoglycosides [33]), they appear to be infrequent 

sources of resistant organisms in the clinic, possibly because of the potential 

decreased viability of electron transport mutants in the host. Possible exceptions to 

this view are small colony variants of various pathogens, such as S. aureus. Many of 

these have reduced rates of aminoglycoside uptake and also have mutations in heme 

or menaquinone biosynthesis. More detailed discussion of this topic is found in 

Chapter 8 of this volume.

It has been shown that E. coli that harbor structural or protein expression 

 mutations in the oligopeptide binding protein OppA, which is involved in peptide 

transport across the membrane, show a kanamycin-resistant phenotype [20]. These 

mutants failed to take up [14C]-isepamicin, which suggests a possible role in 

 aminoglycoside uptake for this protein.

AMINOGLYCOSIDE EFFLUX

Effl ux-mediated resistance to aminoglycoside antibiotics is an increasing clinical 

problem in a select group of organisms of the genera Acinetobacter [38], Pseudomonas 

[39], and Burkholderia [40]. Most of these effl ux systems are members of the 

 tripartite resistance-nodulation-division (RND) family of effl ux proteins. In E. coli, 
Nikaido’s group has shown that AcrAD is a TolC-associated aminoglycoside 

effl ux pump [41], capturing antibiotic in both the periplasm and the cytoplasm for 
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export [42]. High-level aminoglycoside resistance in Burkholderia pseudomallei is 

mediated by the multidrug effl ux systems AmrAB-OprA [40] and BpeAB-OprB 

[43]. It may be that high-level aminoglycoside resistance observed in other species of 

Burkholderia, such as Burkholderia cepacia, which is a signifi cant pathogen in 

 cystic fi brosis patients, will also be shown to be due to effl ux. In Pseudomonas 
 aeruginosa, the MexXY-OprM [44] and MexAB-OprM [39] systems are well docu-

mented to be aminoglycoside effl ux systems [45]. In Stenotrophomonas maltophilia 

the SmeAB-SmeC [46] and in Acinetobacter baumanii the AdeAB-AdeC [38,47] 

systems have been associated with aminoglycoside effl ux and resistance. The impact 

of effl ux-mediated aminoglycoside resistance in important Gram-negative pathogens 

is therefore growing [48]. 

TARGET MODIFICATION

Aminoglycoside resistance through target modifi cation can occur through two 

mechanisms: (i) point mutation of rRNA or ribosomal proteins, or (ii) methylation of 

the 16S rRNA. The latter mechanism is found in actinomycete producers of amino-

glycosides where it confers high-level resistance (minimal inhibitory concentration, 

MIC > 500 μg/mL), for example, Micromonospora purpurea (gentamicin producer) 

[49] and Streptomyces tenabrius (tobramycin producer) [50]. This mechanism has 

now emerged in some aminoglycoside-resistant clinical strains and threatens to 

become a more signifi cant problem in the future [51–56].

Ribosomal point mutation is a clinically important mechanism of resistance in 

the slow-growing mycobacteria (see Chapter 13 in this volume, and review in [57]). 

Resistance to streptomycin can occur through point mutations in the ribosomal pro-

tein S12, RpsL [58,59] through an unknown process, though conformational change 

at the streptomycin binding site is a likely mechanism. Resistance can also result 

from mutations in the aminoglycoside target 16S rRNA (rrs gene) [58,60]. Isolates of 

Mycobacterium tuberculosis that display resistance to kanamycin and amikacin 

have mutations in A1400 [61]. This base is equivalent to A1408 of the E. coli 16S 

rRNA, which has been shown by structural studies (see Mode of Action of Amino-

glycoside Antibiotics, above) and mutation analysis [62], to be important to amino-

glycoside recognition.

MODIFICATION OF AMINOGLYCOSIDES

Enzyme-catalyzed chemical modifi cation of aminoglycosides remains the most 

 relevant mechanism of resistance in the majority of clinical isolates. Chemical 

 modifi cation can occur through three general mechanisms: O-phosphorylation, 

O-adenylation, or N-acetylation. All three mechanisms are widespread through both 

Gram-negative and Gram-positive bacteria, but the latter appear to have a smaller 

repertoire of enzymes. Modifi cation of key sites on the antibiotics blocks their ability 

to bind to the 16S rRNA in a productive fashion. It is not surprising therefore that the 

key important groups required for productive interaction of the antibiotics with the 

A site rRNA as revealed by X-ray structures (see Mode of Action of Aminoglycoside 

Antibiotics, above), such as N6′ and N3 are the sites of modifi cation for some of 

the most effective aminoglycoside-modifying enzymes.
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The various aminoglycoside-modifying enzymes are classifi ed by the chemistry 

of the modifying reaction (phosphoryl, adenyl, or acetyl transfer), their site of amino-

glycoside modifi cation (regiospecifi city), and by the specifi c isozyme sequence. 

Shaw et al. proposed a unifying nomenclature for all aminoglycoside-modifying 

enzymes where the enzyme is described by type (APH [O-phosphotransferase], AAC 

[N-acetyltransferase], or ANT [O-adenyltransferase]), the regiospecifi city of group 

transfer in parentheses, for example, (3′), (2″), and so on, followed by a Roman 

numeral indicating a distinct phenotype (these are assigned sequentially as discov-

ered or cloned), and fi nally a letter indicating the specifi c gene [63]. For example, 

APH(3′)-Ia is a phosphotransferase that modifi es aminoglycosides at position 3′ with 

a distinct resistance phenotype (in this case protection against kanamycin, gentami-

cin B, neomycin, paromomycin, ribostamycin, and lividomycin), and is the fi rst gene 

cloned with this repertoire [64]; on the other hand, APH(3′)-Vc is also an amino-

glycoside kinase with the same regiospecifi city of phosphoryl transfer (3′-OH), but it 

has a different resistance phenotype (kanamycin, neomycin, paromomycin, and 

ribostamycin), and is the third gene cloned with these properties [65]. The list of these 

aminoglycoside-modifying genes continues to grow, but tables of genes, resistance 

phenotypes and original references can be found in several extensive reviews (e.g., 

[63,66]). A representative list of clinically relevant enzymes is found in Table 5.2.

While genes encoding greater than 70 aminoglycoside-modifying enzymes have 

already been cloned and a number are being uncovered in whole genome sequencing 

projects, only a subset of these genes are of signifi cant clinical relevance today given 

TABLE 5.2
Representative Aminoglycoside-Modifying Enzymes

Enzyme Resistance Profi le* Bacterial Source

APH(3′)-Ia Kan, Neo, Rib, Livid Enterobacteriaceae

APH(3′)-IIIa Kan, Amik, Isep, Neo, Rib, But, Livid Enterococci, staphylococci

APH(3″)-Ib Strep Enterobacteriaceae

APH(6)-Id Strep Enterobacteriaceae

AAC(6′)-Ib Kan, Tob, Amik, Neo Enterobacteriaceae

AAC(6′)-Ii Kan, Tob, Amik, Neo Enterococcus faecium

AAC(3)-Ia Kan, Gent, Tob, Fort Enterobacteriaceae

ANT(2″)-Ia Kan, Gent, Tob Enterobacteriaceae

ANT(4′)-Ia Kan, Tob, Amik, Neo Staphylococcus aureus

ANT(6)-Ia Strep Enterococcus faecalis

AAC(6′)-(APH2″) Enterococci, staphylococci

APH activity Kan, Gent, Amik, Isep, Neo, Rib, But, Livid

AAC activity Kan, Amik, Isep, Neo, Rib, But, Livid, Fort

(Livid is a poor substrate)

*Abbreviations: Amik, amikacin; But, butirosin; Fort, fortimicin (astromycin); Gent, gentamicin C; 

Isep, isepamicin; Kan, kanamycin; Livid, lividomycin A; Neo, neomycin; Rib, ribostamycin. 
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that usage of aminoglycosides is limited to only a few compounds (gentamicin, 

tobramycin, netilmicin, amikacin, and streptomycin in the United States [1]). For 

example, ANT(2″)-I, which confers resistance to gentamicin and tobramycin, is 

common in Enterobacteriaceae worldwide, but depending on aminoglycoside usage 

 patterns, resistance to gentamicin by AAC(3)-II and AAC(3)-VI is also problematic 

[67–69]. Furthermore, combinations of resistance genes such as aac(6′)-I and 

aac(3)-II, which result in overall resistance to gentamicin, tobramycin, netilmicin, and 

amikacin, also are emerging in some countries [68]. In Gram-positive pathogens, 

such as S. aureus, resistance is less complex and the primary mechanism of gentamicin 

resistance (>90% of isolates) is a bifunctional enzyme with both aminoglycoside 

kinase and acetyltransferase activity, AAC(6′)-APH(2″) [69].

O-Phosphotransferases

The aminoglycoside O-phosphotransferases, abbreviated APH, are a common 

 resistance mechanism. These enzymes are ATP-dependent kinases of approximately 

30 kDa, which generate a phosphorylated aminoglycoside and ADP as products. The 

most prevalent group of aminoglycoside kinases are the APH(3′)s, which confer 

resistance to kanamycin and neomycin by phosphorylation of the 3′-OH (Figure 5.3). 

Furthermore, some of these enzymes, for example, APH(3′)-Ia, APH(3′)-IIIa, can 

confer resistance to the 3-deoxy-aminoglycoside lividomycin A through phosphory-

lation of the secondary 5″-alcohol of the pentose ring and in fact this site can be 

phosphorylated in other 4,5-disubstituted aminoglycosides [70]. These enzymes 

are common in both Gram-negative and Gram-positive bacteria and were among the 

fi rst aminoglycoside resistance elements identifi ed in bacteria [71]. The prevalence 

of these resistance elements motivated the search for “resistance-proof” amino-

glycosides and prompted the introduction of compounds that lacked the 3′-hydroxyl 

such as tobramycin. Since these enzymes do not confer resistance to other important 

3′-deoxy-aminoglycosides, such as gentamicin Cs or isepamicin, the clinical impact 

of APH(3′)s is now low, although APH(3′)-IIIa does confer resistance to amikacin in 

Gram-positive cocci, and is thus relevant in this context. While APH(3′)s no longer 

are a grave threat to modern aminoglycoside therapy, they have found use as 

 important molecular biological tools where they are frequently used as antibiotic 

resistance markers; for example, APH(3′)-IIa is the common source of the “neo 

 cassette” found in many cloning plasmids and transposons.

The APH(2″) kinases on the other hand, are important resistance elements in 

Gram-positive bacteria. The most relevant mechanism is the bifunctional AAC(6′)-
APH(2″) that is the primary mechanism of gentamicin C resistance in staphylococci 

FIGURE 5.3 APH aminoglycoside-modifying reaction.
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and enterococci. The APH(2″) kinase activity is located to the C-terminus of the 

enzyme and can effi ciently use gentamicin C1, gentamicin C1a, gentamicin C2, 

 isepamicin, netilmicin, sisomicin, and amikacin (among others), as substrates [72–

74]. The site of 2″-phosphorylation has been confi rmed by NMR studies [72], but 

is not confi ned to this hydroxyl, and the 3′, 5″, and 3′″ hydroxyls may also be phos-

phorylated on various aminoglycosides [73]. This enzyme activity is quite indiscri-

minant and is therefore a signifi cant challenge for the design of new antibiotics.

APH(2″) genes have also been cloned that are not fused to a 5′-aac(6′) gene in 

Enterococcus gallinarum [75] and Enterococcus casselifl avus [76], indicating that 

this enzyme activity is increasing in frequency. 

Other aminoglycoside kinases have been identifi ed that modify streptomycin 

[APH(6), APH(3″)], spectinomycin [APH(9)], and hygromycin B [APH(4), APH(7″)]. 

With the exception of strA–strB genes found on Gram-negative R plasmids, such as 

RSF1010, which encode the streptomycin kinases APH(3″)-Ib and APH(6′)-Id, 

respectively, these kinases are not common mechanisms of clinical aminoglycoside 

resistance.

The 3D structures of two aminoglycoside kinases have been reported, that of 

APH(3′)-IIIa from Gram-positive cocci [77] and APH(3′)-IIa, which is widely 

 distributed in many bacteria [78]. These structures are highly similar, and since all 

aminoglycoside kinases share a signifi cant degree of amino acid homology,  especially 

in the active site region, it is likely that the salient issues of enzyme mechanism will 

be common among these enzymes, though the specifi c interactions with aminoglyco-

sides substrates, which differ widely among enzymes, will be different. The structure 

of APH(3′)-IIIa bound with ADP is shown in Figure 5.4. The enzyme has two distinct 

domains: an N-terminal region consisting largely of β-strands and a C-terminal region 

that is rich in α-helices. The active site lies at the junction of these domains. 

FIGURE 5.4 Structures of (a) APH(3′)-IIIa and (b) mouse protein kinase A (cAMP-dependent 

protein kinase, cAPK).
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The structure revealed two striking features. The fi rst was that the aminoglycoside-

binding site was rich in negatively charged amino acid residues. This observation is 

consistent with the capacity of the enzyme to bind a broad array of positively charged 

aminoglycosides, which based on mutagenesis and molecular modeling studies [79], 

are predicted to bind to the enzyme in a number of distinct conformations. 

The second important feature revealed by the 3D structure was the remarkable 

structural similarity between Ser/Thr/Tyr protein kinases and phosphatidylinositol 

kinases (Figure 5.4), despite the overall low amino acid homology (<2.5%), suggest-

ing a possible common protein ancestor. This similarity nonetheless prompted an 

investigation into the potential protein kinase activities of APHs and indeed, 

APH(3′)-IIIa and the APH activity of the bifunctional AAC(6′)-APH(2″), showed 

the capacity to act as protein kinases [80]. A survey of several known peptide and 

protein substrates of protein kinases demonstrated that these two antibiotic resis-

tance kinases could phosphorylate some peptides and proteins on Ser residues. The 

similarity between APHs and protein kinases was further strengthened with the 

demonstration that  several small molecule inhibitors of protein kinases were also 

inhibitors of APH(3′)-IIIa and APH(2″) [81] (see Strategies to Circumvent Amino-

glycoside-Modifying Enzymes, below). Furthermore, extensive site-directed muta-

genesis and mechanistic studies support the catalytic importance of active site Asp 

and Lys residues (Asp190 and Lys44 of APH(3′)-IIIa), which have also been impli-

cated as important to Ser/Thr/Tyr kinase catalysis [77,82,83].

In summary, aminoglycoside kinases and protein kinases share similarity in 

 protein structure, enzyme mechanism, sensitivity to inhibitors, and function. These 

results then support a common origin for protein and aminoglycoside kinases. 

 Furthermore, other antibiotic resistance kinases, such as the erythromycin kinases 

MPH (2′)-I and MPH(2′)-II [84,85], and viomycin kinase VPH [86], share sequence 

similarities within the important active site regions of APHs and protein kinases; 

thus these enzymes form a large superfamily of kinases.

N-Acetyltransferases

The aminoglycoside N-acetyltransferases form the largest group of aminoglycoside-

modifying enzymes. They are generally 20 to 25 kDa in mass and modify positions 

6′, 2′, and 3 of aminoglycosides in an acetylCoA-dependent fashion (Figure 5.5). 

AACs with the capacity to modify N-1 have also been reported [87,88]. The AAC(3)s 

confer resistance to gentamicin and tobramycin, and the AAC(6′)s, which confer resis-

tance to amikacin and tobramycin, are among the most abundant aminoglycoside 

FIGURE 5.5 Reaction catalyzed by acetyltransferases. 
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resistance elements (over 50 isozymes). Not surprisingly then, they are very  frequent 

causes of clinical resistance especially in Gram-negative bacteria [68].  Furthermore, 

AAC(6′)-Ie, which forms the N-terminal domain of the AAC(6′)-APH(2″) bifunc-

tional enzyme noted above, is the most frequent source of aminoglycoside resistance 

in Gram-positive organisms.

The AAC(3) and AAC(6′) enzymes are generally encoded on mobile genetic 

 elements, such as transposons or plasmids, although some are found in bacterial 

chromosomes, for example, aac(6′)-Ii in Enterococcus faecium [89]. On the other 

hand, the AAC(2′) enzymes are apparently universally chromosomally encoded: 

aac(2′)-Ia in Providencia stuartii [90] and aac(2′)-Ib-e in mycobacteria [91,92]. 

Unlike the case of the emergence of the APH(3′) enzymes, which prompted the 

replacement of 3′-hydroxyl-containing aminoglycosides, such as kanamycin, with 

3′-deoxy compounds, such as tobramycin and gentamicin C, the key importance of 

NH2 or OH groups at positions 6′ and 3 for binding to the target 16S rRNA and anti-

microbial activity has made the presence of AAC(3) and AAC(6′) enzymes highly 

problematic. Furthermore, as noted above, there are a large number of these enzymes 

and they are frequently causes of aminoglycoside resistance. The study of AAC 

enzymes is therefore of key importance. Pioneering work in this area was reported 

by Northrop et al., who described the kinetic characterization of AAC(3)-I over 

25 years ago [93–95] and AAC(6′)-Ib 15 years ago [96,97]. More recently, the kinetic 

mechanisms of AAC(6′)-Ii from E. faecium [98,99], AAC(2′)-Ic from M. tuber-
culosis [100], AAC(6′)-Iy from Salmonella enterica [101], and AAC(3)-IV from 

E. coli [102] have been reported. These studies demonstrated the broad aminoglyco-

side substrate specifi city of these enzymes and established that they function through 

a ternary complex mechanism; that is, both acetylCoA and the aminoglycoside need 

to be present at the enzyme active site for acyl transfer to occur. 

In addition to this research on the mechanism of AACs, mutagenesis studies 

have demonstrated that single amino acid substitutions can modulate the amino-

glycoside substrate specifi city. For example, AAC(6′)-I and AAC(6′)-II share the 

capacity to modify many aminoglycosides, such as kanamycin, but they differ in 

their propensity to acetylate amikacin and gentamicin C: AAC(6′)-I modifi es amika-

cin but not gentamicin, while AAC(6′)-II is incapable of amikacin acetylation, but 

does modify gentamicin C. Shaw and colleagues prepared a series of hybrid AAC(6′) 
enzymes consisting of various portions of AAC(6′)-Ib and AAC(6′)-IIa and demon-

strated that the key elements that conferred amikacin versus gentamicin recognition 

were in the C-terminus [103]. Spontaneous and site-directed mutagenesis studies 

indicated that modifi cation of amino acid 119 from Ser to Leu could toggle between 

gentamicin resistance and amikacin sensitivity. Similar Ser→Leu mutants resulting 

from a single C-to-T transition characterized by amikacin sensitivity and gentamicin 

resistance, have been isolated in aac(6′)-Ib from a clinical isolate of P. aeruginosa, 

demonstrating the exquisite balance between antibiotic resistance and sensitivity 

[104]. Point mutants cannot only expand the aminoglycoside substrate repertoire of 

AAC, but can also result in catalysts capable of modifi cation of new classes of anti-

biotics as demonstrated by the characterization of a variant of AAC(6′)-Ib with 

 ciprofl oxacin (a fl uoroquinolone antibiotic) modifi cation and resistance activity 

[105]. This demonstrates the important substrate possibility of the family.
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The 3D structures of four AACs are known: AAC(3)-Ia, encoded on plasmids in 

Serratia marcescens and other Enterobacteriaceae, determined to 2.3 Å resolution 

bound to CoA [106]; AAC(2′)-Ic, chromosomally encoded by M. tuberculosis, deter-

mined to 1.8 to 1.5 Å in apo form and in ternary complexes with aminoglycosides 

and CoA [107]; AAC(6′)-Ia, chromosomally encoded by E. faecium, to 1.8 Å in 

 acetylCoA and CoA-bound forms [108,109]; and AAC(6′)-Iy, chromosomally 

encoded by Salmonella enterica, determined to 2.0 to 3.2 Å in apo form and in ter-

nary complexes with ribostamycin and CoA [110]. Despite low amino acid sequence 

identity (<11%), there is remarkable conservation in 3D structures (Figure 5.6). 

 Furthermore, reminiscent of the relationship between the structures of APH and 

 protein kinases, there is signifi cant 3D protein structure similarity between the struc-

tures of these AACs and other acyltransferases including histone acetyltransferases. 

These proteins are all members of the GCN5 superfamily of acyltransferases [111]. 

FIGURE 5.6 Structures of (a) AAC(3)-Ia, (b) AAC(2′)-Ic, (c) AAC(6′)-Iy, and (d) AAC(6′)-Ii.
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The structural similarity between aminoglycoside resistance and protein 

 acyltransferases has been extended to include function, as both AAC(6′)-Ii [108] and 

AAC(6′)-Iy [110] have been shown to have protein acetyltransferase activity in 

 addition to aminoglycoside modifi cation capacity. Both of these dual function 

 acetyltransferases are chromosomally encoded in bacteria, and this may refl ect the 

evolution of an antibiotic resistance element from an acyltransferase with other 

 function or antibiotic modifi cation may simply be a fortuitous additional activity.

Bacterial genome sequences have revealed a plethora of predicted GCN5-like 

acyltransferases of unknown function, and many have been annotated as putative 

aminoglycoside-modifying enzymes. In M. tuberculosis, protein Rv1347c was anno-

tated as a predicted aminoglycoside acetyltransferase; however, upon biochemical 

characterization of purifi ed recombinant enzyme, no antibiotic inactivation was 

observed [112]. The 3D structure of Rv1347c has been determined by X-ray crystal-

lography, demonstrating unequivocally that it has the GCN5 fold, and additional 

study suggests it may be involved in siderophore biosynthesis [113]. These results 

and the observation that a variant AAC(6′)-Ib modifi es and confers resistance to the 

fl uoroquinolone antibiotic ciprofl oxacin [105] help explain the dominance of the 

AAC family of aminoglycoside resistance enzymes. The number of genes and appar-

ent malleability of substrate recognition sites in these enzymes make these formida-

ble agents in the evolution of antibiotic resistance.

O-Nucleotidyltransferases

The aminoglycoside O-nucleotidyltransferases (ANTs) (Figure 5.7) represent the 

 smallest group of aminoglycoside-modifying enzymes in terms of numbers of 

reported isozymes (<10), but they have signifi cant impact on clinical aminoglycoside 

resistance. In particular, ANT(2″)-I is a major source of gentamicin and tobramycin 

resistance in Enterobacteriaceae [67]. Unlike the APH family of enzymes, the ANTs 

are quite diverse at the amino acid level with similarities around 20%, and also differ 

in predicted molecular mass from ~28 to 38 kDa. The most conserved sequence 

motif, GlySer(Xaa)10-12(Asp or Glu)Xaa(Asp or Glu), where X is any amino acid, 

is found in the N-terminal region of ANTs. Northrop’s group has  purifi ed ANT(2″)-Ia 

enzyme from E. coli extracts [114], determined the substrate specifi city [115], 

 established the kinetic mechanism [116], and identifi ed the rate-limiting step (AMP-

aminoglycoside release) [117]. Furthermore, the stereochemistry of AMP-transfer 

has been shown to occur with inversion of confi guration at the α-phosphorus, impli-

cating a mechanism of direct nucleotidyl transfer to the aminoglycoside hydroxyl, 

that is, no AMP-enzyme intermediate [118]. The interactions of substrates and 

FIGURE 5.7 Reaction catalyzed by adenylyltransferases.
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enzyme have been probed by calorimetric approaches that show that binding of 

MgATP improves aminoglycoside affi nity up to three-fold [119].

These mechanistic results can be evaluated in light of the 3D structure of 

ANT(4′)-Ia in both the apo and ternary complex forms (Figure 5.8) [120,121]. This 

enzyme was originally obtained from S. aureus, where it confers resistance to tobra-

mycin and amikacin [122] and shows 27% amino acid homology (10% identity) to 

the more predominant ANT(2″)-Ia.

ANT(4′)-Ia is a dimer consisting of two identical subunits and reveals two active 

sites. Each active site is located at the interface of the dimer and each monomer 

 contributes residues that interact with Mg-ATP and the aminoglycoside (kanamycin 

in the crystal structure) [120]. Not surprisingly, the signature motif GlySer(Xaa)

10-12(Asp or Glu)Xaa(Asp or Glu) is involved in nucleotide binding, where the 

 conserved Ser interacts with the γ-phosphate of ATP and the conserved Asp/Glu 

 residues are Mg2+ ligands. The aminoglycoside-binding pocket is lined with negatively 

charged residues. This general strategy is conserved in all the aminoglycoside resis-

tance enzyme structures determined to date, and is consistent with the requirements 

for binding a diverse array of positively charged aminoglycoside substrates. 

The 3D structure of ANT(4′) is similar to the fold of mammalian DNA poly-

merase β [123]. It has been proposed that the ANTs form part of a large polymerase 

β-like superfamily of nucleotidyltransferases and points to the divergence of a mini-

mal nucleotidyltransferase into a variety of important protein groups with diverse 

function, but similar chemical cleavage of NTPs [124].

FIGURE 5.8 Structure of ANT(4′)-Ia. The dimer bound with two molecules of kanamycin 

A and adenosine 5′-(β,γ-methylene)triphosphate (AMPCPP) is shown. (From Pedersen, L.C., 

Benning, M.M., and Holden, H.M., Structural investigation of the antibiotic and ATP-binding 

sites in kanamycin nucleotidyltransferase, Biochemistry 34, 13305–13311, 1995.)
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STRATEGIES TO CIRCUMVENT AMINOGLYCOSIDE-
MODIFYING ENZYMES

The challenge presented by the dissemination of aminoglycoside resistance elements 

can be met with two strategies: (i) the discovery of new aminoglycoside antibiotics 

that are not susceptible to modifying enzymes, and (ii) the use of inhibitors of 

 modifying enzymes to potentiate the activity of existing aminoglycosides. The fi rst 

strategy has been the mainstay of the response to resistance over the past several 

decades. Thus tobramycin, a 3′-deoxyaminoglycoside, was introduced in the years 

following the characterization of aminoglycoside modifi cation by APH(3′) (Figure 5.1). 

These enzymes are incapable of tobramycin modifi cation and in fact this compound 

is a good competitive inhibitor of APH(3′) [125]. Similarly, dibekacin (3′,4′-
dideoxykanamycin B) is effective against some resistant bacteria as well [126]. 

Comparison of the crystal structure of tobramycin [10] and kanamycin A [12], which 

differ only by the substitutions of a hydrogen for a hydroxyl at position 3′, and amino 

for hydroxyl at position 2′, reveals a predictable loss of an interaction between the O2 

phosphate of A1492 with the 3′-hydroxyl of kanamycin.

The early observation that butirosin, which is derivatized on N-1 of the 2-

deoxystreptamine ring by an (S)-4-amino-2-hydroxybutyryl (AHB) group, is poorly 

modifi ed by APH(3′)-I (reviewed in reference [127]), prompted the synthesis of other 

AHB aminoglycosides including amikacin, 1-N-AHB kanamycin A [128], which 

has proven to be an effective and clinically important aminoglycoside antibiotic. 

Similarly, isepamicin, 1-N-(S-3-amino-2-hydroxypropionyl)-gentamicin B, also has 

found important clinical application [129]. Other N1-alkylated aminoglycosides, 

such as netilmicin (1N-ethylsisomicin ) [130], have been clinically used. 

N-alkylated aminoglycosides including N-6′ derivatives have been prepared 

[131,132] and these generally evade modifi cation by the abundant AAC(6′)s;  however, 

they sacrifi ce antimicrobial activity by sterically interfering with a key interaction 

between the antibiotic and a key 16S rRNA element.

Arbekacin, (1-N-(S-3-amino-2-hydroxybutyryl)-3′,4′-kanamycin B) [133], has 

found clinical use in Japan against aminoglycoside-resistant MRSA. Nonetheless, 

this compound is a substrate for the bifunctional AAC(6′)-APH(2″) [134]. Novel 

acetylation of the primary amino group of the AHB moiety of arbekacin in cell-free 

extracts of arbekacin-resistant MRSA has been reported, though not yet associated 

with a specifi c resistance enzyme [135]. 2″-Amino derivatives of arbekacin have 

been synthesized and show improved antimicrobial activity against S. aureus 
 harboring the bifunctional enzyme [136]. 

The challenge in these synthetic and semisynthetic approaches to circumvent 

aminoglycoside resistance by alteration of the sites of enzymatic modifi cation is to 

preserve antibacterial activity, as it is these sites on the molecules that are frequently 

important in 16S rRNA interaction. Alkylation of N-6′, for example, results in a parallel 

decrease of affi nity for resistance enzymes and antibacterial activity. Mobashery and 

colleagues have probed the importance of the N-2′, N-6′, N-1, and N-3 sites through 

the synthesis of deaminated neamine and kanamycin derivatives [137]. They have 

shown that loss of these strategic amines can result in dramatic reduction in enzy-

matic modifi cation by APH(3′)-Ia and APH(3′)-IIa while in many cases still retaining 
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 signifi cant antibacterial activity. While encouraging, these results may not be gener-

ally applicable as these same compounds are good substrates for APH(3′)-IIIa [138].

Research in this area continues in several laboratories. For example, Wong’s 

group has prepared several novel aminoglycosides in recent years based on the 

 neamine nucleus [139–141]. Some of these compounds show good antibacterial 

activity and in vitro inhibition of translation, and overcome some, but not all, 

 aminoglycoside-modifying enzymes (e.g., compound 1, Figure 5.9) [141]. The pyran-

mycins are semisynthetic derivatives of aminoglycosides developed by the Chang 

group with promising activity against aminoglycoside-resistant Gram-negative 

bacteria (e.g., compound 2, Figure 5.9) [142–144]. A series of conformationally 

constrained neomycin analogs designed to stabilize the interactions with the 

 ribosome over resistance enzymes have been reported with promising activity (e.g., 

compound 3, Figure 5.9) [145]. Finally, Mobashery has designed and synthesized 

derivatives of neamine with improved binding to the ribosome and antibiotic  activity 

(e.g.,  compound 4, Figure 5.9) [146–148]. This is an exciting area of research that 

can leverage the strides made in understanding aminoglycoside action and resistance 

over recent years.

The other route to evade aminoglycoside resistance by modifying enzymes is 

through the use of specifi c inhibitors of these activities. This approach would rescue 

the antibacterial properties of pharmacologically well-understood aminoglycosides, 

such as gentamicin C, amikacin, or tobramycin, through the co-administration of 

inhibitors of common resistance enzymes. There is in fact excellent precedent for 

this approach in the β-lactam area, where co-administration of β-lactam antibiotics 

and β-lactamase inhibitors is now well established in clinical practice; however, 

there are several challenges to this approach in the aminoglycoside fi eld. First is the 

FIGURE 5.9 Aminoglycoside derivatives with improved activity versus resistant strains.
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fact that there are dozens of known aminoglycoside inactivating enzymes and these 

use three chemically distinct routes of modifi cation: phosphorylation, adenylylation, 

and acetylation. Since many of the best enzyme inhibitors are based on enzyme 

mechanism or structure of the predicted transition state, it would be unrealistic to 

envision an inhibitor that would show activity against all of these mechanisms and 

enzymes. Nonetheless, all aminoglycoside resistance enzymes share the capacity to 

bind these structurally diverse molecules, and the available 3D structures of all three 

classes of modifying enzymes have shown that they all have a highly negatively 

charged substrate binding site. Therefore, compounds that mimic the structure 

and charge of aminoglycosides, without the capacity to be modifi ed by these 

enzymes, could act as “universal” inhibitors. 

However, a search for such broad-spectrum compounds may not be necessary. It 

is known that in fact there are predominant resistance elements in the clinic [67–69], 

and thus only a few mechanisms need be targeted to achieve signifi cant rescue of 

aminoglycoside activity. Furthermore, in many cases, resistance is genus or even spe-

cies specifi c and one could envision cases where targeted molecules would be of great 

benefi t, for example, versus AAC(6′)-APH(2″) in staphylococci and enterococci. 

The second challenge to the inhibitor approach is a general requirement for 

 thorough understanding of enzyme mechanism and structure. Modern drug design 

approaches demand superior knowledge of mechanism, structure, and inhibition to 

optimize the likelihood of selecting lead compounds with chemotherapeutic poten-

tial. Even in high throughput random chemical library screens, downstream optimi-

zation of leads by traditional medicinal chemistry or combinatorial methods is greatly 

facilitated by comprehensive knowledge of enzyme mechanism. As indicated above, 

this information is now becoming available for all three classes of aminoglycoside-

modifying enzyme and examples of new inhibitors have been reported.

The similarity between aminoglycoside kinases and protein kinases has been 

exploited in a survey of known Ser/Thr/Tyr kinase inhibitors against APH(3′)-IIIa 

and the kinase activity of AAC(6′)-APH(2″) [81]. For example, this screen demon-

strated that the fl avonoid quercetin was an APH(3′)-IIIa inhibitor. The isoquinoline 

sulfonamide inhibitors, such as H-7, H-9, CKI-7, and CKI-9 (Figure 5.10), are known 

to inhibit protein kinases by binding to the ATP binding site. These compounds behave 

similarly in APHs, showing competitive inhibition of ATP and non-competitive 

inhibition of aminoglycosides, consistent with binding in the ATP site. These inhibi-

tors also exhibit different affi nities for APH(3′)-IIIa versus APH(2″), and point to the 

capacity to engineering APH-specifi c inhibitors based on the isoquinoline nucleus. 

Although none of these inhibitors could reverse aminoglycoside resistance in 

 bacterial cultures, these studies provide the proof of principle for screening libraries 

of protein kinase inhibitors as potentiators of aminoglycoside antibiotics against 

resistant isolates.

A similar screen of inositide kinase inhibitors revealed that APH(2″)-Ia, but not 

APH(3′)-IIIa, is susceptible to inhibition by inhibitors of inositide kinases, such as 

LY294002 and wortmanin (Figure 5.10). The latter is in fact an inactivator of 

APH(2″), covalently modifying Lys52 [149].

Mobashery’s group has designed two novel approaches based on the synthesis of 

aminoglycoside analogs that have the potential to evade the resistance caused by 
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APH(3′)s. The fi rst approach required the preparation of aminoglycosides with a 

nitro group in position 2′ [150]. These compounds were found to be mechanism-

based inactivators of APH(3′)-Ia and APH(3′)-IIa, and a mode of action has been 

proposed that suggests that phosphorylation of the aminoglycoside at position 3′ is 

followed by elimination of phosphate and the generation of electrophilic nitroalkene 

in the enzyme active site (Figure 5.11). Such compounds readily undergo nucleo-

philic attack and thus have the potential to alkylate the enzyme through reaction 

with amino acid side chains, for example, SH of Cys, NH2 of Lys. 

The second approach involved the synthesis of a kanamycin analog with a ketone 

at position 3′, rather than a hydroxyl group [151]. In aqueous solution, the ketone is 

hydrated to form the gem-diol. This can act as a substrate for APH(3′), but the phos-

phate group is unstable in this confi guration and the ketone readily regenerated with 

loss of inorganic phosphate. This compound showed poor biological activity, but the 

strategy of reversible phosphorylation has been demonstrated and future analogs 

may prove useful.

ANT(2″)-Ia has been shown to be inhibited by 7-hydroxytropolone (Figure 5.10), 

a natural product produced by Streptomyces neyagawaensis [152]. This compound 

FIGURE 5.10 Small molecule inhibitors of aminoglycoside inactivating enzymes.

FIGURE 5.11 Proposed mechanism of APH inactivation by 2′-NO2-containing 

aminoglycosides.
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was competitive inhibitor of ATP and was identifi ed by its capacity to potentiate 

tobramycin in ANT(2″)-Ia expressing E. coli, but not cells expressing AAC(6′), 
AAC(3), or ANT(3″). These studies indicate that the concept of reversing aminogly-

coside resistance through co-administration of resistance enzyme inhibitors is valid.

The observation that the 3D structures of aminoglycoside inactivating enzymes 

all share a common highly negatively charged aminoglycoside binding site and that 

AACs and APHs can bind and modify peptides and proteins, inspired a screen of 

cationic peptides as possible inhibitors of aminoglycoside-modifying enzymes. 

 Several peptides with inhibitory activity were identifi ed including some that inhib-

ited more than one enzyme and mechanism [153].

There are excellent reasons to be optimistic for the discovery of inhibitory com-

pounds that could fi nd clinical use for the reversal of aminoglycoside resistance. The 

growing understanding of enzyme mechanism in addition to protein structural data 

provides the requisite foundation for a concerted effort in this area. The fact that 

well-established enzyme assays are in place for all three classes of aminoglycoside-

modifying enzymes and that these are amenable for high-throughput screening 

methods is also of great benefi t. Screens against small molecule libraries may 

uncover new, non-aminoglycoside leads that may prove to be starting points for 

inhibitors that can potentiate the activity of aminoglycoside antibiotics in resistant 

organisms. 

SUMMARY AND CONCLUSIONS

Aminoglycosides are clinically important antibiotics that interact with the bacterial 

ribosome and disrupt proper translation. Aminoglycoside resistance in clinical iso-

lates is largely the result of enzymes that phosphorylate, adenylate, or acetylate the 

antibiotics. Recent efforts in understanding the mechanisms and structures of these 

enzymes now open the possibility for the design of high-affi nity inhibitors that could 

reverse resistance and potentiate existing aminoglycoside antibiotics. Several chal-

lenges remain to be addressed, however, including issues of the number and diversity 

of resistance enzymes, transport of inhibitors across cell membranes, and that amino-

glycoside usage patterns select for different resistance mechanisms. At the same 

time, genome sequencing efforts have shown that a number of potential or cryptic 

aminoglycoside resistance genes are located within the genomes of many bacteria 

including M. tuberculosis, B. subtilis, and P. aeruginosa. The impact of the presence 

of these elements remains to be assessed, but it speaks to the prevalence and diversity 

of aminoglycoside resistance within bacterial populations. Nonetheless, the effi cacy of 

these antibiotics and decades of experience in managing the toxicity associated 

with the class suggest that a combination of a potent resistance enzyme inhibitor that 

covers the important clinically relevant enzymes along with a well-tolerated amino-

glycoside, such as gentamicin or streptomycin, could have signifi cant clinical utility 

for the treatment of infection in environments, where the resistance burden is signifi -

cant, for example, intensive care units and battlefi elds. Such efforts, coupled with 

programs to dampen or eliminate the renal and oto-toxicity associated with amino-

glycosides, could have important impact on reviving pharmaceutical sector interest 

in the class. The key elements in this endeavor are continued research into all aspects 
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of aminoglycoside resistance as well as interest in pursuing the molecular details of 

aminoglycoside toxicity in mammals. 
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The catalytic function of β-lactamases is the primary cause of resistance to β-lactam 

antibiotics. These enzymes hydrolyze the β-lactam ring of these versatile antibiotics, 

a process that inactivates the drugs. Over 470 β-lactamases are known that are 

grouped into four distinct functional classes (classes A, B, C, and D). The members 

of each class operate by distinct catalytic mechanisms. A series of recently discov-

ered β-lactamases exhibit wide breadth for their substrate preferences, which often 

include penicillins, cephalosporins, and carbapenems among other substrates. These 

so-called extended-spectrum β-lactamases (ESBLs) are being identifi ed among all 

classes of β-lactamases. The breadth of phenotypic traits for each of these enzymes 

collectively includes all known types of β-lactam antibiotics. The global distribution 
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of the pathogens that harbor these various enzymes is suffi ciently different at the 

present that obsolescence of β-lactam antibiotics has not happened to date. This 

chapter discusses the various properties of these microbial enzymes.

INTRODUCTION

Resistance to antimicrobials is a serious clinical problem, with more than 70% of 

the bacteria that cause hospital-acquired infections resistant to at least one of the 

drugs that are currently used for treatment of infections [1]. Indeed, resistance to 

one class of antibiotic in any given organism is rare and resistance to multiple classes 

is common. Infections are the leading cause of death on a global scale, and drug 

resistance is expected to aggravate the already serious situation in the immediate 

future [2]. β-Lactam antibiotics remain the most commonly used antibacterial agents 

in the present chemotherapeutic armamentarium, and β-lactamases, the enzymes 

that hydrolyze β-lactam antibiotics are the major cause of resistance to these com-

pounds [3]. This is in general a bigger problem in Gram-negative organisms, as 

Gram- positive organisms have evolved additional strategies in countering β-lactam 

anti biotics, such as modifi cation of penicillin-binding proteins (PBPs). The fact that 

we rely so heavily on β-lactams to the present day is remarkable in light of the fact 

that β-lactamases were discovered before their widespread clinical use [4], and to 

date, over 470 novel β-lactamases (www.lahey.org/Studies) have been identifi ed to 

 complicate their therapeutic use. The genes for β-lactamases may be chromosomal, 

plasmid-borne, or found on transposable elements. Furthermore, their existence on 

integrons has also been documented [5,6]. Hence, there is ample opportunity for 

bacteria to share these drug resistance genes, and indeed this has happened exten-

sively [7–10]. It would seem that the diversity in structures of β-lactamases, and in 

mechanisms of genetic dissemination should have put an end to viability of β-lactam 

antibacterials. The diffi culties in treatment of resistant organisms harboring these 

enzymes are becoming acute, but the demise of these versatile antibacterial agents 

has not yet happened. In fact, we will remain dependent on β-lactam antibiotics for 

the foreseeable future. Nonetheless, the search for non-β-lactam antibiotics as poten-

tial replacements for β-lactams continues unabated [11–14]. Meanwhile, it is clear 

that we need to develop a detailed knowledge of the properties of these antibiotics 

and of their mechanisms of resistance. In this chapter, we discuss β-lactamases from 

the perspective of their mechanisms and structures. We also explore the means by 

which random mutation and selection have provided opportunities for these enzymes 

to extend their substrate specifi cities such that resistance to virtually any β-lactam 

antibiotic has been observed. 

CLASSIFICATION OF β-LACTAMASES

Various classifi cation schemes have been proposed for β-lactamases based on the 

characteristics of the enzymes and/or their substrate profi les [15,16]. Bush proposed 

a comprehensive functional classifi cation of β-lactamases in 1989, which was 

expanded in 1995 to include just under 190 β-lactamases [15]. This classifi cation 

system utilized an extensive set of kinetic data on various enzymes and categorized 
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β-lactamases according to substrate preferences and inhibition characteristics. Four 

major groups are recognized in this classifi cation. Group 1 consists of cephalospo-

rinases which are not inhibited by clavulanic acid. Group 2 consists of penicillin-

ases, including broad-spectrum penicillinases that are generally inhibited by the 

active-site-directed β-lactamase inhibitors. Subgroups of enzymes, namely 2a, 2b, 

2be, 2br, 2c, 2d, 2e, and 2f, were defi ned based on the rates of hydrolysis of 

 carbenicillin, cloxacillin, extended-spectrum β-lactams ceftazidime, cefotaxime, or 

aztreonam, and of inhibition profi le by clavulanate, respectively. Enzymes that are 

inhibited by the metal-chelating agent EDTA are classifi ed as group 3. Group 4 

 consists of other β-lactamases that are not inhibited by clavulanic acid. 

However, a functional classifi cation scheme for β-lactamases proposed by 

Ambler has found common usage [16,17]. Ambler classifi es these enzymes into four 

classes, A, B, C, and D [17–19]. Whereas classes A, C, and D have evolved depen-

dence on an active-site serine as their key mechanistic feature, class B enzymes are 

zinc dependent and hence different. The catalytic process for turnover of the mem-

bers of the former group involves acylation at the active-site serine by the β-lactam 

antibiotic, followed by deacylation of the acyl-enzyme species. It is noteworthy that 

these enzymes do not share any sequence homologies, structural similarities, or 

mechanistic features with serine or zinc-dependent proteases. Class A β-lactamases 

generally prefer penicillins as substrates, whereas class C enzymes turn over cepha-

losporins better (Scheme 1). Class B enzymes can hydrolyze a broad range of sub-

strates including carbapenems, which resist hydrolysis by most of the other classes 

of enzymes. Class D β-lactamases, on the other hand, hydrolyze oxacillin-type 

β- lactams effi ciently. Classes A and C of β-lactamase are the most common and the 

second most common enzymes, respectively [20–22]. We also reported a unique 

β-lactamase activity for a certain T. pallidum PBP (referred to as Tp47). This cata-

lytic activity is not metal dependent and does not involve acylation of the protein in 

the course of the turnover process. Whereas other examples of this type of enzyme 

are not known presently, potential variants could serve as a fi fth class of β-lactamases 

[23,24]. The general properties of all these enzymes, which operate by distinct 

mechanisms, will be discussed in the following sections. We add that several other 

reviews on β-lactamases have appeared in the literature that complement this 

chapter in various ways [3,22,25–31].

ORIGIN OF β-LACTAMASES

It is now accepted that β-lactamases evolved from PBPs, which experience covalent 

modifi cation by penicillins and other β-lactams. These biosynthetic enzymes 

 assemble the bacterial cell wall and regulate its function. Certain PBPs carry out the 

cross-linking reaction, which imparts rigidity to the bacterial cell wall. Penicillins 

bind to PBPs and acylate an active-site serine. The resultant acyl-enzyme species is 

suffi ciently stable to provide effective inhibition of the biological function of the 

PBP, an inhibition event that leads to bacterial cell death.

The kinship of PBPs and β-lactamases has been established based on extensive 

multiple-sequence alignment and structural data [3,25–28]. In essence, nature 

 discovered that the same structural motif that binds penicillin (that of PBP) could be 
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used to destroy the drug. Insofar as the resultant acyl-enzyme species between a 

β-lactam antibiotic and a PBP was relatively stable, evolution of the drug-resistant 

phenotype had to render it unstable. For such an evolutionary scheme to be 

successful, the nascent β-lactamase should have been able to experience active-site 

acylation (inherited from the parental PBP; Scheme 2, species 3), followed by the 

deacylation of the acyl-enzyme species. This process, of course, would take place as 

a consequence of random mutation and selection. It must have taken place in 

 incremental steps to result in liberation of the PBP from inhibition by the β-lactam. 

As such, the example of the β-lactamase activity of the PBP Tp47 of T. pallidum PBP 

is signifi cant [23,24]. Here we have a PBP that serves a function in the biosynthesis 

of cell wall, yet has acquired an activity in hydrolytic turnover of penicillins. It is 

intuitive that the driving force for liberation from inhibition must have been to make 

the active PBP available again for it to function in cell wall assembly. It is interesting 

that once acylated by a β-lactam, the modern PBPs undergo slow deacylation with a 

wide range of deacylation rate constants [23,32–35] indicative of the diversifi cation 

among PBPs. Such diversifi cation over an evolutionary time scale has introduced 

substantial sequence divergence among these proteins [27,36]. 

The evolutionary advent of a PBP that would undergo acylation by β-lactam 

antibiotics followed by a reasonably rapid deacylation step would have had a clear 

advantage for the bacterium. Ultimately, the strategy must have been so successful 

that the PBP that underwent the process of acylation and deacylation fairly effec-

tively started to become more specialized in hydrolysis of the β-lactam antibiotics, 

so they served the role of bona fi de resistance enzymes. Along the way, this bona 
fi de resistance enzyme would detach itself from the surface of the bacterial plasma 

membrane—the vast majority of PBPs are membrane-bound proteins—so it could 

serve as a vanguard in fi ghting the in-coming antibiotics in solution.

Clearly PBPs are ancient proteins as bacteria came into existence over 3.8 bil-

lion years ago [37], and the evolution of cell wall must have followed suit at about 

the same time. But the development of β-lactamases is a relatively recent event, 

which must have taken place after the evolution of the fi rst biosynthetic pathways 

for the natural β-lactam antibiotics [22,38–40]. The diversifi cation of function has 

been impressive, in light of various catalytic functions for PBPs and the breadth 

of the substrate profi le for β-lactamases [3,41–43]. The process of evolution for 

β-lactamases has been accelerated by the extensive use of β-lactams in clinic over 

the past 60 years [3,36,44–46]. As a result, although the degree of sequence homol-

ogy among these proteins is low, it would appear from the emerging structural 

information that the three-dimensional fold of these proteins is preserved (vide 
infra) [27]. Multiple X-ray structures for PBPs and β-lactamases are available, 

 giving a wealth of structural information for understanding the functions of these 

bacterial proteins. These also include a handful of ultra-high resolution structures 

that shed light on the  protonation states of certain active site residues. 

CLASS A β-LACTAMASES

Enzymes that belong to this class are the most common among pathogens. These 

β-lactamases are the best understood in many aspects of their chemistry, biochemistry, 
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and molecular biology. Furthermore, these enzymes have reached catalytic perfec-

tion by performing their reaction at the diffusion limit [47]. Evolution of class A 

β-lactamases from Gram-negative bacteria has proceeded by selection of mutations 

that broaden the phenotypic properties, such as substrate profi le or resistance to 

inhibitors. Currently 144 variants of the TEM and 72 of the SHV β-lactamases are 

known. It is interesting that such diversifi cation by selection of point mutants has 

been absent in the evolution of class A enzymes from Gram-positive bacteria.

We previously analyzed an extensive amino acid sequence alignment of over 140 

members of all classes of β-lactamases and PBPs [27]. The sequences are so diver-

gent that there are no signifi cant homologies in general, except a Ser-X-X-Lys 

sequence motif is seen in the vast majority of these enzymes. The serine corresponds 

to the active-site residue of both β-lactamases and PBPs that experiences acylation 

by the substrate. A lysine, three residues to the carboxyl-terminal side of the serine, 

is clearly important for the functions of both types of enzymes as that too is abso-

lutely conserved. Since the only mechanistic feature that all these proteins share is 

the active-site serine acylation, the Ser-X-X-Lys sequence is a minimal essential 

motif for this event.

The previous comparison of two X-ray structures, one of the Staphylococcus 

aureus PC1 β-lactamase modifi ed by a phosphonate [48], and another of the TEM-1 

β-lactamase modifi ed by the same phosphonate [49], indicated a pathway for the for-

mation of the acyl-enzyme intermediate. The phosphonate modifi ed the active-site 

serine in both enzymes, and the structures mimicked the transition state for the acyl-

ation process. However, there are intriguing differences between the two structures. 

In the S. aureus PC1 β-lactamase structure the side chains of Ser70 and Lys73 inter-

act closely, giving the appearance of an interaction of a base (Lys73) abstracting the 

proton from serine. On the other hand, the structure for the TEM-1 enzyme shows 

strong interactions between Ser130 and the phosphonate oxygen corresponding to 

the leaving group, indicating that the complex mimics the collapse of the tetrahedral 

species en route to the formation of the acyl-enzyme intermediate. The process 

would take place by the transfer of a proton from Ser130 to the departing amine in 

the β-lactam substrate. Then, a proton would be transferred to Ser130 from the now-

protonated Lys73 [49]. These analyses collectively argue for the existence of Lys73 

in its unprotonated form. Yet, others have argued for a protonated Lys73, which 

would be incapable of serving as a base in these proton-transfer events [50–53]. 

As such, a protonated Lys73 would mandate a different residue serving the role of a 

base in serine activation. The only alternative candidate is Glu166.

The catalytic mechanism actually appears to be more complicated. Recent 

 analyses of the kinetics with a γ-thialysine mutant at position 73 of the TEM-1 

β- lactamase, the 15N-NMR characterization for titrational analyses of all lysines in 

the same protein, and free-energy calculation using the thermodynamic integration 

method all support a pKa in the range of 8.0 to 8.5 for Lys73 [54]. These disparate 

methods all point to the fact that Lys73 of class A β-lactamases is unique in that its 

pKa is attenuated by 2 to 3 pK units. The attenuated pKa for Lys73, of course, indi-

cates that it is a weaker base compared to a typical lysine. However, it also indicates 

that this lysine is poised for the proton transfer events that are critical for the enzyme 

to perform its catalytic function.
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It is signifi cant to note that mutagenesis of either Glu166 or Lys73 does not abol-

ish acylation of class A β-lactamases by their substrates [51,53]. Furthermore, crystal 

structures reveal that acylation clearly takes place in the presence of mutant variants 

at position 166, which would not be able to participate in abstraction of protons from 

the active site serine [52,55]. Our recent ab initio quantum mechanical/molecular 

mechanical (QM/MM) calculation reveals for the fi rst time that a duality of mecha-

nistic possibilities is in hand [56]. Two distinct pathways exist for enzyme acylation, 

a full discussion of which is beyond the scope of this chapter. The essence of these 

fi ndings is that an energetically downhill path toward a protonated Glu166 and a 

free-base Lys73 exists that would predispose Lys73 in serving as the base for the 

active site serine activation. In the absence of Lys73 (incidentally, not seen in any of 

the clinical variants), Glu166 remains as the viable residue to serve the function. 

Energetically, the two pathways are comparable, which explains the in vitro fi ndings 

that enzyme acylation could take place for the mutant variants at each position.

A consensus has emerged indicating that residue Glu166 promotes a water mole-

cule for the deacylation event [55,57]. This assertion is supported by the results from 

studies with site-directed mutagenesis [51,53,58–61], and by studies of β-lactam 

molecules that acylate the enzymes but resist deacylation [62–66]. It is worthy of 

comment that the water molecule approaches the ester of the acyl-enzyme interme-

diate from the α-face (Figure 6.1).

In general, various members of class A β-lactamases enjoy considerable 

 conservation of the three-dimensional fold, regardless of whether they are from 

FIGURE 6.1 Stereo view of the active site of TEM-1 β-lactamase (class A enzyme) 

 complexed with 6α-hydroxymethyl penicillanic acid (pdb code 1TEM). The hydrolytic water 

molecule (shown as a sphere) is approaching the ester moiety from the α-face, which is also 

seen interacting with the hydroxymethyl moiety of the bound inhibitor.
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Gram- negative or Gram-positive bacteria. This observation is demonstrated below 

for the structures of three Gram-negative class A β-lactamases from Escherichia 
coli (TEM-1), from Klebsiella pneumoniae (SHV-1), and from Enterobacter cloacae 

(NMC-A), and for the Gram-positive enzyme from S. aureus (Figure 6.2). Figure 6.3 

shows details of the active site structure for the TEM-1 β-lactamases.

Two broadly defi ned phenotypic properties for class A β-lactamases are emer-

ging from the clinical isolates. One is the inhibitor-resistant phenotype that was fi rst 

limited to the TEM subfamily, for which the term “inhibitor-resistant TEM” (IRT) 

was coined. This type of phenotype has now been discovered in the SHV family as 

well. Some other variants have broadened their substrate profi les to recent cephalo-

sporins (ceftazidime, cefotaxime, and monobactam aztreonam) and carbapenems. 

Hence, the term extended-spectrum β-lactamases (ESBLs) was introduced. These 

ESBLs are exemplifi ed by the Imi-1, Per-1, Sme-1, Toho-1, and NMC-A β- lactamases, 

among others [67–70]. Both these phenotypes are cause for concern in the clinic.

The IRT β-lactamases were fi rst discovered in 1992 in France and England 

[71,72]. These variants of the TEM-1 β-lactamase emerged as a consequence of 

FIGURE 6.2 The X-ray crystal structures of the Gram-negative class A β-lactamases 

from Escherichia coli (TEM-1; a), Klebsiella pneumoniae (SHV-1; b) and from Entero-
bacter cloacae (NMC-A; c), and for the Gram-positive enzyme from Staphylococcus 
aureus (d) (pdb codes 1TEM, 1SHV, 1BUL, and 1BLC, respectively). (These fi gures were 

prepared using the program MOLSCRIPT.)
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 substantial use of mechanism-based inhibitors (clavulanate and sulbactam) for class 

A β-lactamases, the fi rst of which, clavulanic acid, was introduced to the clinic in 

1984 in combination with amoxicillin [38,73]. The inhibitors impair the function of 

the class A β-lactamases, so that the co-administered penicillin would have the 

opportunity to inhibit the PBP. These combinations of β-lactamase inhibitors and 

penicillins have led to selection of the phenotype that resists inhibition of β-

lactamase. IRT β-lactamases often are the result of single mutations at key amino 

acid positions [74–76]. Additional mutations may also be present, but these are in 

conjunction with mutations at a few key positions. Error-prone PCR mutagenesis has 

identifi ed four mutations of consequence for the IRT β-lactamases [77]. These are 

mutations at positions 69, 130, 244, and 276. Biochemical analyses have shed light 

on the functions of these amino acids in the mechanism of inhibition of β-lactamases. 

At position 69, methionine, clearly not a conserved TEM residue, is located in the 

structurally constrained region [78,79]. According to the studies by Meroueh et al. 

[78], the Met69Lys mutant variant does not cause any structural perturbation com-

pared to the wild-type, and the effect of the mutation is subtle. Molecular dynamic 

simulations revealed that the wild-type and the Met69Leu mutant forms experience 

differences in their dynamical behavior that result in elevation of the dissociation 

constant for the inhibitor from the enzyme prior to the onset of covalent chemistry. 

This mutant variant (designated TEM-33) exhibits comparable catalytic ability com-

pared to the wild-type enzyme [78]. Another mechanism has also been offered to 

explain the effect of subtle changes at position 69 [79,80]. Wang et al. argued that the 

related variant Met69Ile/Met182Thr (TEM-32) or Met69Val (TEM-34) exhibit a 

 disruption of the active site Ser130 interactions, which involve effects during the 

covalent phase of inhibition of the enzyme by clavulanate [79].

Properties of the Ser130Gly mutant variants of TEM and SHV have been studied 

by both crystallography and enzymology [81–83]. The mutation of conserved Ser130 

is very rare (3 out of 25 IRTs) and only a single change to glycine has been  documented 

FIGURE 6.3 Stereo view of the active site of the TEM-1 β-lactamase with important 

 residues labeled. The hydrolytic water, coordinated to Glu-166 and Asn-170, is shown as a 

black sphere.
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(www.lahey.org/Studies/temtable). Inhibition of the TEM β-lactamases by clavu-

lanic acid commences by acylation of Ser70, the active-site serine, and interaction 

with Ser130 as a step in the proton transfer events [74,79,84,85]. The involvement of 

Ser130 hydroxyl in the proton transfer events was thought to be critical for the cata-

lytic process. However, since Ser130Gly mutant would not be able to engage this res-

idue in these processes, the observation of this mutant was rather enigmatic. Recent 

crystallographic fi ndings reveal that substitution of serine to glycine has  created a 

cavity suitable for sequestering a water molecule within the active site [81,82]. This 

water molecule serves in the proton transfer events and is an effective surrogate for 

serine in the turnover events with typical substrates as well as in events that lead to 

covalent chemistry by clavulanate [74,75]. However, Ser130 hydroxyl is trapped in a 

crosslinking event with the inhibitor, which would not take place in the glycine 

mutant. This gives rise to the IRT phenotype. 

Arg244 is another important residue for the IRT phenotype. The side chain of 

Arg244 participates in substrate recognition as a counter ion to the carboxylate of 

substrates and inhibitors [74,79,86]. This arginine coordinates to a structurally con-

served water molecule important for interactions with clavulanate [74]. Mutations 

at position 244, such as in Arg244Ser, would not be able to fi x the water molecule 

in the requisite position, and hence would impair the ability of clavulanic acid to 

inhibit the enzyme. 

The effects of mutations at positions 244 and 276 are related to each other 

because their side chains are in communication with each other; however, the 

 mechanistic reasons for the IRT phenotype associated with mutations at each site are 

distinct. The side chain of Arg244 is hydrogen bonded to the side chain of Asn276. 

The mutation Asn276Asp, seen in IRTs, enhances the strength of interactions 

between residues at 244 and 276 [87]. The interaction in the mutant protein also 

infl uences the water molecule coordinated to Arg244, such that the rate constant for 

inhibition of the enzyme is also affected negatively. The structural effects with these 

kinetic consequences are indeed quite subtle, as perceived from the X-ray structure 

of the Asn276Asp variant of TEM β-lactamase (Figure 6.4) [87].

ESBLs class A β-lactamase have also appeared among resistance strains, falling 

into three groups. The TEM and SHV ESBL variants were found initially among 

Enterobacteriaceae, but increasingly also among Pseudomonas strains [3,88] (http:// 

www.lahey.org/Studies/webt.htm). The VEB and PER variants are found among 

Pseudomonas. The last group is the CTX-M family (Toho-1, and -2) [89,90]. These 

enzymes are of serious concern because their genes originated from nosocomial 

strains that now have spread to community-derived strains [3,89].

The structural factors that result in the extended-spectrum phenotypes are quite 

diverse, and we will not be able to discuss them fully in this review, although this 

subject has been discussed previously [25,91]. In general, ESBLs do not hydrolyze 

oxyiminocephalosporins (ceftazidime and cefotaxime), aztreonam, and carbapenems 

[90]. ESBLs with ability to turn over imipenem (a carbapenem) [4] and cefoxitin 

(a cephamycin) are of special concern. Imipenem is an exceedingly poor substrate 

for class A β-lactamases and the mechanistic and structural bases for such poor 

turnover of imipenem by the TEM-1 enzyme have been elucidated [64,92]. The 

structural reason behind the poor turnover is the interactions of the 6α-hydroxyethyl 
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group of imipenem and 7α-methoxy group of cefoxitin with the enzyme. It is evident 

that these substituents interfere with the approach of the hydrolytic water molecule 

to the ester carbonyl at the acyl-enzyme stage. Also, these interactions force the acyl-

enzyme complex to assume a new conformation, which is no longer predisposed for 

the deacylation process [64]. On the hand, the explanation for poor turnover with 

cefoxitin is reasonably straightforward. Cefoxitin possesses the 7α-methoxy group 

on the cephalosporin nucleus. This substitution not only displaces the catalytic water 

but also dislocates Asn132 located on the Ω-loop, giving rise to a stable acyl-enzyme 

complex [93,94]. For a class A enzyme to become adept at turning over imipenem, it 

has to eliminate the unfavorable interactions of the enzyme with the 6α- hydroxyethyl 

group of imipenem. This is indeed what has been seen for the NMC-A (non-metallo 

carbapenemase of class A) β-lactamase from E. cloacae [95]. This is also an exam-

ple of an extremely subtle change in the structure of the enzyme to give a profound 

phenotypic consequence [95,96]. The NMC-A β-lactamase is, in every respect of the 

catalytic machinery, similar to other prototypic class A enzymes, such as the TEM-1 

β-lactamase (Figure 6.5). But the nearly 100-fold improvement of ability to hydro-

lyze imipenem [95] in this enzyme has been attributed to the new position of Asn132, 

which has moved away from the active site by a mere 1 Å. This repositioning has 

enlarged the cavity in which the 6α-hydroxyethyl group of imipenem would fi t, 

and has eliminated the unfavorable steric interactions that were seen in the related 

TEM-1 enzyme. 

FIGURE 6.4 Stereo view of the active sites of wild-type TEM-1 β-lactamase (shown 

in gray) superimposed with the Asn-276-Asp mutant of TEM-1 β-lactamase (shown in 

black). Inhibitor of wild-type enzyme, 6α-hydroxymethylpenicillanate covalently bound 

to Ser-70 of the wild-type TEM-1 enzyme is shown to illustrate the interactions. The 

side chain of Asp-276 (at seven o’clock, in black) is seen shifted toward Arg-244, as is 

Arg-244 toward Asp-276, resulting in a stronger interaction between these two residues. The 

coordinated water molecule to Arg-244 (black sphere at six o’clock position) is not seen in the 

crystal structure of the mutant enzyme. The hydrolytic water, however, is seen in both crystal 

structures (shown here as spheres at twelve o’clock).
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The three-dimensional structure of the SHV-1 β-lactamase that possesses a 

somewhat broader substrate profi le than the TEM-1 enzyme, shows a similar overall 

fold to that of the TEM-1 enzyme (Figure 6.2). There are, however, few subtle differ-

ences that differentiate the active sites of the two enzymes. The Ser130 to Asn132 

loop and the neighboring Asp104/Tyr105 loop in the SHV-1 enzyme have shifted 

away from the active site by about 0.7 to 1.2 Å, in comparison to the TEM-1 enzyme, 

thus widening the active site [97]. A similar shift of Asn132, seen in the NMC-A 

β-lactamase, was observed for the SHV-1 enzyme as well (see above).

A set of important amino acid substitutions giving rise to the ESBLs of the TEM 

or SHV groups are Arg164Ser/His, Glu104Lys, Gly238Ser/Ala, and Ala237Thr. 

The Gly238Ser SHV-2 increases the MIC of E. coli from 2 to 8 μg/mL for ceftazi-

dime and from 0.125 to 16 μg/mL for cefotaxime [98]. Crystal structure revealed that 

the Gly238Ser mutation opens the active site suffi ciently to accommodate the larger 

side chains of the more recent generations of β-lactam antibiotics, while preserving 

the role of catalytic residues [99,100]. 

The X-ray crystal structure of another ESBL, CTX-M Toho-1, also was solved 

[101–103]. The studies with Toho-1 acyl-enzyme species with cefotaxime, cepha-

lothin, and benzylpenicillin reveal distinct features, such as the displacement of the 

Ω-loop to avoid steric hindrance with the bulky side chain of cefotaxime and also 

favorable interactions with residues Asn104 and Asp240 for improved binding. 

The PER-1 β-lactamase is expressed from a chromosome-encoded gene of Pseu-
domonas aeruginosa. It was fi rst detected and isolated from a Turkish patient in 1993 

[104] before it was found in nosocomial strains of S. typhimurium and Acinetobacter 

FIGURE 6.5 Stereo view of the superimposition of the TEM-1 (shown in gray) and 

NMC-A (shown in black) β-lactamases complexed with 6α-hydroxymethylpenicillanic acid 

and 6α-hydroxypropylpenicillanic acid, respectively. The active site of the NMC-A enzyme 

near the hydrolytic water is expanded by the relocation of the Asn-132 away from the active 

site, such that this enzyme could accommodate substituents, such as the hydroxypropyl 

 moiety in the inhibitor’s structure.
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baumanii [105,106]. The X-ray crystal structure of the PER-1 β-lactamase shows a 

number of differences when compared to other class A β-lactamases, such as the 

TEM-1 enzyme (Figure 6.6) [107]. Two of most conserved features in class A β-

lactamases were not seen in PER-1. These include the fold of the Ω-loop and the cis 

conformation of peptide bond between residues 166 and 167. In class A β-lactamases, 

the cis conformation is required to proper positioning of Glu166, a catalytically 

 critical residue.

CLASS B β-LACTAMASES

Metallo-β-lactamases (MBLs) were fi rst isolated in 1966 and were subsequently cat-

egorized as class B β-lactamases in 1980 [17]. These enzymes are dependent of zinc 

ions for their activity. The initial studies of the chromosomal MBLs were performed 

on the Bacillus cereus and Stenotrophomonas maltophilia enzymes [108,109]. Since 

the fi rst discoveries, many more MBLs from various bacterial pathogens have 

emerged [110,111]. This class of β-lactamases shows an unprecedented breadth of 

substrate preference, which includes many of recent generations of cephalosporins, 

carbapenems, and β-lactam inhibitors of β-lactamases, such as clavulanate and 

penam sulfones [43,112]. This is a cause for concern because carbapenem antibiotics 

FIGURE 6.6 Superimposition of the TEM-1 (shown in gray) and PER-1 (shown in black) 

β-lactamases depicting the differences in the Ω-loop and the β3-sheet regions (top and left 

regions of the fi gure, respectively). The region near the Ω-loop is substantially larger in the 

PER-1 β-lactamase, compared to the TEM-1 enzyme, a factor that is linked to the extended-

spectrum activity of the former.
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are generally resistant to the action of the other classes of β-lactamases, and have 

enjoyed longevity in the clinic since their introduction in the mid-1980s. MBLs 

 possess less than 25% amino acid identity with each other, and they do not show any 

apparent evolutionary relationship to other classes of β-lactamases [110].

The report that the genes for class B β-lactamases could be plasmid-borne has 

been disconcerting [113,114]. Dissemination of MBL genes would seem to be 

 inevitable by future use of extended-spectrum β-lactams. These genes appear on 

gene cassettes that include other resistance genes for disparate antibiotics, such as 

kanamycin, neomycin, streptomycin, among others [110,115]. 

The crystal structures for MBLs show the presence of two zinc ions [116]. It has 

been asserted that among known B1 subclass MBLs, despite the remarkable degree 

of similarity of their active sites, the relative affi nities of each zinc ion to the enzyme 

are not equal [117,118]. CcrA and IMP-1 enzymes possess two high-affi nity metals 

[119,120]. BcII is active with one or two zinc ions but fully active when both metals 

are bound [121]. 

MBLs from several organisms have been crystallized, but only two were in 

 complex with β-lactams [122]. The structure of IMP-1 from P. aeruginosa was 

solved by Concha et al. [111]. Furthermore, the MBLs from B. fragilis, B. cereus, and 

S. maltophilia have also been crystallized, and their structures have been useful in 

understanding this class of enzymes and their diversities (Figures 6.7 and 6.8) 

[123–126]. MBLs largely exhibit an αββα motif and their respective active sites are 

superimposable. The active site resides at the end of the β-sandwich and it has either 

one or two divalent zinc ions separated by ~3.5 Å. The fi rst zinc ion is coordinated 

to three histidines and one hydroxide/water molecule, which bridges to the other zinc 

ion. The second zinc ion is coordinated by a cysteine, a histidine, an aspartate, and 

an apical water molecule. Crystal structures of different MBLs reveal that the bond 

FIGURE 6.7 Structures of the zinc-dependent β-lactamases from B. fragilis (a) and 

B. cereus 549/H/9 (b) (pdb codes 1A7T and 1BC2, respectively). Two zinc ions in the active 

sites of the enzymes are shown as gray spheres and a water molecule (identifi ed by an arrow) 

is shown as a black sphere coordinated to the two zinc ions. (The fi gures were prepared using 

the program MOLSCRIPT.)
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 distance between the fi rst zinc ion and O is as short as 1.9 Å, which also supports the 

hypothesis of a hydroxide ion bound at neutral pH [111,123,127]. This hydroxide is 

reported to be bound as a bridge between two zinc ions at pH 5 and higher [118]. The 

bridging hydroxide (pKa = 4.9–5.6) [128,129] is proposed to transfer an electron to 

the open β-lactam ring. According to the proposed mechanism by Wang et al., the 

enzyme detaches the bound hydroxide from the second zinc ion prior to its function-

ing as a nucleophile [130].

There are no clinically useful inhibitors for this class of β-lactamases at present, 

although work is making progress in that direction. In light of the fact that the  various 

members of this family of enzymes may operate by somewhat different mechanisms, 

general inhibition of class B β-lactamases by one type of inhibitor—such as achieved 

by clavulanic acid for class A enzymes—may prove diffi cult. However, from the 

MBL substrate spectrum, this class of enzyme is not able to hydrolyze aztreonam, 

a monocyclic N-sulfonyl β-lactam. A computational study (density functional calcu-

lations and docking analyses) suggests that aztreonam binds to the enzyme but in a 

non-productive orientation [131]. 

CLASS C β-LACTAMASES

Although class C β-lactamases were believed to be exclusively of chromosomal 

 origin, plasmid-borne variants were soon identifi ed [25,132]. This in part explains 

why they are only found in Gram-negative bacteria, and why there are not many 

mutant variants of the various members of this family of enzymes. Indeed, class 

C β- lactamases are largely homogeneous as far as their kinetic properties are 

concerned [28]. These enzymes are somewhat larger—approximately 39 kDa—than 

their class A counterparts.

In contrast to class A β-lactamases, class C enzymes have evolved an entirely 

distinct mechanism for their deacylation of the acyl-enzyme intermediate. They lack 

FIGURE 6.8 Stereo view of the active site of a class B β-lactamase (from B. fragilis; 

pdb code 1A7T). Side chains of the residues that coordinate to the zinc ions are shown. 

A water molecule (identifi ed by an arrow)—in between the two zinc ions—is shown as a 

sphere that closely interacts with the zinc ions.
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any residue that could correspond to Glu166 of the class A β-lactamases. It has been 

generally accepted that Tyr150 could be a player in both the acylation and deacyla-

tion processes [27,133,134]. Although any direct evidence has been lacking, many 

have assumed that Tyr150 should be in its deprotonated basic form. Hence, Tyr150 

has been proposed as the base for activation of Ser64 in the acylation event 

[135–138]. After the activation of Ser64, Tyr150 transfers a proton to β-lactam ring 

nitrogen to allow collapse of the tetrahedral intermediates. At the same time, the 

very same deprotonated Tyr150 was also proposed as the base for activation of a 

water molecule in hydrolysis of the acyl-enzyme species [135]. However, the possi-

bility of a protonated Tyr150 was also considered [139,140]. A recent NMR titration 

study by Kato-Toma et al. provided experimental evidence indicating that the pKa of 

Tyr150 is 8.3, suggesting that the native enzyme has the residue protonated [141]. In 

the absence of Tyr150 as a viable base for activation of serine, the only other alterna-

tive for this function is Lys67. It is important to note that side chains of both Lys67 

and Tyr150 are in hydrogen bonding contact with Ser64. A recent molecular dynam-

ics study with the class C β-lactamase from Citrobacter freundii and its Michaelis 

complex with aztreonam supports the direct involvement of Lys67 as an activator of 

Ser64 for acylation [142]. From their simulation, neutral Lys67 is much more stable 

than anionic Tyr150 (20 kcal/mol). A QM/MM calculation on the deacylation 

process supports the involvement of the protonated Tyr150 [143]. In the absence of a 

residue equivalent to Glu166 of class A β-lactamase, we had argued that if the 

approach of the hydrolytic water from the α-face was not possible for lack of a 

 general base on that side, then it is likely that the hydrolytic water would approach 

the ester of the acyl-enzyme intermediate from the opposite β-direction. Such a 

route for the hydrolytic water would bring it into the coordination sphere of the 

amine of the acyl-enzyme intermediate—formerly the β-lactam nitrogen—and in 

contact with the side chain hydroxyl of Tyr150 (Figure 6.9) [144]. It is noteworthy 

that the direction of the approach of the hydrolytic water is the opposite of that for 

the class A enzymes, hence the evolution of the deacylation steps in the two classes 

of enzymes is entirely distinct [27].

Class C β-lactamases belong to a group of a handful of enzymes that operate 

by “substrate-assisted catalysis” (Figure 6.10). When water attacks the acyl-enzyme 

complex, water approaches to the position where it is stabilized by both Tyr150 and 

β-lactam ring nitrogen. A crystal structure of the acyl-enzyme species of AmpC 

β-lactamase and moxalactam supports this proposal further [136]. According to the 

recent ultrahigh resolution crystallographic structure of AmpC β-lactamase, Tyr150 

is protonated throughout the reaction. Moreover, the structure is consistent with the 

role of Tyr150 coordinating for activation of water in cooperation with substrate 

β-lactam nitrogen [145]. 

We have previously shown that class C β-lactamases operate at the diffusion 

limit for turnover of their preferred cephalosporin substrates [146]. Diffusion-

 controlled catalysis was also shown for turnover of the preferred penicillin substrates 

by class A β-lactamases as well [47]. Therefore, it would appear that evolution of 

classes A and C of β-lactamases took entirely different courses, obviously due to 

different selection pressures: in one case penicillins, in the other cephalosporins. 

Furthermore, an extensive sequence alignment of β-lactamases and PBPs indicated 
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that classes A and C of β-lactamases evolved from two different groups of PBPs [27]. 

All these observations collectively and conclusively indicate that the two classes of 

β-lactamases had different evolutionary experiences, but each reached its full poten-

tial by becoming “perfect” (i.e., diffusion-controlled) in its catalytic competence.

Several class C β-lactamases have been crystallized to date (Figure 6.11) 

[100,135–137,145,147–151]. These enzymes are very similar in their structures, and 

the similarity is even more pronounced within the active sites. The active sites of 

the class C β-lactamases are in general wider than those of class A enzymes, which 

explains why they readily bind the relatively bulkier cephalosporin substrates. The 

active site of E. cloacae P99 is shown in Figure 6.12.

One of the important features of class C β-lactamases is that they can accommo-

date cephalosporins in their active site and are not inactivated by class A β-lactamase 

inhibitors, such as clavulanic acid. Lobkovsky et al. suggested that the machinery 

present in class A β-lactamases to process the clinical inhibitor clavulanic acid in the 

course of the inactivation chemistry, namely a residue, such as the Arg244 of the 

class A enzymes and the water molecule coordinated to it, does not have a structural 

counterpart in class C enzymes [137]. An E. coli strain was recently described that 

produces an inhibitor-sensitive AmpC class C β-lactamase from Japan [152]. The 

amino acid sequence of the enzyme contains a tripeptide deletion (Gly286-Ser287-

Asp288) and several substitutions. The level of inhibition was greater with sulbactam 

and tazobactam than with clavulanic acid. Molecular modeling indicated structural 

changes around a helix, which caused alteration in the substrate binding site.

FIGURE 6.9 Stereo view of the energy-minimized model for the acyl-enzyme complex 

of the Enterobacter cloacae P99 β-lactamase (a class C enzyme; pdb code 1BLS) with 

cephalothin. The hydrolytic water is seen coordinated between Tyr-150 and amine of the 

dihydrothiazine ring, positioned to approach the ester moiety from the β-face. A Connolly 

water-accessible surface (in gray) is shown for the binding site of the water molecule. 

9190_C006.indd   1189190_C006.indd   118 10/31/2007   4:25:07 PM10/31/2007   4:25:07 PM



Resistance to β-Lactam Antibiotics Mediated by β-Lactamases 119

The catalytic processes of β-lactamases may entail conformational changes. 

Such has been shown for class A enzymes, the TEM-1 and NMC-A β-lactamases, by 

X-ray crystallography and molecular dynamics simulations [63,64]. Similarly, the 

class C β-lactamase from C. freundii studied by infrared spectroscopy was shown to 

have multiple carbonyl stretches in the course of turnover of a penicillin. These 

observations were interpreted to be the result of different conformations for the 

acyl-enzyme intermediate [153].

CLASS D β-LACTAMASES

To date, more than 50 class D β-lactamases have been identifi ed [154]. These 

enzymes are grouped together because they prefer oxacillin or cloxacillin as their 

substrate (hence, the “OXA” designation). These enzymes are becoming important 

clinically with the discovery of new variants such as OXA-14, OXA-15, OXA-16, 

and OXA-18, which show the extended-spectrum property against carbapenems and 

third-generation cephalosporins [155]. The substrate profi le for OXA-18, for exam-

ple, includes penicillins (oxacillin, amoxicillin, and ticarcillin), cephalosporins 

FIGURE 6.10 Stereo view of the active site of the Enterobacter cloacae P99 β-

lactamase (in gray, pdb code: 1BLS) superimposed onto the active site of the d-Ala-d-Ala 

transpeptidase—a penicillin-binding protein from Streptomyces R61 (in black; pdb code 

1CEG)—modifi ed covalently by cephalothin (also in black). The modeled hydrolytic water 

(gray sphere) is shown in the active site of the E. cloacae P99 β-lactamase as per Figure 6.9. 

The crystallographic water molecule in the structure of d-Ala-d-Ala transpeptidase (shown 

as a black sphere) is seen coordinated to Arg-285 and Tyr-159; this interaction does not acti-

vate the water molecule for hydrolysis of the ester moiety. Arg-285 is replaced by Glu-272 in 

the β-lactamase structure. There is no opportunity for direct contact between the side chain 

of Glu-272 and the hydrolytic water.
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(cephalothin, ceftazidime, and cefotaxime), and the monobactam aztreonam [156]. 

Ceftazidime, cefotaxime, and aztreonam are three important clinical antibiotics.

Class D β-lactamases are the smallest among active-site-serine β-lactamases. 

For example, the entire sequence of the OXA-1 class D β-lactamase (including the 

signal peptide) is 246 amino acids, compared to 286 amino acids for the E. coli 
TEM-1 (class A) and 381 amino acids for the E. cloacae P99 (class C) β-lactamases. 

There does not appear to be any striking similarities in their sequences when 

 compared to those of the classes A and C of β-lactamases [27]. Detailed analyses of 

these enzymes had not taken place until recently, in large part due to the historical 

diffi culties of in vitro assay [157–159]. Complicating matters farther, these enzymes 

were known to have often non-reproducible biphasic kinetics. 

An important discovery was that these enzymes are N-carboxylated on their 

active site lysine three residues to the carboxyl end of the serine that experiences 

acylation [160,161]. This is a post-translational modifi cation that takes place by the 

addition of carbon dioxide to the free-base form of the lysine. The crystal structure 

of the OXA-10 β-lactamase revealed that the N-carboxylated lysine is stabilized by 

the active site environment by three specifi c hydrogen bonding interactions [161,162]. 

The carboxylated lysine was shown to be the base that promoted the active site serine 

for acylation and activated a water molecule for the deacylation event [160]. Hence, 

substrate turnover by class D β-lactamases enjoys symmetry in catalysis.

The theory of how the active site lysine experiences N-carboxylation in this 

class of enzymes was investigated recently [163]. Furthermore, the theory revealed 

that in the course of catalysis, the N-carboxylated lysine could shuttle protons via 

either the carbamate oxygen or nitrogen. When the oxygen is protonated transiently, 

the resulting carbamic acid is stable. However, when the nitrogen of the carbamate 

FIGURE 6.11 X-ray crystal structures of the class C β-lactamases from Escherichia 
coli K12 (a) and Enterobacter cloacae P99 (b) (pdb codes 2BLS and 2BLT, respectively). 

 (Structures were drawn using the program MOLSCRIPT.)
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is protonated, it experiences spontaneous and barrierless decarboxylation. The 

N-carboxylation/N-decarboxylation is reversible, and the equilibrium constant for 

this process lies in the micromolar range. In addition, since concentration of carbon 

dioxide in biological systems is in the millimolar range, it is expected that class D 

β-lactamases remain fully carboxylated in vivo [160]. 

The loss of lysine N-carboxylation results in an inactive enzyme [160]. In light of 

the reversible N-carboxylation of lysine the basis for biphasic turnover for some sub-

strates became clear. In mid-catalysis, if the carbamate nitrogen were to abstract a 

proton, the barrierless loss of carbon dioxide would result in an inactive enzyme. 

Catalysis could not resume until the lysine residue is N-recarboxylated, hence the 

biphasic kinetics [160]. Previously the biphasic kinetics were explained by invoca-

tion of monomer and dimer formation for the enzyme [157,158,164,165]. 

PERSPECTIVES

Introduction of β-lactam antibiotics for use in treatment of infections was one of the 

most important medical contributions of the 20th century. Penicillin G was the fi rst 

antibiotic that received widespread clinical application, and its success paved the 

way for the discovery of other β-lactams and antibiotics of different classes. Despite 

the presence of the ubiquitous β-lactamases, the clinical importance of β-lactams 

remains very high. They remain the most commonly used antibiotics in the clinic, 

and we will have to rely on them for the foreseeable future [166]. The entire genomes 

FIGURE 6.12 Stereo view of the active site of a class C β-lactamase from Enterobacter 
cloacae P99 (pdb code 2BLT). Important residues, Ser-64, Lys-67, Tyr-150, Lys-315 and 

Ser-318 are labeled, and their side chains are shown.
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of many bacteria have been sequenced, and others are being actively investigated 

[167–171; http://www.tigr.org]. Knowledge of these microbial enzymes and the pro-

teins they encode has the potential for scientifi c impact in the future [172–175]. We 

hasten to say that the developments in this fi eld in the past decade have not yet met 

the expectation. However, if history is any indication, resistance to any drug will 

develop in due time. Indeed, the literature indicates that for the eight major classes 

of known antibacterials, resistance has developed within one to four years from the 

time of the clinical introduction [176,177]. This is the vindication of Paul Ehrlich’s 

prophetic statement that “drug resistance follows the drug like a faithful shadow.” 

We have described in this chapter the different classes of β-lactamases that have 

arisen in response to the challenge of β-lactam antibiotics. It is important to note that 

it would appear that the processes of random mutation and selection have resulted in 

at least four known classes of β-lactamases, all operating by distinct mechanisms. 

The many variants of the members of these classes of drug resistance determinants, 

which essentially cover the full spectrum of phenotypic traits needed to give resis-

tance to all β-lactam antibiotics, document further the power of the evolutionary 

 processes at work in microorganisms. We do not expect to have any obvious replace-

ments for β-lactam antibiotics in the near future. Only time will tell if the renewed 

interest in the pharmaceutical industry in development of antiinfectives will meet 

the clinical challenges before the arrival of what has been presaged as a “post-

 antimicrobial era” [178].
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Alteration in the target of an antimicrobial drug is a widely used bacterial mechanism 

of drug resistance and, in addition to reduced drug permeation to its target and drug modi-

fi cation, is one of the three major mechanisms. Resistance by the general mechanism 

of target modifi cation can be brought about, however, by a remarkable variety of spe-

cifi c means, which have been exploited by different clinically important bacteria. The 

modifi cation mechanism often results in an altered structure of the original drug target 

structure that binds the drug poorly or not at all. This alteration in structure can be 

brought about by naturally occurring spontaneous mutations in the gene(s) encoding 

the drug target that modify single or limited numbers of amino acids in the target pro-

tein, often in the region of a known or putative drug binding site. Quinolone resistance 

due to alterations in the target enzymes DNA gyrase and topoisomerase IV involved in 

DNA synthesis, rifampin resistance due to alterations in the β subunit of the target 

RNA polymerase involved in RNA synthesis, and low-level penicillin resistance in 

Streptococcus pneumoniae due to alterations in the  target transpeptidases (penicillin-

binding proteins [PBPs]) involved in cell wall  synthesis are examples of this category.

More extensive modifi cations of a drug target often require other genetic mecha-

nisms. In the case of high-level penicillin resistance in S. pneumoniae, more exten-

sive modifi cations of the target transpeptidases involved in cell wall synthesis are 

possible because of the ability of this organism to exchange DNA segments with 

related bacterial species, some of which have transpeptidases that bind penicillin 

poorly, allowing the generation of mosaic transpeptidases with extensively modifi ed 

regions of these target enzymes in S. pneumoniae. In other cases, such as glycopep-

tide resistance in enterococci and macrolide resistance in many bacteria, the target 

structures to which these drugs bind (the cell wall for the glycopeptides and the 

 bacterial ribosome for the macrolides) are exogenously modifi ed by enzymes encoded 

by DNA acquired on mobile genetic elements, such as plasmids or transposons, which 

can be transferred between bacteria. In other cases, such as tetracycline resistance in 

many bacteria and plasmid-encoded quinolone resistance due to Qnr proteins in 

enteric Gram-negative bacteria, the drug targets are protected from drug action, but 

not modifi ed by the resistance-determining proteins.

Another novel variation of the altered target mechanism is the overexpression of 

unmodifi ed drug target binding sites in such a way that binding of drug to these extra 

sites limits access of drug to a subset of critical target binding sites, as is thought to 

be the cause of low-level glycopeptide resistance in staphylococci. Finally, in a 

 number of cases, such as resistance to methicillin and other β-lactams in staphy-

lococci, resistance to mupirocin in staphylococci, and resistance to trimethoprim in 

many species, bacteria have acquired genes, sometimes on mobile genetic elements, 

that encode an alternative or bypass drug-resistant target enzyme. This enzyme then 

provides the functions that would have otherwise been inhibited, allowing growth in 

the presence of drug. Thus, the creativity of nature in developing resistance mecha-

nisms under selective pressure has as yet been fully capable of meeting the challenge 

of new drug development.

INTRODUCTION

Modifi cation of the targets of antimicrobial agents is one of the three principal 

mechanisms by which bacteria effect resistance to antimicrobial agents, in addition 
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to alteration in drug permeation to its target, and drug modifi cation. Within this 

 general mechanism category, however, there is remarkable bacterial diversity in the 

means by which target modifi cation is accomplished. In this chapter, six different 

bacterial strategies (Table 7.1) will be discussed for bringing about target modifi ca-

tions that cause antimicrobial resistance, with a focus on specifi c examples of each 

strategy that are of general clinical importance.

In many cases, target modifi cation by various means produces alteration of an 

existing natural target such that it has reduced drug binding affi nity, but in other 

notable cases the resistance determinant may block drug access by interaction with 

the drug target, and resistance may occur from target overproduction that sequesters 

drug, thereby limiting its access to a subset of target molecules at a critical cellular 

location, or the bacterium may acquire a resistant drug target that can carry out the 

functions of the natural sensitive target molecule in the presence of drug. Modifi ca-

tion of a natural drug target may result from spontaneous chromosomal mutation 

resulting in single or multiple amino acid substitutions, or from homologous recombi-

nation with exogenous DNA containing gene segments that encode portions of 

 proteins with reduced drug binding properties. Analysis of modifi cations of this type 

is particularly useful in understanding the structural basis of drug binding to its 

 target. Genes acquired on mobile genetic elements, such as plasmids and transpo-

sons, may also contribute to resistance by target modifi cation by encoding proteins 

that themselves modify the drug target, or block drug access to the target, or act as  

drug-resistant (bypass) targets. Thus, multiple variations on the general mechanism 

of drug target modifi cation have evolved in nature.

SPONTANEOUS MUTATIONAL CHANGES IN TARGET PROTEINS

QUINOLONE RESISTANCE

Quinolones are widely used antimicrobial agents with a generally broad spectrum of 

activity. There are two intracellular targets of the quinolone class of antimicrobials, 

DNA gyrase and topoisomerase IV, two related enzymes both of which are essential 

for bacterial DNA replication. Each enzyme is a tetramer composed of two A and 

two B subunits. In the case of DNA gyrase the subunits are GyrA and GyrB, and in 

the case of topoisomerase IV the subunits are ParC (or GrlA) and ParE (or GrlB). 

GyrA is homologous to ParC, and GyrB is homologous to ParE [1]. Quinolones inter-

act with DNA gyrase-DNA complexes and with topoisomerase IV-DNA complexes 

to trap the enzymes as stabilized reaction intermediates in which broken DNA 

strands are covalently linked to a tyrosine in the enzyme’s active site. These stabi-

lized  complexes form a barrier to DNA replication and are necessary but not suffi -

cient for bacterial cell death [2,3]. Under some conditions, such as treatment of cells 

with the quinolone nalidixic acid together with an inhibitor of protein or RNA syn-

thesis, inhibition of DNA synthesis by the quinolone is unaffected but cell death does 

not occur [4]. This dissociation has suggested that other factors involving new  protein 

or RNA synthesis are necessary for cell death to occur after interaction of the quino-

lone with its target enzyme-DNA complex. The specifi c nature of this other factor(s), 

however, has remained elusive, and for many newer fl uoroquinolones inhibition of 

protein and RNA synthesis has little or no effect on their bactericidal activity. Release 
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of double-strand DNA breaks from the quinolone-trapped enzyme-DNA complex, 

which might occur with different effi ciencies for different quinolones, has been 

 postulated to be the ultimate lethal cellular lesion from which cellular DNA repair 

mechanisms may be only poorly able to recover [2]. Certain mutants that are bacte-

riostatically inhibited by otherwise bactericidal antibiotics, such as β-lactams and 

 vancomycin, are also bacteriostatically inhibited by quinolones, suggesting that 

common cellular pathways mediate the fi nal events that result in cell death after 

interactions of diverse drugs with diverse targets [5,6]. In the case of S. pneumoniae, 

these pathways have been linked to autolytic activity [6].

Point mutations encoding single amino acid changes in either DNA gyrase or 

topoisomerase IV can cause quinolone resistance. These resistance mutations have 

most commonly been localized to the amino terminal domain of GyrA or ParC and 

are in proximity to the active site tyrosine [7]. This domain has been termed the 

 “quinolone resistance determining region (QRDR)” of GyrA and ParC [8]. The most 

common site of mutation in GyrA of Escherichia coli is at serine (Ser) 83 (or a Ser at 

equivalent positions of GyrA of other species or equivalent positions of ParC), which 

may be changed to tryptophan (Trp), leucine, alanine, or other amino acids [9]. 

 Ser83Trp and Ser83Leu mutations of E. coli GyrA have been associated with reduced 

binding of the quinolones norfl oxacin and enoxacin to gyrase-DNA complexes 

[10–12]. Many of the common mutations appear to have little effect on the enzyme’s 

catalytic effi ciency [13].

Mutations in specifi c domains of GyrB and ParE have also been shown to cause 

quinolone resistance [14,15], although these mutations appear to be substantially less 

common in resistant clinical bacterial isolates than mutations in GyrA or ParC. GyrB 

resistance mutations have also been shown to have reduced binding of enoxacin to 

enzyme-DNA complexes [10]. The QRDR of GyrB (or ParE) appears to be distant 

from the QRDR of GyrA (or ParC) based on the X-ray crystallographic structure of 

the homologous enzyme, topoisomerase II of yeast [16]. More recent crystal struc-

tures of yeast topoisomerase II, however, have identifi ed other enzyme conforma-

tions in which the regions homologous to the QRDRs of GyrA and GyrB are in 

proximity, suggesting such a conformation may be important for forming the site of 

quinolone binding [17]. Thus, it appears that mutations in the QRDRs of both GyrA 

and GyrB act by reducing the affi nity of quinolones for the enzyme-DNA complex. 

Although there are no direct data on quinolone binding to complexes of wildtype and 

mutant topoisomerase IV, it is presumed that similar mutations in ParC and ParE 

also reduce  quinolone binding affi nity for topoisomerase IV-DNA complexes because 

of the similarity in overall structure, and the strong conservation of amino acid 

sequence in QRDRs of DNA gyrase and topoisomerase IV.

The magnitude of resistance conferred by a single amino acid change in the 

 subunits of DNA gyrase or topoisomerase IV varies both by bacterial species and by 

quinolone. The variation in the phenotype of a given resistance genotype relates at 

least in part to the relative sensitivities of DNA gyrase and topoisomerase IV to a 

given quinolone. Because quinolone interaction with either enzyme target is suffi cient  

to block cell growth and trigger cell death [2], the level of susceptibility of a wildtype 

bacterium is determined by the more sensitive of the two target enzymes. Interest-

ingly for many quinolones in clinical use, topoisomerase IV is the more sensitive 
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enzyme in Gram-positive bacteria, and DNA gyrase is the more sensitive enzyme in 

Gram-negative bacteria [18]. Thus, mutations in the subunits of the more sensitive 

target  enzyme generally occur in fi rst-step mutants, providing a genetic defi nition of 

the primary target enzyme [15,19–22]. The magnitude of the resistance increment 

from such a fi rst-step mutation may be determined by either the magnitude of the 

effect of the mutation on enzyme sensitivity or the intrinsic level of sensitivity of the 

secondary target enzyme, whichever of the two is less. Thus, quinolones that have 

highly similar  activities against both DNA gyrase and topoisomerase IV of a given 

species may require mutations in a subunit of both enzymes before the mutant bacte-

rium exhibits a substantial resistance phenotype [23,24]. Sequential mutations in 

subunits of both  target enzymes have been shown to provide increasing levels of 

 quinolone resistance. In some species in which high-level quinolone resistance is 

common, such as clinical isolates of methicillin-resistant Staphylococcus aureus 
(MRSA), mutations in  subunits of both enzymes are common [25]. There are also 

several species, Myco bacterium tuberculosis, Helicobacter pylori, and Treponema 
pallidum, for which genome sequencing has revealed the absence of genes for topo-

isomerase IV subunits [9], indicating that in these organisms gyrase is likely the only 

quinolone  target. Thus, selection of mutations with substantial resistance phenotypes 

would be predicted to occur readily in these pathogens, an inference that is sup-

ported by  clinical data indicating the frequent occurrence of resistance with clinical 

use of quinolones without use of additional active agents to treat patients with 

M. tuber culosis and H. pylori infections.

RIFAMPIN RESISTANCE

Rifampin and related rifamycins, rifabutin, rifapentene, and rifaximin, are inhibitors 

of the essential bacterial enzyme DNA-dependent RNA polymerase and have been 

used for treatment of mycobacterial and other bacterial infections or colonizations. 

RNA polymerase appears to be the sole target of rifampin action. Core RNA poly-

merase is composed of three subunits, β, β′, and α. Core polymerase combines with 

one of several σ subunits to enable specifi c binding to promoters and initiation of 

transcription. Rifampin forms a 1:1 complex with RNA polymerase and blocks the 

initiation of transcription [26,27].

Resistance to rifampin occurs by mutations in the rpoB gene that encode amino 

acid changes in the β subunit of E. coli RNA polymerase [28]. These mutations are 

clustered in three highly conserved regions of rpoB in the midportion of the gene 

(cluster I—codons 507–511 and 513–533, cluster II—codons 563–564 and 572, and 

cluster III—codon 687) [28]. These regions appear to be involved in the polymerase 

antitermination process, because most resistance mutations affect the polymerase 

readthrough of termination signals, although the importance of this occurrence for 

the fi tness of rifampin-resistant mutants in vivo is uncertain [29]. It is presumed that 

these changes reduce the affi nity of RNA polymerase for rifampin, although direct 

binding studies have not been reported.

Resistance to rifampin has been associated with mutations in similar regions of 

the rpoB genes of M. tuberculosis [30], Mycobacterium leprae [31], S. aureus [32,33], 

S. pneumoniae [34], and Neisseria meningitidis [35]. In the case of M. tuberculosis, 
single mutations were associated with high-level resistance to rifampin [30], and 
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 single mutations in S. aureus selected in vitro and in vivo have been associated with 

both high and low levels of resistance depending on the nature of the amino acid 

change [32,33]. Some clinical isolates of both S. aureus and S. pneumoniae have 

been found to have  multiple mutations in the cluster regions [34]. Isolates of Rickettsia 
typhi and R. prowazekii from patients failing treatment with rifampin have also been 

found to have homologous mutations, and similar mutations have been found in nat-

urally resistant species of Rickettsia [36].

Thus, the ability of single spontaneous mutations to confer high-level rifampin 

resistance correlates with clinical observations that resistance develops rapidly in 

clinical settings when rifampin is used alone for therapy of established infections.

LOW-LEVEL PENICILLIN RESISTANCE IN STREPTOCOCCUS PNEUMONIAE

β-Lactams target a set of enzymes involved in cell wall biosynthesis and thus, like 

quinolones, have multiple targets within the bacterial cell. These target enzymes 

are transpeptidases that crosslink the peptidoglycan lattice providing osmotic and 

structural stability to the cell [37]. Because these enzymes bind penicillins, they are 

commonly referred to as PBPs. In S. pneumoniae, high-molecular-weight PBPs 1 

(1a, 1b) and 2 (2a, 2b, and 2x) are essential for cell viability.

Single amino acid changes in individual PBPs cause only low-level resistance to 

penicillins and cephalosporins, and perhaps for this reason have been found only in 

laboratory mutants. Higher levels of resistance, which have occurred in clinical 

 isolates of S. pneumoniae, involve another target modifi cation mechanism that will 

be discussed in the next section. Amino acid substitutions in PBP 2x have been found 

in laboratory mutants in domains near the penicillin-binding motifs, and often 

 several amino acid changes are required for substantial reductions in the affi nity of 

PBP 2x for penicillin. Increments in the MIC of penicillin, however, were limited to 

a change from 0.02 to 0.32 μg/mL even in the presence of as many as four amino 

acid changes in PBP 2x [38]. The need for multiple mutations to reduce drug binding 

affi nity suggests that there are multiple contact points between penicillins and PBP 2x. 

In addition, the limited resistance phenotype of PBP 2x mutants even when penicil-

lin’s affi nity for this PBP is reduced suggests that more than one PBP must be changed 

in order to effect high-level resistance to penicillin by target modifi cation [39]. This 

 circumstance is similar in principle to that for fl uoroquinolones interacting with dual 

targets (as discussed above), in which the most sensitive of multiple essential drug 

targets (be they mutant or wild type) in a given bacterial cell determines the level of 

drug susceptibility.

OXAZOLIDINONE RESISTANCE IN ENTEROCOCCI AND STAPHYLOCOCCI

Oxazolidinones inhibit bacterial protein synthesis by interacting with the ribosome 

and interrupting the formation of the initiation complex of mRNA and the 30S and 

50S ribosomal subunits. Linezolid is currently the only oxazolidinone antimicro-

bial in clinical use, with indications for treatment of infections due to vancomycin-

resistant enterococci (VRE) and MRSA. Most human pathogens, including 

enterococci and staphylococci, have multiple genomic copies of ribosomal RNA 

(rRNA) genes, and thus resistance caused by mutations in rRNA genes requires 

that multiple genes be altered, thereby reducing the likelihood of mutational 
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 resistance. Nonetheless, linezolid-resistant strains of VRE have been reported to 

emerge in patients treated with extended courses of vancomycin [40,41] or uncom-

monly without such exposure [42]; nosocomial transmission of resistant strains has 

been reported [43]. Similarly, but in lesser numbers, clinical strains of linezolid-

resistant MRSA have also been identifi ed [44]. In both enterococci and S. aureus, 

mutations changing G to U at position 2576 of 23S RNA have been found in the 

resistant clinical isolates. Laboratory-selected resistant strains have also revealed 

additional resistance mutations in the central region of domain V of 23S RNA, 

 suggesting the specifi c site of linezolid interaction with the ribosome [45–47]. It is 

not yet clear to what extent sequential mutations in rRNA genes occurring under 

selective pressure and/or duplication of the initial mutation in other gene copies by 

gene conversion contribute to multiple mutated gene copies. In one report, resis-

tance and mutation emerged with linezolid treatment, reverted when linezolid was 

stopped, and re-emerged with resumption of linezolid therapy [48]. As with any 

acquired resistance mechanism, the prevalence of resistant strains can be amplifi ed 

by transmission of resistant strains from patient to patient along with continued 

selective pressure from antimicrobial use [43].

MACROLIDE RESISTANCE IN MYCOBACTERIA AND HELICOBACTER PYLORI

In at least two clinically important bacterial pathogens, mycobacteria and H. pylori, 
there are single genomic copies of rRNA genes. Macrolides are inhibitors of bacte-

rial protein synthesis that interact with the 50S ribosomal subunit. Thus, as noted 

above for oxazolidinones, resistance to these classes of antimicrobials rarely occurs 

by mutation (see “Target Modifi cation by Acquired Proteins” below for  discussion 

of the more common mechanism of resistance to macrolides), except in the case of 

mycobacteria and H. pylori. Strains of Mycobacterium avium resistant to the mac-

rolide azithromycin emerge when this antimicrobial is used without other active 

agents for treatment of established infection in patients with HIV/AIDS. 

Azithromycin  has, however, been used for prophylaxis of M. avium infections in 

at-risk patients with HIV/AIDS without emergence of resistance. This is likely due 

to the low numbers of M. avium present, and thus the low likelihood that a sponta-

neous resistance mutation is present in the bacterial population that is exposed to 

drug for this application. Similarly, use of clarithromycin for treatment of H. pylori 
infection can result in selection of resistant strains unless additional agents are also 

used for treatment. In addition, Mycoplasma spp. and Propionobacterium spp. also 

have small numbers of copies of rRNA genes. Resistance in all of these species has 

been associated with mutations in rRNA genes that substitute guanine, cytosine, or 

uracil in place of  adenine at position 2058 [49,50] or alter other bases in the pepti-

dyltransferase circle [51].

GENERATION OF MOSAIC TARGET PROTEINS 
BY HOMOLOGOUS RECOMBINATION

HIGH-LEVEL PENICILLIN RESISTANCE IN STREPTOCOCCUS PNEUMONIAE 

As discussed above, individual amino acid changes in the transpeptidase (PBP) enzyme 

targets of penicillins and cephalosporins cause only limited levels of resistance to 
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these antimicrobials. In addition, β-lactamases, which degrade penicillin, have not 

been described as a mechanism of β-lactam resistance in S. pneumoniae. This  organism, 

however, has been able to develop substantial resistance to penicillins by target altera-

tion using a mechanism of transformation and homologous recombination made possi-

ble by several distinctive factors. First, S. pneumoniae is naturally competent to take up 

exogenous DNA by the process called transformation. If this DNA has suffi cient 

sequence similarity to DNA on the pneumococcal chromosome, then S. pneumoniae 

can recombine the imported DNA into its chromo somal DNA, creating mosaic genes 

consisting of segments of both original host and imported DNA. Second, viridans 

streptococci, many strains of which now contain PBPs with low affi nity for penicillins, 

are genetically related to pneumococci and thus have highly similar genes encoding 

PBPs. Third, viridans streptococci are  normal inhabitants of the upper respiratory 

tract, which may also contain pneumococci during  periods of colonization or infection, 

providing a natural opportunity for exchange of genetic information between 

these organisms.

Clinical isolates of S. pneumoniae with reduced susceptibility to penicillin and 

other β-lactams have been found to have such mosaic genes encoding modifi ed 

PBP 2x, PBP 2b, and PBP 1a [39]. DNA encoding mosaic PBP 2b from penicillin-

resistant strains of S. pneumoniae is capable of transforming a recipient pneumococcus 

that has preexisting changes (causing low affi nity for penicillin) in PBPs 1a and 2x 

to higher levels of resistance to penicillin [52]. That S. pneumoniae without altera-

tions in PBPs 1a and 2x cannot be similarly transformed illustrates the requirements 

for multiple changes in PBPs necessary to effect high-level resistance. A set of spe-

cifi c amino acid changes at positions 371 and 575–577 found in the mosaic segments 

of PBP 1a from all resistant clinical isolates from South Africa have been shown 

genetically to contribute to resistance [53].

In the case of the mosaic gene encoding PBP 2b from a penicillin-resistant 

 pneumococcus, the non-pneumococcal segments of DNA most closely resemble 

similar segments of DNA from the gene for PBP 2b from penicillin-susceptible 

strains of Streptococcus mitis. The mosaic pneumococcal gene, however, also 

 contains other segments of DNA from an unidentifi ed third species [52]. Clinical 

 isolates of penicillin-resistant and penicillin-susceptible strains of other viridans 

streptococci, such as Streptococcus sanguis and Streptococcus oralis, as well as 

S. pneumoniae have been found to have mosaic genes for PBPs, highlighting the 

extent of genetic exchange, but leaving uncertain the directionality of transfer and 

the  original source of the gene segments causing resistance.

The extensive modifi cation of multiple PBPs necessary to cause high-level 

 penicillin resistance in clinical isolates of pneumococci may come at a price. In this 

regard, the catalytic activity of PBP 2x purifi ed from a resistant clinical isolate has 

been shown to be substantially lower than that of PBP 2x purifi ed from a susceptible 

isolate [54]. Since penicillin-resistant pneumococci remain capable of colonizing 

and infecting humans, it is presumed that they have acquired compensatory mecha-

nisms, as yet poorly defi ned, to ensure their fi tness in vivo. It has also been suggested 

that the stringency of these compensatory requirements may be responsible for the 

 limited number of serotypes of penicillin-resistant pneumococci, which have never-

theless been quite successful in spreading throughout the world [37].
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TARGET REMODELING BY ACQUIRED METABOLIC PATHWAYS

GLYCOPEPTIDE RESISTANCE IN ENTEROCOCCI AND STAPHYLOCOCCI 

Vancomycin, teicoplanin, and other glycopeptides bind to components of the bacterial 

cell wall, which is a peptidoglycan lattice composed of polymers of alternating 

N-acetyl glucosamine and N-acetyl muramic acid residues that are cross-linked via 

attached short peptide chains. The peptide chains attached to the polymer backbone 

are the substrates for the crosslinking reaction, which is catalyzed by transpeptidases 

(PBPs). Vancomycin binds specifi cally to the terminal two d-alanine (d-Ala) residues 

of the peptide side chain. This binding inhibits several reactions in cell wall biosyn-

thesis, including transfer of precursors from a membrane lipid carrier to the peptido-

glycan backbone, d,d-carboxypeptidase activity, and transpeptidase activity. To alter 

the target of vancomycin thus requires remodeling of peptidoglycan structure.

Acquired vancomycin resistance results from substitution of d-lactate (d-Lac) for 

the terminal d-Ala of the peptide side chain, a change that decreases vancomycin 

affi nity for the cell wall by 1000-fold [55]. Cellular transpeptidases in most cases 

remain able to catalyze crosslinking using peptide side chains terminated in d-Ala-d-

Lac. The production of a cell wall with peptide side chains terminated in d-Ala-d-Lac 

is engineered in both Enterococcus faecium and Enterococcus faecalis by acquired 

clusters of genes located on mobile genetic elements, the best studied of which is 

transposon Tn1546 [56]. Three of the eight genes identifi ed on Tn1546 are necessary 

for vancomycin resistance [57]. vanA encodes a ligase enzyme that catalyzes attach-

ment of d-Lac to d-Ala. vanH encodes a dehydrogenase that catalyzes production of 

d-Lac from pyruvate. vanX encodes an enzyme that hydrolyzes d-Ala-d-Ala 

 precursors, thereby blocking parallel production of normal peptide side chains with 

d-Ala-d-Ala termini, which could serve as residual targets for binding of vanco mycin 

[58]. Two other genes encode accessory proteins not required for vancomycin resis-

tance. vanY appears to encode a d,d-carboxypeptidase that hydrolyzes the  terminal 

d-Ala on the cytoplasmic precursor peptide side chain [59]. When VanX blocks syn-

thesis of d-Ala-d-Ala terminated peptides, VanY may have little effect on resistance. 

In contrast, under conditions in which overall activity of VanX is limited, VanY may 

additionally remove residual d-Ala-d-Ala peptides as vancomycin targets.  The vanZ 

gene appears to contribute to resistance to teicoplanin, but not vancomycin when 

VanH, VanA, and VanX are produced at low levels [60].

In Tn1546, vanH, vanA, and vanX are cotranscribed from a promoter located 

between two upstream genes, vanR and vanS, which encode, respectively, response 

and sensor proteins of a two-component regulatory system [57,61–63]. Expression of 

the van gene cluster is thought to be regulated by this sensor-response system, but the 

signal for induction of expression is not yet known. Induction of expression of high-

level glycopeptide resistance by exposure to either vancomycin or teicoplanin 

is characteristic of the VanA phenotype of the Tn1546 resistance element, but 

 induction can also occur with exposure to structurally unrelated, non-glycopeptide 

antibiotics [64]. Thus, induction is not solely due to the structural features of vanco-

mycin or teicoplanin. A related resistance phenotype, VanB, is distinguished by a 

lower level of resistance and a lack of inducibility by teicoplanin and is encoded on 

other mobile elements by a cluster of genes (designated as vanB instead of vanA for 
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the ligase genes and for the other homologous genes with a subscript B) similar to 

that found on Tn1546 [65–69]. Vancomycin but not teicoplanin is an inducer of 

expression of vanRB-vanSB, thereby providing an explanation for the lack of induc-

tion of resistance by teicoplanin in VanB strains [65]. VanC, a third phenotype of 

intrinsic constitutive low-level resistance to glycopeptides found in Enterococcus 
gallinarum, is due to peptide side chains terminated in d-Ala-d-serine [70], and nat-

urally highly resistant species, such as Lactobacillus casei, Leuconostoc mesen-
teroides, and Pediococcus pentosaceus have been shown to have d-Ala-d-Lac 

termini on their peptide side chains [70–72].

The genetic and mechanistic complexity of vancomycin resistance represents a 

remarkable feat of natural genetic engineering that suggests that bacterial plasticity 

given suffi cient time and selective advantage is likely to be capable of circumventing 

the activity of any antimicrobial agent developed for clinical use, that is, resistance 

may ultimately be inevitable, and it is only a matter of how rapidly or slowly it 

emerges, as determined by mechanistic and epidemiologic factors. The original 

source of the vancomycin resistance gene cluster remains uncertain. Homologs 

of vanH, vanA, and vanX have been found in Streptomyces toyocaensis, Amycolatopsis 
orientalis (in the same orientation as in enterococci), and other glycopeptide-

 producing species of bacteria, suggesting the possibility that the original evolution of 

such gene clusters might have occurred in these or related species as a means of 

 protection from their own antimicrobial products [73]. The G+C content of these 

genes, however, differs in S. toyocaensis and A. orientalis (65%) in comparison to 

enterococci (44% to 49%), and in enterococci the G+C content of vanH, vanA, and 

vanX is 5% to 10% higher than that of the fl anking genes vanR, vanS, vanY, and 

vanZ. Thus, the vanHAX gene cluster could have been mobilized en bloc from some 

donor species, but the exact nature of the donor remains uncertain, as does the origin 

of a possible intermediate recipient organism containing vanR, vanS, vanY, and 

vanZ. There also may be heterogeneity in such a putative intermediate recipient, 

since some resistant enterococci lack vanZ and the location of vanY varies between 

VanA and VanB resistance elements [65]. If the source of vanHAX is from one of the 

glycopeptide-producing species, then considerable evolution of these genes must 

have occurred before they appeared in enterococci, and the organism(s) in which 

such evolution occurred remains to be defi ned.

In some early laboratory experiments, it was possible to transfer vancomycin-

resistance determinants from E. faecalis to a methicillin-susceptible strain of 

S. aureus [74]. Subsequently, transfer appears to have occurred in clinical settings in 

only a few instances in which vancomycin-resistant E. faecalis or E. faecium trans-

ferred resistance to MRSA [75,76]. An analysis of the vancomycin-resistant MRSA 

 isolates indicated that additional genetic events occurred in these isolates, in particular  

the mobilization of the vancomycin resistance gene cassette onto an endogenous 

staphylococcal plasmid, possibly refl ecting poor stability of the enterococcal plasmid 

in S. aureus [77]. In the two vancomycin-resistant S. aureus isolates studied in most 

detail, one contained the intact Tn1546 transposon of E. faecalis and the other had 

a modifed Tn1546 with a partial deletion of one region and inversion of another, 

establishing that the two isolates likely represented separate transfer events [78]. Once 

established, the staphylococcal plasmid carrying vancomycin-resistance elements 
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was capable of transfer to other staphylococci in the laboratory [77]. Transmission of 

vancomycin-resistant clinical MRSA isolates from person to person, however, has not 

yet been documented [76]. 

TARGET OVERPRODUCTION AS A MEANS OF BLOCKING 
ACCESS TO CRITICAL TARGET SITES

INTERMEDIATE GLYCOPEPTIDE RESISTANCE IN STAPHYLOCOCCI 

In addition to high-level glycopeptide resistance in the few isolates of S. aureus that 

acquired the enterococcal vancomycin resistance gene cassette, other clinical isolates  

of staphylococci have been found to have reduced susceptibility to glycopeptides by 

different mechanisms. The mechanisms of intermediate resistance to vancomycin in 

staphylococci may differ between coagulase-negative and -positive species, and 

complete details have not been elucidated in any species.

In S. aureus, some clinical isolates from patients in Japan and the United States 

who have failed vancomycin therapy have been found to have either (i) heterogeneously  

expressed low-level resistance to vancomycin in subpopulations of cells that cannot 

be detected by standard MIC testing methods in clinical laboratories (MIC of vanco-

mycin = 2 μg/mL) [79], or (ii) a higher level of resistance (MIC = 8 μg/mL), which is 

also diffi cult to detect by disk-diffusion, but not MIC methods [80,81]. In a case-

 control study, patients with MRSA infections caused by isolates with MICs of vanco-

mycin of 4 or 8 μg/mL were compared with those with MRSA infections caused by 

isolates with vancomycin MICs of ≤2 μg/mL. Attributable mortality in the two groups 

was 63% and 12%, respectively, and higher vancomycin MICs were associated with 

prior vancomycin use [82]. Recently, the clinical laboratory breakpoint criteria for 

identifi cation of vancomycin-intermediate S. aureus have been modifi ed such that 

only isolates with MICs of vancomycin of ≤2 μg/mL are classifi ed as susceptible. 

Common among these strains has been preexisting methicillin resistance and 

prolonged exposure to vancomycin in vivo. The prototypic Japanese vancomycin-

heteroresistant and -resistant strains, Mu3 and Mu50, respectively, have been shown 

to differ from fully vancomycin-susceptible strains in several features, including 

enhanced incorporation of N-acetylglucosamine into the cell wall, an increased pool 

of the cytoplasmic cell wall precursor monomer UDP-N-acetylmuramyl-pentapep-

tide, enhanced autolysis, and increased production of PBP 2 [83]. Mu50, the more 

resistant strain, exhibited, in addition, a two-fold increased thickness of the cell wall, 

a  substantially higher proportion of peptide side chains in which the glutamine resi-

due is non-amidated (side chains composed of l-Ala-d-Glu-l-Lys-d-Ala-d-Ala 

instead of l-Ala-d-Gln-l-Lys-d-Ala-d-Ala), and a slight increase in the number of 

uncrosslinked peptide chains, the latter possibly due to the preference of PBPs for 

crosslinking the normal rather than the non-amidated peptide side chains [84]. The 

observed increased numbers of uncrosslinked pentapeptide chains, which retain their 

terminal d-Ala-d-Ala binding site for vancomycin (crosslinking removes these resi-

dues) and an increased thickness of the cell wall has led to the proposal of the false 

target model [85]. In this model, vancomycin binding to increased numbers of non-

critical d-Ala-d-Ala targets present in the thickened and poorly cross-linked cell wall 
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protects the critical d-Ala-d-Ala target sites at the point of action of the transglycosyl-

ase enzymes near to the cell membrane. It has been estimated that Mu50 has a three-

fold increase in free d-Ala-d-Ala termini. Increased binding of vancomycin to this 

strain has been reported [85], and more recently anomalous vancomycin diffusion was 

demonstrated, suggesting a phenomenon in which binding of vancomycin molecules 

to distal  termini reduces or clogs vancomycin diffusion to key drug target sites [86]. 

Thus, vancomycin is sequestered by binding to extra target d-Ala-d-Ala sites far from 

the site of new cell wall synthesis adjacent to the cell membrane, and this binding, in 

addition, reduces drug diffusion across the modifi ed peptidoglycan [86].

The genetic determinants of this mechanism of resistance are multiple and have 

not yet been fully defi ned, but 17 genes were found to be overexpressed in a compari-

son of six pairs of vancomycin-resistant and -susceptible strains and were shown to 

contribute to a low-level resistance phenotype when overexpressed in strain N315 

[87]. Of these genes, three, graF, msrA, and mgrA, were also shown to contribute to 

increased resistance to oxacillin, and graF and msrA2 overexpression were shown to 

produce increased cell wall thickness in association with vancomycin resistance. 

Overall, many of these 17 genes appeared to be involved in cell wall biosynthetic 

pathways (murA, murZ, sgtB, and gcaD), nutrient uptake (lysC, asd, dapA, dapD, 

proP, opuD, and opp-2B), and regulatory functions. Since it is possible to select resis-

tance at the level of Mu50 from Mu3 by growth in the presence of vancomycin in the 

laboratory, acquired genes do not appear to be necessary for these steps. Laboratory 

strains of S. aureus selected for resistance by repetitive exposure to vancomycin 

(MIC = 5 μg/mL) have exhibited some of the properties of Mu3 and Mu50, including 

increased production of PBP2, an increased muropeptide monomer pool, and thicken-

ing of the cell wall [88]. These strains, however, lacked non-amidated pentapeptide 

chains or alterations in crosslinking. femC mutants of S. aureus, which have reduced 

glutamine synthetase activity, have been found to have increased  numbers of non-

 amidated peptide side chains [84], so that femC-type mutations might be contributory. 

The mecA gene, which is necessary for resistance to methicillin and encodes PBP2A 

(see below), appears not to be necessary for vancomycin inter mediate resistance, since 

this resistance persists after excision of mecA [89]. The association of vancomycin 

resistance with MRSA strains is likely due to the importance of exposure to vanco-

mycin in selecting resistance, since vancomycin would be used commonly for treat-

ment of patients with MRSA infections and less often for treatment of patients with 

methicillin-susceptible strains of S. aureus.

There is additional complexity and probably other mechanisms of resistance to 

glycopeptides in coagulase-negative staphylococci as well as additional properties of 

teicoplanin resistance that differ from those of vancomycin resistance in S. aureus 

that are beyond the scope of this chapter. Thus, multiple and complex mechanisms 

may occur in different settings, but the model of resistance suggested by the results in 

Mu3 and Mu50 strains of S. aureus represents another potential variation on the 

altered target mechanism. In this case, in contrast to high-level vancomycin resistance 

in enterococci and staphylococci in which the target is remodeled, vancomycin resis-

tance in S. aureus appears to involve target overproduction that titrates vancomycin 

away from critical target sites, and also blocks its further diffusion to sites near the 

cell membrane at which its binding blocks peptidoglycan synthetic enzymes.
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TARGET MODIFICATION AND PROTECTION DUE TO
ACQUIRED GENES AND PROTEINS

MACROLIDE, STREPTOGRAMIN, AND LINCOSAMIDE RESISTANCE 

Macrolides, streptogramins, and lincosamides inhibit bacterial protein synthesis by 

binding to the 23S rRNA component of the bacterial 50S ribosomal subunit [90]. 

One of the most common mechanisms of resistance to these three classes of antimicro-

bials involves posttranscriptional alteration of a specifi c base of rRNA that results in 

ribosomes with reduced drug affi nity [51]. Specifi cally, methylation of an adenine at 

position 2058 of 23S rRNA is accomplished by members of the Erm family of N6 

methyltransferases, the family name being an acronym for erythromycin resistance 

methylase. Dimethylated A2058 causes high-level resistance to all generations of 

macrolides, to lincosamides such as clindamycin, and to the group B streptogramins 

represented by pristinamycin and quinupristin, which is a derivative of pristinamycin  

A1 and a component of quinupristin-dalfopristin, which is in clinical use [91]. This 

resistance phenotype is referred to as MLSB. The methylated base is located in the 

peptidyltransferase loop of domain V of the 23S RNA, which is thought to contain 

at least part of the site of macrolide binding to the ribosome [51].

The new ketolide class of antimicrobials is related to the macrolides and appears 

to interact with the ribosome in domain V, which contains A2058, and at domain II, 

particularly position A752 [92]. Monomethylation of A2058 of the ribosomes of 

strepto cocci does not have a major effect on the activity of telithromycin, the only 

currently marketed ketolide [93]. Dimethylation of A2058, however, produces resis-

tance to telithromycin despite the drug’s interaction with domain II [94]. Macrolide-

resistant strains of streptococci with erm genes that are susceptible to telithromycin 

appear to have either ineffi cient ribosomal methylation, or macrolide-inducible but 

not ketolide-inducible expression of the erm genes [95]. As with streptococci, staph-

ylococci with constitutively expressed, but not inducible erm-mediated resistance to 

macrolides are also resistant to telithromycin [96].

erm genes are most often acquired on plasmids and may have arisen from 

 macrolide-producing actinomycetes [97]. Enzymatic methylation rather than 

 mutational modifi cation of rRNA at A2058 is important in many bacteria, because 

they contain multiple copies of rRNA genes, placing a requirement for multiple 

mutations were resistance to occur by chromosomal mutation alone. erm genes may 

also be present on the chromosome of macrolide-resistant streptococci.

The expression of Erm methylases is often inducible by low concentrations of 

erythromycin, but not by the ketolide, telithromycin [95]. Expression of erm is 

 negatively regulated by transcriptional and translational attenuator mechanisms 

related to the secondary structure of the erm mRNA leader sequence. In the absence 

of erythromycin, stem-loop structures of the mRNA mask the fi rst two codons and 

the ribosome binding site of ermC, thereby reducing the effi ciency of translation of 

ErmC methylase [90]. Upstream of ermC is an open reading frame encoding a 

19-amino acid leader peptide, translation of which stabilizes the stem-loop confor-

mation that masks critical sites for ermC translation downstream. In the presence of 

erythro mycin bound to a ribosome, translation of this leader peptide is stalled, destabi-

lizing the blocking stem-loop structures and facilitating a change in the conformation 
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of the attached downstream mRNA that unmasks the sites critical for ermC transla-

tion. The unmasked ermC transcript must then dissociate from the erythromycin-

bound ribosome in order for translation to occur on other ribosomes to which 

erythromycin has not bound. Thus, the low concentrations of erythromycin associ-

ated with induction may allow the presence of both erythromycin-bound and unbound 

ribosomes within the cell. Once suffi cient ErmC methylase is translated, then many 

ribosomes can be modifi ed and high-level resistance to erythromycin ensues.

AMINOGLYCOSIDE RESISTANCE 

Resistance to aminoglycosides among clinical bacterial isolates has generally been 

due to acquisition of genes encoding enzymes that modify the structure of specifi c 

aminoglycosides, but recently methylation of 16S ribosomal RNA has been found in 

Gram-negative clinical isolates as a mechanism of high-level resistance to a broad 

range of aminoglycosides [98,99]. Methyltransferases conferring aminoglycoside 

resistance in various species of actinomycetes that produce these antibiotics have 

been previously recognized as protection mechanisms in these producer organisms, 

but it was not until 2003 that genes encoding other methyltransferases were found to 

cause aminoglycoside resistance in Pseudomonas aeruginosa [99] and a range of 

enteric  bacteria [98,100,101]. armA, found initially in a resistant strain of Klebsiella 
pneumoniae, encodes a methyltransferase thought to methylate G1405 of 16S 

 ribosomal RNA, based on the concordance of its phenotype of resistance to 4,6-

di-substituted deoxystreptamines (gentamicin, tobramycin, netilmicin, amikacin, 

and isepamicin) and fortimicin and that conferred by methylation of G1405 by other 

means [98]. The armA gene has also been found in a broad range of enteric bacteria 

and to be present on a plasmid within a composite transposon together with other 

genes encoding resistance to streptomycin-spectinomycin, sulfonamides, and trime-

thoprim, likely accounting for its dissemination in Europe and the Far East [101–103]. 

The origin of armA is uncertain since its guanine + cytosine content differs from 

that of actinomycetes.

Several other 16S RNA methyltransferases have also been identifi ed in Gram-

negative bacteria. RmtA was found in broadly aminoglycoside-resistant isolates of 

P. aeruginosa from Japanese hospitals and showed 30% to 35% amino acid identity 

to methyltransferases in producer actinomycetes [99]. Extracts of cells containing 

cloned rmtA were able to methylate 16S rRNA. Related methyltransferases encoded 

by rmtB and rmtC have now been identifi ed on conjugative plasmids in several  species 

of enteric bacteria in Japan and Taiwan [100,101,104]. Thus, ribosomal protection as an 

additional mechanism of aminoglycoside resistance has emerged in human and veteri-

nary Gram-negative pathogens in recent years. This mechanism has the potential of 

 substantial clinical importance because of the range of aminoglycosides affected, 

including amikacin, which has heretofore often remained active in the face of resis-

tance to gentamicin and tobramycin conferred by specifi c drug-modifying enzymes.

RIBOSOMAL PROTECTION FROM TETRACYCLINES 

In addition to target modifi cation, target protection without modifi cation by acquired 

proteins can occur and is one of the two principal mechanisms of resistance to tetra-

cyclines. Tetracyclines reversibly inhibit bacterial protein synthesis by disrupting the 
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interaction of aminoacyl-tRNA with the ribosome [105]. Tetracyclines bind to a high 

affi nity site on the 30S ribosomal subunit, although low affi nity sites have been iden-

tifi ed on both 30S and 50S subunits. Binding appears to involve the S7 ribosomal 

protein, but other ribosomal proteins such as S3, S8, S14, and S19 appear to contribute 

to an optimal drug-binding conformation [106–108]. Drug binding is also thought to 

be in proximity to the 16S rRNA component of the ribosome. 

Tetracycline resistance determinants TetM, TetO, and OtrA are proteins that 

interact with ribosomes to protect them from the action of tetracycline, and structur-

ally similar TetS, TetT, TetQ, TetB(P), TetW, Tet(32), and Tet(36) are thought to 

function in the same way. These resistance determinants are found on plasmids 

and transposons and have been identifi ed in Gram-positive and Gram-negative 

 bacteria [109–113]. Best studied of these determinants is tetM encoding the TetM 

protein in streptococci. Ribosomes isolated from tetM-containing cells are resistant 

to tetracycline in in vitro translation systems if extracted under low-salt but not high-

salt conditions, and purifi ed TetM protein confers tetracycline resistance on ribo-

somes isolated from tetracycline-susceptible cells [114]. Binding of tetracycline to 

the ribosome,  however, is not altered by TetM, and resistance occurs even when 

ribosomes are in substantial excess of TetM in vitro, suggesting that TetM acts 

 catalytically [115]. TetM and TetO have structural similarities to elongation factors 

EF-Tu and EF-G, which bind ribosomes, and also have GTPase activity. TetM medi-

ates the release of tetracycline from the ribosome in a GTP-dependent manner [116], 

and TetM and EF-G compete for binding to the ribosome [117].

Host factors also appear to be important in that chromosomal miaA mutations, 

which cause defects in Δ2-isopentenylpyrophosphate transferase, an enzyme that 

modifi es adenosine at position 37 of tRNA, had partial loss of tetracycline resistance  

in tetM cells [115], and rpsL mutations causing streptomycin resistance by altera-

tion in the S12 protein also reduce tetM- and tetO-mediated tetracycline resistance 

[118]. Modifi cation of base A37 of tRNA is important for accuracy of translation, 

but it is uncertain if the effects of miaA mutations on tetracycline resistance refl ect 

a direct or indirect effect on tetracycline interaction with the ribosome [119]. 

Current hypotheses about the exact mechanism of ribosome protection include an 

interaction between TetM and the ribosome that eliminates the binding of tetracy-

cline specifi cally to ribosomes that are actively engaged in protein synthesis or that 

allows aminoacyl-tRNA to enter the A site on the ribosome in the presence of tetra-

cycline [120,121].

Expression of tetracycline resistance by tetM, like expression of erm-mediated 

resistance to macrolides, is inducible and regulated by transcriptional and transla-

tional attenuation [122]. Upstream of tetM is an open reading frame (ORF) that 

encodes two regions of GC-rich RNA inverted repeats fl anked by a series of uracil 

(U)  residues, promoting formation of hairpin secondary structures, which cause 

RNA polymerase to pause. The series of U residues downstream also produces an 

unstable RNA/DNA hybrid that facilitates destabilization of binding of RNA poly-

merase. In the absence of tetracycline, translation of the ORF is thought to be retarded 

because fi ve of the fi rst eight codons require rare aminoacyl-tRNAs. Read-through 

transcription of tetM is more likely to occur if the translating ribosome is in proximity 

to the transcription complex, thereby destabilizing the hairpin structures that would 

otherwise retard transcription [123]. In this model, in the presence of tetracycline as 
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an inducer, the A and P sites on the ribosome are occupied by drug. Transcription 

and translation are thus delayed and availability of aminoacyl-tRNAs is increased, 

allowing proximity of the ribosome to the transcribing RNA polymerase and subse-

quent transcription and translation of tetM. Other tetracycline resistance determi-

nants, such as tetO of Campylobacter spp., however, are not inducible by tetracycline 

and appear to be expressed constitutively [124].

Most recently tigecycline, a glycylcycline derivative of minocycline, has been 

released for clinical use. Tigecycline remains active against strains containing tetM and 

other established mechanisms of plasmid-mediated tetracycline resistance [125,126].

GYRASE PROTECTION FROM QUINOLONES 

As noted above, quinolone resistance can occur by mutations in the subunits of DNA 

gyrase and DNA topoisomerase IV that reduce drug binding to enzyme-DNA 

 complexes. In addition, more recently described has been low-level quinolone resis-

tance conferred by the plasmid-encoded Qnr proteins, which interact with DNA 

gyrase and topoisomerase IV and reduce quinolone action [127–129]. Thus far three 

major Qnr proteins have been identifi ed, QnrA [128], QnrB [130], and QnrS [131], 

with additional minor variants (e.g., QnrA1, QnrA2, etc.) within each group that 

 differ by a few amino acids. All Qnr proteins are members of the pentapeptide repeat 

family of proteins, as are McbG, a plasmid-encoded protein that protects gyrase from 

microcin B17 in strains that produce this microcin, and MfpA, a chromosomally 

encoded protein involved in quinolone resistance in Mycobacterium smegmatis and 

M. tuberculosis [132]. The crystal structure of MfpA was found to resemble the 

structure of DNA, and QnrA has been shown to reduce DNA binding to gyrase, sug-

gesting that MfpA and QnrA effect quinolone resistance by competing with DNA for 

formation of gyrase-DNA complexes, which are the target of quinolones. Reduction 

of inhibitory gyrase-DNA-quinolone complex formation thus has been proposed to 

confer resistance to quinolones, which function as poisons of bacterial DNA synthe-

sis [133]. Although MfpA has been shown to inhibit gyrase function [133], QnrA 

and QnrB protect from quinolone action at concentrations at which there is no 

detectable gyrase inhibition [127,130], suggesting that additional functions of these 

proteins may be important for effecting resistance. The effects of Qnr on binding of 

quinolones to gyrase-DNA complexes has not yet been studied. Since quinolones 

are synthetic antimicrobial agents and are unlikely until recently to have provided 

selective advantage to bacteria bearing Qnr proteins, it has been suggested that the 

normal function of Qnr and related pentapeptide repeat proteins is in regulation of 

the function of cellular DNA-binding proteins [133].

Genes encoding QnrA variants have been found on the chromosome of the 

 environmental water organism Shewanella algae [134], and other related genes have 

been found in the genome sequences of Photobacterium profundum, Vibrio parahe-
molyticus, and Vibrio vulnifi cus, which also live in water habitats [135]. Plasmid-

encoded qnrA and qnrB both now circulate on multidrug resistance plasmids found 

in a variety of species of enteric bacteria, including Klebsiella pneumoniae, 

Enterobacter  spp., E. coli, and Citrobacter freundii throughout the world [136–139]. 

Although these genes confer only low-level resistance alone, they facilitate selection 

of higher levels of quinolone resistance due to chromosomal mutations without 
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affecting strain mutability [140]. They have been found both in strains classifi ed as 

susceptible as well as those classifi ed as resistant to quinolones by clinical microbio-

logic criteria, and in the former instance could be insidiously promoting selection of 

quinolone resistance [136]. Both qnrA and qnrB have been found on type 1 integrons 

and are linked within these structures to genes encoding a variety of resistances to 

other antimicrobial agents, particularly β-lactams and aminoglycosides [130,141]. 

qnrS has been found in strains of Shigella spp. and Salmonella spp. and like qnrA and 

qnrB appears to be transferable to other bacteria. qnrS has thus far been found on 

transposon-like structures, but not on integrons [131]. Thus, plasmid-encoded quino-

lone resistance due to target protection now commonly augments established chromo-

somal target mutations in clinical isolates of Gram-negative bacteria. No such 

quinolone resistance proteins have yet been identifi ed in Gram-positive bacteria.

BYPASS TARGETS

METHICILLIN RESISTANCE IN STAPHYLOCOCCI 

Methicillin, other semisynthetic penicillins, such as oxacillin and nafcillin, and most 

cephalosporins are not degraded by the common staphylococcal penicillinase 

enzyme, and thus many of these antibiotics are often used as antistaphylococcal 

agents. Some strains of staphylococci, including both S. aureus and coagulase-

 negative staphylococci, however, are resistant to methicillin by a mechanism that 

renders them also resistant to all current β-lactam antibiotics. Methicillin-resistant 

strains of staphylococci contain an insertion of DNA containing the mecA gene that 

occurs at a specifi c site on the chromosome, orfX, near the origin of replication. 

mecA encodes a transpeptidase, PBP 2a, which has low affi nity for β-lactams and 

appears to be capable of serving the functions of the essential native transpeptidases 

of staphylococci. Thus, PBP 2a serves as a single, resistant bypass enzyme for the 

several normal targets of β-lactams in staphylococci [142]. The insertion elements 

that contain the mecA gene range in size from 21 to 67 kb and are referred to as 

SCCmec (staphylococcal chromosome cassette mec), which also contains type-

 specifi c ccr genes, which encode for recombinases that mediate integration and 

 excision of the element at orfX [143]. Insertion elements also within SCCmec, such 

as IS431, function as the site of integration of plasmids and transposons carrying 

other antibiotic resistance elements. SCCmec types I, II, and III are found in health-

care-associated strains and typically have additional resistance determinants in addi-

tion to mecA. SCCmec types IV and V have been found in community-associated 

strains and typically have mecA as their sole resistance determinant [144].

Expression of methicillin resistance varies among strains of staphylococci [145]. 

Two regulatory genes, mecI and mecR, immediately upstream of the mecA promoter 

are transcribed divergently. mecI is homologous to blaI, which encodes a repressor 

of β-lactamase expression, and mecR is homologous to blaR, which encodes a pro-

tein that binds penicillins and leads to transcription of blaZ, the structural gene for 

β-lactamase, thereby leading to expression of β-lactamase. Thus, MecI and MecR 

proteins are thought to perform analogous functions to those of the BlaI and BlaR 

proteins, respectively, in regulating expression of PBP 2a. Mutation and disruption 

of mecI and mecR or mutations in the mecA promoter are now commonly found in 
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clinical methicillin-resistant isolates of S. aureus such that production of PBP 2a is 

usually suffi cient to provide a resistance phenotype [146]. This phenotype, however, 

can vary due to other as yet incompletely defi ned factors that do not correlate simply 

with the level of PBP 2a production [147,148]. BlaI and BlaR may also be involved in 

 regulation of expression of PBP 2a when MecI and MecR are altered [149].

The methicillin resistance phenotype may be either homogeneous or hetero-

geneous. Heterogeneous resistance results in a varying level of resistance depending 

on the culture conditions and the β-lactam antibiotic used, and often only one in 106 

cells in a population may express high-level resistance [150,151]. This proportion is 

higher (1 in 102) if cells are grown at 30°C or in medium supplemented with NaCl 

[152]. Stably homogeneously resistant strains can be selected from heterogeneous 

strains by  passage on β-lactam antibiotics (see below) [153].

Several chromosomal loci have been identifi ed that are important to allow for 

expression of methicillin resistance [154]. Among these, the fem (factors essential for 

methicillin resistance) genes encode proteins involved in the synthesis of the penta-

glycine crosslinking chains of the muramyl peptide component of the cell wall [145]. 

The chains are involved in the transpeptidase reactions catalyzed by PBP 2a and other 

PBPs to generate crosslinking of the peptidoglycan. For example, the femA gene 

encodes an enzyme necessary to add the second and third glycines of the  pentaglycine 

side chain [155]. Other mutants, such as fmtA have in common with fem mutants altera-

tions in cell wall structure [156]. That fem mutants express methicillin resistance poorly 

or not at all implies that PBP 2a functions poorly (or at least less well than native PBPs) 

in the setting of such modifi ed cell wall precursor structures. The specifi c molecular 

interactions of PBP 2a with its substrates, however, remain to be defi ned.

The genetic basis for the change from heterogeneous to homogeneous methicillin  

resistance is beginning to be defi ned. Stable mutants of S. aureus with homogeneous 

resistance can be selected from heterogeneously resistant strains after single  exposure 

to β-lactams [157]. These mutants, termed chr*, have mutation(s) at several non-fem 

and non-mec loci. Extragenic revertants of fem mutants can also express high-level 

homogeneous resistance and differ from the chr* mutants. Thus, multiple types of 

mutations may allow homogeneous expression of methicillin resistance. In some 

cases, these mutants have had alterations in genes encoding enzymes with cell wall 

lytic activity thought to be involved in normal cell wall remodeling [158], including 

the lytH gene [154]. and hmrA, which encodes a putative aminohydrolase [159]. The 

means by which reduced lytic enzymes or other changes contribute to homogeneous 

methicillin  resistance remains to be determined, but it is reasonable to speculate 

that, as with the fem mutants, some may involve cell wall structural changes that 

improve rather than impair the function of PBP 2a.

The site-specifi c insertion of mec DNA in the chromosome of S. aureus appears 

to be an infrequent event, since most clinical MRSA strains appear to have a clonal 

lineage [160]. In staphylococci, mec is located within the larger genetic element SCC-

mec [161] of which three major types exist among classical strains that have circulated 

in healthcare settings. The original source of mec DNA is uncertain, but has been 

suggested to be coagulase-negative staphylococci [162] with the most closely related 

mec homolog found in Staphylococcus sciuri [163,164]. As with high-level resistance to 

penicillin in pneumococci, the apparent infrequency of the genetic events generating 
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new resistant clones has not been a barrier to the persistence and dissemination of 

methicillin resistance in staphylococci in hospital settings worldwide. More recently, 

in addition there has been a rapid emergence of MRSA strains with the novel type IV 

SCCmec element IV that have spread in community settings throughout the United 

States and elsewhere [165]. 

MUPIROCIN RESISTANCE IN STAPHYLOCOCCI 

Mupirocin (pseudomonic acid) is an antibiotic derived from cultures of Pseudomonas  
fl uorescens that inhibits isoleucyl tRNA synthetase and thus indirectly inhibits 

 bacterial protein synthesis by depriving the cell of the ability to incorporate a common 

amino acid into protein. Mupirocin is used in topical preparations to eradicate nasal 

colonization with S. aureus and for treatment of certain staphylococcal skin infections 

or colonizations. High-level resistance to mupirocin in S. aureus has been found to be 

encoded on a variety of transferable plasmids [166–168]. Two isoleucyl tRNA synthe-

tase activities have been isolated from high-level resistant strains. One was also found 

in susceptible strains and those with low-level resistance. The other was found only 

in high-level resistant strains, and it had substantially reduced  sensitivity to mupi rocin 

[169,170]. A gene, ileS2 (originally termed mupA), encoding a mupirocin-resistant 

enzyme was identifi ed on resistance plasmids and found to encode a protein with 57% 

identity and 30% similarity in amino acid sequence  relative to the native IleS 

protein [171]. The origin of the ileS2 gene is uncertain, but it has been found on plas-

mids in both S. aureus and coagulase-negative staphylococci and has also been found in 

a chromosomal location in some strains of S. aureus [172,173]. High-level mupirocin 

resistance has been transferred between coagulase-negative staphylococci and S. aureus 

on plasmids [174,175]. On some plasmids, ileS2 is fl anked by direct repeats of the inser-

tion sequence IS257 [176], suggesting that it is located on a transposable element.

Low-level mupirocin resistance can occur on exposure of S. aureus to mupirocin 

by selection of mutations in the native ileS gene. A mutation changing valine at 

 position 588 to phenylalanine is common and appears to confer little fi tness cost 

[177]. Further selections for higher level resistance are associated with additional 

mutations in ileS, some of which have apparent fi tness costs, but compensatory muta-

tions can mitigate these costs [178]. In addition, some strains of S. aureus with low 

levels of mupirocin resistance also appear to contain the usually plasmid-encoded 

ile2 gene on the chromosome [168,173,179,180]. 

Thus, an acquired resistant isoleucyl tRNA synthetase that bypasses the sensi-

tive native enzyme allows protein synthesis to proceed in the presence of mupirocin. 

That the level of resistance to mupirocin is higher when the gene encoding this 

enzyme is located on plasmids relative to the chromosome suggests that differences 

in gene expression due either to plasmid copy number or to differences in promoter 

strength or regulation of expression in the two locations may be responsible for the 

different levels of resistance.

TRIMETHOPRIM RESISTANCE 

Trimethoprim is a synthetic structural analog of folic acid and a competitive inhibitor  

of the bacterial enzyme dihydrofolate reductase (DHFR), which in the presence of 
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NADPH converts dihydrofolate to tetrahydrofolate. N5,N10-methylenetetrahydrofo-

late is a cofactor for thymidylate synthase, donating a methyl group to convert deoxy-

uridylate to thymidylate, which is required for DNA synthesis. Although sometimes 

used alone, trimethoprim has most commonly been combined with a sulfonamide, 

such as sulfamethoxazole, which is an inhibitor of dihydropteroate synthase, the 

enzyme preceding DHFR in the tetrahydrofolate synthesis pathway that converts 

p-aminobenzoic acid to tetrahydrofolate. DHFRs are essential enzymes found in 

all living cells, but the human enzyme is intrinsically resistant to trimethoprim, 

accounting for the trimethoprim’s selective antibacterial activity [181]. 

In clinical settings, acquired bacterial resistance to trimethoprim results most fre-

quently from exogenous acquisition of drug-resistant DHFRs on plasmids or transpo-

sons [182]. These resistant DHFRs are widely distributed and have been studied 

extensively [183]. The resistant enzyme exists in the cell in addition to the native sensi-

tive enzyme and is able to provide the necessary bypass enzymatic function to generate 

tetrahydrofolic acid in the presence of trimethoprim. Although there are numerous 

types of trimethoprim-resistant DHFRs, these types with some exceptions appear to 

fall into two principal families. The DHFRs of family 1, comprising types I, V, VI, VII, 

and Ib, have in common a polypeptide length of 157 amino acids, with the type I 

enzyme being dimeric. Family 1 enzymes all have increased half-inhibitory concentra-

tion (IC50) values for trimethoprim (1 to 100 μM) [182] relative to those for the chro-

mosomally encoded native enzymes of E. coli (0.01 μM) [184] and Haemophilus 
infl uenzae (0.001 μM) [185]. All DHFRs of family 1 mediate resistance to trimethoprim 

producing MICs of host cells of substantially >1 mg/mL. Levels of resistance conferred 

by a particular resistant enzyme may vary due to different levels of expression of that 

enzyme from its plasmid- or transposon-encoded gene. dfrA1 is the most common 

acquired dfr gene, perhaps, because of its robust resistance phenotype [183]. 

DHFRs of family 2 comprise types IIa, IIb, and IIc and have in common a tetra-

meric structure of four 78-amino acid subunits [182]. All members of this family 

have exceedingly high levels of resistance to trimethoprim with IC50 values of >100 

μM [185,186]. The three-dimensional structure of the type IIa resistant enzyme [187] 

and the native E. coli enzyme [188] have been solved and differ substantially from 

one another, including in their active sites. Comparisons of these structures with that 

of the intrinsically resistant avian DHFR [181,188] have led to models in which 

resistance may now be explained at the molecular level by loss of trimethoprim 

 affi nity for the enzyme. This loss is due to steric alterations in contact points between 

trimethoprim and key glutamate and threonine side chains in the DHFR active site as 

well as by the absence of a key hydrogen bond between the DHFR valine 115 and the 

4-amino group of  trimethoprim. The structural differences between the E. coli and 

type IIa enzymes are of suffi cient magnitude to make implausable any hypothesis 

that the type IIa resistant enzyme is evolutionarily derived from the E. coli enzyme.

Other DHFRs that are not members of families 1 or 2 (types III, IIIb, IIIc, IV, 

VIII, IX, X, XII, and S1) are heterogeneous, and tend to confer only low levels of 

resistance to trimethoprim [182]. The origins of resistant DHFRs of any of the types 

are not certain, but type III is the enzyme most closely related to the native E. coli 
enzyme (~50% identity) [189], and the type S1 is the enzyme most closely related to 

the S. aureus native enzyme (80% identity) [190,191].
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Resistant DHFRs are generally encoded by genes on mobile genetic elements, 

including transposons (e.g., dfrI on Tn7, dfrVII on Tn5086, dfrIIc on Tn5090) and 

plasmids (e.g., dfrI on pLMO150, dfrIIa on R67, dfrIIb on R388) most commonly, 

and thus may be able to spread readily among bacteria [182]. Trimethoprim  resistance 

was in fact the earliest identifi ed example of plasmid-mediated antibiotic resistance 

by an altered or bypass target mechanism. Transposon Tn7 commonly inserts into a 

specifi c site on the chromosome of E. coli and other bacteria [192]. In addition, many 

(if not most) dfr genes occur on transferable gene cassettes as part of integrons, 

which are genetic structures consisting of a series of one or more gene cassettes in 

tandem and a gene encoding an integrase enzyme that catalyzes the recombination 

of gene cassettes into the integron structure [193]. Thus, resistance to trimethoprim 

is often associated with resistance to other antibiotics, such as sulfonamides and 

amino glycosides, the resistance determinants of which are also often in gene 

 cassettes and often found in integrons.

Less frequently in clinical bacterial isolates, acquired bacterial resistance to 

 trimethoprim can occur by chromosomal mutation (i) leading to thymine auxotrophy,  

(ii) causing an altered native DHFR with reduced affi nity for trimethoprim, (iii) 
causing overexpression of the native DHFR, or (iv) a combination of mechanisms 2 

and 3 [182,194–196]. In the case of thymine auxotrophs, in the presence of  exogenous 

 thymine, which is required for growth, the need for the product of DHFR action, 

 tetrahydrofolate, in thymidylate synthesis is bypassed, and thus enzyme inhibition 

has a minimal effect on cell growth. A combination of both structural changes in the 

chromosomally encoded enzyme and its overproduction appear to be necessary for 

high-level trimethoprim resistance in the absence of acquired resistant DHFRs [185]. 

These constraints and the potential fi tness disadvantage of thymine auxotrophy may 

explain why chromosomal trimethoprim resistance is less common than acquired 

resistant bypass DHFRs in clinical settings.

SUMMARY AND CONCLUSIONS

Although in most cases target modifi cation ultimately results in reduced affi nity for 

drug binding to the target as the ultimate cause of drug resistance (Table 7.1), over-

expression of natural drug targets does produce resistance on a more limited basis. 

This limited occurrence of gene overexpression is in contrast to the usual circum-

stances with resistance mechanisms involving drug modifi cation and active effl ux in 

which overexpression of resistance determinants is a common and mechanistically 

important occurrence. Current models suggest that intermediate vancomycin 

 resistance in S. aureus occurs by target overexpression [85,86], and the infrequent 

occurrence of resistance to trimethoprim mediated by mutant or wildtype chromo-

somally encoded DHFRs appears to require their overexpression as well [182]. In the 

former case, target overexpression acts to sequester drug from and block its diffusion 

to critical target sites. In the latter example, DHFR overexpression may act because of 

the competitive nature of inhibition by trimethoprim. It is noteworthy that for some 

drugs, such as quinolones, in which the drug-target complex itself forms the toxic 

lesion, target enzyme overexpression is predicted to cause increased drug suscepti-

bility rather than resistance. There are a few other examples of target overexpression 
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mediating resistance, such as resistance to isoniazid, ethambutol, and other drugs in 

mycobacteria [197]. It is argued, however, that this mechanism is used by mycobac-

teria because in these organisms resistance is almost completely dependent on 

 chromosomal mutation due to the only limited occurrence of plasmids and trans-

posons in these organisms.

Although target modifi cation mechanisms can in most cases be simplifi ed to 

reductions in affi nity of the target for the drug, the means to that end is impressively 

diverse among different bacterial pathogens and different drugs used against them. 

The range of possible resistance mechanisms affects which mechanisms may become 

dominant in the long run as well as the rapidity with which resistance  develops after 

initial introduction of a drug into clinical settings. For chromosomal mutations, 

which occur spontaneously in large bacterial populations due to low- frequency 

errors in DNA replication, there is the potential to select for resistance by drug expo-

sure in any bacterium. The likelihood that such spontaneous mutational changes will 

emerge as the dominant resistance mechanism is in part determined by (i) the mag-

nitude of the increase in resistance possible with single mutations thereby affecting 

the ability of the mutant bacterium to survive in the presence of drug and (ii) the 

consequences of these mutations on the fi tness of the mutant bacterium to compete 

in Nature in both the absence and presence of antibiotic selection pressures, and (iii) 
the presence of more than a single drug target within the cell [198]. Thus, the poten-

tial level of such mutational resistance is low for penicillin resistance in 

S. pneumoniae, for example, because of the multiple PBPs to which penicillin binds. 

In this circumstance, other mechanisms may be drawn on by a bacterial population 

in order to generate successful survivors of drug exposure. The importance of genetic 

exchange is thus highlighted by the exploitation of transformation and recombina-

tion by S. pneumoniae to generate alteration in multiple targets and levels of resis-

tance to penicillin not readily possible by chromosomal mutational mechanisms.

The importance of genetic exchange in expanding the range of possibilities for 

resistance is perhaps best highlighted by the multiplicity of mobile genetic elements 

that have become important vectors for altered target resistance. Both exogenous 

target modifi cation and protection mechanisms and bypass targets mediating resis-

tance to macrolides, tetracyclines, mupirocin, quinolones, and trimethoprim are 

widely dispersed on plasmids, transposons, and integrons, which have become the 

dominant source of resistance to some of these drugs. The rapidity with which resis-

tance may emerge with initial introduction of antibiotics in this circumstance is 

likely determined by the presence or absence of complete or partial cross-resistance 

mechanisms existing in natural bacterial populations due to naturally produced anti-

biotics or in non-human reservoirs of bacteria under antibiotic selection pressure that 

may be introduced into human populations (e.g., antibiotic use in food animals). Risk 

of such cross-resistance may be more likely in antibiotics that are natural products, 

the presence of which in Nature may have provided pressures for prior evolution of 

resistance mechanisms that may be incorporated into mobile genetic elements. The 

mechanism of resistance to vancomycin in enterococci involving multiple genes 

from apparently diverse sources assembled into a large mobile genetic element is 

perhaps the most impressive example of exploitation of genetic exchange mecha-

nisms in the service of antibiotic resistance and bodes poorly for any hope of ever 
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developing an antibiotic for which resistance will not emerge ultimately in the 

 presence of persisting opportunities for selection.
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The ability of antimicrobial compounds to enter bacterial cells generally is a prerequisite 

to their antibacterial action. In order to penetrate the outer layers of the cell—the cell 

envelope—semi-permeable membranes and polymeric cell wall structures must be 

negotiated. Depending on the chemical nature of the antibiotic (hydrophilic or hydro-

phobic), penetration may occur by use of transmembrane pores, by localized disorgani-

zation of the membrane, by diffusion through the lipid bilayer, or by transport processes 

involving the co-opting of nutrient transport systems. Bacterial species differ widely in 

their envelope structures, and hence in their intrinsic resistance to antibiotics. 

The energetic requirements for antibiotic entry appear to vary widely by anti-

biotic class. Cationic compounds such as the aminoglycosides appear to respond to a 

threshold level of membrane potential in order to cross the cytoplasmic membrane, 

while others, such as albomycin, depend on transporters of the ATP-binding cassette 

(ABC) type.

Permeability of the cell envelope can be modifi ed by exposure of bacterial cells 

to non-antibiotic (e.g., cationic) compounds, a maneuver that will often signifi cantly 

reduce the MIC for a particular antibiotic-bacterium combination. However, since 
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intrinsic permeability is a balance between infl ux (often a passive process) and effl ux 

(usually an active process), mechanistic interpretations of “permeabilizing” treat-

ments often are fl awed. 

Bacterial cells contained in biofi lms appear to occur as unique, physiologically 

heterogeneous populations with a variety of mechanisms for preventing antibiotic 

action on individuals within the biofi lm. Many of these mechanisms are not yet 

understood, but in large part do not depend on genetic modifi cations. It seems likely 

that decreased permeability accounts for at least some of this resistance.

INTRODUCTION

As with other portions of this volume, this chapter does not presume to be compre-

hensive about its subject, even if attention is confi ned to the most recent literature. 

Rather, citations are made to reviews and to publications in the primary literature that 

illustrate advances in the fi eld or problems that have not yielded adequate solutions. 

Bibliographies contained within the references that are cited will lead the reader to 

the very considerable depth that the permeability literature enjoys. Except for those 

concerned with antimicrobial peptides and with effl ux of antimicrobial agents, gen-

eral reviews on bacterial permeability to antibiotics have not appeared in recent years.  

Thorough coverage of the earlier literature can be found in the article by Chopra and 

Ball [1]. For permeability of Gram-negative bacteria, the reader is referred to the 

 publication by Hancock and Bell [2].

Because of the intimate association between uptake of antibiotics into bacterial 

cells and the drug effl ux pathways that have become the focus of so much study dur-

ing the past several years, discussions of antibiotic permeability are often found 

embedded within publications, the principal intent of which is to explore contribu-

tions of effl ux mechanisms to antibiotic resistance. The reader should be alert to this, 

and carefully probe these publications for relationships between drug infl ux and 

effl ux phenomena. In the text that follows, several illustrations of these relationships 

are found.

WHAT DO WE MEAN BY PERMEABILITY?

Permeability in its broadest sense means the properties of a cell (in this case, a 

 bacterial cell) that allow an ion or a molecule to traverse one or more of its boundary 

 structures (its envelope, see below) and enter the cell. As applied to antimicrobial 

agents, this might involve penetration only of the outermost layer of the cell enve-

lope, because the particular agent in question would not have to enter the bacterial 

cell cytoplasm proper in order to exert its inhibitory action. Alternatively, many anti-

biotics act only after reaching the cytoplasm (for example, those that affect DNA, 

RNA, or protein synthesis), and thus penetration of the cytoplasmic membrane is 

required.

The mechanisms for entry of antimicrobial agents vary widely, depending upon 

the chemical nature of the agent, and the characteristics of the envelope structure 

being penetrated. Some of these mechanisms will be discussed below, but in many 

cases, they are not known. A general term to describe entry is antibiotic uptake, 
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which simply states that the molecule is moving inward from the environment. 

A related term is antibiotic accumulation, which carries the implication that concen-

trations of the molecule inside the bacterial cell are higher than outside, that is, that 

inward movement is occurring against a concentration gradient, and that energy is 

being expended in this accumulation process. Finally, use of the term transport 
 indicates that the uptake process is both specifi c and saturable and involves some 

type of carrier component in one or another of the boundary layers. All of these terms 

are brought to bear in describing antibiotic permeability in the literature. Table 8.1 

summarizes modes of uptake of antimicrobial compounds by bacterial cells.

PERMEABILITY BARRIERS OF THE BACTERIAL CELL

STRUCTURE OF BACTERIAL CELL ENVELOPES

The envelope of the bacterial cell consists of all structures external to the cytoplasm, 

including the cytoplasmic membrane (CM), which immediately overlies the cyto-

plasm; the cell wall, composed largely of the polymer peptidoglycan (cross linked to 

various degrees in different species); and, in Gram-negative bacteria, the outer 

 membrane (OM). Gram-positive bacteria lack an OM, but have in general a much 

thicker cell wall layer than do Gram-negatives. In addition, some bacteria, particu-

larly pathogens, possess a capsule lying outside the OM. As a consequence of their 

two-membrane envelope, Gram-negative bacteria have a compartment, called the 

TABLE 8.1
PATHS FOR ANTIBIOTIC UPTAKE BY BACTERIA

Uptake by passive diffusion
a. Saturable, apparently dependent on a facilitator(s) contained within the cell envelope; this facilitator 

could be either in the outer or the inner membrane, and would be rate-limiting for uptake.

b. Nonsaturable, not dependent on interaction with a facilitator. Transit of the outer membrane could 

occur either through a porin-based structure, or—for lipophilic compounds—through the membrane 

bilayer. Lipophilic compounds could also readily transit the cytoplasmic membrane bilayer, but charged 

antimicrobials would encounter a barrier unless some mechanism such as self-promoted uptake (see 

below) were operating. 

Energy-requiring uptake
Accumulation of antimicrobial drugs inside the bacterial cell occurs against a concentration gradient. 

Operationally, inhibitors of energy metabolism will prevent uptake. Uptake could depend either on ATP 

or on the proton-motive force as a source of energy.

Self-promoted uptake
The antimicrobial agent interacts with a cell envelope structure in such a way as to increase the 

permeability of that structure to the agent; this seems to occur for certain positively charged antibiotics 

as they encounter the outer membrane of Gram-negative bacteria.

Illicit uptake
The antimicrobial agent utilizes an uptake system normally used by the bacterial cell for uptake of a 

metabolite or nutrient.
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periplasmic space, located between the CM and OM, containing many proteins and 

certain other macromolecules. Gram-positive bacteria have a somewhat comparable 

compartment within their cell walls, called appropriately, the wall space. Depending 

upon the particular Gram-positive species, the wall space also contains proteins, 

some anchored in the CM, others retained within this space by mechanisms not yet 

elucidated. Any antimicrobial compound that requires access to the cell in order to 

act as an inhibitory or bactericidal agent must traverse the bacterial cell envelope, 

since it completely surrounds the cell. It is not surprising to fi nd, then, that antibiotic 

inactivating enzymes are found in the envelope: β-lactamases and aminoglycoside-

modifying enzymes are examples. 

ENVELOPE COMPONENTS RELEVANT TO ANTIBIOTIC PERMEABILITY

Lipopolysaccharide (LPS) is a complex molecule characteristic of the Gram-negative 

OM, and maintenance of its integrity is essential to proper functioning of the outer 

membrane as a permeability barrier. It has been known for some time that this struc-

ture provides an effective impediment to free movement of antibiotics into the bacte-

rial cell [3–5]. Detailed analysis of precisely which constituents are essential for LPS 

integrity has revealed that they are contained within the oligosaccharide core region 

of the molecule, which is strongly negatively charged. The presence of LPS only in 

the outer leafl et of the OM, with negative charges partially neutralized by divalent 

 cations, such as Mg++ and Ca++, provides a “carpet” of surface negative charge, contrib-

uting to the role of the OM as a selective permeability barrier. The core region is being 

dissected genetically [6] in order to fi nd the molecular requirements for LPS integrity; 

so-called “deep-rough” mutations convey hypersensitivity to certain antibiotics (e.g., 

novobiocin) and to surface-active agents, such as sodium dodecyl sulfate. 

A second class of constituents of the Gram-negative OM that produces its 

permeability characteristics is the porins. These are proteins capable of forming 

trans-OM channels (“pores”) that have an aqueous interior and permit infl ux of 

hydrophilic small molecules, such as nutrients, and effl ux of waste products [5,7,8]. 

In many cases, the pores exclude antibiotics because of their lipophilicity, and in 

addition restrict entry by size. The so-called “classical” porins occur in the OM as 

trimers of a 36 to 38 kDal monomer, with a quite open structure to the channel 

formed. The naming of porins is often referred to the Escherichia coli Omp (outer 

membrane protein) nomenclature, because they were fi rst studied systematically in 

this species. Thus, OmpC and OmpF, together with PhoE are found in E. coli, and 

similar porins are widely distributed among other Gram-negative bacteria. In addi-

tion to size limitation, the trimeric pores formed have some preference for the type 

of small molecules that will be admitted, with OmpC and OmpF selecting molecules 

with positive or no charge, and PhoE preferring anions. Other porins are synthesized 

under special circumstances, for example, the LamB porin of E. coli, which has 

specifi city for oligosaccharides, is formed under conditions of carbon limitation. 

Nikaido [9] has presented a brief overview of porin regulation. Although a overview 

of the regulation of the classical porins is beyond the scope of the present discussion, 

it is worth noting that OmpF, which has a larger pore diameter than OmpC, is 

down-regulated in E. coli in response to antibiotic exposure, mediated by the global 

regulator MarA ([10]; see also Miller and Rather, Chapter 3, this volume).
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SELF-INDUCED UPTAKE OF AMINOGLYCOSIDE 
ANTIBIOTICS THROUGH THE OUTER MEMBRANE 
OF GRAM-NEGATIVE BACTERIA

Polycationic antibiotics can traverse the outer membrane by means other than diffu-

sion through pores. As originally outlined by Hancock [2,11,12], aminoglycoside 

antibiotics such as tobramycin and gentamicin enter Gram-negative bacteria by a 
self-promoted pathway, involving disruption of LPS-Mg++ cross bridges, which as 

indicated above pose the major barrier to antibiotic entry. Disruption depends on the 

cationic structure of aminoglycosides, can be effected by other polycations such as 

polymyxin and protamine, and is mechanistically dependent on displacement of 

Mg++ from cross bridges. The resulting rearrangement of LPS and exposure of the 

OM bilayer provides suffi cient localized destabilization of the bilayer to allow entry 

of aminoglycoside to the periplasm. Bacterial species such as Burkholderia cepacia, 
which have LPS with a low phosphate and high arabinosamine content, are resistant 

to polycationic antibiotics, apparently because the B. cepacia LPS does not bind 

polycations effectively [13]. The general phenomenon of self-induced uptake is 

 discussed by Hancock [5] in the context of modifi cation of outer membrane permea-

bility for enhancement of antibiotic effi cacy.

RESISTANCE ASSOCIATED WITH SPECIES-SPECIFIC VARIATIONS 
AND MUTATIONAL ALTERATION IN ENVELOPE STRUCTURE

Specifi city of porins for substrates is sometimes extended to antibiotics; for example, 

the β-lactam imipenem is specifi cally taken up by Pseudomonas aeruginosa through 

the substrate-specifi c porin OprD [14]. OprD formation is highly regulated by nitro-

gen and carbon sources [15], and its down-regulation results in imipenem resistance 

[16], as do mutations in OprD [17]. 

Do altered porins occur in drug-resistant clinical isolates? In some species, the 

answer would seem to be yes: Mallea et al. [18] described two nosocomial clones of 

Enterobacter aerogenes lacking OmpC and OmpF, and a third having thermolabile 

porins. This collection of clinically derived strains has been augmented by Bornet 

et al. [19]; the emergence of imipenem (and multidrug) resistance associated with 

decreased porin synthesis could be reversed by cessation of imipenem therapy. It 

appears that at least with Enterobacter, the ease with which porin defi ciency-

 associated multidrug resistance arises, in combination with the presence of extended-

spectrum β-lactamase, is already creating major diffi culties in treatment of this third 

leading cause of nosocomial respiratory tract infections. A similar situation may be 

presenting itself in therapy of Klebsiella pneumoniae [20,21]. Clinical isolates of 

this pathogen now are appearing that have lost the OmpK35 porin (a homolog to 

E. coli OmpF), and like Enterobacter, this phenotype is seen in combination with the 

presence of extended-spectrum β-lactamases.

Recently, evidence for a porin-effl ux pump collaboration in Neisseria gonor-
rhoeae has been discovered. Olesky et al. [22] previously had identifi ed specifi c 

mutations in porin IB that give rise to intermediate-level penicillin and tetracycline 

resistance (penB strains), but only in the presence of an mtr mutation, which increased 
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expression of the mtrCDE-encoded effl ux pump operon. Porins from these penB 

mutant strains were overexpressed, isolated, and their physical properties studied 

in vitro in planar lipid bilayers or liposomes [23]. Conductance and ion selectivities 

of the porin channels were measured, as well as the fl ux of a range of sugars and 

β-lactam antibiotics. The mutant porins did not differ from their wild-type counter-

parts, consistent with the in vivo fi nding that strains with altered porins did not have 

altered MICs, unless the MtrC-MtrD-MtrE pump was overexpressed. Olesky et al. [23] 

suggest two possibilities: (i) only a slight decrease in antibiotic permeation through 

porins is required to confer resistance when expression of the effl ux pump is deregu-

lated; and (ii) that the porin IB variants may interact directly with the MTR effl ux 

pump and work co-operatively to decrease periplasmic concentrations of antibiotic. 

Shafer and Folster [24], in their useful commentary on the results of Olesky et al., 

 suggest an additional hypothesis, that the MtrR protein regulates other genes involved 

in determining levels of penicillin resistance in N. gonorrhoeae, and that this regula-

tion may either be dependent on, or independent of, the allelic status of porin IB. 

A common pattern may be coming to dominate the emergence of permeability-

 associated single- or multidrug resistance, at least in Gram-negative pathogens: 

restricted formation of porins combined with the induction or overexpression of 
effl ux pump(s) with narrow or broad specifi city.

ILLICIT UPTAKE: THE USE OF METABOLIC UPTAKE 
SYSTEMS FOR ANTIBIOTIC ENTRY

If an antibiotic bears a suffi ciently close structural relationship to a molecule for 

which bacteria have specifi c uptake systems, then the antibiotic may be carried into 

the cell by that system. Two recent examples of this phenomenon are outlined below. 

The work of Raynaud et al. [25] on uptake of the anti-tuberculosis drug pyrazin-

amide (PZA) by mycobacteria suggests that the drug is transported into the cell by a 

system normally used for transporting nicotinamide. That this transport system has 

substantial specifi city is supported by the fi nding that pyrazinoic acid (POA), the 

intracellularly active form of the drug, has low activity when administered extracel-

lularly; that is, the amide form, but not the acid form, can utilize the nicotinamide 

transport system.

Measurement of PZA susceptibility of Mycobacterium tuberculosis strains is 

 complicated by the low in vitro activity of the drug at neutral pH, a problem that is 

obviated by carrying out susceptibility measurements at acidic pH [26]. The reason 

for this has been analyzed recently by Zhang et al. [27] as part of a more extensive 

study on the biochemical basis of PZA susceptibility in M. tuberculosis (largely due 

to defective effl ux). The susceptibility measurement effect involves the equilibration 

of POA—synthesized intracellularly from accumulated PZA—in its protonated 

form across the cytoplasmic membrane (POA, in common with most weak organic 

acids, will diffuse across a lipid bilayer). When the extracellular pH is neutral (i.e., 

similar to the intracellular pH), protonated POA will continue to diffuse out of the 

cell in an effort to achieve equilibrium with the much larger extracellular volume, 

and this diffusion will continue as POA is produced from PZA, preventing suffi cient 

accumulation of POA to have an inhibitory effect. Equilibration of protonated POA 
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occurs at a much lower extracellular concentration when the pH outside the cell is 

acidic, allowing accumulation inside the cell suffi cient for inhibition to occur.

The above discussion illustrates some of the general complexities of antimicro-

bial permeability; in this particular case, while a specifi c transport system may allow 

entry of the (pro)drug, conversion to a different chemical form requires an entirely 

new study of the transmembrane behavior of the active drug.

It seems intuitively likely that bacterial transport systems for nutrients or metab-

olites will not be easily coopted for entry by naturally occurring antibiotics, since 

the availability of antibiotics emanating from producer species would reasonably 

have created a selective pressure for susceptible species to modify (via evolutionary 

selection) their transport systems to exclude antibiotics. Indeed, the relatively few 

examples of illicit transport of antimicrobials appear rather to involve synthetic 

drugs (such as PZA) with antimicrobial activity. However, if the nutrient is suffi -

ciently essential, evolution of the transport system may be constrained, and its exploi-

tation for uptake by a structurally related, naturally occurring antibiotic will remain 

intact. Such would seem to be the case for the transport of iron-binding molecules 

(siderophores) across the outer membrane of Gram-negative bacteria [28]. Iron, as 

Fe+3, is insoluble, and is transported into bacteria as soluble iron complexes, bound 

to bacterially synthesized, low-molecular-weight siderophores. Outer membrane 

proteins with requisite specifi city bind siderophore-iron complexes, transport them 

across the outer membrane by energy-dependent processes, and deposit them in the 

periplasm, where the complexes bind to soluble binding proteins, which in turn 

deliver them to ABC (ATP-binding cassette) transporters in the cytoplasmic mem-

brane. Gram-positive bacteria have essentially similar systems, but without the outer 

membrane binding protein component.

Albomycin is a broad-spectrum antibiotic of the Fe+3-binding sideromycin class, 

produced by a species of Streptomyces. It has a low MIC for both Gram-positive and 

Gram-negative bacterial species, and this high specifi c activity depends on illicit 

transport of albomycin by the FhuA-FhuD-FhuB-FhuC system, the physiological 

activity of which is to transport ferrichrome-Fe+3 complexes into the cell. FhuA is the 

outer membrane binding protein, FhuD is the periplasmic binding protein, and FhuB 

and FhuC form a cytoplasmic membrane protein complex that, when energized by 

ATP, catalyzes the entry of ferrichrome-Fe+3 or albomycin-Fe+3 complexes into the 

cytoplasmic compartment. Active transport across the outer membrane via FhuA is 

thought to depend on input of energy from the cytoplasmic membrane via the TonB-

ExbB-ExbD complex [29]. When albomycin-Fe+3 enters the cytoplasm, a thioribosyl 

pyrimidine moiety with cell-inhibitory activity must be cleaved by a peptidase from 

the parent antibiotic molecule. As stressed by Braun [28], this arrangement provides 

an approach to the design of antibiotics that can be actively transported into bacteria. 

Structures of Fe+3-hydroxamate and Fe+3-albomycin co-crystals with FhuA provide 

detailed molecular parameters for the design of such compounds. Interestingly, a rifa-

mycin derivative (CGP 4832), which is not structurally related to either hydroxamates 

or albomycin (and does not bind iron), also is actively transported across the outer 

membrane by the FhuA protein energized by the TonB-ExbB-ExbD system, but not 

involving the other Fhu proteins. This suggests that, after reaching the periplasm, the 

antibiotic diffuses across the cytoplasmic membrane down its concentration gradient.
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Other antibiotic classes have been conjugated to siderophores in order to utilize 

the siderophore transport systems for delivering active compounds to the bacterial 

cytoplasm. These are summarized by Braun [28], and include sulfonamides and 

β-lactams. Results were somewhat mixed; this could be due to diffi culties in obtain-

ing intracellular release of the active moiety, or delivery to a cellular compartment 

that is not optimal for antibiotic action. Although the use of Fe+3-siderophore deliv-

ery systems for illicit antibiotic uptake is still in an early phase, the general approach 

is very promising, for at least two reasons: (i) in infections, circulating Fe+3 is com-

monly extremely low, and pathogen iron uptake systems will be derepressed and 

attempting to function at high effi ciency; (ii) antibiotic resistance by loss of an uptake 

system would be detrimental to the success of the pathogen. Thus, this would appear 

to be a promising avenue for the development of semi-synthetic compounds based on 

siderophore structures. Clearly, knowledge of the intracellular systems that release 

moieties with antibiotic activity will have to be gained; those systems that are essen-

tial to survival of the targeted pathogen would seem to be the best to explore. 

ENERGY-DEPENDENT UPTAKE OF ANTIBIOTICS 
AND RESISTANCE ARISING FROM COMPROMISE 
OF ENERGY METABOLISM

In accord with the thermodynamics of diffusion processes, bacteria will accumulate 

an antibiotic in their cytoplasmic compartment at higher concentrations than in the 

extracellular milieu only if an energy-requiring accumulation process is involved. 

The exception to this occurs if an intracellular binding site for the antibiotic exists, 

with a suffi ciently strong binding constant such that a signifi cant fraction of intracel-

lular antibiotic is not freely diffusible. In this situation, antibiotic would continue to 

diffuse into the cell down its concentration gradient. 

In general, two modes of providing energy to an antibiotic uptake system can be 

envisioned: the fi rst is the proton electrochemical gradient, and the second is ATP 

(as described above for siderophores and albomycin). Either mode requires that a 

mechanism exists in the CM for coupling utilization of energy to transmembrane 

movement of the antibiotic. This might, as discussed in the previous section, be 

 coupled to movement across the OM as well as the CM.

The dependence of aminoglycoside antibiotic uptake on energy production 

by bacterial cells was established four decades ago [30–32]. Uptake of amino-

glycosides has been studied more intensively, by more investigators, than any other 

class of antibiotic. This focus of attention probably has been due to the energy-

dependent nature of the uptake process across the CM, and the insights that it 

might provide to antibiotic uptake in general. This energy dependence has been 

associated with the membrane potential [33–36], and may refl ect a response by 

positively charged antibiotics to that potential, which carries a negative charge on 

the interior face of the CM. Results of Miller and associates [37] are consistent 

with diffusion across the CM through a voltage-gated channel, which closes 

 following uptake due to decreased membrane potential associated with effects of 

 aminoglycosides themselves on the CM. This would suggest that in the absence of 

a membrane potential, no uptake would occur. However, E. coli [38], and perhaps 
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other bacteria, can adapt to loss of membrane potential and take up aminoglyco-

sides by ATP-dependent processes. 

Loss of aminoglycoside uptake associated with energetic defi ciencies in clini-

cally important pathogens such as S. aureus has been established for some years 

[39]. Proctor et al. [40–43] have revisited this problem with small-colony variant 

(SCV) clinical isolates of S. aureus. They have stressed the importance of the ability 

of these variants to persist in chronic infections, in the face of antibiotic treatment 

[43]. Whereas reduced uptake of cationic antimicrobials accounts for resistance to 

aminoglycosides, resistance to other antibiotics (e.g., β-lactams) appears to result 

from changes in growth rate or other more general physiological alterations.

It seems likely that a variety of uptake systems, energized by either a membrane 

potential or by ATP, will be found to exist in different bacterial species; for example, 

as discussed by Pym and Cole in this volume (Chapter 13), the anti-tuberculosis drug 

pyrazinamide recently has been found to enter mycobacteria via an ATP-dependent 

transport system. Understanding the energetics of antibiotic effl ux will require a 

comparable understanding of the energetics of infl ux, since approaches to blocking 

or reducing effl ux must not also compromise uptake. In some situations, such as the 

uptake of rifampin by E. coli and S. aureus [44], uptake of the antibiotic appears not 

to be energy dependent at all, as judged by the lack of any effect of inhibitors such as 

CCCP and dinitrophenol on the process. In this particular example, the saturability 

of rifampin accumulation appeared to refl ect its binding to the intracellular target 

molecule (RNA polymerase) rather than specifi c interaction with an envelope 

 component. This may be the situation for many antimicrobial compounds, but to 

establish this will require study of each individual antibiotic or antibiotic class.

MODIFICATION OF UPTAKE BY ADMINISTRATION 
OF A SECOND AGENT

Combined antibiotic therapy has of course a venerable history in infectious disease 

therapy. However, increased understanding of bacterial physiology and structure can 

provide possibilities for therapeutic use of agents that are not themselves antimicro-

bial, but have an enhancing effect on the action of a known antibiotic. For example, 

Rajyaguru and Muszynski [45] showed that susceptibility of B. cepacia isolates to 

several standard antibiotics could be signifi cantly enhanced in vitro (four-fold or 

greater reduction in MIC) by the cationic compounds chlorpromazine and prochlor-

perazine. The mechanism by which this apparent change in permeability occurred 

was not clarifi ed, but did not involve changes in outer membrane composition, nor 

was outer membrane permeability to the fl uorescent probe 1N-phenylnaphthylamine 

enhanced. However, electron microscopy revealed a widening of the periplasmic 

space, suggesting that these cationic agents may alter interactions between outer 

membrane and cytoplasmic membrane.

There are diffi culties in this type of analysis because of the probable involve-

ment of drug effl ux systems in most intrinsic antibiotic resistance (see Lomovskaya 

et al., Chapter 4, this volume). In Gram-negative bacteria, the structure of these 

effl ux systems commonly is characterized by membrane-spanning cytoplasmic 

membrane and outer membrane proteins, joined by a periplasmic connecting  protein. 
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Thus, modifi cations of the spatial relationship between cytoplasmic and outer 

 membranes could disrupt the structural integrity of drug effl ux systems. The 

opportunistic pathogen P. aeruginosa possesses a highly impermeable outer mem-

brane, which contributes to its intrinsic multidrug resistance. This broad resistance 

is augmented by several multidrug effl ux systems ([46]; Lomovskaya et al., Chapter 4, 

this volume). The interplay between the P. aeruginosa outer membrane and these 

effl ux systems recently was described by Poole’s group [47]. In this study, enhance-

ment of outer membrane permeability (using agents whose action was known) could 

be separated from reduction in effl ux, by use of mutants in which the MexA-MexB-

OprM effl ux pump had been genetically inactivated. The two effects (permeability 

enhancement and effl ux reduction) were found to be synergistic in enhancing anti-

biotic  susceptibility. Interestingly, overproduction of the effl ux system by means of 

multi-copy plasmids containing the mexA-mexB-oprM genes overcame the effect of 

the permeability agents, and increased drug resistance above that of the wild type. 

Thus, a response of an effl ux system-containing bacterial pathogen population to a 

combined antibiotic/permeabilizing agent exposure might be to select out mutants 

in which duplication of the effl ux genes has occurred. 

The area of outer membrane permeabilization has been reviewed by Vaara [48], 

with a signifi cant focus on cationic agents, such as antimicrobial peptides. More 

recently, Nikaido [49] has discussed the contributions of outer membrane and effl ux 

pumps to drug resistance in Gram-negative bacteria, in the context of the possibilities 

for improving drug access. It is clear from the examples cited above, that while the 

permeabilization approach has promise, it will be necessary to understand a great 

deal more about the response of bacterial cells to enhanced access of antimicrobials 

to the Gram-negative periplasmic space and to the cytoplasm of all bacteria. A more 

promising route to counteracting drug effl ux may be to fi nd agents that inhibit the 

effl ux pumps directly, as discussed by Lomovskaya et al. (Chapter 4, this volume).

Miller and Rather (Chapter 3, this volume) discuss the effects of salicylic acid on 

reduction of Gram-negative antibiotic susceptibility, in the context of the known 

inducing effect of this agent on the mar system and on down-regulation of the OmpF 

porin. However, in S. aureus, salicylate effects are more complex, involving the 

apparent induction of an antibiotic resistance permeability barrier [50]. Price et al. 

[51] have provided a general review on salicylate effects on bacteria. 

EFFECTS OF BIOFILM FORMATION ON 
ANTIBIOTIC PERMEATION

Much attention has been focused in recent years on bacterial biofi lms, based on the 

recognition that they occur commonly both at infection sites and during environ-

mental growth of bacterial populations [52,53]. The genetics and physiology of the 

development of biofi lms is being thoroughly explored [54–56]. The role of biofi lms 

in modifying antibiotic susceptibility of bacterial cells within these structures has 

received its share of attention. Initially, it was supposed that the biofi lm acted only 

as a physical barrier, with the abundant extracellular biopolymers shielding resident 

bacterial cells from the action of antibiotics by retarding diffusion of the inhibitory 

agents. However, recent data suggest that other explanations are more likely [57,58]. 
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First, the apparent lack of diffusion of some antibiotics into biofi lms can be attrib-

uted in some cases to reaction inactivation, that is, the inactivation of the antibiotic by 

the generally higher concentration of cells at the periphery of the biofi lm. An example 

would be failure of β-lactams to penetrate the biofi lm when β-lactamase is present in the 

biofi lm population; mutational loss of the β-lactamase results in ready penetration [57]. 

Second, it has been suggested repeatedly that biofi lms contain a physiologically 

heterogeneous cell population [52,55], and direct evidence is available to  support this 

contention [55,59]. This heterogeneity includes persistors, i.e., a fraction of cells 

that—in the context of antibiotic killing—are resistant even to high drug concentra-

tions [50,60]. Biofi lm cells that survive bactericidal drug treatments are not drug-

resistant mutants; instead, they remain wild type in their genetic makeup. Biofi lms 

appear to promote the formation of higher fractions of these persistors than do 

 planktonic (non-biofi lm) cultures. Extension of in vitro studies to in vivo infections 

involving biofi lm formation by bacterial pathogens can be made as follows: anti biotic 

treatment will eliminate most genetically susceptible members of the population, 

both inside and outside a biofi lm, and cells of the immune system will eliminate the 

planktonic remainder. However, it is known that immune cells are unable to  penetrate 

the extracellular polysaccharide matrix that characterizes  biofi lms [61]; therefore, if 

a residuum of persistors is present inside the biofi lm, the potential for regrowth of the 

pathogen population following termination of therapy remains signifi cant. 

OVERCOMING RESISTANCE ASSOCIATED 
WITH PERMEABILITY BARRIERS

The use of permeability-enhancing agents to improve drug access was discussed 

above (see Modifi cation of Uptake by Administration of a Second Agent). A second 

approach might be to circumvent the permeability barrier entirely by presenting 

antibiotic to the cell interior via a membrane fusion mechanism. For example, in 

recent studies, drug-resistant mucoid P. aeruginosa could be eradicated in an animal 

model by the use of a suspension of liposomes containing encapsulated bactericidal 

antibiotic [62]. Mechanistic studies suggested that delivery of the antibiotic to the 

bacterial cytoplasm occurred by liposome-bacteria fusion. This is particularly note-

worthy because of the high degree of intrinsic resistance exhibited by P. aeruginosa 

consequent to the low-permeability characteristics of its outer membrane.
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The increase in antibiotic resistance and the increasing possibilities and availability 

of molecular techniques make it only natural to use these techniques to study and 

detect the genes involved. Current molecular techniques are derived from a limited 

number of basic principles: probes, polymerase chain reaction (PCR), DNA sequenc-

ing, and microarrays. Probe technology is based on the interaction between two DNA 

strands, which are either identical or show mismatches due to mutations. The 

 polymerase chain reaction (PCR) has nearly become a household name. With widely 

available computer programs, it is rather easy to design a PCR to detect a single gene, 

but more complex assays have been developed, which include the concomitant use of 

probes in a process called real-time PCR. DNA sequencing is long known, but 

 developments in fl uorescent dyes and the new process of pyrosequencing have 

 revolutionized this technique. Microarrays are a form of large-scale hybridization 

that is becoming increasingly popular because of its ability to examine many genes 

simultaneously. Although the principles behind molecular techniques are simple, the 

design and implementation of a more advanced assay may be problematic. Potential 

problems involve contamination, lack of a gold standard to validate the assay, poor 

analytical sensitivity, and a large number of genes or mutations that need to be 

 covered in order to correctly predict resistance. In addition, the importance for 

 therapy of the presence of a mutation or resistance gene has to be considered. In this 

review, the principles of the techniques and the problems will be discussed. The 

(im)possibilities of molecular assays will be illustrated by examples intended for 

routine diagnostics, one of the most challenging environments for molecular 

 techniques. The examples will focus especially, but not exclusively, on the detec-

tion of antibiotic resistance in Mycobacterium tuberculosis, methicillin-resistant 

Staphylococcus aureus (MRSA), and antibiotic-resistant Helicobacter pylori.

INTRODUCTION

The discovery of the double helix structure of DNA by Watson and Crick opened 

new avenues for the diagnosis of disease. We should no longer be dependent on 

 subjective phenotypic measurements, but can head straight for the mechanism 

 underlying disease. The diagnosis of infectious disease including the determination 

of antibiotic resistance is no exception. The invention of the PCR promised a revolu-

tion in the diagnosis of infectious diseases and other illnesses. However, 20 years 

after the invention of the PCR the promised revolution has not been borne out in the 
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 diagnosis of resistance determinations. It is more appropriate to speak of an evolu-

tion. There are a number of reasons for this. The large variety in genetic mechanisms 

leading to antibiotic resistance, the low cost of culture in combination with the fact 

that antibiotics are available to treat most infections effectively with empiric therapy 

without knowing the species or the antibiotic resistance profi le of the infecting 

 bacterium, and the problem of contamination in PCR assays (the ability to detect a 

few copies of a gene is also its weakness). In this chapter, the factors affecting the 

successful implementation of molecular assays, the basic types of molecular assays 

used, and the current state of the art for different bacterial species will be discussed. 

PHENOTYPING VERSUS GENOTYPING

The correct detection of antibiotic resistance of clinical isolates is of great impor-

tance for optimal antibiotic therapy and successful treatment of patients. This only 

becomes more important with increasing prevalence of antibiotic-resistant isolates. 

Testing is not only required for therapy, but also to monitor the spread of antibiotic-

resistant organisms or resistance genes through the hospital, community, or other 

reservoirs, such as animal husbandry. 

Before the advent of molecular techniques, and even today, the mainstays of 

detection of antibiotic resistance were, and remain, phenotypic tests. Relatively 

 simple in vitro susceptibility tests have been developed that usually allow a correct 

prediction of the effectiveness of antibiotic therapy in vivo, that is, the successful 

treatment of a patient. In a few cases, these tests, which monitor the inhibition of 

growth of clinical isolates by particular antibiotics, are insuffi cient and additional 

tests are required. An example is resistance to third generation cephalosporins caused 

by extended-spectrum β-lactamases (ESBLs). Routine in vitro susceptibility tests 

may show susceptibility to some of these antibiotics, but therapy has a high likeli-

hood of failure and additional in vitro tests have been developed to detect ESBLs. 

The invention of PCR methodology made possible the detection of each gene 

whose sequence is known. In fact, for all or nearly all resistance genes PCR tests 

have been described. For a sequenced gene, design of a PCR-based test using widely 

available programs that usually propose the correct primers to initiate the polymer-

ization reaction is relatively straightforward. Beyond this simple approach, more 

elaborate methods have been developed that allow quicker and quality controlled 

answers. However, the availability of these newer molecular methods does not mean 

by defi nition that they are an improvement over the existing phenotypic in vitro 

methods. A major drawback of molecular methods is that the genetic mechanism 

responsible for the resistance should be known. If this mechanism is not known, no 

appropriate molecular assay can be developed. Even more worrisome is that when 

only molecular assays are used, resistance caused by newly emerging mechanisms is 

not detected. An example of a recently discovered unexpected resistance determinant 

is the plasmid-encoded qnrA1 gene, which mediates resistance to fl uoroquinolones 

in Enterobacteriaceae [1,2]. 

Even if the genetic mechanism of resistance is known, the number of possibi-

lities may be limiting, for example, the existence of a large number of different 

enzymes that lead to a common resistant phenotype. Examples are the number of 
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different β-lactamases that cause resistance to penicillins and other β-lactam 

 antibiotics, or the number of aminoglycoside-modifying enzymes in Gram-negative 

bacteria that cause resistance to commonly used antibiotics, such as gentamicin and 

tobramycin. The required assays become highly complex not only due to the number 

of genes that must be detected, but also due to the number of positive controls 

required to validate the result of each individual test. Testing may become even more 

complex when the presence of an antibiotic induces the expression of already present 

effl ux pumps or a reduction in the number of porins through which antibiotics are 

transported into the cell. Specialized assays to detect the up- or down-regulation of 

genes encoding these proteins are then required.

Even when the presence of a gene that encodes resistance is detected, this 

fi nding does not necessarily mean that it confers a resistance phenotype. The level of 

expression of the gene may be too low to have an impact on therapy. Expression of 

resistance genes may also vary between different species or strains of the same 

 species. The importance for antibiotic prescription is not always clear. For example, 

Escherichia coli, one of the most common causes of bacterial infections, encodes a 

chromosomally located β-lactamase, but this β-lactamase is never expressed. 

β- lactam resistance in E. coli is caused by the acquisition of other β-lactamases. 

Resistance genes present in class 1 integrons constitute another example. Class 1 

integrons are genetic structures characterized by an integrase that is capable of inte-

grating gene cassettes adjacent to the int gene (Figure 9.1). The number of gene cas-

settes may vary from zero to at least seven. More than 100 different gene cassettes 

have been described, and the vast majority encode for resistance against antibiotics 

or disinfectants. Nearly all gene cassettes lack a promoter. Transcription occurs from 

two promoters (P1 and P2) between the integrase gene and the fi rst cassette. Pro-

moter P2 is seldom functional, whereas promoter P1 varies in strength. In addition, 

expression of genes further away (downstream) from the promoter is lower. This may 

result in poor expression and thereby a susceptible phenotype despite the presence of 

an appropriate resistance-encoding gene [3]. A third example is the qnrA1 gene 

encoding resistance against fl uoroquinolones. Expression of the gene results in a 

16- to 100-fold increase in the minimal inhibitory concentration (MIC) for fl uoro-

quinolones depending on the species and the strain. Because the MIC values for 

 fl uoroquinolones for many bacterial species are extremely low (≤0.015 μg/mL) a 16- to 

100-fold increase in MIC value does not necessarily result in a value above the 

breakpoint for resistance as defi ned by the Clinical Laboratory Standards Institute 

(CLSI, previously known as the National Committee on Clinical Laboratory 

Standards [NCCLS]) [4]. A fi nal example is MRSA. Methicillin resistance or in fact 

resistance to all β-lactams in S. aureus is dependent on the expression of the mecA 

gene, which encodes a penicillin binding protein, called PBP2A, that is insensitive 

to inhibition by β-lactam antibiotics. In most strains the expression of mecA is 

 constitutive, but in some strains it is controlled. These latter strains show in vitro 

susceptibility to fl ucloxacillin, the most commonly used β-lactam antibiotic to treat 

S. aureus infections. However, constitutive expression may be achieved by simple 

deletion of part of the controlling gene. Therefore, the presence of the chromosomal 

β-lactamase gene in E. coli has never led to problems, but the presence of the mecA 

gene in S. aureus is considered the gold standard for β-lactam resistance in this 
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 species. Consequently, the presence of the mecA gene is considered suffi cient to 

 consider such an isolate resistant and no β-lactam antibiotics are prescribed.

Thus, knowledge of the genetic mechanism and its expression is paramount for 

the successful and correct identifi cation of antibiotic resistance by molecular methods. 

However, despite these limitations molecular assays have been developed, and are 

routinely used for the detection of antibiotic resistance in diagnostic laboratories for 

patient care.

MOLECULAR METHODS IN THE DIAGNOSTIC LABORATORY 

INTRODUCTION

Nearly all molecular methods used to detect resistance encoding genes are based on 

hybridization, amplifi cation, and DNA sequencing. A thorough understanding of the 

conditions infl uencing the results of these tests helps interpret the results, and trans-

late them into optimal antibiotic therapy for the individual patient.

HYBRIDIZATION

By defi nition, different genes have different DNA sequences; in principle, it should 

be possible to select DNA sequences unique for particular (resistance) genes, and 

FIGURE 9.1 A schematic presentation of a class 1 integron. The genes and their transcrip-

tion direction are indicated by thick arrows. The qacΔE1 and sulI gene encode resistance 

to quarternary ammonium compounds and sulfamethoxazole, respectively. The int gene 

encodes the integrase. The function of orf5 is unknown. The promoters are indicated with 

small arrows. The gene cassettes that can be excised and circularized or integrated into the 

attI-site are indicated wit black fi ll. Multiple gene cassettes can be present. The attI-site 

(grey) is split by the integration of a gene cassette. The gene cassettes with a few exceptions 

are transcribed from promoters P1 and P2, although P2 is often not functional. 
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utilize hybridization to detect the presence of these genes. These can be either short 

single-stranded fragments (oligonucleotides) obtained by chemical synthesis, or 

 longer fragments, usually obtained by PCR. For detection, these single-stranded 

DNA molecules are coupled to a label. Popular labels are fl uorescent dyes, enzymes, 

such as alkaline phosphatase or peroxidase that produce either light or a color stain 

upon addition of a suitable substrate, or digoxigenin that is subsequently detected by 

a specifi c antibody fragment coupled to alkaline phosphatase. These labels generally 

have replaced the radioactive labels formerly used. The labeled single-stranded DNA 

molecule is called a probe. Before hybridization can take place, the target gene 

should be made single-stranded. This is normally achieved by high temperature 

(>90°C) or hydroxide treatment. 

Frequently, the probe is not labeled, but the DNA sequence of interest in the 

microorganism is labeled in a PCR amplifi cation. The probe is spotted unlabeled on 

a membrane often in the form of a line; this format is called a reverse line blot. Mac-

roarrays have usually a limited number of DNA fragments on a solid phase, often a 

nylon membrane. In arrays, a color reaction generally is used to detect hybridization. 

Arrays may, in fact, be considered a variation of reverse line blot technology.

A perfect match between probe and target gene sequence is not necessary to 

obtain hybridization. This has two important consequences. First, sequences with a 

less-than-perfect match also may hybridize, potentially yielding a false-positive 

result. Second, resistance genes with similar sequences that yield an identical or 

similar resistance phenotype may be detected with the same probe. In the latter case, 

the disadvantage is turned into an advantage, since detection can be simplifi ed by the 

use of a single probe for multiple genes. The specifi city of the hybridization can be 

infl uenced either by the temperature at which hybridization and subsequent removal 

of excess probe is carried out, or by the composition of the buffers used. Hybridiza-

tion becomes more specifi c when more stringent conditions are used. This means 

that probe size and hybridization conditions should be tailored to the genetic 

 mechanism responsible for the resistance to be determined.

Heteroduplex formation is a tool that is frequently used to detect point muta-

tions. In this method a hybrid DNA molecule is formed by the hybridization of a 

wild-type strand with a mutant strand. The mismatch at the position of the mutation 

infl uences the temperature or buffer conditions at which the heteroduplex melts to 

single-stranded molecules. Slab gels commonly have been used in a technique called 

denaturing gradient gel electrophoresis (DGGE) to detect heteroduplex formation. 

The amplifi cation products migrate through a gradient of denaturants, and products 

with a mutation are discerned based on an altered melting temperature. Increasingly, 

however, capillary or HLPC-based methods are described. 

POLYMERASE CHAIN REACTION

PCR is nowadays an integral part of the molecular toolbox. Basically, a primer 

(an oligonucleotide) is annealed (hybridized) to the target DNA that is made single-

stranded at 94°C (denaturation step). The oligonucleotide is used as an initiation 

point for a heat-stable DNA polymerase (hence the name primer). DNA polymerase 

extends the primer at a temperature that is usually approximately 72°C in a process 
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called elongation. After these three steps (cycle 1) the procedure is repeated and the 

newly synthesized DNA strand also becomes a target. Each cycle results in a 

doubling of the number of strands in optimal conditions. Depending on the amount 

of input DNA, that is, the number of copies of the target sequence, the effi ciency of 

amplifi cation, and the detection method used, a detectable amount of DNA is pro-

duced in less than 3 h after 20 to 40 cycles. 

In cases where an extremely low number of copies of the target DNA is present, 

the PCR procedure can be repeated using the amplifi cation product of the fi rst PCR 

as a target. When a different set of primers is used, this process is called a nested 

PCR. A major drawback of this method is its extreme sensitivity and thereby suscep-

tibility to contamination and thus false-positive results. 

Frequently, the detection of multiple genes is performed in a single PCR (multiplex 

PCR) by combining a number of primer sets. However, this is not completely straight-

forward. Usually, short sequences are more easily amplifi ed than larger fragments; 

the copy number of the target also plays an important role. A resistance gene present 

on a plasmid, which has 20 copies per bacterial cell, may amplify more easily than a 

shorter sequence from a resistance gene present in a single copy on the chromosome 

of the same bacterial cell. Finally, the base pair composition of the sequence may 

play a role. Some sequences, for example, GC-rich tracts, are more diffi cult for DNA 

polymerase to synthesize than others and this may affect the effi ciency of the 

 reaction. The risk of false-negative results increases with an increasing number of 

primer sets. It is therefore extremely important to optimize these PCRs when new 

batches of primers are used, because of slight variations between batches. Even a 

change in thermocycler may affect the outcome.

Although the PCR may yield a detectable fragment (and hence a positive result), 

the fragment identity should be confi rmed. The length of the product may give some 

indication, but confi rmation by a probe or sequencing is usually required, because 

non-specifi c products are regularly formed. A commonly used procedure is restric-

tion enzyme analysis. Based on the known target sequence, the position of cuts made 

by different restriction enzymes can be predicted and thereby the size of the frag-

ments to be expected. Sometimes, the presence or absence of a mutation may lead to 

the formation or disappearance of a restriction site and thereby different fragment 

lengths. This technique is known as restriction fragment length polymorphism 

(RFLP) analysis. A possible drawback is that not all relevant mutations may be 

 covered by restriction enzymes because only a limited number of sequences are 

 recognized by the available restriction enzymes.

A number of variations on the theme of PCR have been developed. The most 

common is real-time PCR (rtPCR is to be distinguished from reverse-transcriptase 

PCR, RT-PCR, in which RNA is reverse transcribed into DNA before PCR amplifi -

cation). In a rtPCR the amplifi cation process can be monitored “live,” when either a 

fl uorescent dye or a fl uorescently labeled probe is added to the PCR reaction. 

The dye intercalates into newly formed DNA and fl uoresces. The probe interacts 

with the newly formed product during the annealing step and is then able to fl uo-

resce. Four types of probes can be used: 5′-nuclease (TaqMan) probes, molecular 

beacons, fl uorescence resonance energy transfer (FRET) probes (Figure 9.2), or 

minor groove binding (MGB) probes. TaqMan probes are short oligonucleotides that 
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have a fl uorescent dye at one end and a quenching molecule at the other end. As long 

as fl uorescent dye and quencher are in close proximity, no light is emitted by the 

probe. If the probe anneals to single-stranded DNA of the newly formed product, the 

Taq polymerase will break down the probe during elongation and release the fl uores-

cent dye, which then can emit light that is no longer quenched. Molecular beacons 

are oligonucleotides that also have a fl uorescent dye at one end and a quencher at the 

other end, but these are attached to short inverted repeats, which allow a “panhandle” 

to form, which brings dye and quencher close together. When the probe hybridizes, 

the quencher and dye are separated suffi ciently to allow light emission. FRET probes 

are composed of two oligonucleotides. The fi rst has a light-absorbing molecule at its 

tail. The second oligonucleotide hybridizes directly behind the fi rst and has the fl uo-

rescent dye at its head. Only when the fl uorescent dye and the absorbing molecule are 

next to each other is light emitted. MGB probes can be considered a hybrid between 

beacons and Taqman probes. The probe is an approximately 15-nucleotide sequence 

to which fl uorescent dye and quencher are attached. In addition, an organic molecule 

is attached that interacts with the so-called minor groove of the DNA helix. This sta-

bilizes the binding between probe and target, allowing use of shorter probe sequences. 

FIGURE 9.2 Schematic presentation of three types of probe used in real-time PCR. Panel a: 

Taqman probe. The fl uorescent dye (white) and the quencher (black) are close together on the 

probe and no light can be emitted. A DNA polymerase with 5′-exonuclease removes any DNA 

in front of it during strand synthesis and thereby releases the fl uorescent dye. The dye can now 

be excited (long arrow) and emit light. Panel b: molecular beacon. The fl uorescent dye (white) 

and the quencher (black) are close together when the probe is in the panhandle structure and 

no light can be emitted. When the probe hybridizes, the fl uorescent dye and the quencher are 

separated and light emission can take place after excitation (long arrow). Panel c: FRET probe. 

An acceptor molecule (grey) for the excitation (long arrow) of the fl uorescent dye (white) is 

required, but fl uorescence can only occur when acceptor and dye are in close proximity, that 

is, during hybridization.

(a)

(b)

(c)
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After hybridization, the molecule is still not able to fl uoresce; only after release of 

the fl uorescent dye by the exonuclease activity of DNA polymerase during elonga-

tion is light emission possible. 

In rtPCR, fl uorescence is measured during each cycle, and when a certain thresh-

old is reached the PCR is considered positive. A probe can directly confi rm the iden-

tity of the product formed; when fl uorescent dyes are used, a melting curve is usually 

produced to confi rm the identity of the product. By slowly increasing the tempera-

ture and measuring fl uorescence, the temperature at which the amplifi cation product 

melts can be determined and compared with the expected melting temperature. For 

an extensive review of rtPCR see Espy et al. [5].

For all PCRs, appropriate controls should be included. These controls include 

negative controls to check for contamination and positive controls for both sample 

preparation and amplifi cation. Amplifi cation controls are particularly important 

because many compounds can inhibit a PCR amplifi cation. Inhibitory compounds 

(such as heme, bilirubin, and bile salts) are frequently present in clinical samples. 

False-positive results may be obtained due to the production of non-specifi c amplifi -

cation products when PCR conditions are suboptimal. It is obvious that both false-

positive and false-negative results may have serious consequences for the treatment 

of patients.

When the obstacles of designing an assay that detects all possible mechanisms 

are overcome another important potential problem should be considered: contamina-

tion of a sample by other samples or contamination by amplifi cation products of 

 previous assays. The strength of PCR, its ability to amplify minute amounts of DNA, 

is also its weakness. Two types of contamination should be discerned: a general 

 contaminant and a sample contaminant. The fi rst type of contaminant will generally 

affect every sample in an assay. It occurs when reagents, disposables, or the environ-

ment are contaminated, but also sample carry-over in pipetting robots. The second 

type of contaminant only affects a limited number of samples in an assay, for example, 

due to aerosols from other samples. 

The best approach is to prevent contamination because it can be extremely 

 diffi cult to get rid of once introduced. To reduce the risk of contamination, an inven-

tory of potential sources should be made because some may be quite unexpected. 

Particular attention should be paid to disposables and reagents; since it is known that 

many reagents, including high-quality water and Taq DNA polymerase preparations, 

may be contaminated with (bacterial) DNA. Another important source may be 

 present in lytic enzyme preparations that are frequently used to isolate DNA. A com-

pletely unexpected source may arise from activities in the laboratory next door. In 

our laboratory, we had a major problem with a PCR protocol specifi c for TEM-

 family β-lactamases, until we found out that colleagues in the laboratory next door 

were purifying large amounts of recombinant proteins from lysates that contained 

a high copy number vector (100–200 copies/cell) with an ampicillin resistance 

marker. The resistance marker was TEM-1 and it is the most common resistance 

marker used in cloning vectors. Opening tubes with high numbers of copies should 

also be performed carefully to avoid aerosol formation. A fi nal point is waste 

 disposal. This includes not only reaction tubes, but also other items such as 

 electrophoresis buffer.
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Several protocols have been described for decontamination. Surface contamina-

tions are best eliminated with a 0.4% solution of hypochlorite. A commonly used 

strategy to specifi cally destroy amplifi cation products is the use of uracil-DNA-

 glycosylase/dUTP (also known as the ung system). In this system, a nucleotide con-

taining uracil instead of thymine is used. Before an amplifi cation is initiated, the 

uracil-DNA-glycosylase specifi cally removes the uracil, which yields a non-functional 

template. 

Another important strategy to prevent contamination is the introduction of “no,” 

“low,” and “high” copy DNA work areas. In the “no” copy area, DNA free solutions 

and buffers are prepared as well as reaction mixtures without target DNA. In the 

“low” copy area, target DNA is prepared and added to the reaction mixture. In the 

“high” copy area, amplifi cation and analysis take place. The “no” copy or clean areas 

should preferably have overpressure to keep contamination out, whereas “high” copy 

areas should have underpressure to keep DNA in. The workfl ow should be from “no” 

copy via “low” copy to “high” copy. Nobody should be allowed to go back from a 

higher copy level to a lower copy level. The same rule applies to equipment includ-

ing racks. Although this may seem cumbersome, it will pay off. When a major con-

tamination occurs involving a commercial assay, new primers and/or  targets are not 

readily available. But also for in-house assays, it can be problematic to develop a 

new assay. For a more extensive review of prevention and destroy techniques see 

Borst et al. [6].

MICROARRAYS

Microarrays are basically a form of hybridization, but on a large scale. Microarrays 

use either DNA fragments specifi c for the genes of interest or oligonucleotides, 

which are spotted on a solid phase, for example, glass. The (bacterial) DNA to be 

analyzed for specifi c genes is then labeled and hybridized with the sequences present 

on the solid phase. Usually fl uorescent labels are used. Frequently, the array is not only 

hybridized with the labeled DNA of interest, but also with reference DNA that serves 

as a control for the quality of the spots. The reference DNA uses a label that  fl uoresces 

at a different wavelength and thus can be measured independently from the other 

label. The ratio between the two signals then defi nes the presence or absence of 

hybridization and thereby the presence or absence of a gene in the DNA of interest. 

Although this process seems straightforward, complications in interpretation may 

arise. As for normal hybridization the stringency of the hybridization conditions 

infl uence which variation in the sequence of the gene is considered either positive or 

negative. Mutations that do not infl uence resistance may yield a false-negative result, 

whereas the opposite may also occur. The copy number of the genes also infl uences 

the hybridization signal and may infl uence results.

A variation on the theme is the use of oligonucleotides on a microarray to detect 

the presence of point mutations that result in a resistant phenotype. In this approach, 

wild-type and mutant-specifi c oligonucleotides are usually present.

DNA SEQUENCING

DNA sequencing is still the gold standard for the detection of point mutations. Until 

recently, DNA sequencing has been based almost exclusively on the method developed 
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by Sanger. In this method, a DNA polymerase elongates a primer, but modifi ed 

nucleotides specifi cally block the elongation at either adenines, cytosines, guanines, 

or thymines. The exact position of termination of elongation for each base is random, 

but higher concentrations of the modifi ed nucleotides yield shorter sequences. In the 

early days of sequencing, either the primer or one of the nucleotides was radioactive 

and a separate incubation was required for each of the four bases. After separation of 

the elongation products on a gel, an X-ray fi lm was applied and the DNA sequence 

could be deduced from the resulting image. The use of fl uorescently labeled primers 

made the cumbersome radioactive method less attractive, and an instrument capable 

of separating and detecting the fl uorescent sequencing products became necessary. 

Besides doing away with radioactivity, the method had the additional advantages of 

being faster and more amenable to automation. The development of dye terminators, 

where adenine, cytosine, guanine, and thymine each has its own unique dye emitting 

light at a different wave length, made the use of single incubations possible, greatly 

improving effi ciency. 

A new development is pyrosequencing (Biotage AB, Sweden). The nucleotides 

are added sequentially in this process. When the fi rst of the four nucleotides is com-

plementary to the template strand, DNA polymerase will incorporate it in the new 

strand. As a result, one molecule of pyrophosphate is released for each nucleotide 

molecule incorporated. The pyrophosphate is converted to ATP by sulfurylase. 

Luciferase uses the ATP as a substrate to generate light, which is detected by a sen-

sitive camera system. The emission or absence of light after the addition of each 

nucleotide is converted into sequence by a computer program. Using this technique, 

40 to 50 nucleotides per fragment can be read.

FINAL REMARKS ON TECHNOLOGY PRINCIPLES

Since the discovery of the double helix structure of DNA, a variety of molecular 

methods have been developed to identify genetic mechanisms underlying pheno-

types. Although the application of these methods seems straightforward (just select 

the right probe or primers) reality can be more complicated. Variation in patients, 

type of isolates, frequency of mutations, genes, available technical expertise, costs, 

and so forth, should be taken into consideration when designing or selecting a 

 particular assay. Because of these variations, all assays should be validated for the 

situation in which they are used. A complication in the validation of new methods 

could be that the molecular method is better than the current gold standard. So, 

 compared to the current gold standard, the new method may appear less sensitive or 

 specifi c. This will require additional determinations to validate the new molecular 

assay before its implementation in routine diagnostics.

MYCOBACTERIUM TUBERCULOSIS

INTRODUCTION

Tuberculosis is one of the most common infections in many parts of the world, and 

the treatment of tuberculosis is diffi cult with only a limited number of antimicrobial 

agents that show activity against M. tuberculosis. This treatment is now under even 
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more pressure with increasing rates of (multi)resistant isolates; therefore, detection 

of resistance is an important issue. The fact that mycobacteria are slow growing 

makes them the ideal target for molecular assays to detect resistance. Most often 

resistance is caused by the development and selection of mutations. A multitude of 

different assays have been developed and will be discussed. Mutations in rpoB are 

associated with resistance to rifampin, but specifi c mutations can also be linked to 

resistance to more novel rifampin analogs [7–9]. Mutations in the pncA gene are 

associated with resistance to pyrazinamide, but alternative mechanisms must exist 

because phenotypically resistant isolates without mutations, which produce an active 

pyrazinamidase, have been described [10]. Another complication in interpreting the 

results of different assays is the occurrence of mixed cultures [11].

PROBE-BASED TECHNOLOGY FOR THE DETECTION OF 
RESISTANCE IN MYCOBACTERIUM TUBERCULOSIS

A large group of assays is based on the detection of mismatches between the (suscep-

tible) wild-type sequence and the (resistant) mutant sequence. DGGE was used to 

scan 775 bp of rpoB containing relevant mutations. Five primer sets were used, but 

the primer pair covering the rifampin resistance-determining region (RRDR) detected 

mutations in 955 of the resistant isolates and in 2% of the susceptible  isolates. Two 

additional areas with mutations were covered by two other sets. The last two primer 

sets identifi ed two other relevant mutations elsewhere in the gene [12]. The same 

method has also been applied to the detection of mutations in the pncA gene respon-

sible for pyrazinamide resistance. Five sets of primers were used to scan for muta-

tions in a 600 bp region. The assays identifi ed a mutated gene in 82 of 83 resistant 

isolates and in only 1 of 98 susceptible isolates [13].

Others have used a variant of DGGE, the single-strand conformation polymor-

phism (SSCP) analysis. The rpoB gene was used to detect both M. tuberculosis 

as well as mutations leading to rifampin resistance. The limited number of samples 

showed that PCR was able to detect M. tuberculosis more readily than Ziehl-

Neelsen-based microscopy in fi ne needle aspirates. Mutations in rpoB were also 

detected, but not validated further. One disadvantage of the procedure was that only 

285 bp of the gene were interrogated for mutations [14]. The same limitation holds for 

another paper describing SSCP for mutation detection in rpoB, which also only anal-

yses approximately 306 bp. The assays correctly identifi ed the rifampin-resistant 

and susceptible isolates among a collection of more than 100 isolates. In addition, 

Mycobacterium avium and Mycobactrium terrae could be identifi ed [15]. However, 

the study by Mani et al. [16] showed that PCR-DGGE or PCR-SSCP were inferior to 

DNA sequencing for detection of rpoB mutations.

A variant of DGGE and SSCP is heteroduplex formation. One particular assay 

described the analysis of mutations in fi ve different genes involved in resistance to 

different antibiotics in M. tuberculosis. The genes are rpoB, katG, pncA, rpsL, and 

embB. After amplifi cation of a suitable DNA fragment, the denatured products were 

allowed to form duplexes with reference DNA molecules, and these were detected by 

HPLC [17]. Although this holds promise, only a small section of the rpoB gene was 

covered, and in addition, specialized equipment is needed. A comparable assay 
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detected mutations in gyrA, but the study was confi ned to only 20 isolates [18]. 

In a variation on this approach, an assay has been developed that detects both pncA 

mutations and discriminates between M. tuberculosis and Mycobacterium bovis. 
This also required the use of a pncA probe specifi c for each species. The assay per-

formed as expected on a limited number of isolates [19].

Cheng et al. [20] described a marriage between heteroduplex analysis and SSCP. 

Both methods are used to increase the reliability of detection of mutations. This was 

demonstrated with mutations in the gyrA gene. The profi les obtained for 138 

 isolates—including 32 with mutations in gyrA-correlated with in vitro susceptibility 

to different fl uoroquinolones—and were confi rmed by DNA sequencing.

In a special form of this technique, heteroduplexes are formed between the 

(mutated) target DNA formed by a 305 bp RRDR rpoB amplifi cation product and a 

special synthetically generated probe called the Universal Heteroduplex Generator 

(Genelab, Louisiana State University, Baton Rouge, LA) with deletions and substitu-

tions for optimal detection of mutations in the RRDR. Actual detection is on a gel. 

The method correctly identifi ed 90 of 97 rifampin-resistant isolates and all 21 

 susceptible isolates [21]. The method holds promise for the identifi cation of muta-

tions associated with resistance to more improved variants of rifampin. A follow-up 

with the same PCR and probe but modifi ed with fl uorogenic primers and adapted to 

capillary gel electrophoresis and  fl uorescence detection was developed. This allowed 

the detection time to be reduced by several hours, but discrimination was diffi cult, 

and the method required specialized equipment not routinely available in clinical 

microbiology laboratories. In a  follow-up study, the system was evaluated on 1892 

sputum samples from 394 patients. Compared to sputum smears the assay had a 

 sensitivity and specifi city of 99.8% and 82.9%, respectively, but when compared to 

IS6110 PCR this was 70.1% and 92.9%, respectively [22]. 

A different form of analysis for the formation of heteroduplex formation is by 

chemical cleavage when a mismatch is present. Analysis of the reaction products is 

by gel electrophoresis. This method is less attractive, because of the hazardous nature 

of the chemicals and the use of radioactivity for detection [23]. Another variant of 

heteroduplex detection of mutations uses RNA/RNA duplexes and is quite complex 

to perform, but needs only a PCR apparatus and gel electrophoresis equipment. 

Briefl y, the RRDR is amplifi ed with PCR, using primers with either the T7 or Sp6 

bacteriophage promoter sequences attached. After amplifi cation, T7 and Sp6 RNA 

polymerases are added and allowed to synthesize RNA initiating at the promoter 

sequences. The RNA is then allowed to form duplexes with reference RNA. At the 

position of mismatches the RNA is cleaved by RNase. The cleavage products can 

then be detected on a gel [24].

Reverse-line blot assays are among the most popular type of probe system used 

to detect antimicrobial resistance determining mutations among M. tuberculosis 

 isolates. The one most commonly used is the INNO-LiPA (Innogenetics, Belgium). 

In this assay the gene region of interest is fi rst amplifi ed by nested PCR. The inner 

primers are biotinylated, yielding a labeled amplifi cation product that is denatured 

and hybridized to oligonucleotide probes applied as a line on a membrane. After 

hybridization, a color reaction is performed. The hybridization is automated. The 

assay has a sample inhibition control. 

9190_C009.indd   1959190_C009.indd   195 10/31/2007   4:26:45 PM10/31/2007   4:26:45 PM



196 Bacterial Resistance to Antimicrobials

A meta-analysis evaluated 15 studies testing the INNO-LiPA Rif-TB. Eleven of 

these studies used clinical isolates, one used clinical specimens, and three studies 

used both. Twelve of the studies analyzing isolates demonstrated a sensitivity greater 

than 95% and a specifi city of 100%. The four studies that analyzed clinical speci-

mens had a sensitivity between 80% and 100% and a specifi city of 100%. The authors 

concluded that the LiPA is highly sensitive and specifi c, but appears to have a lower 

sensitivity on clinical material. The authors concluded that more evidence is needed 

before LiPA can be used to detect MDR-TB among populations at risk in clinical 

practice [25]. Examples of studies and their main characteristics are provided in 

Table 9.1. These data indicate that the INNO-LiPA is comparable to classical meth-

ods to detect M. tuberculosis, but is not as effective as some of the best molecular 

assays available. At least one study [31] tried to extend the interpretation of the 

INNO-LiPA to multi-resistance in the M. tuberculosis isolates tested. However, this 

is not straightforward because it is dependent on the prevalence of rifampin mono-

resistance in the population tested. An additional disadvantage is that shifts in the 

resistance pattern are not recognized.

In-house reverse-line blots for the detection of rifampin resistance based on 

amplifi cation of the RRDR have also been developed. An example is the study by 

Morcillo et al. [32]. The RRDR was amplifi ed with a biotinylated primer. The ampli-

fi cation products were subsequently hybridized with a set of 11 oligonucleotides on 

a membrane. More than 250 isolates were tested and 90 of the 97 resistant isolates 

were correctly identifi ed, as were all susceptible isolates. The costs were substan-

tially less than for commercial assays, but quality control is included in the commercial 

TABLE 9.1
Characteristics of INNO-LiPA Rif.TB for the Detection Mutations Associated 
with Rifampin Resistance in Mycobacterium tuberculosis

Samples
No. of 

Samples
Sensitivity 

(%)
Specifi city

(%)
Gold 

Standard Footnote Reference

Respiratory specimen  60 100 100 DNA sequencing 1 26

Smear-positive 281 100 96.9 phenotype 2 27

Isolates  70 95.3 100 phenotype — 28

Isolates  52 100 92.0 phenotype 3 29

Isolates  41 56.1 — phenotype 4 30

Isolates 411 98.5 100 phenotype — 31

Isolates 128 97.3 100 phenotype 5 11

1.  One isolate was consistently resistant, but showed no signal in the INNO-LiPa and also showed no 

mutations after DNA sequencing.

2.  287 yielded amplifi cation product and 281 of these were culture-positive; 12 amplifi cation-negative 

samples were true negatives, 19 had a low bacterial load, and 32 showed inhibition. 

3.  The 2 false-positives showed mutations, but were phenotypically susceptible.

4. No sensitive isolates were tested.

5. The 3 isolates that were false-negative had mutations outside the RRDR of rpoB.
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assays and should also be applied to the in-house test. This requires validation when 

new batches of primers or oligonucleotides are used or new batches of membranes 

prepared. In an extension of the previous study, not only mutations in rpoB associ-

ated with rifampin resistance were detected, but also mutations in the promoter 

regions of inhA and aphC, rpsL, rrs, and embB. The fi rst two genes determine 

 resistance to isoniazid, the next two determine resistance to streptomycin, and the 

last one to ethambutol. Rifampin resistance was identifi ed correctly in 132 of 155 

isolates; ethambutol resistance was identifi ed correctly in 28 of 55 isolates, isoniazid 

 resistance in 16.9% and 13.2% of isolates for the promoter region of the inhA and 

aphC genes, respectively. Mutations at rrs513 and rpsLl88 were detected in 15.1% 

and 17.0% of the streptomycin-resistant isolates [33]. The authors show the applica-

bility of the method to the detection of a larger collection of mutations covering a 

greater diversity of resistance genes important in resistance in M. tuberculosis. 
 However, the assay will only be valuable when the assignment of the resistance or 

susceptibility is at least, and preferably better than, 98%. 

Another example of a commercial reverse line blot is the Genotype MTBDR 

(Hain Lifescience, Germany) for the detection of rifampin and isoniazid resistance. 

The test correctly identifi ed rifampin resistance in 102 of 103 multidrug-resistant 

isolates, whereas mutations in katG were identifi ed correctly in 91 isolates albeit 

with 2 isolates that were considered resistant because of absence of wild-type hybrid-

ization. However, 12 of the 103 isoniazid-resistant isolates apparently had mutations 

in other genes involved in resistance to isoniazid. All 40 susceptible isolates showed 

wild-type hybridization patterns [34].

The method of reverse-line blot has also been applied to DNA extracted from 

Ziehl-Neelsen slides with relatively good sensitivities, but a result was in large part 

dependent on suffi cient bacteria on the slide. With one exception the identifi cation of 

resistant and susceptible isolates was in accordance with susceptibility testing [35]. 

Oligonucleotide macroarrays are also a valuable format for the detection of 

rifampin and isoniazid resistance. One study used oligonucleotides that were directed 

against the RRDR of rpoB, katG, and mabA-inhA. The target DNA was amplifi ed 

using biotinylated primers. Isolates with 38 different RRDR genotypes, four katG 

genotypes, and two mabA-inhA genotypes were correctly identifi ed, except for one 

RRDR genotype, which had a nine base pair insertion. All wild-type sequences were 

also correctly identifi ed [36].

PCR-ELISA starts with amplifi cation using a digoxigenin-labeled primer and the 

subsequent capture of denatured amplifi cation product utilizing fi ve different biotinyl-

ated probes. The biotin-labeled probes are captured in streptavidin-coated wells and any 

product is detected with a horseradish peroxidase labeled anti-digoxigenin antibody. 

This method was utilized in a small study with 50 rifampin-resistant isolates and 

30 AFB-positive sputum specimens, demonstrating the feasibility of the approach [37].

PCR-BASED METHODS FOR THE DETECTION OF ANTIBIOTIC 
RESISTANCE IN MYCOBACTERIUM TUBERCULOSIS

A number of groups have developed PCRs in which one of the primers is either 

 specifi c for the mutation or for the wild-type sequence. For elongation to occur, the 
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3′-nucleotide, where DNA polymerase initiates elongation, has to match perfectly. 

PCRs based on this principle have been called multiplex allele-specifi c (MAS) PCR, 

amplifi cation refractory mutations system (ARMS) PCR, or allele-specifi c depletory 

PCR. When a wild-type primer is used and the sequence has a mutation, no elonga-

tion occurs and no amplifi cation product is formed. Although this is an ingenious 

method for the detection of mutations, the large number of amplifi cations becomes 

unwieldy when all mutations leading to resistance in M. tuberculosis need to be 

 covered. Nevertheless, these types of tests have indeed been developed to cover 

mutations in all important resistance genes of M. tuberculosis [38–45].

Low-stringency single-specifi c-primer PCR has its own limitations. In this 

method [46], a specifi c PCR is fi rst performed. The amplifi ed product is used for a 

second PCR with only one of the two original primers, under low stringency condi-

tions. The resulting products are analyzed on a polyacrylamide gel. This produces a 

fi ngerprint, which is dependent on the mutations in the target. The low stringency 

conditions may be diffi cult to reproduce exactly and random variations may lead to 

variations in the fi ngerprint. The method was only tested on 12 specimens and 

although the authors claim that it is highly sensitive and rapid, the method appears 

rather cumbersome with a high risk of contamination and diffi culty in reproducing 

the fi ngerprints. 

At least two studies have demonstrated that PCR-RFLP methodology can be 

used to detect resistance mutations in M. tuberculosis [40,47]. It was successfully 

used for detection of the katG 315 mutation, the embB 306 and 497 mutations, and 

the iniA 501 mutation. A shortcoming of the technique is that not all mutations can 

be detected. Either no suitable restriction enzymes are available or a large number of 

restriction digests have to be performed and analyzed on agarose gels.

Effi cacy of pyrazinamide treatment is dependent on the M. tuberculosis enzyme 

pyrazinamidase that converts the prodrug to an active form. Measurement of enzyme 

activity is therefore an effective way to predict susceptibility. However, a large num-

ber of bacterial cells are required to obtain suffi cient material for such measure-

ments. To overcome this obstacle, a PCR was developed in which the forward primer 

has a T7 RNA polymerase promoter attached. The resulting amplifi cation product 

has an active T7 RNA polymerase promoter. This promoter can be used to transcribe 

the gene after the addition of T7 RNA polymerase and other components. In a 

 coupled system, the mRNA is translated to form pyrazinamidase, and the activity of 

the enzyme is subsequently determined. All 45 isolates including 30 resistant isolates 

gave the expected result, namely reduced activity for resistant isolates and normal 

activity for susceptible isolates [48].

Real-time PCR is a commonly used technique to detect mutations associated 

with isoniazid, rifampin, and ethambutol resistance in M. tuberculosis. The critical 

parameters of these studies are summarized in Table 9.2. An important conclusion 

from those studies is that rtPCR assays can readily reach sensitivities and specifi ci-

ties of 100%, when compared with DNA sequencing of the mutations that are 

 targeted. However, the number of samples tested in most studies has been lower than 

desired. When compared to phenotypes the sensitivity may drop dramatically 

because not all relevant mutations are targeted by rtPCR assays. This can result in 

different sensitivities for the same assay depending on the specifi c mutations present 
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in the population tested. This is demonstrated in the study by Piatek et al. [49] who 

showed different sensitivities when isolates from Madrid, Spain, or New York were 

tested. So, knowledge of the mutations present in the population to be tested is 

required to design an adequate test.

PCR-DNA sequencing has been demonstrated by several groups and can be 

 considered a straightforward PCR followed by DNA sequencing [64,65]. As with 

most PCRs the main problem is effi cient extraction of M. tuberculosis DNA from 

the sample.

Pyrosequencing, although relatively new, has already been applied to the detec-

tion of mutations in M. tuberculosis. It could be considered a type of SNP analysis. 

The gene region of interest is amplifi ed by PCR and the amplifi cation product 

sequenced using a reagent kit and pyrosequencing instrumentation. Mutations were 

detected in the katG and rpoB genes. In addition, discrimination between closely 

related species of the M. tuberculosis complex was possible [66]. The method prom-

ises to be relatively cheap and can be applied to high-throughput situations. Although 

pyrosequencing requires specialized equipment, it can be easily used for the detec-

tion of other mutations in any other gene as well without optimization of the 

detection step. The feasibility of this approach was also demonstrated by another 

group, who sequenced mutations in the rpoB, katG, and embB genes. The analytical 

sensitivity was approximately 45 fg. DNA and sequences were known within 2 h 

after amplifi cation [67].

MICROARRAYS FOR THE DETECTION OF RESISTANCE 
IN MYCOBACTERIUM TUBERCULOSIS

Both high- and low-density arrays have been used to detect resistance in M. tuberculosis. 
A demonstration of the feasibility of low-density microarrays to detect mutations in 

rpoB with fl uorescently labeled DNA amplifi ed from colonies used 53 rifampin-

resistant and 15 susceptible isolates. These were successfully tested using 50 different 

probes specifi c for the wild-type sequence of the RRDR. Results could be obtained 

within 1.5 h after amplifi cation [68]. A small study with only 33 isolates showed the 

feasibility of the method to detect mutations in pncA associated with pyrazinamide 

resistance. The array utilized 79 overlapping oligonucleotide probes covering 

the gene [69]; another study showed similar results with 57 isolates [70]. The array is 

built from a set of oligonucleotide probes specifi c for the wild-type sequence and a 

set  specifi c for the mutations. A similar approach has been used for the detection of 

mutations in rpoB. The results were generally consistent with sequencing data, but 

some discrepant results were obtained from mixed cultures [71]. This can be 

expected, as the ratio of different sequence variants may differ from culture to 

 culture. In addition, the effi cacy of binding to the probes may vary somewhat,  leading 

to insuffi cient signal at low concentrations of the specifi c variant.

A complex microarray has been devised by Mikhailovich et al. [72,73]. The 

 oligonucleotides are not spotted directly onto a glass slide, but a polyacrylamide gel 

pad is generated on the slide. The slide is placed on a Peltier element (heating and 

cooling element) allowing temperature to be controlled. A nested PCR for rpoB 

RRDR with a fl uorescent labeled primer in the second PCR and a discriminating set 
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of oligonucleotide probes was developed. For each mutation, a matching probe was 

present. The labeled amplifi cation product is transferred to the microarray and 

allowed to hybridize for 14 to 18 h. The use of the gel pads also allowed the use of 

PCR (or any other reaction) on the slide. The chip correctly identifi ed all isolates 

with mutant rpoB genes using hybridization in one study and 95% of mutations in 

another [72,73]. In addition, a method based on ligation of two oligonucleotides was 

demonstrated. This assay utilized the fact that DNA ligase can only join two 

 molecules when they are next to each other and that the ligation site is perfectly 

 double-stranded. Therefore, only homoduplexes can be ligated and are detected [72].

STAPHYLOCOCCUS AUREUS

THE PROBLEM OF MRSA

In S. aureus, resistance to methicillin (and thereby by defi nition all β-lactam antibi-

otics) is dependent on the presence of the mecA gene, which encodes PBP2a, an 

alternative penicillin-binding protein that despite its name does not bind β-lactam 

antibiotics and is therefore insensitive to their action. However, not only S. aureus 

may harbor the mecA gene. It is also found among coagulase-negative staphylococci 

(CoNS), including S. epidermidis, which is normally a human commensal. There-

fore, the detection of MRSA in non-sterile sites cannot be achieved by the simple 

detection of S. aureus and the mecA gene. To address the problem of mecA-positive 

CoNS, PCRs have been developed that show a link between the mecA gene and the 

S. aureus genome. These PCRs utilize sequences in the larger genetic elements in 

which mecA is present, the Staphylococcal Cassette Chromosome mec or SCCmec, 

and orfX sequences (into which SCCmec is integrated in the staphylococcal chromo-

some) unique for S. aureus. 
A problem with this approach is that a number of SCCmec variants are known 

and new ones are regularly discovered, and the sequence of these SCCmec types and 

variants show poor homology near the border with the orfX. A PCR using the other 

border between SCCmec and the staphylococcal chromosome is not possible, because 

both the SCCmec sequence at this end and the adjacent staphylococcal chromosome 

sequence are highly variable. Thus, it is very diffi cult to design primers that recog-

nize all known and preferably also undiscovered SCCmec elements. This may result 

in false-negatives and the potential spread of a novel strain of MRSA. Another 

potential problem is the presence of SCCmec-like elements that either have lost the 

mecA gene or never possessed the mecA gene, but are recognized by the primers. 

These false-positive reactions may lead to less-than-optimal antibiotic therapy, 

because vancomycin is often the drug of choice when fl ucloxacillin cannot be 

used. Vancomycin is less effective than fl ucloxacillin and also has more side effects 

[74,75]. In addition, the patient may be kept in isolation to prevent further spread of 

the MRSA in the hospital. This is a costly and for the patient unpleasant procedure. 

Another issue is whether enrichment cultures are needed before the detection of 

MRSA in clinical specimens. This will depend in large part on the method chosen. 

Some methods are only suited for pure cultures and the issue is clear. However, some 

assays are capable of detecting MRSA present at levels of less than 10 CFU per 

specimen, and at times the molecular assay appears to be even more sensitive than 
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culture. However, not all specimens will have loads this low and neither are all assays 

this sensitive. Culture will mean the loss of valuable time, but even the presence of a 

single CFU means the presence of resistant organisms that may become selected 

during antibiotic therapy. One of the safest approaches, if feasible, would be to directly 

perform a molecular assay, and culture additional or leftover material and check the 

next day for growth from specimens that were negative in the molecular assay. 

A large number of straightforward PCR assays for the detection of MRSA have 

been developed and a number of them have been published [76]. Also, multiplex 

PCRs for the simultaneous detection of MRSA and for example, mupirocin resis-

tance or other resistance genes have been described, but these methods usually use 

agarose gel detection of the amplifi cation product and are considered conventional 

PCRs [76–78]. A more advanced form is the color development–based PCR for the 

detection of mecA. In this PCR, one of the primers is biotinylated and the amplifi ca-

tion product is subsequently captured by streptavidin bound in a well. The captured 

product is then hybridized with a horseradish peroxidase–labeled probe. When sub-

strate is added the enzyme yields color [79]. Here we will discuss the more recent 

assays based on probe, rtPCR, and microarray technologies.

MRSA DETECTION BY PROBE-BASED METHODS

A number of probe-based methods have been developed. Often these assays rely on 

a PCR step to obtain suffi cient material and thereby analytical sensitivity, but not all 

assays that have probe-based technology as their main mechanism of recognizing 

particular sequences utilize PCR. The Velogene™ Rapid MRSA Identifi cation Assay 

(ID Biomedical Corp., Canada) uses an isothermal cycling process. In this proce-

dure, a biotin-DNA-RNA-DNA-fl uorescein probe recognizes the mecA gene, and the 

hybrid target DNA-RNA probe is specifi cally recognized by RNase H. The probe is 

cleaved, allowing new probe to bind. The uncleaved probe is captured by strepta-

vidin and detected with an enzyme-labeled antibody directed against fl uorescein. 

When no color develops the sample contains mecA. The method yields good results, 

but is limited to isolates [80]. 

Another isothermal RNA amplifi cation-based test with a color reaction detection 

system had an analytical sensitivity equivalent to only 4 × 106 to 2 × 107 CFU/mL of 

enrichment broth [81]. Unfortunately, this sensitivity is poor in comparison with 

many of the other methods, especially rtPCR-based methods. 

More conventional probe systems are also used. At least one such system is sold 

commercially and has been evaluated in the international literature. The EVIGENE 

MRSA Detection Kit (Statens Serum Institut, Denmark) can be used to detect MRSA 

in positive blood culture bottles. The system uses probes specifi c for nuc (encodes a 

DNA nuclease specifi c for S. aureus), mecA, and 16S rRNA genes. Hybridization, 

capture and color reaction are all performed in microwells. A result can be obtained 

within 7 h after the detection of a positive blood culture. A total of 200 blood bottles 

positive for Gram-positive cocci were evaluated. Eighteen bottles obtained from 

12 patients hybridized with the nuc and mecA probes and 17 of these were also 

 positive in a mecA and femB (involved in cell-wall synthesis in S. aureus) multiplex 

PCR. Although the remaining sample was negative in the multiplex PCR, it was MRSA-

positive in other assays. A few other discrepancies were also noted. Two samples were 
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identifi ed as methicillin-susceptible S. aureus (MSSA) based on a barely positive 

EVIGENE result, but this could not be confi rmed by femB-specifi c PCR. One  sample 

contained S. epidermidis and S. capitis, whereas the other only contained S. capitis. 
Twenty-fi ve of the 200 bottles were negative with the staphylococcal-specifi c 16S 

RNA gene probe, which was confi rmed in 14 cases, but 11 bottles yielded staphylo-

cocci upon culture. Although the authors found the kit user friendly, they did not 

express a clear opinion about the value of the kit [82]. From the data available, it can 

be concluded the MRSA were accurately detected, but the identifi cation of staphylo-

cocci may be less accurate. Another risk may be the presence of mixed cultures, 

which can lead to false-positive results. A second study with the same kit using 242 

CoNS yielded 237 valid tests in which all mecA-positive isolates were correctly 

 identifi ed. In a blood bottle procedure, 67 of 72 S. aureus isolates were correctly 

identifi ed, and the presence or absence of mecA was correctly assigned in all cases. 

Eight of the CoNS containing samples yielded non-valid results, but the others were 

all correctly identifi ed. The invalid results were the consequence of a positive control 

under the specifi ed cut-off [83].

Another kit that utilizes hybridization is the GenoType Version 1, MRSA (Hain 

Lifescience GmbH, Germany). In this system, the mecA and a sequence specifi c for 

S. aureus is amplifi ed and detected by reverse blotting. Testing showed that 138 

MRSA were correctly identifi ed, but fi ve MRSA yielded ambiguous results and 

needed additional testing. The mecA probe also recognized, as expected, the mecA 

gene in CoNS [84]. In another test, the kit detected 12 out of 13 MRSA correctly. 

The analytical sensitivity using blood bottles was 104 CFU/mL [85]. This method is 

therefore not suitable for clinical samples.

REAL-TIME PCR DETECTION OF MRSA
The rtPCR technology in its simplest form amplifies the mecA gene and a 

Staphylococcus-specific gene, in this case femA. Amplification is detected by 

the presence of CYBR Green, a dye that fl uoresces when intercalated into 

DNA, and the identity of the amplifi cation products is confi rmed by their melting 

curves. A potential diffi culty is the closeness of the melting curves of different staph-

ylococci. Generally, it works quite well [86]. Another simple way to detect MRSA 

is the use of a selective broth, which allows growth of MRSA but not MSSA. After 

overnight culture, the nuc gene was detected. The positive predictive value was 

poor (31.8%), but the negative predictive value was high (99.6%). The assay’s role in 

routine diagnostics could be to reduce the workload by eliminating further process-

ing of negative samples [87]. However, this assay has the danger that mecA-positive 

 isolates expressing low levels of methicillin resistance, for example, due to poor 

induction of mecA in isolates containing an intact mecA regulatory region, are 

missed. The choice of a good selective medium may reduce that risk. This is not the 

only assay that does not make use of the full potential of rtPCR; additional assays 

have been described that have a rather poor analytical sensitivity. A method that also 

included automated DNA isolation required an input of 0.5 McFarland [88]. This is 

equivalent to approximately 1.5 × 108 CFU/mL, so the assay is not suited for direct 

assessment of clinical samples. However, assays that specifi cally detect MRSA in 

clinical samples with high analytical sensitivity have been described. Hagen et al. 
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developed an assay using rtPCR and FRET technology. The PCR detected MRSA in 

mixed samples and was evaluated with approximately 250 isolates including CoNS. 

The assay had 98% sensitivity and 100% specifi city. The method also showed  positivity 

after overnight culture enrichment for 20 of 27 swabs culture-positive for MRSA 

among a total of 60 swabs. The analytical sensitivity was less than 10 CFU/swab [89].

Real-time PCR has also been used for the detection of Panton-Valentine leucoci-

din (PVL)-positive MRSA. PVL is encoded in some S. aureus strains, including 

some MRSA strains and especially community-associated MRSA strains. The pres-

ence of PVL is associated with invasive disease, in particular with necrotizing pneu-

monia, an often fatal disease usually found in teenagers and young adults [90]. With 

the increasing appearance of community-acquired MRSA, the number of potentially 

severe infections due to PVL-encoding strains could be increasing and early 

 recognition becomes more important. The assay simultaneously detects the nuc, 

mecA, and the two PVL-encoding genes. An analysis of 1552 phenotypically resis-

tant clinical isolates was performed and 103 isolates were used for validation with 

conventional PCR. This showed complete agreement. The utility of the multiplex 

assay was further established by concordance of the results of 98 PVL-positive 

 isolates that were identifi ed earlier in an rtPCR assay that only detected PVL. The 

specifi city of the assays was stated as good [91]. 

The IDI-MRSA Test (Infectio Diagnostic Inc., Canada) is in principle able to 

identify MRSA in mixed cultures, which include mecA-positive CoNS. The test has 

an orfX-specifi c and a number of SCCmec-specifi c primers. The assay has an internal 

control and utilizes material directly from a swab. The assay can be performed in 

1.5 h under optimal conditions. A fi rst evaluation of isolates clearly proved the 

 principle: 1636 of 1657 MRSA were identifi ed correctly. Twenty-six of 569 MSSA 

were identifi ed as MRSA. None of 62 non-staphylococcal species and 212 methicil-

lin-resistant CoNS and 74 methicillin-susceptible CoNS was positive [92]. The 

 discrepant results for the MRSA might be explained by sequence variants or novel 

types of SCCmec not covered by the primers in the test. The 26 incorrectly identifi ed 

MSSA may at least partly be explained by the presence of SCC elements that lack 

mecA, but are recognized by one of the primers. The sensitivity was 91.75%, the 

specifi city 93.5%, the positive predictive value 82.6%, and the negative predictive 

value 97.1% based on 288 patients [93]. It should be noted these values are  dependent 

on the distribution of SCCmec types and variants. Consequently, these values may 

differ at different geographic locations, for example, countries with high- or low-

endemic prevalence of MRSA or high- or low-endemic levels of community-

 associated MRSA. Based on the fi rst publication, in-house versions have been 

developed and at least one had been published and showed similar results when 

 compared to the other assays [93].

A simplifi ed version of the IDI MRSA Test was developed by Cuny and Witte. 

They used an orfX primer and a 16-mer primer that shows a maximum of two 

 mismatches with different SCCmec types as defi ned by Hiramatsu [94]. One  hundred 

MRSA representing different SCCmec types were detected. None of the 100 MSSA 

and the 130 CoNS, including 90 mecA-positive isolates, was positive in the PCR with 

the exception of a mecA-negative Staphylococcus delphini isolate which gave a weak 

band on agarose gel [95]. 
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A different approach to assess the presence of MRSA in samples with a mixed 

staphylococcal fl ora was chosen by Francois et al. [96]. They developed a quanti-

tative PCR for the mecA gene, the femA gene of S. aureus and the femA gene of 

S. epidermidis, the CoNS most commonly present on humans. This allows the 

 linkage of the mecA gene to either species except when the results indicate that the 

number of gene copies is approximately similar for all three genes. How often this is 

the case in practice remains to be seen. The assay uses 5′-exonuclease probe technol-

ogy together with TaqMan instrumentation, which allows the simultaneous testing 

of 30 samples in less than 6 h. The assay reliably detected 5 CFU of MRSA even in 

the presence of a 1000-fold excess of MRSE and was linear over a 6-log range for up 

to 1 million copies. For optimal performance, the assay uses an immuno-capture 

 procedure with a biotinylated anti-protein A antibody. S. aureus cells (only S. aureus 

carries protein A) that bind the antibody are recovered by paramagnetic beads with 

streptavidin, which recognizes the biotin. Evaluation of 48 clinical samples showed 

that the immuno-qPCR detected all 23 culture-positive samples, but 16 of the 

25 samples considered negative by microbiological methods were also negative in 

the PCR. The others were positive in the PCR. The authors concluded that these 

are possibly false-positives in patients treated for MRSA carriership, suggesting that 

the PCR detects nonviable bacteria [96]. However, these patients relapsed within 

2 weeks. So, one may argue that viable bacteria were present and certainly identifi -

cation of these patients is clinically relevant both in terms of therapy as well as 

infection prevention.

MICROARRAYS FOR THE DETECTION OF MRSA

The fi rst attempts have been made to produce arrays for the simultaneous detection 

of several staphylococcal genes including resistance genes. In these arrays, multiple 

probes are spotted on a solid surface, in this case a membrane, which is hybridized 

with the DNA from the sample that has been labeled in a PCR reaction with biotin 

to allow a color reaction. Although microarrays hold great promise, the analytical 

sensitivity, which is on the order of 107 CFU, is still a major problem [97].

DETECTION OF OTHER RESISTANCE DETERMINANTS IN STAPHYLOCOCCUS AUREUS

Besides fl ucloxacillin, other antibiotics play an important role in the treatment of 

S. aureus infections. These antibiotics include fl uoroquinolones, aminoglycosides, 

macrolides, and glycopeptides. It is therefore not surprising that molecular assays 

have been devised to detect the genes or mutations responsible for some of these 

antibiotic resistances. Although the majority use conventional PCR, fl uoroquinolone 

and erythromycin resistance have been detected with more advanced methods. 

Fluoroquinolone resistance in S. aureus is primarily mediated by mutations in 

codon 80 and 84 of grlA, encoding the A subunit of topoisomerase IV, but mutations 

in grlB encoding the B subunit of topoisomerase IV, and gyrA and gyrB encoding 

DNA gyrase can be involved as well. The mutations can be detected with rtPCR. 

One study described the application of rtPCR to the detection of mutations in gyrA. 

The analytical sensitivity of the test, utilizing molecular beacons as probes, was as 

few as 10 genome copies. The correlation between MIC and the rtPCR results was 
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98.8% [98]. Another assay demonstrated the applicability of denaturing HLPC to 

detect mutations in all four genes involved in fl uoroquinolone resistance [99]. Unfor-

tunately, both tests did not involve clinical specimens or a large number of clinical 

isolates. 

A microarray has been employed to detect resistance to erythromycin. This 

microarray consisted of seven oligonucleotides to detect the seven most important 

genes involved. These genes (ermA, ermB, ermC, ereA, ereB, and msrA/B) were 

 correctly identifi ed [100]. It should be noted, however, that only 18 clinical isolates 

were tested. This makes a good assessment impossible. 

HELICOBACTER PYLORI

INTRODUCTION

H. pylori is a human-specifi c pathogen associated with a variety of diseases inclu-

ding gastric and duodenal ulcers [101]. The antibiotics recommended for fi rst-line 

treatment are clarithromycin and amoxicillin or metronidazole [102]. However, 

resistance against clarithromycin and metronidazole is increasing and probably 

 leading to treatment failures [103]. Resistance to clarithromycin is the result of 

point mutations in the peptidyl-transferase region of the 23S ribosomal RNA (rRNA). 

These point mutations affect the binding of macrolides to the 23S rRNA. Three point 

mutations have been associated with resistance: A2142G, A2143G, and A2142C 

[104–107]. In addition, a T2183C mutation has been described, but its infl uence on 

the susceptibility to clarithromycin is unknown [108]. Several molecular techniques 

have been applied to the detection of these mutations. These include analysis of PCR 

products by restriction enzyme analysis, reverse-line blot assays, oligonucleotide 

ligation assays, fl uorogenic probes, DNA enzyme immunoassay, and denaturing 

HPLC [106,109–113]. With increasing numbers of patients who fail clarithromycin 

treatment, other antibiotics such as tetracycline and fl uoroquinolones are used, but 

resistance against these antibiotics also has been documented. High-level tetracy-

cline resistance is caused by mutations at positions 926–928 in the 16S rRNA gene 

[114]. Resistance to fl uoroquinolones is caused by mutations in the gene encoding the 

GyrA subunit of gyrase [115–117].

PROBE-BASED TECHNOLOGIES

A number of assays have been developed that use the formation of heteroduplexes 

for the detection of mutations. The formation of such duplexes can be determined 

by a variety of techniques, including DGGE and solid phase enzyme color reaction 

schemes.

A DGGE method was demonstrated for the detection of clarithromycin-resistant 

isolates in gastric biopsies. A total of 23 clarithromycin-susceptible and 19 resistant 

isolates was used to optimize the procedure, which identifi ed heteroduplex and 

 modifi ed homoduplex molecules for the resistant isolates. The fi nal evaluation was 

performed on 140 gastric biopsies. The 23S rRNA gene PCR proved to be less sensi-

tive than histology-microscopy, but more sensitive than culture in the detection of 

H. pylori (49.3%, 53.6%, and 39.3%, respectively). The assay detected 25 biopsies 
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with clarithromycin resistance out of a total of 69 PCR-positive biopsies. The muta-

tions and wild-type sequences were confi rmed by DNA sequencing. The T2183C 

mutation alone was also detected, but it yielded a distinct band and could thus easily 

be recognized. In addition, mixed infections, that is, the simultaneous presence of 

resistant and susceptible bacterial cells in the same sample, were detected [118]. 

Unfortunately, the PCR was not sensitive enough to obtain products from all histology-

microscopy and/or culture-positive biopsies and the procedure requires overnight 

electrophoresis.

The preferential homoduplex formation assay (PFHA) is also a heteroduplex 

assay. In PFHA, a PCR is performed with one primer labeled with biotin and the 

other with dinitrophenol. After 23S rRNA amplifi cation, the product is denatured 

and allowed to hybridize with unlabeled wild-type amplifi cation product. The 

 mixture is transferred to a microtiter plate coated with streptavidin, which binds 

 biotin-labeled molecules. The unlabeled wild-type product preferentially recognizes 

wild-type biotin-labeled product from the sample. Because dinitrophenol is not 

 present in this product, an alkaline phosphatase labeled antibody against it is not 

recognized and color cannot develop. The two strands from the amplifi cation prod-

uct from a mutated resistant isolate also preferentially recognize each other. Because 

this product contains dinitrophenol it is recognized by the antibody and color can 

develop. The analytical sensitivity was fi ve organisms using purifi ed DNA. Sensitivity 

of PCR on 254 gastric fl uid samples was higher than for culture (95.7% vs. 89.0%). 

A total of 412 patients had positive samples in the PFHA. Seventy-fi ve samples had 

isolates with mutations associated with clarithromycin resistance and half of these 

showed evidence for mixed infections. The mutations were confi rmed by sequencing 

[119]. However, no details were given on the sequence of wild-type strains or the 

relationship with phenotypic resistance, leaving open the possibility of false- negative 

results with this assay. Gastric fl uid samples proved to be more sensitive than biopsy 

samples with this assay. Furthermore, the PFHA method was more sensitive in the 

detection of mixed infections than was PCR-RFLP [119]. This method is signifi -

cantly improved when compared to an older version by the same group. It has higher 

sensitivity, improved detection of mixed infections, and a higher throughput; 

 however, at least theoretically, not only mixed infections can yield results indicating 

the simultaneous presence of susceptible and resistant isolates, but also mutations in 

only one of the two 23S rRNA genes yield a similar result. This phenomenon has 

indeed been demonstrated by Elviss et al. [120].

An assay using denaturing HPLC yielded comparable results. An analysis of 

81 clinical isolates, including 51 clarithromycin-resistant isolates and 101 H. pylori-
positive gastric biopsies, was performed. The analytical sensitivity with purifi ed 

DNA was fi ve organisms. No amplifi cation of DNA from closely related species or 

other gastric fl ora was observed. All susceptible isolates yielded homoduplexes and 

resistant isolates yielded heteroduplexes. Sequencing confi rmed the presence of the 

known mutations. In addition, the novel C2195T mutation was found. This mutation 

occurred in combination with one of the known mutations. Twenty-fi ve of the gastric 

biopsies showed heteroduplexes including fi ve culture-negative biopsies. DNA 

sequencing showed the presence of the expected mutations [108]. As shown by the 

results, new mutations in the amplifi ed sequences can also be present. The signifi cance 
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for resistance is not clear. Fortunately, the mutation was detected, but when it occurs 

at the edges of a probe or outside the sequence probed, it may be missed. 

Another frequently used hybridization technique for the detection of mutations 

in H. pylori is fl uorescence in situ hybridization (FISH). FISH is performed with 

mutation-specifi c probes on either fresh biopsies or formalin-fi xed paraffi n-

embedded tissue. Published studies including a study of the commercially avail-

able SeaFAST H. pylori Combi-kit showed specifi cities between 94% and 100%, 

whereas sensitivity varied between 97% and 100%. Results are usually obtained in 

3 hrs [121–124]. The assays also are able to detect mixed infections. In one of the 

studies, re-examination of a sample showed that less than 1% of the bacterial cells 

were resistant, and in another study 11 discrepant results were explained as mixed 

infections [122,123]. The tests could also be more sensitive in the detection of 

 infection than other methods. The study with fresh biopsies from 83 infected  children 

showed that hybridization detected 77 positive samples, versus 75 with culture and 

71 with epsilometer testing. However, six isolates were FISH-negative, but positive 

with at least three other methods including histology and different urease breath 

tests [122]. In addition, inactive coccoid forms possibly capable of reversion to 

 vegetative forms were detected in gastric tissue [121].

A PCR-Line Probe assay (LiPA) for the detection of clarithromycin-resistant 

H. pylori also has been developed. The assay was able to detect seven 23S rRNA 

mutations and for typing purposes four and three genotypes in the vacA s-region and 

m-region, respectively. In total, 299 isolates were tested including 130 resistant to 

clarithromycin by MIC-testing; 127 had mutations, whereas 167 of the 169 suscep-

tible isolates were wild type [125]. 

PCR-BASED DETECTION OF MUTATIONS ASSOCIATED WITH 
ANTIBIOTIC RESISTANCE IN HELICOBACTER PYLORI

The PCR-based methods for the detection of antibiotic resistance in H. pylori fall 

into two categories: PCR-RFLP and rtPCR.

The drawback of PCR-RFLP was illustrated in one of the studies, which could 

only detect the A2143G mutation. Sensitivity using fecal samples was as good as or 

even slightly better than ELISA for H. pylori or culture of gastric biopsies. Samples 

that were both ELISA- and culture-negative were also PCR-negative [124]. Unfortu-

nately, a nested PCR was required, increasing the workload and the risk of contami-

nation. Another study included more mutations, but had only two samples with 

clarithromycin-resistant bacteria [126]. The mutations responsible for high-level 

 tetracycline resistance in H. pylori could also easily be detected by PCR-RFLP [127]. 

However, PCR-RFLP failed to detect most mixed infections [128].

A study of 145 isolates combined several PCR-based techniques. The fi rst method 

was called 3′-mismatched PCR (3M-PCR). In 3M-PCR, the last nucleotide of a 

primer does not match with either the wild type or mutant, preventing elongation by 

DNA polymerase in the PCR. The four reactions needed to detect the three muta-

tions associated with clarithromycin resistance were combined in a single reaction. 

In addition, rtPCR (Table 9.3) and PCR-RFLP were performed. 3M-PCR proved the 

best to detect resistant isolates. The analytical sensitivity varied for the different 
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mutations and the wild type. In the rtPCR, the analytical sensitivity was 102 to 104 

CFU; for 3M-PCR, 102 CFU; and for PCR-RFLP, 5 × 103 to 1 × 104 CFU [120].

rtPCR is a tool that also has been used to detect resistance in H. pylori because 

it can rather easily detect a limited number of mutations. This makes rtPCR suited 

to detect resistance against clarithromycin, tetracycline, and fl uoroquinolones in 

H. pylori, and a number of assays have been developed and tested. The data from 

these studies are summarized in Table 9.3. It can be concluded in general that rtPCR 

is both a specifi c and sensitive method to detect resistant H. pylori. However, the 

occurrence of mixed infections, particularly among patients who have failed initial 

therapy, is a point of concern. In particular, the presence of false-negatives is a 

 problem because antibiotic treatment may lead to the quick selection of resistant 

bacteria; however, this is also a problem for the other techniques.

MICROARRAYS FOR THE DETECTION OF RESISTANCE IN HELICOBACTER PYLORI

Xing et al. developed a rather complex microelectronic chip array for the detection 

of H. pylori and resistance to clarithromycin and tetracycline. Detailed description 

of the assay is beyond the scope of this chapter. Briefl y, the target is amplifi ed using 

biotinylated primers and the amplifi cation product is immobilized and hybridized 

with a stabilizer and a fl uorescent detection probe, followed by detection of fl uores-

cence. The assay was specifi c for H. pylori. The analytical sensitivity was 1 × 108 

CFU in stool [136]. Although this may be a promising approach, a number of remarks 

should be made. In the study resistance mutations were detected, but not evaluated 

on a suffi ciently large set of clinical isolates or samples to draw a sound conclusion 

about its capability. Furthermore, it will require specialized equipment to perform 

the assays and the availability of a number of different assays and ease of operation 

may well decide its success. The advantage would be the combination of the detection 

of several mutations, but other array techniques hold similar promise.

FINAL REMARKS FOR THE DETECTION OF RESISTANCE IN HELICOBACTER PYLORI

It should be noted that the interpretation of results obtained with different assays is 

infl uenced by the presence of mixed infections. Some studies used patients who 

failed therapy and especially these patient groups seem to have a higher number of 

mixed infections. Low numbers of resistant bacteria may be missed in some assays. 

This may infl uence the sensitivity and specifi city of the test depending on the gold 

standard used, especially when the gold standard is more effective than the current 

gold standard. Nevertheless, it can be concluded that molecular assays are a valuable 

asset for the detection of resistance in this important pathogen.

NEISSERIA GONORRHOEA

Neisseria gonorrhoea is a relatively diffi cult organism to culture, and antibiotic 

resistance, especially against fl uoroquinolones, is becoming an increasing problem. 

It is therefore not surprising that a number of molecular tests have been developed to 

detect fl uoroquinolone resistance in this organism. Resistance to fl uoroquinolones is 

mediated by mutations in the gyrA and/or parC genes encoding subunits of gyrase 
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and topisomerase. In the A subunit of gyrase, the amino acid substitutions Ser91Tyr 

and Asp95Asn are involved, and in the ParC subunit of topoisomerase IV Asp86Asn, 

Ser87Ile, and Glu91Gly are associated with fl uoroquinolone resistance [137,138]. 

A variety of molecular techniques have been used to detect the associated mutations.

An rtPCR approach has been described that only focuses on gyrA mutations. The 

test employs FRET technology, had an analytical sensitivity of fi ve genome copies 

per reaction, and the reaction can be performed in 1 h. The assay was tested on 55 

isolates and 36 clinical urethral specimens without bacterial culture. The results 

were in complete accordance with DNA sequencing data [139]. A second rtPCR has 

a somewhat different protocol that includes the detection of mutations in parC. Its 

sensitivity was equal to that of the former method, but it uses 5′-exonuclease probes 

as its detection principle. The same amplifi cation products were also used for direct 

sequencing with one of the amplifi cation primers as sequencing primer. The results 

of both methods were in full agreement [140]. A third method relied on DNA 

sequencing of short sequences. Mutations in gyrA were reliably identifi ed [141]. The 

two latter assays were not demonstrated directly on clinical specimens, making an 

adequate assessment of their true potential impossible. The gyrA mutations alone 

were also targeted by a mismatch amplifi cation assay (MAMA). Only when the 

primer matches perfectly is an amplifi cation product formed. A drawback is the time 

needed for the test because the analysis of the product is performed on agarose gel. 

Nevertheless, validation of the assay showed excellent results [142]. 

Denaturing HPLC has been used to detect mutations in both gyrA and parC. The 

results obtained with 81 isolates completely agreed with DNA sequencing results 

[143]. A commercial assay, the Bed-side ICAN NG-QR detection kit (Takara bio, 

Japan) basically also utilizes hybridization to detect mutations. The method is com-

parable to the Velogene kit for resistance determination in M. tuberculosis, except 

that a DNA-RNA probe is used instead of a DNA-RNA-DNA probe. The kit yielded 

a number of false-positive results when compared to MIC data [144]. It can therefore 

be concluded that the kit performed only reasonably and although the kit is called 

“Bed-side” unfortunately no data were provided to show this potential ability.

Microarrays to detect mutations associated with fl uoroquinolone resistance have 

been demonstrated. Two microarray approaches to detect mutations in both gyrA and 

parC have been described. One of the microarray methods used two different fl uo-

rescent labels: one to label the sample DNA and one to label a control. The procedure 

is a bit unusual in that an approximately 250 bp amplifi cation product is used instead 

of the usual approximately 50 bp product. The shorter product allows easier detec-

tion of a mutation. Nevertheless, the results were completely concordant with DNA 

sequencing results [145]. Unfortunately, only isolates were tested. In a different 

microarray approach 87 clinical specimens were tested. The data obtained were 

completely compatible with sequence analysis, and an analytical sensitivity of 

fi ve genome copies could be reached using purifi ed DNA [146]. Both studies show 

the feasibility of designing suitable microarrays for the detection of fl uoroquinolone 

resistance in N. gonorrhoea, but tests on clinical specimens are required to use 

the maximum potential of these tests. 

It can be concluded that a number of different approaches were shown to be 

 feasible for the detection of fl uoroquinolone resistance in N. gonorrhoea. Some of 
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the studies show that analytical sensitivities of fi ve gene copies can be reached, pos-

sibly providing suffi cient sensitivity for direct detection of resistance in clinical 

specimens. This will allow the quick and accurate assessment of fl uoroquinolone 

resistance in clinical specimens suspected of harboring this organism.

ENTEROBACTERIACEAE

Enterobacteriaceae are one of the most important groups of pathogens causing a 

wide range of diseases. They form a large potential reservoir for resistance genes and 

their close relationship offers the potential for exchange of these resistance genes 

between different family members. This is exactly what has happened, and contin-

ues to occur. Many resistance genes are shared by different species of Enterobacteri-

aceae, but also a multitude of different resistance genes or variations on existing 

themes have developed. Examples of the fi rst group are the aminoglycoside-modifying 

enzymes and the TEM ESBLs are an example of the second group. In addition to 

gene acquisition, resistance also can be caused by mutations, for example, fl uoroqui-

nolone resistance. Enterobacteriaceae are fast-growing organisms, and thus a quick 

resistance determination may be important in treating severe illness. Effective 

empiric treatment is still available, and several molecular methods have been devel-

oped that can offer the required speed for detection.

In Enterobacteriaceae, fl uoroquinolone resistance is an increasing problem. 

Resistance is mainly caused by mutations in the gyrA gene that encodes the A sub-

unit of DNA gyrase, but mutations in gyrB, parC and parE, encoding the B subunit 

of DNA gyrase and the two subunits of DNA topoisomerase IV, respectively, can 

also contribute. Mutations in the gyrA gene are clustered in the quinolone resistance 

determining region (QRDR). Several tests have been described that detect fl uoroqui-

nolone resistance in Salmonella and Yersinia pestis. Y. pestis has received increased 

interest because of its potential in biological warfare or bioterrorism.

An rtPCR using FRET technology with three probes (specifi c for Asp87Asn, 

Asp87Gly, Ser83Phe) was described for S. enterica serovar Typhimurium DT104 

gyrA. A total of 92 isolates were evaluated and 86 showed expected mutations. Six 

isolates had a lower melting temperature indicating a mutation, and DNA sequencing 

showed that fi ve isolates had a mutation different from those expected, but a sixth 

had no mutation in gyrA and its resistance was caused by an undetermined mecha-

nism [147]. The reason for the lower melting temperature of these last isolates 

remained unexplained. A rtPCR for Y. pestis using FRET technology could detect 

5 CFU in crude lysates [148]. In another variation, 5′-exonuclease detection techno-

logy was used instead of FRET. This method reached an analytical sensitivity of 

1 CFU with partially purifi ed lysates [149]. Therefore, both methods are rather 

 comparable. However, the performance on clinical samples was not reported.

Denaturing HPLC is another popular method to detect mutations associated 

with fl uoroquinolone resistance in S. enterica and Y. pestis. Evaluation of the method 

for the detection of mutations in gyrA, gyrB, parC, and parE using standard HPLC 

equipment showed that the method correctly predicted the presence or absence of 

mutations for 50 Salmonella isolates when compared to conventional DNA sequencing 

[150]. A second group used a similar approach, but only investigated gyrA mutations. 
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The method clearly identifi ed the mutations and in addition detected more rare muta-

tions. It was shown that an rtPCR method with mutation-specifi c probes required 

additional effort in case no match with one of the probes was found. The authors 

therefore concluded that denaturing HPLC is easier to perform when rare mutations 

are present in the population [151]. The same method has also been used to detect 

mutations in gyrA of Y. pestis. The method was shown to be satisfactory when tested 

on nearly 100 isolates and compared to conventional DNA sequencing [152].

Although tetracycline is an older antibiotic, there is still an interest in it. Further-

more, some of the genes conferring resistance to tetracycline are also responsible for 

resistance against newer tetracyclines including tigecycline [153]. The mechanisms 

of resistance are effl ux, ribosomal protection, and modifi cation of the antibiotic. 

A large number of different resistance genes encode these mechanisms. A number of 

molecular techniques have been developed to detect tetracycline resistance, but these 

are usually limited to a single gene thereby limiting their utility for diagnostic 

 purposes. An example of single resistance determinant assays is an rtPCR assay for 

tetR of Tn10 [154].

β-Lactam antibiotics form an important class of antimicrobials to treat infec-

tions with Enterobacteriaceae. However, resistance to the older members of this class 

is widespread and is increasing against the newer members. The presence of 

β-lactamases is the most important mechanism of resistance. Sometimes the activity 

of these β-lactamases can be blocked by an inhibitor like clavulanic acid or tazo-

bactam. However, β-lactamases that became inhibitor resistant have been described. 

It is therefore not surprising that molecular tests, such as SCCP, have been described 

to detect these β-lactamases [155]. These methods are principally of value as epide-

miological tools.

Trimethoprim is also a frequently used antibiotic to treat infections with Entero-

bacteriaceae and it is usually prescribed in combination with sulfamethoxazole. 

Resistance against trimethoprim is common, however, and can be mediated by at 

least a score of different genes. This makes these genes an important target for 

 epidemiological studies and molecular tests are useful for this purpose. This led, for 

example, to the development of a PCR-RFLP to detect up to 16 different trime-

thoprim resistance encoding genes [156]. Probe-based assays have also been devel-

oped for epidemiological studies of multiple resistance determinants [157]. For the 

same purposes DNA microarrays are being developed. An example is a microarray 

that detects 25 virulence and 23 antibiotic resistance encoding genes in Salmonella 

and enterovirulent E. coli. The array used probes that were amplifi ed by PCR [158]. 

The same method to generate probes for the microarray was also used in another 

study, in which a variety of resistance encoding genes were analyzed [159]. A fi nal 

example of a microarray for epidemiological and surveillance purposes targeted 

 Vibrio spp. It tested for a number of markers including resistance genes and was 

composed of long oligonucleotides [160].

In principle, the use of microarrays holds the possibility to check many  resistance-

encoding genes simultaneously, but much development has to be performed both in 

terms of number of genes and mutations covered, as well as costs, before they can 

compete with conventional phenotypic assays. rtPCR and techniques such as dena-

turing HPLC may have applications in some specialized niches in which resistance 
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levels are high and speed is of importance, for example, in critically ill intensive-

care patients.

CAMPYLOBACTER SPP.

Campylobacter species are an important source of food-borne infections in humans. 

Fluoroquinolones and macrolides are commonly used antibiotics to treat these infec-

tions, but resistance is an increasing problem. Several molecular tests have been 

developed to detect resistance. rtPCR is a popular choice for the detection of fl uoro-

quinolone resistance in Campylobacter. Fluoroquinolone resistance is associated 

with mutations in the gyrA gene. One rtPCR assay using FRET technology easily 

detected mutations at codon 86 in 36 Campylobacter coli isolates [161]. The same 

group demonstrated similar results for Campylobacter jejuni [162]. Another rtPCR 

also focused on codon 86 of C. jejuni and used TaqMan probes. The test had an 

excellent analytical sensitivity by detecting femtogram levels of target genomes. The 

test correctly predicted mutations, although confusion over one isolate remained 

[163]. Mutations in gyrA have also correctly been detected by PCR-SSCP in 162 

C. jejuni isolates [164]. In C. coli the use of PCR-RFLP to detect the mutation at 

codon 86 was demonstrated [165]. 

An LiPA has been developed to detect both fl uoroquinolone and macrolide 

 resistance in C. jenjuni and C. coli. Macrolide resistance is caused by mutations in 

the 23S rRNA. The results from the LiPA agreed with the phenotypic resistance 

determinations for the 42 isolates tested [166]. Another group also tested the LiPA, 

but only on 25 isolates. Nevertheless, the results were satisfactory [167]. The MAMA-

PCR was also successfully applied to the detection of erythromycin resistance in 

both C. jejuni and C. coli [168]. 

PNEUMOCOCCI AND STREPTOCOCCI

With increasing levels of penicillin and erythromycin resistance among pneumo-

cocci, fl uoroquinolones have become more important for the treatment of patients, 

but resistance to this class of antibiotics has now been documented. To study the 

 epidemiology of fl uoroquinolone resistance, PCR assays have been developed to 

detect mutations in parC, parE, and gyrA associated with this resistance. One group 

developed a PCR-RFLP test and a second group developed a PCR-oligonucleotide 

assay [169,170]. The latter assay detected only a few of the mutations that may con-

tribute to fl uoroquinolone resistance. 

A PCR-reverse line blot was developed to detect multiple resistance genes in 

Streptococcus agalactiae, an important cause of neonatal and maternal sepsis. The 

assay involved the macrolide resistance genes ermA/TR, ermB, and mefA/E, the 

 tetracycline resistance determinants tet(M) and tet(O), and the aminoglycoside resis-

tance genes aph-A3 and aad-6. Testing of 512 isolates showed that the assay is well 

qualifi ed for surveillance of antibiotic resistance among group B streptococci [171]. 

A rtPCR using FRET technology was developed for the surveillance of erm- and 

mef-encoded erythromycin resistance among β-hemolytic streptococci (group B, C 

and G streptococci) with the expected results [172]. However, it should be noted that 
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to be useful for diagnostic purposes all resistance mechanisms need to be covered. 

The same argument is valid for most surveillance and epidemiological purposes.

OTHER BACTERIAL SPECIES

For the surveillance and monitoring of antimicrobial therapy, the tetracycline resis-

tance determinant tetQ was monitored along with Actinobacillus actinomycetem-
comitans, Porphyromonas gingivalis, and Prevotella intermedia in dental plaque. 

For this purpose, a quantitative PCR with TaqMan probes was developed. The PCR 

was linear over a range of 10 to 107 copies for the tetQ gene and 102 to 107 for bacte-

rial cells. The authors noted, however, that sampling is critical since it can heavily 

infl uence the outcome of the assay [173]. This example shows that molecular assays 

may also be useful in infections that are currently less well explored.

CONCLUDING REMARKS

Molecular techniques offer the possibility for more timely antibiotic resistance 

 profi les of both slow-growing microorganisms and microorganisms that are diffi cult 

to culture. For severe infections, molecular techniques may provide more rapid 

determination of resistance profi les. This becomes more important with increasing 

antibiotic resistance, which compromises adequate options for empiric therapy. 

Molecular techniques have been described for the detection of antibiotic resistance 

for a large number of resistance determinants and a wide range of bacterial species. 

The development of new molecular techniques always led to quick adaptation for the 

detection of antibiotic resistance. Despite the possibilities offered by molecular tech-

niques, their use is frequently limited to a research setting and implementation in 

routine diagnostics can be problematic. There are a number of reasons for this: 

(1) The cost of molecular tests is (considerably) higher than that of phenotypic tests; 

(2) The number of commercially available tests is limited; (3) The design and valida-

tion of a new assay requires considerable technical and microbiologic expertise, 

especially when the molecular test appears to be more sensitive than the existing 

gold standard; and (4) Often organisms are multi-resistant and multiple genes or 

point mutations are involved. Therefore, commercial assays are limited to a number 

of niche markets such as M. tuberculosis, MRSA, and H. pylori. 
The drawbacks mentioned often limit the application of molecular techniques 

to epidemiological studies for one or a few genes. These are usually detected by a 

 conventional PCR. Conventional PCR has come within the grasp of more and more 

laboratories. The technique is straightforward and simple, especially with the 

development of software programs that help design appropriate primers for any 

gene for which a sequence is known. This simplicity also represents a danger since 

the PCR protocol itself may lead to unexpected amplifi cation products and con-

tamination by other samples or previous amplifi cation products. This requires 

 rigorous laboratory procedures and quality control. Unfortunately, the required 

expertise is not present everywhere and even when present the molecular tech-

niques may provide unexpected challenges. This is underscored by a study by 
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Noordhoek et al. [174], who demonstrated that a considerable number of laboratories 

had diffi culty in correctly identifying samples containing M. tuberculosis. More 

complicated techniques increase the risk for false-negative and false-positive 

results. However, new techniques may help reduce the risks by improved concepts 

and instrumentation.

New techniques also offer possibilities for more effectively coping with large 

numbers of resistance determinants or point mutations. Advances in two areas—

sequencing and microarrays—are potentially important in this respect. Pyro-

sequencing is likely to become an important tool for the detection of point mutations. 

Its ability to inexpensively sequence small (40–50 bp) stretches of DNA make it ideal 

to detect point mutations or single nucleotide polymorphisms (SNPs). Its impact on 

routine diagnostics is diffi cult to predict, but the technique has signifi cant potential. 

Pyrosequencing will certainly become an important tool for research, not only for 

the detection of SNPs, but in conjunction with the new technology introduced by 454 

Life Sciences (U.S.A.) for sequencing of large DNA fragments, such as resistance 

plasmids. Briefl y, DNA is fragmented to random pieces of appropriate size and 

ligated with primers for amplifi cation and sequencing. The fragments are made single-

stranded and bound to microbeads in such a way that only one fragment per bead is 

obtained. The beads are emulsifi ed in buffer oil. Each bead is encapsulated in its 

own buffer capsule. The buffer contains all ingredients for amplifi cation, the 

products of which become bound to the beads. The beads are then prepared for 

pyrosequencing, which is performed in a massively parallel fashion. Up to 

200,000 sequences are generated. Special computer software determines the 

fi nal sequence based on overlapping fragments. The other technique that has the 

potential to become more prominent is microarray technology. Microarrays 

offer the ability to interrogate thousands of genes simultaneously, but relatively 

large numbers of bacteria are required to obtain suffi cient amounts of labeled 

DNA. Another issue is quality control, which becomes more complicated with 

increasing numbers of genes. 

Currently, rtPCR, reverse line blot, and heteroduplex analyses are the most 

important techniques for the detection of antibiotic resistance in routine settings. 

Most studies presented here to detect antibiotic resistance among multidrug-resistant 

isolates do not cover all possible mechanisms. When epidemiological studies show 

that certain mechanisms are either absent or have a very low prevalence, it may be a 

cost-effective approach to ignore rare mechanisms, although the risk exists that some 

of these mechanisms may become more important. The consequences of non-

 detection of resistant isolates are not certain, but it may be expected that these will 

replace other strains and become responsible for new outbreaks of (multi)resistant 

strains. It will therefore be necessary to design surveillance studies to capture 

 resistance mechanisms not included on a routine basis.

Molecular assays have a place in routine diagnosis of antibiotic resistance. In the 

future, with the development of new technologies and improvement of current 

 technologies, the importance of molecular assays for routine detection of antibiotic 

resistance will only increase, although the implementation of these techniques may 

be slower than desirable.
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Streptococcus pneumoniae is still an important human bacterial pathogen. The past 

two decades have witnessed the global spread of resistance to major groups of anti-

pneumococcal drugs and there are no countries free of multidrug-resistant strains. In 

this naturally transformable organism resistance to antibiotics can arise by both 

inter- and intra-species recombination events, enabling resistance acquired by hori-

zontal gene transfer or from point mutation to spread throughout the population. 

However, there is also strong evidence for clonal expansion by the international 

spread of multidrug-resistant strains. Among such successful clones, the Spain23F-1, 

Spain6B-2, and Spain9V-3 in particular have reached the status of pandemic clones. 

All three have emerged as being penicillin-non-susceptible (PNSP) and often resis-

tant to tetracyclines, macrolides, chloramphenicol, or co-trimoxazole. The presence 
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of the most successful, the Spain23F-1 clone, and its other capsular variants, has been 

documented in 42 countries all over the world. The susceptibility-testing results 

 survey done for this study showed that prevalence of PNSP was above 40% in 25 out 

of 96 countries and below 5% in only 8 of them. This chapter offers insight into the 

mechanisms of the antibiotic resistance acquisition in pneumococci, their evolution, 

and the epidemiology of multidrug-resistant strains.

INTRODUCTION

Streptococcus pneumoniae (the Pneumococcus) is the causative agent of pneumonia, 

otitis media, meningitis, and bacteraemia, and a major cause of morbidity and 

 mortality worldwide particularly among the young, elderly, and immunocompro-

mised [1,2]. The past two decades have witnessed the acquisition and global spread 

of  chromosomal and transposon-encoded resistance to the major groups of effective 

antibiotics [3–6]. There is therefore increasing pressure to develop novel therapeutic 

agents. However, in order to understand fully the spread of resistance, we need to 

look jointly at the mechanisms of resistance and the evolutionary processes involved 

in their acquisition and dissemination. For this, we also need a clear picture of 

the population structure of carried and invasive isolates of this naturally transform-

able organism.

The past 60 years of selection by diverse antimicrobials has revealed an exten-

sive range of resistance mechanisms, many of which are dealt with elsewhere in this 

volume. Therefore, in looking ahead to the selection of novel stable targets for 

chemotherapy or vaccination, we need to take account of the processes involved in 

the development of resistance during the past decades. The Pneumococcus and other 

naturally transformable organisms such as Neisseria spp. that evolve by intra- and 

inter-species recombination are perhaps among the most diffi cult to deal with. Many 

of their loci are effectively moving targets [7–9], not only transferring freely from 

one strain to another, but also able to evolve by acquiring highly divergent blocks of 

nucleotides from related species that will generate novel proteins with altered cata-

lytic activities or different antigenic profi les [10–15]. The following gives some 

insight into the role of horizontal gene transfer in the evolution and epidemiology of 

antibiotic-resistant pneumococci.

EVOLUTION OF ANTIBIOTIC RESISTANCE

β-LACTAM RESISTANCE AND CLINICAL CONSEQUENCES

Since its detection in 1967, penicillin resistance in S. pneumoniae has become 

increasingly prevalent worldwide [16]. A S. pneumoniae isolate is considered to lack 

susceptibility when the minimal inhibitory concentration (MIC) of penicillin is 

greater than 0.06 mg/L [17] and is treated as a PNSP. Isolates for which penicillin 

MICs ranged from 0.12 to 1 mg/L fi t the category of intermediate susceptibility 

and high-level resistance to penicillin, when the MIC is greater than 1 mg/L [17]. 

With few exceptions, infections caused by strains intermediately susceptible to peni-

cillin can be successfully treated with other anti-pneumococcal β-lactams, such as 

amoxicillin or the broad-spectrum third generation cephalosporins, cefotaxime, and 
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ceftriaxone [18,19]. However, highly penicillin-resistant isolates are invariably cross 

resistant to a range of β-lactam antibiotics including cefotaxime and ceftriaxone 

[20], posing reduced therapeutic options. In countries such as Spain, Hungary, and 

South Africa lack of susceptibility to penicillin among S. pneumoniae is not only 

found among a high proportion of all pneumococci isolated [21,22], but isolates 

possess levels of resistance to penicillin of 1 to 4 mg/L and occasionally up to 8 to 

16 mg/L [23]. Recent clinical studies have shown that β-lactams are generally still 

useful for the treatment of pneumococcal infections that do not involve cerebrospinal 

fl uid [24,25] as pneumococcal bacteremia caused by PNSP is not associated with 

increased morbidity or mortality [26]; and there is no poorer outcome for pneumo-

coccal pneumonia caused by intermediately resistant strains, when patients were 

treated with amoxicillin [27]. It is less clear whether this is also the case for otitis 

media [28]. Nevertheless, β-lactam resistance is associated with increased costs of 

health care [29] and alternative therapy may well be necessary for organisms express-

ing high-level resistance [30]. The existence and spread of highly penicillin-resistant 

strains [31–34] is potentially a major concern as pneumococci of this phenotype are 

not only more diffi cult or inadequately treated with β-lactams, but also frequently 

non-susceptible to several other anti-pneumococcal drugs [35,36]. 

Role of Penicillin-Binding Proteins in β-Lactam Resistance

Lack of susceptibility to penicillin in clinical isolates of S. pneumoniae is due to the 

presence of high-molecular-weight penicillin-binding proteins (PBPs) that have a 

greatly reduced affi nity for the β-lactam antibiotics [23,37]. No other mechanisms 

of acquired resistance to β-lactams have been described in clinical isolates of 

 pneumococci to date. Although there are numerous alterations to the genes encod-

ing low affi nity PBPs [38,39], several changes within the transpeptidase domain of 

different PBPs have been identifi ed as important in resistance [40,41]. It would 

appear for PBP2X that resistance is due to amino acid substitutions within a buried 

cavity near the catalytic site, which contains a structural water molecule [42]. The 

examination of β-lactam-resistant laboratory mutants has shown that, in addition to 

PBPs, mutations in ciaR/H, cpoA, and murM/N genes could potentially infl uence 

resistance. Although currently these alternative determinants have not been found to 

be directly responsible for increased resistance among clinical isolates [43–45], the 

functional inactivation of murM/N genes has been shown to obliterate high-level 

penicillin resistance in clinical isolates [46]. MurM/N are involved in the sequential 

addition of Ala or Ser, and Ala, respectively, to the Lys residue, which is found on 

the pentapeptide branch of the carbohydrate backbone of peptidoglycan; however, 

the enzymology of these reactions has only just been characterized (Lloyd, dePas-

cale, Bugg, Roper, and Dowson, unpublished data). The prevalence of side branches 

varies from strain to strain, and although reported to be associated with strains 

exhibiting high levels of penicillin resistance, high levels of branching are also 

found in the susceptible isolate R6 [47]. Interestingly R6 was originally selected for 

laboratory use because of its ability to be transformed to penicillin resistance at high 

frequency. The enzymological basis for these differences in crosslinking between 

strains and its possible role in high-level penicillin resistance are the subject of 

 current study (Lloyd et al., unpublished data). 
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The primary target of a β-lactam antibiotic is the essential PBP [48] with the 

highest affi nity for that particular antibiotic, and for many clinically important 

β-lactams this is PBP2X [49]. However, the use of primary target in this context does 

not pre-suppose that this is the only killing target, but rather that which infl uences 

MIC due to the differential affi nities of PBPs for different β-lactam antibiotics. For 

clinical isolates of S. pneumoniae challenged by different β-lactams, either as the 

result of treatment of a pneumococcal infection or during asymptomatic carriage, 

when a different organism is the desired target, there may be selection for the acqui-

sition of different permutations of low affi nity PBPs. High-level resistance to oxacil-

lin requires low affi nity forms of PBPs 2X and 2B [50], cephalosporin-resistant PBPs 

2X and 1A [20,51], and penicillin-resistant PBPs 2X, 1A, and 2B [37]; in laboratory-

derived mutants and recently in a clinical isolate PBP2A has also been implicated in 

resistance [52]. The inevitability of highly penicillin-resistant clinical isolates being 

cross-resistant to other groups of β-lactams now becomes obvious.

Role of Oral Streptococci in the Formation of Mosaic pbp Genes

Low affi nity forms of PBP1A, PBP2B, and PBP2X have arisen initially by the 

 horizontal transfer and recombination of homologous chromosomally encoded 

pbp genes from closely related species of streptococci. S. mitis and S. oralis have 

been identifi ed as two of the species responsible for contributing genetic material for 

the formation of a low affi nity PBP2B in many penicillin-resistant isolates of 

S. pneumoniae [40,53]. However, analysis of pbp genes from a diverse collection of 

resistant isolates has revealed that several additional, as yet unidentifi ed species also 

have been involved in the evolution of these mosaic genes [40]. Recent analysis of the 

population structure of pneumococci and the closely related oral streptococci has 

revealed that isolates identifi ed as S. mitis represent a highly divergent group of 

organisms. In addition, there is a previously unidentifi ed group of organisms that lie 

between S. mitis and pneumococci [54]. These are being investigated as alternative 

DNA donors involved in the evolution of PBPs and a range of pneumococcal viru-

lence determinants. Experimentally it has been shown that oral streptococci with 

MICs for penicillin as high as 64 mg/L can transform pneumococci to this level of 

resistance, although this requires the acquisition of altered forms of PBPs 2A and 1B 

from S. oralis together with 2X, 1A, and 2B [55,56].

Work examining the degree of sexual isolation between pneumococci and the 

related oral streptococci [57] has revealed, as found previously for Bacillus [58], 

a log linear relationship between nucleotide divergence and sexual isolation. 

Apart from the acquisition of novel PBPs by recombination, there is now also 

evidence that mosaic pbp genes have further evolved, by spontaneous mutation, 

altering levels of cross resistance to penicillin and cephalosporins, presumably in 

response to clinical exposure to these different classes of β-lactams [20]. 

DEVELOPMENT OF MULTIPLE ANTIBIOTIC RESISTANCE

Resistance of pneumococci to tetracyclines [59–61], chloramphenicol [62], and mac-

rolides [63,64] is due to acquisition of the highly mobile conjugative transposon 

Tn1545, or related transposons, which may carry one or more of these and other 
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resistance determinants [65,66]. These transposons possess an integration/excision 

system, encoded by the genes int/xis, and terminally associated (host-derived) inte-

gration sequences [67]. Transfer of the transposon from the donor to the recipient 

chromosome involves excision of the element from the host chromosome, formation 

of a covalently closed circular intermediate, entry into the recipient cell, and sub-

sequent integration into its chromosome [67]. The site of integration may be 

 determined by DNA topology rather than sequence specifi city. 

The stability of transposon-encoded resistance within pneumococci has not been 

determined. However, it is clear that members of some multiply-resistant pneumo-

coccal clones do differ in their resistance profi les, that many more allelic variants of 

the tetracycline resistance gene (tetM) are found within pneumococci than previ-

ously described [59], and that different tetM alleles can be found among members of 

the same clonal group [68]. In general, the tetM positive isolates are resistant to all 

clinically available tetracyclines [69] except tigecycline [70]; however, isolates with 

MICs of tetracycline 2 to 4 mg/L (susceptible or intermediate-susceptible [17]), which 

gave positive hybridization signals with tetM probes, have been also described [71]. 

Apart from tetM, presence of two other tetracycline resistance determinants have 

been documented in S. pneumoniae, namely tetO, coding for ribosomal protection 

similar to TetM [72], and the tetK coded effl ux mechanism [73].

Two mechanisms of resistance to macrolides have been described in pneumo-

cocci thus far. Active effl ux due to the acquisition of the mefA gene was identifi ed in 

isolates expressing a low-level resistance to erythromycin (MICs ranged from 1 to 

32 mg/L). Such isolates were once treated as macrolide resistant, but susceptible to 

lincosamides and streptogramins (M phenotype) [74,75]. The second mechanism 

described is based on ribosomal protection due to acquisition of the ermB gene, 

where ermB positive isolates are resistant to macrolides, lincosamides, and strepto-

gramins B (MLSB phenotype) [74,75] and exhibit high-level resistance to erythromy-

cin (MICs above 32 mg/L) [71,76]. MLSB and M phenotypes were also described in 

ermB negative and mefE negative strains indicating the presence of novel genes or 

allelic variants of already identifi ed genes [77]. Finally, the macrolide-streptogramin-

resistant but lincosamide-susceptible S. pneumoniae (so-called MS phenotype) also 

has been described [77].

Pneumococcal resistance to trimethoprim and the sulfonamides, which inhibit 

bacterial purine synthesis, has also been identifi ed [78–80]; however, this is clearly 

chromosomally encoded, and involves alterations to housekeeping sulA (dihydrop-

teroate synthase) and dfr (dihydrofolate reductase) genes within the pneumococcal 

genome. Although point mutations and codon duplications are frequently associated 

with resistance there is also some evidence that inter-species recombination has 

played a role in the evolution of resistance [78]. A similar situation is found in the 

evolution of pneumococcal resistance to rifampicin, where there is evidence of resis-

tance arising due to recombination rather than the more frequently occurring point 

mutations within the gene encoding the β subunit of RNA polymerase (rpoB) [81].

The use of fl uoroquinolones in the treatment of pneumococcal infections has 

resulted in decreased susceptibility [82]. This appears to be due to target alterations 

in DNA gyrase (GyrA) and topoisomerase IV (ParC) [83–85] or to the action of an 

effl ux pump encoded by pmrA [86,87]. Although alterations in GyrA and ParC 
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appear to have evolved by point mutations in S. pneumoniae, it is clear that high-

level quinolone-resistant viridans streptococci also have evolved [88] and may, if 

resistance becomes prevalent, act as a source of resistance genes for pneumococci. 

Recent investigations do show evidence that interspecies recombination has also 

played a role in the evolution of fl uoroquinolone resistance in clinical isolates of 

S. pneumoniae [89]. To date, there are no reports of vancomycin resistance in clini-

cal isolates of S. pneumoniae; however, it has been shown that loss of function of the 

VncS histidine kinase of a two-component sensor-regulator system in laboratory 

strains of S. pneumoniae produced tolerance to vancomycin and other classes of 

antibiotic, indicating that this may be a precursor to the evolution of vancomycin 

resistance in the community [90]. 

EPIDEMIOLOGY OF S. PNEUMONIAE

POPULATION STRUCTURE OF S. PNEUMONIAE

Asymptomatic carriage of pneumococci in the throat or nasopharynx is widespread, 

with carriage rates being especially high in children [91–93]. There is also clear evi-

dence of spread among families [94], and colonization by multiple pneumococcal 

capsular types has also been reported [91]. Some serotypes are particularly associ-

ated with disease in children [95] or adults [96]) and others with carriage [97] or 

HIV infection [98]. However, it is only just becoming apparent that among isolates 

associated with invasive disease there are important virulent pneumococcal clones 

that are responsible for many cases of disease around the world [8] and that these 

clones are also frequently carried asymptomatically [7].

There is clear evidence from population genetic analysis that the pneumococcal 

chromosome is at linkage equilibrium, that is, freely recombining, and that recombi-

nation by transformation and possibly transduction may introduce blocks of nucleo-

tides from other S. pneumoniae strains or other species ranging in size from tens of 

base pairs [99] to tens of kilobase pairs [100,101]. This can result in alterations to 

single loci or whole operons. One therefore has to be careful in epidemiological 

analyses not to rely upon single markers in strain identifi cation, especially if those 

markers are immunologically reactive and liable to change under the selective 

 pressure of the human immune system.

Capsular serotyping has been the cornerstone of pneumococcal epidemiology 

for many years. However, this is a fairly blunt instrument when trying to understand 

the movement and evolution of specifi c pneumococcal clones, especially now that 

serotype exchange among clones is well documented [100,102,103], and the current 

best estimate suggests that serotype exchange may occur among 4% to 6% of isolates 

[7]. Therefore, tracking the spread of prevalent susceptible or resistant clones requires 

the use of techniques, such as pulse fi eld gel electrophoresis (PFGE) [104], restric-

tion fragment end labelling (RFEL) with PBP genotyping [105] or the more recently 

developed multi-locus sequence typing (MLST) [8], or multi-locus restriction typing 

(MLRT) [7]. Clearly, transportability, access to reference strains, and composite 

databases are important for positive strain identifi cation. A database also showing 

clonal variants is especially important for organisms, such as pneumococci, in which 
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clones initially suffi ciently stable to track do start to break down due to the ongoing 

process of recombination.

Apart from tracking the clonal spread of organisms, it is also possible to examine 

the horizontal spread of resistance genes. This has been undertaken successfully for 

the dissemination of pbp genes by restriction fragment length polymorphism (RFLP) 

analysis of amplifi ed pbp gene fragments [102,106], and using similar techniques for 

tetM [68,107].

INTERCONTINENTAL SPREAD OF RESISTANT CLONES

Numerous multidrug-resistant pneumococcal clones have been identifi ed [8], with at 

least fi ve of these shown to be major pandemic clones (http://spneumoniae.mlst.net; 

http://www.sph.emory.edu/PMEN/pmen_ww_spread_clones.html). The oldest and 

most prevalent is pandemic or Spain23F-1. This clone has been reported in 42 coun-

tries (Figure 10.1) across all continents. Isolates of this clone are usually resistant to 

a wide range of anti-pneumococcal drugs, including tetracyclines, co-trimoxazole, 

chloramphenicol, and often macrolides. MICs for penicillin are generally 1 to 

2 mg/L [108], but may reach 8 mg/L [109,110]. Originally of serotype 23F this clone 

has acquired at least eight  distinct capsular type variants: 3 [111], 6B [109], 9V 

[108,111], 7 [112], 11 (http://spneumoniae.mlst.net), 14 [109,111,113–115], 19A (http://

spneumoniae.mlst.net), and 19F [102], with 19F being the most prevalent variant 

reported [71,108,111,113–118]. The early spread of the Spain23F-1 clone from Spain to 

the United Kingdom (Figure 10.1) was highly correlated to holidaymakers returning 

from Spain. Each year approximately 52 million people visit Spain as a holiday des-

tination plus a large number of migrant workers. Together these most likely represent 

the predominant means by which clones originating in Spain have spread worldwide. 

It is not clear whether major international sporting events, such as the 1992 Barce-

lona Olympics, further contributed to this. However, there is clear evidence of other 

pathogens spreading during crowded international gatherings, such as the hajj in 

Mecca, which resulted in an outbreak of meningococcal disease, and measles at 

the International Special Olympic Games in the United States [119]. Given that 

the population of Barcelona is approximately 1.5 million and that the tickets sold 

for the 1992 Barcelona Olympic Games totalled three million (http://www.olympic.

org/uk/organisation/facts/programme/ticketing_uk.asp), it would not be surprising that 

the close proximity of different nationalities at this event may well have played some 

role in the global transmission of the Spain23F-1 clone illustrated in Figure 10.1.

Second in temporal sequence of isolation is the multidrug-resistant Spain6B-2 

clone [116]. This clone spread across Western Europe at the end of the 1980s and the 

beginning of the 1990s [110,116,120,121], and is now present in North and South 

America [112,122–124], Asia [118,125], and Australia (http://spneumoniae.mlst.net).

The third multidrug-resistant pandemic strain is the major penicillin-resistant 

Spain9V-3 clone. This strain was originally intermediately susceptible to penicillin 

and additionally resistant to co-trimoxazole; however, by the mid-1990s, members of 

this clone had acquired resistance to macrolides and chloramphenicol. It is now also 

clear that serotype 14 variants of this clone are widely distributed in France [110], 

Denmark, Spain, Uruguay [100], Poland [100,126], Portugal [127], the Netherlands 
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[113], Mexico [109], and Colombia [128]. 23F variants of this clone have been 

described in Germany [121], and 11A in Israel [129]. Presence of the Spain 9V-3 has 

been reported on all continents except Australia (http://www.sph.emory.edu/PMEN/

pmen_ww_spread_clones.html). 

Intercontinental spread of at least two other clones indicate their pandemic 

potential, namely England14-9 [130] reported thus far in fi ve European countries, the 

United States, Argentina, and Australia, and Taiwan19F-14 [118] reported in three 

FIGURE 10.1  International spread of pandemic multidrug-resistant Streptococcus 
 pneumoniae clone Spain23F-1. Dots indicate the year of the strain appearance in a particu-

lar country (timeline at the top and the bottom of the graph). Asterisks indicate countries 

where single locus variants of the dominant Spain23F-1 type ST81 (but not ST81 itself) were 

identifi ed by MLST. Squares show cumulative number of countries (right Y-axis) in which 

presence of the clone was reported up to the particular year. Countries in alphabetical order: 

Argentina [153], Australia (http://spneumoniae.mlst.net), Brazil [112], Bulgaria [76], Canada 

[154], Chile [155], Colombia [128], Croatia [117], Czech Republic (http://spneumoniae.mlst.

net), Denmark (http://spneumoniae.mlst.net), Egypt (http://spneumoniae.mlst.net), Finland 

(http://spneumoniae.mlst.net), France [156], Germany [121], Greece [113], Hong Kong [115], 

Hungary [121], Iceland [157], Italy [71], Japan [158], Malaysia [158], Mexico [159], New 

Zealand [160], Norway (http://spneumoniae.mlst.net), Poland [126], Portugal [131], Singa-

pore [158], Spain [116], Sri Lanka [161], Russia (http://spneumoniae.mlst.net), South Africa 

[116], South Korea [117], Sweden [162], Switzerland (http://spneumoniae.mlst.net), Taiwan 

[158], Thailand [132], Turkey [163], the Netherlands [164], Uruguay [165], United Kingdom 

[102], United States [4], and Vietnam [166].
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Asian countries, South Africa, the United Kingdom, Greece, the United States, and 

Australia (http://www.sph.emory.edu/PMEN/pmen_ww_spread_clones.html). 

Despite the fact that there is some degree of similarity observed in resistance 

profi les of particular pandemic clones, different genes or even mechanisms of 

 resistance might be responsible for similar phenotypes. For example, among the 

Spain23F-1 clone isolates collected in the United States in 1996 to 1997, both ermB 

and mefE genes coding for macrolide resistance were observed [114]. Isolates of 

MLSB and M phenotypes were observed among Taiwanese PNSP of the same clone 

isolated in 1996 to 1997 [118]. Moreover, early Bulgarian [76], Italian [71], and 

 Portuguese [113,127,131] isolates of this pandemic clone were susceptible to macro-

lides. This might indicate that antibiotic resistance profi les vary in particular clones, 

rather than exhibiting an immutable pandemic pattern. Fluidity in resistance profi le 

would enable strains to respond to local or national variations in prescribing policy.

There are also several currently more geographically restricted national clones 

of multidrug-resistant pneumococci (http://www.sph.emory.edu/PMEN/pmen_ww_

spread_clones.html), most of them expressing intermediate susceptibility to penicil-

lin [108,126–128,132]. One of the best described is the 19A Hungarian clone [121,133], 

which has been responsible for one of the highest frequencies of resistance to peni-

cillin observed worldwide [134]. Perhaps surprisingly, the spread of this clone 

appears to have been restricted to the Czech Republic [133]. This was possibly due 

to the socio-economic situation in Europe prior to the end of the 1980s, when travel-

ing and mass migration were restricted in former Eastern Bloc countries.

Multidrug resistance in pneumococci is not only observed in PNSP. Penicillin-

susceptible serotype 3 strains that are resistant to macrolides, lincosamides (MLSB 

phenotype) and tetracyclines have been isolated in South Africa [135], and penicillin-

susceptible serogroup 6 strains resistant to macrolides and lincosamides, tetracy-

clines, co-trimoxazole, and chloramphenicol have been isolated in Greece [136]. 

Penicillin-susceptible, multiply-resistant serotype 5, 6, 11, and 23 strains have also 

been  isolated in Colombia [137], Portugal [127], and Hong Kong [138].

PREVALENCE OF PNSP WORLDWIDE

Lack of susceptibility to penicillin is the most often analyzed mechanism of resis-

tance in pneumococci, and for this reason, it is an accepted marker of overall non-

susceptibility despite the fact that it is not always a dominating mechanism of 

resistance. Analysis of reports for which data for more than three different antimicro-

bial group drugs were available revealed that lack of susceptibility to penicillin was 

only the third most common mechanism of resistance, after lack of susceptibi lity to 

tetracycline or co-trimoxazole.

A compilation of published data for the prevalence of PNSP in 96 countries is 

presented in Figure 10.2. A map for the year 1999 published in the fi rst edition of this 

book [139] presents data collected mostly in the 1990s. The map for the year 2007 

presents data published since then, with the exception of Bangladesh, Papua New 

Guinea, Pakistan, Serbia, and Zambia, for which no new reports were available. 

 Surveys did not necessarily cover the same period. When more than one source of 

data was available for the particular country, the most recent or largest dataset is 

cited. Results for invasive pneumococcal  diseases had priority over non-invasive and 
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FIGURE 10.2 The worldwide prevalence of penicillin-nonsusceptible pneumococci (PNSP, 

penicillin MIC >0.1 mg/L). Countries shown in light gray represent those with <5% PNSP (cat-

egory A), in dark gray those with 5% to 20% PNSP (category B), in black-white stripes with 

20% to 40% PNSP (category C), and black with over 40% PNSP (category D). No data were 

available for unshaded areas. The small framed map shows the prevalence according to data 

published up to the year 1999 [139]; the main map shows results of the surveillances published 

between 1999 and 2007. In 2007 within category A were: Burkina Faso [167],  Denmark [168], 

Estonia [169], Jamaica [171], the Netherlands [172], Nicaragua [173], Norway [174], and the 

United Kingdom [175,176]. Within category B were: Australia [177,178], Austria [179], Ban-

gladesh [180], Belgium [181,182], Bulgaria [183], Canada [184], Costa Rica [185], the Czech 

Republic [186,187], Ethiopia [188], Fiji [189], Finland (www.ktl.fi /extras/fi re), Gambia [190], 

Germany [182], Iceland [191], Indonesia [192,193], India [161,170,194], Ireland [195], Italy 

[182,196], Latvia [187], Lithuania [187,197], Morocco [198,199], Mozambique [200], New 

Zealand [201], Nigeria [202], the Philippines [161,194], Pakistan [193], Poland [203,204], 

Russia [205], Rwanda [206], Slovenia [207,208], Sweden [209], Switzerland [141,182], 

 Tanzania [210], United Arab Emirates [211], Yemen [212], Zambia [213]. Within category C 

were: Algeria [199], Argentina [214,215], Brazil [216], Central Africa Republic [217], Chile 

[215,218], Colombia [215], Côte d’Ivoire [198,219], Croatia [187,220], Dominican Republic 

[221], Egypt [199,222], Ghana [223], Hungary [224], Iran [225], Israel [226,227], Jordan 

[199], Malawi [228], Malaysia [194], Panama [229], Peru [230], Portugal [231], Trinidad and 

Tobago [232], Tunisia [199,233], Turkey [234,235], the United States of America [142,144], 

Venezuela [215,229], Yugoslavia/Serbia [236], Zimbabwe [32]. Within category D were: 

China [194,237,238], France [33,182], Greece [239], Hong Kong [194], Japan [240,241], 

Kenya [242], Kuwait [243,244], Lebanon [245], Mexico [215,246,247], Papua New Guinea 

[140], Qatar [248], Romania [187,249], Saudi Arabia [161,250], Senegal [198], Singapore 

[161,194,251], Slovak Republic [187], South Africa [252], South Korea [161,194], Spain 

[182,253], Sri Lanka [161,194], Taiwan [161,194,254], Thailand [161,194,255], Uganda 

[256,257], Uruguay [215], Vietnam [161,194,258].
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the carriage data were presented when no other were available. Only in a few coun-

tries were ongoing nationwide surveys on PNSP prevalence conducted. For many 

places results from limited geographic areas (mainly highly urbanized), short peri-

ods of time or only pre-selected groups of patients were available. Since it is docu-

mented that the prevalence of PNSP depends upon type of infection [140,141], patient 

group (e.g., HIV positive vs. HIV negative) [32], and group age [142], results of this 

analysis should be treated with caution, as each may not represent a broad picture of 

PNSP distribution.

For purposes of this study, the prevalence of PNSP was described by four 

 arbitrarily chosen categories based on the percentage of PNSP among clinical or 

 carried S. pneumoniae isolates [139]: category A—countries for which percentage of 

PNSP was below 5%; category B—prevalence of PNSP ranged from 5% to 20%; 

 category C—PNSP ranged from 20% to 40%; and category D—prevalence of PNSP 

was above 40%.

The following countries changed category between 1999 and 2007 to a higher 

prevalence of PNSP: Malaysia, China (two categories up), Greece, India, Kenya, 

Saudi Arabia, Singapore, Slovak Republic, South Africa, and Uruguay; or to a lower 

PNSP prevalence: Norway, Australia, Bulgaria, Croatia, Hungary, Indonesia, 

Rwanda, Turkey, and the United Kingdom. The signifi cance of these changes is 

uncertain, since for the majority of countries the category remained the same over a 

decade. Changes in the category may refl ect different populations sampled, but can 

also show the effect of positive or negative selection. Increase in resistance, usually 

attributed to selective pressure applied by antimicrobial therapies, is well docu-

mented for pneumococci. There is also evidence that intervention can lead to an 

increase in the susceptibility of S. pneumoniae population under selective pressure. 

In the United States, PNSP were associated with serotypes targeted by the pneumo-

coccal conjugated vaccine licensed in 2000. Here the incidence of antibiotic- resistant 

invasive disease declined substantially after vaccine introduction into the routine 

childhood immunization program [143,144]. The impact of vaccination was also 

 signifi cant for some other forms of resistance [144].

SUMMARY AND FUTURE PROSPECTS

There has been a substantial increase in antibiotic resistance observed in pneumo-

cocci within the last decade. This has been directly connected with the spread of 

particular pandemic clones of multidrug-resistant strains, and the development of 

local epidemic strains. There are no countries that are free of multidrug-resistant 

PNSP; however, there are pronounced differences observed in the frequencies of 

PNSP even between neighboring countries. As to whether this is due to differences 

in antibiotic usage policies, to vaccination strategies, or to other factors is unclear. 

Interestingly, the development of multivalent conjugate pneumococcal vaccines may 

have a signifi cant impact upon the prevalence of antibiotic resistance. Included 

within the polyvalent vaccines are those childhood-associated serotypes 6B, 9V, 14, 

and 23F that represent the burden of pandemic multi-resistant clones. Eradication of 

these serotypes from the vaccinated population will hopefully reduce the frequency 

of their occurrence among other non-vaccinated members of the population [145]; 
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however, this is little comfort to countries unable to afford or implement mass 

 vaccination programs. Moreover, it is unclear in the mid- to long term whether 

restricted valency vaccines will select for new pandemic clones from serotypes 

beyond the scope of the proposed vaccines or lead to the evolution of novel capsular 

types. Furthermore, modeling the impact of conjugate vaccines upon the prevalence 

of penicillin resistance strongly suggests that vaccination alone may not be success-

ful in controlling selection for resistance in S. pneumoniae [146]. It is clear, however, 

that continued selection for resistance will continue and that relative levels of anti-

biotic consumption are important [147–149]. To lengthen the lifespan of existing and 

future agents, it has been proposed that national drug prescribing policies combina-

tion therapy or cycling may prove useful [150]. For pneumococci, it is clear that 

increased doses of amoxicillin are effective against disease and the spread of PNSP 

and strains with intermediate levels of resistance [151]. However, modeling the 

 population impact of upgrading the dose of amoxicillin suggests that the use of high 

doses may well facilitate the spread of highly penicillin-resistant strains [152].

Time will tell whether the commencement of mass conjugate vaccination and 

upgrading doses of antibiotic ushers in a decline in global pneumococcal infection 

or just another phase in the evolution of this highly adaptable organism.
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INTRODUCTION

Enterococcal infections can be among the most challenging problems encountered 

in the practice of clinical infectious diseases. The Enterococcus is the third most 

common pathogen causing left-sided, native valve infective endocarditis, after strep-

tococci and Staphylococcus aureus [1]. Because enterococci are typically resistant to 

killing by penicillins or glycopeptides alone [2], successful treatment has usually 
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required combinations of cell wall-active agents with aminoglycosides that achieve 

synergistic bactericidal activity in vitro [3]. Such regimens, when they can be 

employed, may be associated with signifi cant toxicities. However, in some cases, 

resistance to either the cell wall antibiotic or to the aminoglycoside, or to both 

 components, can preclude the possibility of even attaining bactericidal synergism 

with such combination regimens [4].

Ominously, in recent years, enterococci resistant to multiple antimicrobial agents 

have become increasingly prevalent in the hospital environment. In one worldwide 

surveillance study from 2000 to 2004, Enterococcus spp. accounted for 12.3% of 

more than 9000 bacterial isolates collected from intensive care unit (ICU) patients 

in 29 countries, second in frequency only to S. aureus [5]. More than half of these 

enterococcal isolates were resistant to tetracycline, levofl oxacin, and quinupristin-

dalfopristin; 28% were resistant to ampicillin; and approximately 20% were non-

 susceptible to vancomycin. From ICUs in the United States, even higher rates of 

vancomycin resistance have been reported. Vancomycin-resistant strains accounted 

for 28.5% of enterococcal isolates identifi ed in 2003 as nosocomial pathogens, which 

represented a 12% increase over the previous fi ve-year average [6]. Such vancomycin-

resistant enterococci (VRE), which are predominantly Enterococcus faecium, are 

commonly resistant to multiple older antibiotics [7], necessitating the increased use 

of newer antimicrobials for therapy. Because infections caused by VRE often occur 

in patients who have signifi cant underlying medical conditions, who are immuno-

compromised, or who have undergone surgical procedures, the additional clinical 

burden of these infections is high [8–11]. Costs associated with these infections and 

with their treatment contribute to escalating health care expenditures.

Vancomycin resistance genes originating in enterococci have now been found in 

several clinical isolates of S. aureus [12]. This validates concerns expressed more 

than a decade ago that VRE may serve as a reservoir of genes that could confer upon 

staphylococci resistance to glycopeptides [13], the principal antibiotics for treatment 

of infections caused by methicillin-resistant strains.

RESISTANCE TO ANTIBIOTICS ACTIVE ON 
THE CELL WALL OR CELL MEMBRANE

β-LACTAM ANTIBIOTICS

Target-Based Resistance: Low-Affi nity Penicillin-Binding Proteins

Resistance in Enterococcus faecalis
The inhibitory activity of penicillin against various enterococcal species is infl uenced 

by the amounts and relative binding affi nities for penicillin of penicillin-binding 

proteins (PBPs) found on the cell membrane of these organisms [14–18]. Enterococcus 
faecalis are generally susceptible to ampicillin, with minimal inhibitory concentra-

tions for 90% of isolates (MIC90s) at 1 to 2 μg/mL [19]. The presence of a high-

molecular-weight (74 kDa) PBP, designated PBP5, contributes to the relatively high 

MICs of penicillins in this species and results in high-level resistance to ceftriaxone. 

Deletion of pbp5 results in a >1000-fold reduction in MICs of ceftriaxone, and a 

more modest four-fold reduction in MICs of ampicillin from 2 to 0.5 μg/mL [20].
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However, the presence of PBP5 per se may not be suffi cient for resistance to 

β-lactam antibiotics in E. faecalis. Despite the normal expression of PBP5, deletion 

of the croRS locus, which encodes a two-component regulatory system responsive to 

the presence of ceftriaxone in growth media, resulted in a 4000-fold increase in 

 susceptibility to ceftriaxone and a four-fold increase in susceptibility to ampicillin, 

changes identical in magnitude to those observed with deletion of pbp5 [21]. The 

croRS deletion also resulted in large decreases in MICs of cefuroxime and cefepime, 

and more modest reductions in MICs of cephalothin, imipenem, and other β-lactam 

antibiotics. The mechanisms involved are unknown, as there were no apparent 

changes in PBP patterns, cell wall precursors, or muropeptides produced [21]. A later 

study showed that a croR mutant was more susceptible than the parent E. faecalis not 

only to ampicillin and cefotaxime, but also to the non-β-lactam cell wall-active 

 antimicrobial, d-cycloserine [22].

Two isolates of E. faecalis with ampicillin MICs of 32 to 64 μg/mL were 

described, which had commensurate increases in resistance to penicillin (MIC, 

64 μg/mL) and imipenem (MIC, 16 μg/mL) [23]. These isolates were β-lactamase-

negative, but demonstrated increased amounts of PBP5 and relative reductions in 

binding of penicillin to PBPs 1 and 6. Ono et al. [24] studied a series of E. faecalis 

urine isolates with ampicillin MICs of 1, 8, or 16 μg/mL (imipenem MICs of 0.5 to 

1, 4, and 32 μg/mL, respectively). As measured by competition assays, the affi nity of 

ampicillin and imipenem for PBP4 diminished in parallel with increases in MICs. 

Sequencing of the pbp4 gene revealed that in comparison with an ampicillin-

 susceptible clinical isolate, single amino acid substitutions (Tyr605His) were found 

in PBP4 for isolates with ampicillin MICs of 8 μg/mL, and double substitutions 

(Tyr605His, Pro520Ser) in those with MICs of 16 μg/mL [24].

Recently, attention has been drawn to another phenotype of E. faecalis. These 

isolates are susceptible to ampicillin (MICs, ≤2 μg/mL), but disproportionately 

 resistant to penicillin (MICs, ≥16 μg/mL) and imipenem (MICs, 4 to 16 μg/mL) [25]. 

Mechanisms accounting for this dissociated resistance are under investigation. 

 However, the existence of such isolates is important to recognize, so that imipenem 

or penicillin susceptibilities can be determined directly (i.e., not just inferred from 

ampicillin susceptibility test results) if these antibiotics are used to treat E. faecalis 

infections.

Resistance in Enterococcus faecium

As a species, clinical isolates of E. faecium are considerably more resistant to peni-

cillins than are E. faecalis. Grayson et al. [26] examined a collection of E. faecium 

recovered from clinical specimens in Boston from 1989 to 1990 and reported an 

ampicillin MIC90 of 128 μg/mL. Such high levels of resistance to penicillins are a 

relatively recent development in this species. For isolates collected over the pre-

ceeding 20 years (1969 to 1988) in the same laboratory, the MIC90 of ampicillin was 

32 μg/mL. Twenty-four isolates collected from an antibiotic-naïve population on the 

Solomon Islands in 1968 were substantially more susceptible to ampicillin, with an 

MIC90 of 2 μg/mL [26].

Resistance to penicillins in E. faecium has been associated with production of a 

low-affi nity penicillin-binding protein, PBP5. Loss of this non-essential PBP can 
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render strains highly susceptible to penicillins, reducing ampicillin MICs to as low 

as 0.03 to 0.06 μg/mL [27,28]. Examination of clinical isolates with varying degrees 

of penicillin resistance found a correlation between modestly elevated MICs up to 

64 μg/mL and increased expression of PBP5. At higher MICs, point mutations in 

pbp5 were observed, and these were associated with further decreases in affi nity of 

the PBP for penicillins [29–32]. The role of specifi c mutations in pbp5 was investi-

gated by introducing mutated copies of the gene situated on plasmids into a strain of 

E. faecium that had spontaneously lost its native copy of the gene [33]. This study 

showed that individual mutations found in clinical isolates modestly raised ampicil-

lin MICs. A combination of three amino acid substitutions, together with a Ser466′ 
insertion, near the active site raised the ampicillin MIC to 185 μg/mL. Reduced 

affi nities of the mutant PBPs for penicillin correlated with increased ampicillin 

MICs against the strains [33].

Rice et al. [34] have shown that the pbp5 gene located on the E. faecium 

 chromosome is a transferable element. By conjugation experiments, several 

 ampicillin-resistant strains from humans or turkeys were shown to transfer 

 ampicillin resistance into a pbp5-deleted recipient at frequencies from 5 × 10−10 to 

3 × 10−7. The donor pbp5 was preferentially inserted into the region from which 

the recipient copy had previously been excised. They postulated that such 

 transferable resistance genes may have contributed to the rapid emergence of 

ampicillin-resistant E. faecium in the United States [34]. The authors had shown 

in an earlier paper that resistance to ampicillin and to vancomycin could be 

co-transferred from E. faecium in which the VanB mobile element Tn5382/1549 

was genetically linked to pbp5 [35,36].

Another target-based mechanism of β-lactam resistance has now been described 

in E. faecium, which is distinct from that attributable to low-affi nity PBPs. Mainardi 

et al. [37] selected ampicillin-resistant mutants (MIC, >2000 μg/mL) from a highly 

susceptible parent strain lacking pbp5 (MIC, 0.06 μg/mL). Examination of 

the peptidoglycan produced demonstrated that the native d-Ala → d-Asp-l-Lys 

(or d-Asn-l-Lys) crosslinks, formed by dd-transpeptidases that are inhibited by peni-
cillin, had been completely replaced in the mutant by l-Lys → d-Asp-l-Lys (or 

d-Asn-l-Lys) crosslinks formed by a penicillin-insensitive ld-transpeptidation 

 reaction. Study of mutants derived by step-wise selection demonstrated that the 

native peptidoglycan was gradually replaced by the novel crosslinks [38]. The ld-

transpeptidase could be detected in the parent as well as in the mutants; however, 

resistance was accompanied by the appearance of large amounts of the tetrapeptide 

precursors for the ld-transpeptidation. This suggested that a β-lactam-insensitive 

dd-carboxypeptidase that was not detectable in the parent determined the extent 

to which novel crosslinks were formed [38]. This enzyme would cleave the terminal 

d-Ala from the usual pentapeptide substrate for dd-transpeptidation, tipping the 

 balance toward the penicillin-insensitive cell wall components. PBPs of the highly 

ampicillin-resistant mutant and their affi nities for β-lactams were similar to those of 

the parent strain. Homologs of the ampicillin-insensitive ld-transpeptidase, desig-

nated Ldtfm, were detected in other Gram-positive species, including E. faecalis and 

Bacillus anthracis [39]. The crystal structure of a catalytically active fragment of 

this transpeptidase has been reported [40].
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β-Lactamase Production

Investigators have long searched for β-lactamases as an explanation of the relative 

resistance of enterococci to penicillins. β-Lactamase-producing E. faecalis were fi rst 

identifi ed in the early 1980s in Texas and Pennsylvania [41,42] but are very rare. 

Isolates have also been characterized from elsewhere in the eastern United States, 

Argentina, and Lebanon [43,44]. A single isolate of a β-lactamase-producing 

E. faecium was detected in a medical center in Virginia where β-lactamase-producing 

E. faecalis were endemic [45]. More recently, a β-lactamase-producing E. faecalis 

isolate was recovered in Australia, [46] and β-lactamase-positive isolates of both 

E. faecalis and E. faecium were reported from a liver transplant center in China [47].

Exactly why β-lactamase-producing enterococci remain so uncommon is not 

clear because large outbreaks of colonization or infection or both have been reported 

[48,49]. These isolates cannot be detected reliably by susceptibility testing to 

 penicillin or ampicillin. The level of β-lactamase produced is low, so that MICs 

determined under standard testing conditions will usually not exceed those of non-

β-lactamase-producing isolates. High inoculum testing can demonstrate a large 

increase in the MIC of these penicillins [42]; however, direct detection of the 

β-lactamase by nitrocefi n hydrolysis is preferred.

Initial studies with β-lactamase-producing enterococci showed that the 

β-lactamase gene, blaZ, was of staphylococcal origin, and typically on transferable 

plasmids that also encoded high-level gentamicin resistance [50–52]. Enterococci 

express the β-lactamase gene constitutively. This has been attributed for the most 

part to absence or alteration of the regulatory genes found in staphylococci. How-

ever, transfer of genes from a strain of E. faecalis that constitutively produced 

enzyme despite having intact regulatory genes, resulted in inducible expression of 

the enzyme in a staphylococcal recipient, suggesting that additional, unknown host 

factors infl uence β-lactamase production [52,53].

β-Lactamase genes have been located on the chromosome of several E. faecalis 

isolates [54]. Rice et al. [55] determined that blaZ was on an approximately 65-kb 

chromosomal composite element, Tn5385, containing transposons and insertion 

sequences (of both staphylococcal and enterococcal origins) and encoding resistance 

to erythromycin (ermAM), tetracyclines [tet(M)], mercury (merRAB), streptomycin 

(aadE), and gentamicin (aac6′-aph2″).

The fi rst reported β-lactamase-producing E. faecalis from Houston, as well as 

isolates from hospital outbreaks in Virginia and North Carolina, belong to a clonal 

cluster that also includes the fi rst vancomycin-resistant E. faecalis detected in 

the United States, and a number of other highly pathogenic clinical isolates [56]. 

β-Lactamase-producing E. faecalis recovered in Connecticut and Argentina belong 

to an unrelated clonal group, while the lineage of strains from Boston and Lebanon 

appears unrelated to either [56].

GLYCOPEPTIDES

The glycopeptides provide important alternatives to penicillins for patients intoler-

ant of those agents or who have infections due to enterococci that are resistant to the 

penicillins. In the mid-1980s, reports of enterococci demonstrating resistance to 
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vancomycin began to emerge, primarily as nosocomial pathogens. A decade later, 

more than 15% of U.S. nosocomial bloodstream isolates of enterococci were vanco-

mycin resistant [57]. The National Nosocomial Infections Surveillance System 

reported that in 2003, 28.5% of enterococci recovered from infections in patients 

hospitalized in U.S. intensive care units were vancomycin resistant [6]. An indepen-

dent surveillance project of hospital laboratories across the United States undertaken 

in 2004 reported that 72% of E. faecium isolates were by that time resistant to 

 vancomycin [58].

Certain strains of VRE appear to be particularly well suited to persist within 

healthcare institution environments. In the mid-1990s, within months of its introduc-

tion into a Boston hospital from an affi liated medical center where it had been 

endemic, one clonal type of VRE became dominant over the dozen or so strains 

 circulating at the time [59]. Multi-locus sequence typing studies have shown that 

vancomycin-resistant E. faecium belonging to a globally distributed clonal lineage 

(designated clonal complex-17) appear to be particularly well adapted to the hospital 

environment [60]. These organisms are characterized by ampicillin resistance and 

by the presence of a putative pathogenicity island.

The appearance of VRE in hospitals has major repercussions on health care 

resources [61,62]. Environmental contamination of the hospital environment can be 

extensive. Some hospital rooms become so widely contaminated that extraordinary 

cleaning procedures (e.g., taking up to four hours) are necessary to decontaminate 

a vacated room successfully, in order to minimize the risk of VRE acquisition 

by subsequent occupants [63]. Some patients who acquire VRE may harbor these 

organisms in their gastrointestinal tracts for years [64].

Phenotypic Descriptions of Glycopeptide Resistance Classes

Glycopeptide resistance in enterococci results from modifi cation of peptidoglycan 

precursors, such that effective binding by the glycopeptide with resulting inhibition 

of cell wall synthesis is prevented. Following early reports describing VRE, pheno-

typic classifi cation schemes were developed based on species identity and levels of 

resistance to vancomycin and teicoplanin [65].

The VANA phenotype described isolates with inducible, high-level (MIC typi-

cally greater than 64 μg/mL) resistance to vancomycin and resistance to teicoplanin. 

These were generally E. faecium or E. faecalis. The VANB designation was applied 

to strains of these species that were resistant to vancomycin, but susceptible to teico-

planin [65]. Although vancomycin MICs were generally lower than those of VANA 

strains, the range was broad (4 to >1000 μg/mL), sometimes overlapping the MIC 

range of susceptible isolates [66]. Limitations of phenotypic classifi cation schemes 

soon became evident. For example, mutants derived from VANB enterococci were 

described that had become resistant to teicoplanin [67]. Such isolates thus resembled 

VANA strains. Enterococcus gallinarum and Enterococcus casselifl avus, which 

inherently display low-level resistance to vancomycin and remain susceptible to 

 teicoplanin, comprised the VANC phenotype. Isolates of these species can, however, 

acquire additional vancomycin resistance genes, which result in phenotypes consis-

tent with VANA or VANB [68–70].
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Genotypic Classifi cation of Glycopeptide Resistance

A concise description of vancomycin resistance mechanisms in enterococci and their 

genotypic classifi cation is presented in a recent review by Courvalin [71].

Resistance Associated with the vanA Determinant
Leclercq et al. [72,73] described the plasmid-borne resistance determinant Tn1546, 

responsible for vancomycin and teicoplanin resistance in an isolate of E. faecium. 

This transposon is capable of transfer from donor strains (of animal origin) to recipi-

ent strains of human origin in the intestines of human volunteers [74]. Resistance has 

now been shown to result from the cooperative effects of several enzymes mediated 

by genes carried on this transposon. The vanA gene encodes production of a ligase 

that results in the synthesis of d-alanine-d-lactate. As d-Ala-d-Lac becomes incorpo-

rated into peptidoglycan precursors in preference to d-Ala-d-Ala, the resulting pen-

tadepsipeptide has 1000-fold lower binding affi nity for vancomycin than does the 

usual peptidoglycan precursor terminating in d-Ala-d-Ala [75]. d-Lactate for this 

reaction is derived from pyruvate through the action of a dehydrogenase encoded by 

the vanH gene. The d,d-dipeptidase encoded by vanX reduces levels of d-alanine-

d-alanine formed by the native enterococcal ligase. Transcription of the vanHAX 

operon is under control of a two-component regulatory system comprised of a histi-

dine kinase sensor (VanS), which modulates phosphorylation of a transcriptional 

 regulator (VanR); these are encoded by vanS and vanR genes of the transposon 

[75–81]. Cleavage of terminal d-alanine by a d,d-carboxypeptidase, VanY, further 

reduces the availability of glycopeptide-inhibitable pentapeptide target that might be 

formed and contributes to resistance [82]. Finally, the vanZ gene of Tn1546 can  confer 

low-level resistance to teicoplanin, but mechanisms involved remain elusive [83].

The origins of these vancomycin resistance gene clusters are unknown [71]. 

They may have evolved from the self-protective mechanisms of glycopeptide-

 producing bacteria [84,85] or originated in other bacterial species. A gene cluster 

homologous with the vanA gene cluster (designated vanF and including vanH, X, Y, 
Z, R, and S homologs) has been found in Paenibacillus popilliae, a biopesticide used 

in the control of Japanese beetle larvae [86,87]. These genes have been detected in 

stored samples of these highly vancomycin-resistant organisms (MIC, >1000 μg/

mL) that antedate the clinical introduction of vancomycin. A sequence upstream of 

vanRF showed 95% identity with portions of the Tn1546 transposase [87]. Gene clus-

ters with homology to VanA (or VanB) of enterococci have been discovered in other 

Paenibacillus spp. and in Rhodococcus spp. and other organisms [88,89].

Resistance Associated with the vanB Determinant
The vanB gene cluster also results in production of peptidoglycan precursors termi-

nating in d-alanine-d-lactate, to which vancomycin binds poorly. Three alleles of 

vanB have been described based on nucleotide sequences [90]. Genes homologous 

with vanH and vanX are designated vanHB and vanXB; vanYB is found in some isolates 

[71]. Unlike VanR–VanS, the VanRB–VanSB regulatory system is not inducible by 

 teicoplanin [91]. However, mutations in the regulatory system can result in resistance 

to teicoplanin [92,93]. There are no genes homologous with vanZ, but another gene of 

unknown function, vanW, is present [91].
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Resistance determinants of the VanB type can be plasmid mediated, but have 

also been found on large, mobile chromosomal elements [55,94,95]. A 27-kb vanB 

transposon, Tn5382, has been found to be genetically linked to pbp5 in E. faecium 
[35]. The vanB and pbp5 genes, conferring vancomycin and penicillin resistance, 

were shown to be co-transferred from several VanB strains into recipients strains by 

conjugation [36]. Close linkage between Tn5382 and pbp5 was demonstrated in 30 

of 32 vancomycin-resistant E. faecium from Taiwan. These strains were of diverse 

pulsed-fi eld gel electrophoresis (PFGE) types [96].

Grayson’s group has detected VanB operons in several species of vancomycin-

resistant Gram-positive intestinal anaerobes, carried on elements similar to entero-

coccal transposons Tn5382 or Tn1549 [97,98]. Conjugal transfer of a vanB2 

Tn1549-like element from Clostridium symbiosum into both E. faecium and E. fae-
calis could be demonstrated in the gastrointestinal tracts of gnotobiotic mice [99]. 

This work suggests the possible role of anaerobic gut fl ora as an additional reservoir 

of vancomycin resistance genes.

Resistance Associated with the vanC Determinant
Low-level resistance to vancomycin, with susceptibility to teicoplanin, results from 

the presence of VanC-type resistance determinants intrinsic to E. gallinarum 

(vanC-1) and E. casselifl avus (vanC-2)/Enterococcus fl avescens (vanC-3) [100]. 

The mechanisms involved have recently been reviewed by Reynolds and Courvalin 

[101]. The VanC gene cluster differs from those of VanA and VanB in several 

respects. The altered target consists of peptidoglycan precursors terminating in 

d-alanine-d-serine (in contrast to d-alanine-d-lactate), which also demonstrates 

reduced binding affi nity for vancomycin [102]. The cluster also contains a gene 

encoding a serine racemase, VanT, which ensures the availability of suffi cient 

amounts of d-serine substrate for the VanC ligase [103]. E. gallinarum BM4174 

contains not only the ligase encoded by vanC and a native d-Ala-d-Ala ligase, but 

also a second ligase with d-Ala-d-Ala activity, encoded by ddl2 present on the gene 

cluster; the role of this third ligase is uncertain [104].

Another difference between the VanC gene cluster and those of VanA and VanB is 

that the (VanX) d,d-dipeptidase and the (VanY) d,d-carboxypeptidase functions 

of the latter are assumed by a single protein, VanXYC, encoded by vanXYC [105]. Regu-

latory genes vanRC and vanSC are present. Resistance may be inducible or constitutive, 

the latter most likely resulting from amino acid substitutions in VanSC [106].

E. gallinarum or E. casselifl avus, species with intrinsic VanC resistance mecha-

nisms, can also acquire vanA or vanB resistance genes [107–110]. If this occurs, 

higher levels of resistance to glycopeptides than is characteristic for VanC species is 

likely to be observed.

E. gallinarum and E. casselifl avus/fl avescens are less commonly recognized as 

human pathogens than are E. faecalis or E. faecium. Nevertheless, both groups are 

occasionally isolated from bloodstream infections, biliary tract sepsis, or infections 

associated with medical interventions [111–115].

vanD and beyond
Additional gene clusters that confer glycopeptide resistance in enterococci 

have been discovered. A protocol to detect vanA-vanE and vanG ligase genes by 
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multiplex PCR has been described [116]. The VanD cluster, like VanA and VanB, 

results in peptidoglycan precursors terminating in d-alanine-d-lactate and has 

been found in both E. faecalis and E. faecium [71]. Alleles of vanD have been 

described in clinical isolates [117]. Descriptions of early isolates of E. faecium 

reported MICs of vancomycin ≥64 μg/mL, and moderate resistance to teicoplanin 

(MICs, 4 μg/mL) [118,119]. E. faecalis strains more recently characterized were 

less resistant to vancomycin (MICs, 16 μg/mL) and were susceptible to teico-

planin [120]. vanD has also been found in a highly vancomycin-resistant isolate of 

E. gallinarum (MIC, 256 μg/mL) [121].

The VanD cluster contains genes vanHD, vanXD, and vanYD like those in VanA-

type strains, but there is no gene homologous with vanZ [120]. The activity of 

VanXD is variable; however, d,d-dipeptidase activity appears to be of less impor-

tance here because several strains examined produced non-functional intrinsic ddl 
ligases. The observation that these strains grow in the absence of glycopeptide 

induction can be attributed to mutations, deletions or insertions in the vanSD gene of 

the VanSD-VanRD regulatory system, resulting in constitutive expression of resis-

tance [120]. In contrast to the penicillin-insensitive d,d-carboxypeptidases of the 

VanA and VanB clusters, VanYD is a penicillin-inhibitable enzyme localized to the 

cell membrane (a PBP), saturated at penicillin concentrations <1 μg/mL [122].

Fines et al. [123] described a gene cluster that was assigned the designation 

VanE in E. faecalis BM4405, an isolate from Chicago. This organism produced 

d-Ala-d-Ser peptidoglycan precursors conferring low-level resistance to vanco-

mycin (MIC, 16 μg/mL), but not to teicoplanin (MIC, 0.5 μg/mL). Phylogenetically, 

based on alignment of ligase sequences, VanE was most closely related to the VanC 

group. The new operon, consisting of the genes vanE, vanXYE, vanTE, vanRE, and 

vanSE, was localized to the bacterial chromosome [124]. A stop codon within 

the sequence of vanSE in E. faecalis BM4405 and a deletion in that gene in one 

of three distinct VanE-type isolates of E. faecalis recovered in Australia suggest 

that the sensor protein of this cluster is not always functional [124,125].

The VanF designation was assigned to the glycopeptide resistance gene cluster 

of Paenibacillus popilliae, as discussed previously (see the section Resistance Asso-

ciated with the vanA Determinant). The VanG cluster was encountered in four mod-

erately vancomycin-resistant (MICs, 12 to 16 μg/mL), teicoplanin-susceptible 

isolates from one hospital in Brisbane, Australia [126]. These and other isolates 

were subsequently studied in detail, with the following results [127]. As is the case 

for VanC and VanE, the product of the VanG ligase is d-alanine-d-serine. The cluster 

contains genes for VanTG, a serine racemase, and VanWG, of unknown function. 

VanXYG, with approximately 40% identity with the bifunctional d,d-dipeptidase/

d,d-carboxypeptidases VanXYC and VanXYE, showed very weak d-Ala-d-Ala 

dipeptidase activity. Despite the presence of the bifunctional enzyme and of a gene 

for a d,d-carboxypeptidase, vanYG (which contains a frameshift mutation predicting 

a non-functional protein), the bacteria showed minimal carboxypeptidase activity. 

As a result of these two weak enzymatic activities, peptidoglycan precursors termi-

nating in d-Ala as well as d-Ser were found in substantial amounts. The vanRG-
vanSG regulatory cluster includes vanUG, encoding a predicted transcriptional 

activator. Finally, Depardieu et al. [127] demonstrated that the VanG resistance 
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cluster could be transferred by conjugation at low frequencies on a large chromo-

somal element containing also erm(B), permitting selection of transconjugants by 

acquisition of resistance to erythromycin.

A novel mechanism of glycopeptide resistance has recently been described, 

based on the discovery that peptidoglycan crosslinks can occur via a penicillin-

insensitive l,d-transpeptidase as described in the section Resistance in Enterococcus 
faecium, above. This crosslinking reaction utilizes precursors lacking the terminal 

d-alanine components, so are not targets of glycopeptide action. Cremniter et al. 

[128] generated mutants of E. faecium after serial passage on increasing concentra-

tions of glycopeptides or on glycopeptides after initially selecting for ampicillin 

resistance [37,39]. Mutants were recovered that were highly resistant to both vanco-

mycin and teicoplanin (MIC of vancomycin, 1000 μg/mL; MIC of teicoplanin, 250 

to 1000 μg/mL) [128]. Analysis of peptidoglycan from one of the most resistant 

mutants demonstrated that UDP-MurNAc-tetrapeptide (a vancomycin-insensitive 

target) accounted for >99% of the detectable peptidoglycan precursor. The authors 

found peptidoglycan crosslinks between l-Lys (the third amino acid attached to 

UDP-MurNAc) of one stem peptide and the d-iso-aspartyl or d-iso-asparaginyl side 

chain (attached to the l-Lys3) of another stem peptide, refl ecting the activity of the 

glycopeptide-insensitive l,d-transpeptidation reaction [128].

RESISTANCE TO LIPOPEPTIDE ANTIBIOTICS

In the United States, daptomycin was approved in 2003 for treatment of complicated 

skin and skin structure infections caused by a number of pathogens, including 

 vancomycin-susceptible E. faecalis. The mechanisms of action of this cyclic 

 lipopeptide antibiotic are not fully understood. However, the initial effects of dapto-

mycin appear to result from its insertion into the bacterial cell membrane in a 

 calcium-dependent process, formation of oligomers that disrupt membrane integrity, 

and subsequently depolarization of the bacterial cell [129]. From a large collection of 

clinical isolates, MIC90s of daptomycin against E. faecalis and E. faecium were 2 

and 4 μg/mL, respectively [130].

Since the introduction of daptomycin into clinical practice, there have been iso-

lated reports of clinical failure with off-label use of the drug. Some of the enterococci 

recovered in this setting demonstrated decreased susceptibility to daptomycin. For 

example, from one patient treated with daptomycin and amikacin for a bloodstream 

infection caused by a daptomycin-susceptible E. faecalis (MIC, 1 μg/mL), a non-

 susceptible (MIC, 16 μg/mL) isolate was recovered that was indistinguishable from 

the initial strain by PFGE [131]. From another patient, a daptomycin non-susceptible 

E. faecium (MIC, ≥32 μg/mL) was recovered from blood cultures after treatment with 

daptomycin; the isolate was highly related by PFGE to an antecedent, susceptible 

urinary isolate (MIC, 2 μg/mL) [132].

Mechanisms of resistance to daptomycin have not yet been reported in entero-

cocci. Studies in staphylococci suggest that mutations predicted to affect cell mem-

brane composition, with the potential to infl uence activity of cationic antibiotics, are 

the fi rst to appear in the step-wise selection of mutants with elevated daptomycin 

MICs [133].
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RESISTANCE TO AGENTS ACTING ON THE BACTERIAL RIBOSOME

AMINOGLYCOSIDES

As single agents, the aminoglycosides lack useful activity against enterococci. 

Nevertheless, they constitute a critical component of regimens designed to achieve 

the bactericidal action sought for treatment of enterococcal endocarditis [3]. Entero-

cocci are typically tolerant of the bactericidal effects of cell wall-active agents, such 

as penicillins and glycopeptides [2]. As a result, administration of penicillin alone in 

earlier years produced only modest results in the treatment of enterococcal endocar-

ditis [134]. The observation that empirical therapy with penicillin together with 

streptomycin resulted in surprisingly favorable results was subsequently validated by 

several clinical studies (later with gentamicin instead of streptomycin). As a result, 

combination regimens consisting of a cell wall-active agent and an aminoglycoside 

have now become standard for the treatment of enterococcal endocarditis [3]. Such 

combinations result in synergistic killing, which can be demonstrated by time-kill 

studies in vitro. Experiments carried out more than 35 years ago showed that 

the otherwise limited intracellular uptake of aminoglycosides by enterococci can be 

substantially enhanced in the presence of a cell wall-active agent, allowing the 

 former to reach intracellular concentrations lethal to the bacterium [135].

Resistance to Synergistic Killing

The synergistic bactericidal effect of penicillin-aminoglycoside combinations is 

dependent upon the ability of the latter to interact with the bacterial ribosome, per-

turbing its function. Resistance to the bactericidal action of the aminoglycosides can 

result from target insensitivity (streptomycin) or from the presence of enzymes that 

modify the drugs (streptomycin or 2-deoxystreptamine aminoglycosides). Such 

enzymes modify aminoglycosides by adenylylation, acetylation, or phosphorylation. 

Aminoglycoside-modifying enzymes have been the subject of a recent review [136]. 

Although streptomycin is uncommonly used for treatment of enterococcal infections 

today because the drug is not affected by mechanisms that inactivate gentamicin or 

other 2-deoxystreptamines, it is sometimes useful when there is resistance limited to 

the more commonly used agents.

High-Level Resistance to Streptomycin
Some enterococci were discovered to be so highly resistant to streptomycin (MICs, 

>2000 μg/mL) that even exposed to the drug in combination with penicillins, syn-

ergistic killing was not achievable. Laboratory mutants exhibiting high-level strep-

tomycin resistance were shown to be resistant to synergistic killing even though 

uptake of streptomycin was enhanced in the presence of penicillin [135]. Ribosomal 

resistance to streptomycin explains resistance to synergism among some clinical 

isolates of E. faecalis. Ribosomal polypeptide synthesis by crude 30S extracts 

obtained from two such isolates was hardly affected by streptomycin at concentra-

tions as high as 100 μg/mL; in contrast, concentrations as low as 1 μg/mL inhibited 

synthesis by ribosomes from a normally susceptible strain [137]. For six isolates 

of E. faecalis proven or suspected to be ribosomally resistant to the drug, strepto-

mycin MICs were 128,000 μg/mL [137].
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The presence of aminoglycoside-modifying enzymes is, however, a more com-

mon mechanism of resistance to streptomycin. Expression of streptomycin adenyl-

ylating enzymes typically results in streptomycin MICs of 4000 to 16,000 μg/mL 

[137,138]. The gene aadE encodes the enzyme ANT(6)-I that confers resistance to 

streptomycin [139]. Another gene, aadA, that was previously recognized in S. aureus 

and E. coli and more recently confi rmed in enterococci, encodes the enzyme 

ANT(3″)-Ia (alternatively called ANT(3″) [9]), which confers resistance to both 

streptomycin and spectinomycin [138,140]. An adenylylating enzyme with 80% 

amino acid identity to ANT(6)-I and 13.9% identity to ANT(3″)-Ia was encountered 

in an isolate of E. casselifl avus, and subsequently detected in E. faecium; this was 

identical to an enzyme previously reported in Lactococcus [141].

Enzymes That Modify 2-Deoxystreptamine Aminoglycosides
Resistance to high levels of kanamycin (MICs, >2000 μg/mL) with loss of penicil-

lin–kanamycin synergism was already common by the 1970s [142]. Resistance was 

caused by phosphorylation at the 3′-OH position of the aminoglycoside by the action 

of APH(3′)-IIIa [143]. Modifi cation of amikacin by this enzyme has a curious result: 

the MIC is little affected (i.e., there is no high-level resistance), but any killing effect 

is lost; thus, amikacin may actually antagonize whatever killing may result from the 

penicillin alone [143,144]. Examination of more than 500 enterococcal isolates from 

patients at the Sapporo Medical University Hospital in Japan collected from 1997 to 

2003 found aph(3′)-IIIa in approximately 50% of E. faecalis and 60% of E. faecium 
[145]. Tobramycin, which lacks the 3′-OH group, is not phosphorylated by the 

enzyme. Modifi cation of kanamycin, tobramycin, and amikacin, with resistance to 

synergistic killing in the presence of a cell wall-active agent, can also arise from the 

action of a 4′,4″-nucleotidyltransferase, ANT(4′)-Ia [146]. Both aph(3′)-IIIa and 

ant(4′)-Ia can be found on transferable elements. Neither enzyme generated affects 

the potential synergistic activity of gentamicin.

An aminoglycoside acetylating enzyme, AAC(6′)-Ii, is chromosomally deter-

mined and present in E. faecium uniquely, although produced in low concentration, 

which does not necessarily result in high-level resistance [142,147]. The enzyme 

modifi es kanamycin and tobramycin; thus, E. faecium are considered resistant to 

synergism by combinations involving these aminoglycosides. Although amikacin 

contains a 6′-amino group that is in principle susceptible to modifi cation, this group 

is protected by the molecule’s bulky 2-aminohydroxybutyryl moiety, and thus (in 

the absence of other enzymes) can participate in synergistic killing [142]. The C1 

component of gentamicin is not acetylated by this enzyme; as a result, the clinical 

preparation of gentamicin retains the capacity for synergistic killing of E. faecium 
[147]. Other genes encoding aminoglycoside acetyltransferase activity have been 

encountered in E. hirae [designated aac(6′)-Iih] and in E. durans [designated 

aac(6′)-Iid]. At the amino acid level, these sequences shared 65% and 68% identity 

with AAC(6′)-Ii [148]. Like the latter, their presence precluded synergy between 

penicillin and kanamycin or tobramycin, but did not affect the synergistic activity 

of gentamicin. These genes were not detected in strains of E. faecalis or E. faecium 

examined.

Because gentamicin resists inactivation by the aforementioned modifying 

enzymes, it remained for many years the aminoglycoside in widest use to achieve 
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synergistic killing of enterococci, irrespective of species and enzyme complement. 

In 1979, however, Horodniceanu et al. [149] reported high-level gentamicin resis-

tance in E. faecalis from France. Within a decade of this description, in some U.S. 

healthcare institutions more than 25% of isolates displayed high-level resistance 

[150]. High-level resistance to gentamicin was fi rst observed in E. faecium in Boston 

in 1988 [151]; over the next two years, more than 60% of E. faecium isolates demon-

strated this trait [26].

High-level gentamicin resistance resulted from a single enzyme with both 

2″-phosphorylating and 6′-acetylating activities [152]. This broad-spectrum enzyme 

can modify all 2-deoxystreptamine aminoglycosides available in the United States 

[153]. The result is that none of these drugs serves as an effective component of regi-

mens intended to achieve bactericidal synergism when the enzyme is produced. The 

bifunctional enzyme is encoded by a gene, designated aac(6′)-Ie-aph(2″)-Ia [140], 

which has now been found in several enterococcal species and in isolates recovered 

from human samples, animal sources, and from food [151,154,155]. The gene is 

transposon-encoded and has been demonstrated in chromosomal elements as well as 

on diverse plasmids [54,156–160].

Although the aac(6′)-Ie-aph(2″)-Ia gene is by far the most common determinant  

of high-level gentamicin resistance (defi ned by MIC > 500 μg/mL), other phos-

photransferases have now been implicated in a smaller proportion of isolates [140]. 

The gene aph(2″)-Ib was detected in a strain of E. faecium resistant to high levels of 

gentamicin and to synergistic killing by ampicillin–gentamicin combinations [161]. 

The gene was present in 5% of 121 high-level gentamicin resistant enterococci from 

Detroit hospitals, but fi ve of the six isolates were clonal. In nine E. faecium studied, 

aph(2″)-Ib was found in close proximity to an acetyltransferase, aac(6′)-Im [162]. 

Crude extracts prepared from E. coli into which this gene had been cloned revealed 

acetyltransferase activity against kanamycin, tobramycin, and amikacin, but not 

gentamicin [162]. The contribution of this enzyme to clinically important aminogly-

coside resistance in enterococci is uncertain.

APH(2″)-Ic was originally detected in E. gallinarum, but is also found in 

E. faecalis and E. faecium [155,163]. Although the presence of this enzyme negates 

ampicillin–gentamicin synergistic killing, gentamicin MICs may only reach 256 to 

512 μg/mL, so resistance may escape detection by standard screening tests [163,164]. 

On the other hand, because amikacin retains synergistic potential against some iso-

lates with this enzyme [164], isolates with faint growth in screening concentrations 

of gentamicin may be incorrectly assumed to possess aac(6′)-Ie-aph(2″)-Ia and to 

be resistant to synergy with all 2-deoxystreptamines, including amikacin [140]. 

APH(2″)-Id, initially observed in E. casselifl avus, produced high-level resistance to 

kanamycin, tobramycin, and gentamicin, but not to amikacin [165]. The aph(2″)-Id 

gene is also found in E. faecium [155]. Although synergistic killing by ampicillin 

plus amikacin was seen in the E. casselifl avus isolate, this was not the case for two 

E. faecium isolates [165]. Another phosphotransferase gene, aph(2″)-Ie, conferring 

high-level gentamicin resistance in E. faecium [145] and E. casselifl avus [141], has 

been reported from Japan and China, respectively. Vakulenko et al. [166] have 

described a multiplex PCR for the detection of six aminoglycoside-modifying 

enzyme genes from lysed colony suspensions of enterococci.
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Other Mechanisms of Resistance to Gentamicin Synergism
Moellering et al. [167] reported resistance to penicillin–gentamicin bactericidal 

 synergism for an isolate of E. faecalis that was relatively susceptible to gentamicin 

(MIC, 8 μg/mL) and which lacked detectable aminoglycoside-modifying enzymes. 

The patient from whom the isolate was recovered had relapsed after two courses of 

ampicillin plus gentamicin for treatment of enterococcal endocarditis, but was sub-

sequently cured with a regimen of ampicillin plus tobramycin (MIC, 16 μg/mL). 

Time-kill studies in vitro confi rmed bactericidal synergism for penicillin combined 

with tobramycin, but not gentamicin. Penicillin exposure enhanced the uptake of 

radiolabeled tobramycin, but not gentamicin. These results, together with the obser-

vation of unusually small colonies on agar, led the authors to consider a defect in 

aminoglycoside uptake specifi c to gentamicin [167]. Studies by Aslangul et al. 

[168,169] also point to the likelihood of impaired gentamicin uptake in E. faecalis 

passaged in vitro on gentamicin. They were able to select mutants with gentamicin 

MICs up to 400 μg/mL. For the most resistant mutant in the series, synergism could 

be shown between amoxicillin and gentamicin only with very high (i.e., not clini-

cally achievable) concentrations of gentamicin, and the combination did not show 

an enhanced effect in an animal model. The authors excluded mutations affecting 

16S rRNA or the ribosomal protein L6, and they excluded the presence of known 

modifying enzymes [168,169].

MACROLIDES, LINCOSAMIDES, AND STREPTOGRAMINS

Macrolides

Resistance to erythromycin and other macrolide antibiotics is very common 

among enterococci [170]. A survey of isolates collected at European university 

hospitals from 1997 to 1998 determined that only 14.8% of 403 E. faecalis and 

6.6% of 86 E. faecium were susceptible to erythromycin [171]. A study by Jones 

et al. [172] of more than 1900 enterococcal isolates recovered from laboratories 

across the United States in 1992 found even lower rates of susceptibility, with 

only 2.9% of isolates susceptible to erythromycin. However, macrolide resistance 

is not intrinsic to the species. Atkinson et al. [173] examined 220 enterococcal 

isolates that had been collected in the Washington, D.C. area in 1953 to 1954. 

Only six of these organisms were resistant to erythromycin: three to this drug 

alone, and three to both erythromycin and clindamycin. The latter three isolates 

yielded DNA that hybridized with a probe for erm(AM), a gene of the erm class b 

family of ribosomal methylases [174].

The erm(B) genes are found on a common enterococcal transposon, Tn917, that 

has been detected in both plasmid and chromosomal locations [175–177]. Similar 

elements (Tn917-like) have been detected as components of large, transferable, 

chromosomal multidrug resistant elements in enterococci [55,178]. Using primers 

for erm(B), Portillo et al. [179] found evidence for this determinant in 39 of 40 

enterococci from Spain with erythromycin MICs > 128 μg/mL; the one highly 

resistant isolate lacking erm(B) amplifi ed with primers for the related gene, erm(A). 

Expression of erm genes in enterococci is inducible in some isolates. Alterations in 

the regulatory leader sequence have been found in other isolates with constitutive 
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expression of the enzyme [180]. In one isolate of E. faecalis, a single amino acid 

change in the leader peptide of a ribosomal methylase gene led to the unusual situa-

tion that induction by the 16-membered macrolide tylosin was stronger than that by 

erythromycin [181].

In various Gram-positive bacteria, macrolide resistance (without resistance to 

lincosamides or to streptogramin A compounds) results from effl ux mediated by mef 
genes [174]. Luna et al. [182] examined 32 erythromycin-resistant enterococcal iso-

lates using DNA probes for mef and erm(B) genes. Nineteen percent were positive 

for erm(B) and 22% hybridized with mef; none was positive for both, and the remain-

ing isolates hybridized with neither probe. As with S. pneumoniae carrying the mefE 

gene, levels of resistance to erythromycin were modest (MICs, ≤16 μg/mL) in the 

mef-positive enterococci. The authors also demonstrated conjugal transfer of mef 
genes into and from E. faecalis [182].

In 2000, Portillo et al. [179] reported the presence of the gene msr(C) in all 23 

E. faecium isolates examined, and in no strains representing other species. Southern 

hybridizations localized the genes to the bacterial chromosome, not plasmids. Although 

detected by primers designed for the staphylococcal gene msr(A) associated with 

erythromycin resistance, the sequences of msr(C) and msr(A) shared only 62% 

 identity at the DNA level. The msr(C) gene was present irrespective of erythromycin 

susceptibility (MICs, ≤0.125 to >128 μg/mL). Singh et al. [183] subsequently reported 

the complete sequence of msr(C), confi rmed its presence in all 233 E. faecium 

isolates but in none of the other enterococcal species examined, and demonstrated that 

disruption of the gene resulted in modest increases in susceptibility to 14-, 15-, and 

16-membered macrolides and to quinupristin, a streptogramin B antibiotic. Further 

support for a role of this gene in macrolide resistance comes from studies that 

showed that transfer of enterococcal msr(C) into an erythromycin-susceptible (MIC, 

0.25 μg/mL) S. aureus substantially increased the level of erythromycin resistance in 

the recipient (MICs, 16 to 64 μg/mL). E. faecium isolates, mostly from animal sources 

or sewage, have now been reported that lack msr(C), suggesting that while the gene is 

widespread in the species, it is not essential [184]. A gene encoding an amino acid 

sequence with 40% identity to MsrC was found in E. faecalis V583; in a microarray 

system, gene expression was strongly up-regulated in cells grown in the presence of 

erythromycin [185]. The mechanism by which MsrC contributes to macrolide resis-

tance has not yet been established. Although the staphylococcal MsrA belongs to a 

family of ABC (ATP-binding cassette) transporters, the protein has no transmembrane 

domains, so whether drug effl ux is actually involved is unclear [186,187].

Lincosamides

As a species, E. faecalis is resistant to the lincosamides [188]. Among 403 isolates 

of this species collected in Europe in the late 1990s, only 4.4% were susceptible to 

clindamycin [171]. In contrast, a substantial minority of E. faecium isolates are sus-

ceptible to this drug [171,188]. Ribosomal methylase (erm) genes are prevalent among 

enterococci (see Macrolides section) [189]; methylation of rRNA leads to resistance 

to macrolides, lincosamides, and streptogramin B drugs. Constitutive expression 

of the enzyme due to deletions or truncations in regulatory elements could result in 

lincosamide resistance [180].
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Singh et al. [190] provided an alternative explanation for the characteristic resis-

tance of E. faecalis to both lincosamides and dalfopristin (a streptogramin A anti-

biotic). They detected the lsa gene in 180 of 180 isolates of E. faecalis examined, and 

not in any of the almost 200 isolates of other species tested. Presence of lsa was 

associated with resistance to clindamycin, even in erm(B)-negative E. faecalis 

 isolates; disruption of the lsa gene resulted in susceptibility to clindamycin and dal-

fopristin. Two clinical isolates of E. faecalis that were susceptible to clindamycin 

and dalfopristin were shown to have mutations that introduced stop codons into the 

gene sequence [191]. The predicted amino acid sequence of Lsa was similar to those 

of ABC transporter proteins [190]; however, the putative Lsa protein lacks evidence 

of transmembrane domains, and thus it is not clear that resistance is due to effl ux or 

 perhaps to other mechanisms [186].

Enzymatic modifi cation of lincosamides as a mechanism of resistance has also 

been described. Bozdogan et al. [192] discovered a 3-lincosamide O-nucleotidyltrans-

ferase, which adenylates the 3-hydroxyl groups of lincomycin and clindamycin. The 

gene, linB, encoding production of this enzyme was detected in all 14 E. faecium 

strains that (among 110 isolates tested) inactivated clindamycin by Gots’ test.

Streptogramins

Quinupristin–dalfopristin is a combination drug consisting of semi-synthetic deriva-

tives of natural antibiotics of the streptogramin B and streptogramin A classes, respec-

tively. It has been approved to treat infections due to E. faecium [193]; however, 

isolates of E. faecalis are almost universally resistant to the drug [194]. As mentioned 

previously (see the section Lincosamides), the product of the lsa gene found in the 

latter species confers resistance to streptogramin A antibiotics [190]. Dina et al. [191] 

described two urine isolates of E. faecalis that were uncharacteristically susceptible to 

clindamycin, dalfopristin, and to quinupristin–dalfopristin. The gene sequence of lsa 

contained mutations that generated premature stop codons in both strains.

The streptogramin A component is susceptible to inactivation by acetyltransfer-

ases, mediated by genes vat(D) (previously satA) and vat(E) (previously satG) found 

in enterococci from human, animal, food, or sewage sources [195–200]. Other 

mechanisms of dalfopristin resistance have been described in staphylococci, but not 

yet in enterococci. These include vga(A) and vga(B), which mediate resistance to 

streptogramin A compounds by putative ATP-binding cassette effl ux mechanisms 

[201,202]. VgaA belongs to the same sub-family of ABC systems as MsrA [187]. 

The rRNA methyltransferase encoded by cfr results in methylation of 23S rRNA 

at position A2503 in the peptidyltransferase center of the ribosome, conferring resis-

tance to chloramphenicol, lincosamides, pleuromutilins, oxazolidinones, and strepto-

gramin A compounds in staphylococci [203].

The expression of erm(B) genes with resulting methylation of the ribosomal target 

confers resistance to the streptogramin B class, in addition to macrolides and lincos-

amides. The gene vgb, encoding a streptogramin B hydrolyzing enzyme, has been 

found in enterococci [204]. One isolate of E. faecium that was resistant to both vanco-

mycin and quinupristin–dalfopristin was studied intensively. The organism contained 

the genes vanA, vat(D), erm(B), and vgb [205,206]. The fi rst three of these resistance 

traits were co-transferred on a single plasmid.
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The two components of quinupristin–dalfopristin interact synergistically [207]. 

In E. faecium, resistance to quinupristin alone abolishes bactericidal activity of the 

drug; inhibitory activity is maintained unless the organism is resistant to dalfopristin 

as well as to quinupristin [208]. In pneumococci and S. aureus, mutations affecting 

ribosomal proteins can confer resistance to quinupristin–dalfopristin [209,210].

CHLORAMPHENICOL

Although chloramphenicol is not widely used in the United States, the drug is 

active in vitro against many isolates of multiply drug-resistant VRE [7], and it has 

been employed with some success to treat enterococcal bloodstream infections and 

meningitis [211–215]. Susceptibility of enterococci to chloramphenicol varies by 

geographic region. Of more than 1000 enterococal isolates collected in the year 

2000 in North America, 87% were susceptible to chloramphenicol; the same year, 

approximately 70% of enterococci from Europe and Latin America were suscepti-

ble [216]. A Philadelphia group noted an increase in the proportion of VRE 

 resistant to chloramphenicol in the decade of the 1990s, from 0% to 12% [217]. 

Prior chloramphenicol use and prior fl uoroquinolone use were risk factors for 

bloodstream infection with a chloramphenicol-resistant VRE.

Chloramphenicol is inactivated by chloramphenicol acetyltransferases, which 

can be inducible, and encoded by genes on conjugative or non-conjugative resistance 

plasmids or on the chromosome of enterococci [177,218,219]. Lynch et al. [220] 

 provided evidence for energy-driven effl ux of chloramphenicol in E. faecalis 

and E. faecium, even for strains with MICs in the susceptible range.

TETRACYCLINES

Resistance to tetracycline is common among enterococci. Examination of more than 

3000 isolates collected between 2000 and 2004 revealed that only 38.4% were 

 susceptible to tetracycline [221]. Resistance is most commonly associated with 

tet(M), usually found on the conjugative transposon, Tn916 [222,223]. By a ribo-

somal protection mechanism, Tet(M) confers resistance to both tetracycline and to 

minocycline. Tn916-like structures have been found on large chromosomal elements 

of E. faecium, capable of co-transferring several antibiotic resistance traits, including 

vancomycin and ampicillin resistance [35]. The ribosomal protection mechanism 

genes tet(O) and tet(S) have also been found in enterococci, but appear to be rare 

[224,225]. The tet(S) gene has been found on a chromosomally situated conjugative 

transposon in E. faecium [226].

Another mechanism of tetracycline resistance in enterococci is drug effl ux 

[227]. Most commonly, effl ux is mediated by the tet(L) gene, although tet(K) has 

been found [225,228]. Combinations of effl ux genes with one or more ribosomal 

protection genes [e.g., tet(L) + tet(M) + tet(O)] have also been documented [225]. 

In contrast to tetracycline and minocycline, tigecycline, which is a member of the 

glycylcycline class, is not signifi cantly affected by ribosomal protection or by tetra-

cycline effl ux mechanisms; it thus inhibits enterococci resistant to the earlier com-

pounds [229]. In the collection of more than 3000 enterococcal isolates mentioned 

above, approximately 93% were susceptible to tigecycline [221]. Mechanisms 
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accounting for the apparently reduced susceptibility of the remaining 7% of isolates 

have not yet been reported.

OXAZOLIDINONES

Currently, only one member of this antimicrobial class, linezolid, is approved for 

clinical use. It is often employed for treatment of infections due to hospital-associated 

strains of VRE, which are typically resistant to penicillins as well as to glycopeptides. 

Large surveillance studies document that resistance to linezolid among enterococci is 

rare [58,230–233]. Nevertheless, resistance has emerged among clinical isolates, and 

nosocomial transmission has been well described [234–239]. This topic has been 

reviewed by Meka and Gold [240].

Prystowsky et al. [241] studied linezolid-resistant enterococci selected in vitro 

during serial passage on the antimicrobial. Resistance was selected in fi ve of fi ve 

isolates of E. faecalis, with MICs rising from 1 μg/mL to 128 μg/mL. For E. fae-
cium, the MIC rose from 1 μg/mL to 16 μg/mL in one of fi ve strains and from 1 μg/

mL to 8 μg/mL in two others. In the gene for 23S rRNA in the E. faecalis mutant, a 

G → U transversion at bp 2576 was documented, and in the most resistant E. faecium 

mutant a G → A transition at bp 2505 was seen. Both of these mutations are in 

domain V of the ribosomal peptidyltransferase center. Among clinical isolates of 

linezolid- resistant E. faecium, however, the point mutation at bp 2576 is the one that 

has been observed [236,242–247].

Enterococci contain multiple copies of 23S rRNA genes, and examination of 

clinical isolates of E. faecalis with varying degrees of resistance to linezolid has 

 demonstrated a rough correlation between the proportion of copies bearing a G2576T 

mutation and the level of oxazolidinone resistance [243]. Rather than representing 

independent mutational events, the presence of multiple copies of the mutant gene is 

thought to result from gene conversion, that is, the exchange of mutated copies 

for wild-type copies under selective antimicrobial pressure. To test this hypothesis, 

Lobritz et al. [248] attempted to select linezolid-resistant mutants from a strain of 

E. faecalis and from a related, recombination-defective strain. From the recombination -

profi cient strain, mutants were easily derived with four of four copies of the 23S 

rRNA gene demonstrating a point mutation at bp 2576. The resulting linezolid MIC 

of the mutants was 128 μg/mL. From the recombination-defective strain, growth was 

achieved only on linezolid concentrations of 8 μg/mL or less. A point mutation, 

G2505A, was present in only one copy of the 23S rRNA gene, indicating that in this 

setting of defective recombination, the mutated copy could not serve as a template to 

increase the proportion of resistant copies by gene conversion.

Woodford et al. [249] used real-time PCR to detect an enterococcal strain that 

was susceptible to linezolid (MIC, 4 μg/mL), but nevertheless contained a G2576T 

polymorphism. His group subsequently confi rmed that result by pyrosequencing, 

showing that one to two mutant copies were present in this linezolid-susceptible 

 isolate of E. faecium [250]. The signifi cance of this observation is that the presence 

of a single mutant 23S rRNA gene copy may escape detection, because the isolate 

remains susceptible; however, the organism retains a template for recombination that 

could result in a higher proportion of mutant copies and clinical resistance upon 

exposure to the drug.
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RESISTANCE TO FLUOROQUINOLONES

A surveillance study carried out shortly after the introduction of ciprofl oxacin 

revealed that approximately 88% of E. faecalis and 50% of E. faecium were suscep-

tible to the fl uoroquinolone at concentrations ≤1 μg/mL [251]. By the year 2000, only 

39% of more than 1000 isolates from North America were susceptible at this concen-

tration [216]. Gatifl oxacin was somewhat more active, with 51% of strains in that 

collection susceptible to the drug. In a collection of more than 3000 isolates recov-

ered between 2000 and 2004, only 50.8% were susceptible to levofl oxacin [221]. 

Clearly, resistance to fl uoroquinolone antimicrobials is widespread in the genus 

Enterococcus.
Although additional mechanisms of fl uoroquinolone resistance have been 

described in Gram-negative bacteria, in enterococci resistance is caused by muta-

tions in genes encoding the topoisomerase target proteins, by drug effl ux, or by the 

combination of these mechanisms. Mutations affecting parC, encoding a subunit of 

topoisomerase IV, and gyrA, encoding the A subunit of DNA gyrase, are the ones 

most commonly associated with resistance to this class [252–256]. These mutations 

are not random, but tend to cluster in certain areas of the genes, referred to as quino-

lone resistance determining regions. The most resistant isolates typically have one or 

more mutations affecting genes for both the topoisomerase IV and DNA gyrase 

enzymes [255,256].

Lynch et al. [220] demonstrated active effl ux of norfl oxacin from both E. faecalis 

and E. faecium. An enterococcal effl ux pump encoded by a homolog of the staphy-

lococcal norA gene, designated emeA, was identifi ed in E. faecalis [257]. Deletion 

of emeA resulted in an approximately two-fold increase in susceptibility to norfl ox-

acin and ciprofl oxacin, among other substances. Genes from E. faecalis, designated 

efrAB, encode an ABC effl ux pump, the presence of which results in about a four-

fold increase in MICs of norfl oxacin and ciprofl oxacin when expressed in E. coli 
[258]. It is likely that both target mutations and one or more drug effl ux pumps con-

tribute to the ultimate level of fl uoroquinolone resistance in any one enterococcal 

isolate [259,260].

CONCLUSIONS

As the preceding discussion illustrates, enterococci have amply demonstrated a 

remarkable repertoire of resistance mechanisms offering protection against new and 

old antimicrobial agents alike. Davis et al. [261], comparing sequences from the 

E. faecalis V583 genome with amino acid sequences of known multidrug resistance 

transporters, identifi ed 34 candidate genes for multidrug effl ux pumps, 23 of which 

belonged to the ABC family of transporters. Another analysis of the same genome 

by Paulsen et al. [262] concluded that more than a quarter of the genetic complement 

represents mobile or exogenous DNA, including three plasmids, and a variety of 

transposons, phage genes, and integrated plasmids. From such observations, one 

might reasonably conclude that there may be endless possibilities for enterococci to 

develop mechanisms ensuring survival under the most hostile conditions, including 

antimicrobial therapy. At the same time, study of antimicrobial resistance in entero-

cocci continues to reveal previously unknown and most intriguing mechanisms of 
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resistance, which will very likely give rise over time to new drug targets and insight-

ful approaches for treating patients suffering from infections due to these 

organisms.
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Before the advent of antibiotic therapy, invasive staphylococcal infection was often 

fatal. The bacterium Staphylococcus aureus has since demonstrated a remarkable 

ability to adapt to antibiotic pressure. Methicillin-resistant strains of S. aureus, 
termed MRSA, are those strains that have acquired the ability to grow in the presence  

of methylpenicillins and derivatives, including methicillin, oxacillin, and nafcillin. 

This methicillin resistance is mediated by the acquisition and expression of an altered 

penicillin-binding protein, PBP2a (PBP2′), which exhibits a decreased affi nity for 

β-lactam antibiotics [1,2]. Penicillin-binding proteins (PBPs) are essential enzymes 

that catalyze transpeptidation crosslinking of peptidoglycan in the bacterial cell wall 

and are the targets of the antibiotic methicillin in sensitive strains of S. aureus. Inhibi-

tion of this reaction with methicillin results in the arrest of cell wall biosynthesis,  
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triggering death of the organism through induction of the autolytic response [3]. 

MRSA possess a 21- to 67-kb DNA sequence that encodes, among other things, 

PBP2a and genes for regulation of its expression. Methicillin-susceptible strains are 

inhibited by oxacillin at concentrations of 4 μg/mL or methicillin at 8 μg/mL. In con-

trast, MRSA grow in the presence of 16 μg/mL to over 2000 μg/mL of methicillin. 

INTRODUCTION 

Staphylococci cause a variety of infections, ranging from skin and soft-tissue 

 infections to bloodstream infections and endocarditis, and the pathogenesis of these 

infections is well described [4–6]. The purpose of this chapter is to review the present  

and future challenge to health care specifi cally posed by methicillin-resistant strains 

of S. aureus. In particular, the subjects of this chapter are the origins and nature of 

methicillin resistance, its epidemiology among nosocomial and community-acquired 

strains, and the consequences of this resistance in limiting therapeutic options and 

its impact on health care costs. 

Methicillin resistance in S. aureus was initially detected in Europe in the 1960s 

shortly after the introduction of methicillin. Today, MRSA are present in the hospitals  

of most countries and are often resistant to several antibiotics. Clinical infections are 

most common in patients in hospital intensive care units, nursing homes, and other 

chronic care facilities; however, MRSA are emerging as an important community-

acquired pathogen as well. Currently, most MRSA are susceptible to the glyco-

peptides, such as vancomycin and teicoplanin; however, as resistance to these agents 

increases, some staphylococcal infections could be untreatable. 

EMERGENCE OF MRSA

Since the introduction of antibiotics into clinical use in the mid-1940s, microorgan-

isms have shown a remarkable ability to protect themselves by developing and 

acquiring antibiotic resistance. By 1942, penicillin resistance was reported in 

S. aureus after only months of limited clinical trials [5]. By 1953, as use of penicillin 

became more widespread, 64% to 80% of S. aureus isolates were resistant to penicillin, 

with development of resistance to tetracycline, erythromycin, and other classes of 

antibiotics beginning to emerge [5]. By 1960, despite using aggressive infection 

 control measures, antibiotic-resistant staphylococci had become the most common 

cause of hospital-acquired infection worldwide [5,7]. Still, penicillin-resistant 

S. aureus was largely a nosocomial problem until the 1970s, when it became apparent 

that penicillin resistance was prevalent among community-acquired isolates as well. 

By this time, the rates of penicillin resistant S. aureus were about the same for both 

hospital and community-acquired isolates [8].

Methicillin, a β-lactam effective against penicillin-resistant S. aureus strains, 

became widely available in 1960. Like the development of penicillin resistance, 

within a year of its introduction, MRSA were reported in the United Kingdom [9,10]. 

Sporadic reports of clinical isolates of MRSA were soon observed in the United 

States [11], with the fi rst well-documented outbreak in the United States in 1968 [12]. 

These MRSA were resistant to the entire class of β-lactams.
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MOLECULAR BASIS FOR METHICILLIN RESISTANCE 

The early introduction of β-lactam antibiotics quickly selected for the outgrowth of 

S. aureus strains possessing, or having acquired, the ability to express β-lactamases, 

achieving a resistance rate of 75% as early as 1952 [13]. The outgrowth of β-lactamase-

producing S. aureus prompted the commercial development of β-lactamase-resistant 

derivatives of penicillin, such as methicillin, oxacillin, and nafcillin, which possess an 

acyl side chain that prevents hydrolysis of the β-lactam ring. The narrow-spectrum 

staphylococcal β-lactamases exhibit little activity against these semisynthetic 

penicillins [14]. 

MECHANISMS OF RESISTANCE TO METHICILLIN 

Under new selective pressure, S. aureus developed multiple mechanisms of resis-

tance to modifi ed penicillins, including methicillin. Although methicillin is resistant 

to hydrolysis by small quantities of staphylococcal β-lactamase, strains of S. aureus 

have been isolated that are capable of producing increased levels of β-lactamase [15]. 

These hyper-producers resist methicillin through limited hydrolysis of the antibiotic, 

resulting in a phenotype that, with respect to methicillin, is intermediate between 

susceptible and resistant [15]. 

Methicillin resistance in S. aureus is achieved primarily by the acquisition of an 

altered PBP, PBP2a (also known as PBP′), which confers resistance to all β-lactams 

and their derivatives. S. aureus natively expresses four other PBPs, designated PBP1, 

2, 3, and 4, that are all sensitive to β-lactam antibiotics [16]. The β-lactam antibiotics 

serve as substrate analogs that covalently bind PBPs, inactivating them at concen-

trations close to the MIC. PBPs are essential proteins that are anchored to the cyto-

plasmic membrane and, under normal circumstances, catalyze the transpeptidation 

reaction that crosslinks bacterial cell wall peptidoglycan. Inhibition of this reaction 

by the binding of a β-lactam is lethal [14]. Low-level resistance to β-lactam antibiot-

ics has been observed to result from a decrease in the binding affi nities of PBPs for 

penicillins, an increase in the production of PBPs, or both [16,17]. However, the most 

prevalent means for achieving methicillin resistance is the acquisition of an element 

termed the staphylococcal cassette chromosome mec (SCCmec) [18] containing the 

mecA gene encoding PBP2a.

SCCMEC

SCCmec DNA is a large, 21- to 67-kb, unique class of mobile genetic element always 

located at a fi xed site in the S. aureus chromosome near the origin of replication 

(Figure 12.1) [14,19,20]. Unlike conjugative transposons, SCCmec does not contain 

the tra gene complex. SCCmec contains mecA, the structural gene for PBP2a and 

 regulatory elements, mecI and mecRl, which control mecA transcription. Down-

stream from mecA is a variable segment of DNA that ends with an insertion-like 

 element, IS431 [21], that serves as a target for homologous recombination for other 

resistance determinants fl anked by similar IS elements [4,22]. Therefore, mecA and 

its associated DNA act as a trap for integration of other determinants, including 

genes for resistance to fl uoroquinolones, aminoglycosides, tetracyclines, macrolides, 
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and trimethoprim-sulfamethoxazole [14]. In addition, the transposon Tn554 con-

taining ermA, the gene encoding for inducible erythromycin resistance, is located 

upstream from mecA in over 90% of MRSA [23]. 

Two genes have been identifi ed for mobilization of SCCmec, ccrA and B 
(cassette chromosome recombinase genes A and B), which encode DNA recombi-

nases of the invertase/resolvase family [18,20]. These two genes catalyze the precise 

integration of SSCmec into the chromosome in the correct orientation and its precise 

excision from the chromosome. 

Several types of SCCmec elements have now been described [18,24–28] and a 

 typing system has been proposed, which classifi es variations of SCCmec into fi ve types 

(I to V) based on the mec DNA structure and the ccrA and B genes [20,24]. Types I, II, 

and III compose the majority of nosocomial strains of MRSA, whereas types IV and V 

are found in community-acquired MRSA [20,24]. Interestingly, SCCmec type V was 

found to contain a single new site-specifi c recombinase gene (ccrC), which carries out 

both integration and excision.

FIGURE 12.1 Organization of the SCCmec region of DNA and chromosomal location. 

SCCmec DNA is 21–67 kb containing the PBP2a structural gene, mecA and its upstream 

regulatory elements, mecI-mecR1 and the ccr complex. The regulatory genes are divergently 

transcribed from mecA as indicated by the arrows. Further upstream from mecA is Tn554 and 

downstream from mecA is a variable region ending with IS431. (Adapted from Chambers HF, 

J Infect Dis 179, 1999; Hiramatsu K, Microbiol Immunol 39, 1995; Katayama Y, Ito T, 

Hiramatsu K, Antimicrob Agents Chemother 44, 2000.)
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mecA 

Greater than 90% of MRSA harbor mecA [16]. The mecA gene is inducible and 

encodes the high-molecular-weight, 78-kD PBP2a polypeptide. It occurs in both 

MRSA and methicillin-resistant coagulase-negative staphylococci, and is highly 

conserved [29–32]. Analysis of the nucleotide sequence of mecA and its operator 

region revealed that sequences contained within the 5′ end were similar to 

sequences within the β-lactamase gene, blaZ, of S. aureus. The remainder of 

the structural gene exhibits sequence similarity to the PBP2 and PBP3 genes of 

Escherichia coli [16,33]. 

PBP2a

The native PBPs in S. aureus, PBP1, 2, 3, and 4 are essential for cell growth and 

 survival of susceptible strains. These PBPs have a high affi nity for most β-lactam 

antibiotics, which bind to the transpeptidase domain preventing crosslinking and 

new septum initiation [34–36]. PBP2a binds β-lactams with much lower affi nity, 

allowing the organisms to grow in drug concentrations that would otherwise inacti-

vate native PBP and inhibit growth. Initially, PBP2a was thought to substitute for 

the essential functions of the native PBPs at lethal concentrations of antibiotics 

[1,14] since it includes both transpeptidase (TPase) and what appeared to be trans-

glycolase (TGase) domains [4,37]. However, while native PBPs produce highly 

cross-linked peptidoglycan, PBP2a appears to be limited in activity to linking two 

monomers, and is incapable of generating highly cross-linked oligomers that are 

typical products  of the normal cell wall synthetic machinery [38]. Further, Pinho 

et al. [37,39] have shown that the concerted action of both PBP2a and native PBP2 

is essential for  optimal methicillin resistance even when the TPase domain of PBP2 

is fully acylated.  They found that when the structural gene for PBP2 was inacti-

vated in a highly  methicillin-resistant strain, there was a several-fold reduction in 

the methicillin MIC (from 800 μg/mL to 12 μg/mL) [37]. Additionally, they were 

able to show that the TGase domain of native PBP2 was insensitive to the presence 

of β-lactam antibiotics and functions in the presence of β-lactams for cell wall 

synthesis [37]. Therefore, high-level resistance to methicillin requires the TPase 

domain of PBP2a in concert with the penicillin-insensitive TGase domain of native 

PBP2 [39].

Regulation of mecA 

Expression of PBP2a is controlled by two sets of regulator genes. The fi rst set, which 

includes mecR1 and mecI, is located within the mec DNA immediately upstream of 

mecA and is divergently transcribed from mecA [14]. The second set of regulators 

that affect mecA expression, blaR1 and blaI, are chomosomally encoded and also 

serve to regulate blaZ, the staphylococcal penicillinase gene [4,40,41]. Strains that 

contain functional mecR1-mecI regulatory elements are strongly repressed and 

 produce PBP2a only after induction [4,42]. 

MecI and BlaI are repressor proteins and both can repress mecA and blaZ [43,44]. 

Repression by BlaI is weaker than by MecI, and as a result, some PBP2a is produced 

in uninduced strains. Induction of BlaI-repressed mecA by methicillin is as rapid as 
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induction of BlaI-repressed β-lactamase synthesis [4,42]. In contrast, MecI is a strong 

repressor of mecA and leads to an extremely slow induction of PBP2a. As a result, 

methicillin resistance is established slowly and may only appear after 48 h on 

 methicillin-containing plates, making these strains appear initially falsely susceptible  

at 24 h [4,42,45].

The MecR1 and BlaR1 proteins are sensor-transducer molecules that are spe-

cifi c for their corresponding repressors, MecI and BlaI, respectively, and cannot 

substitute for each other in the presence of β-lactam antibiotics [14]. Like BlaRl, 

MecRl is a transmembrane protein consisting of an extracellular sensor domain and 

an intra cellular metalloprotease domain [46,47]. 

Although mecA is present in all MRSA, there is considerable variation in the 

presence of the other genes [48]. mecR1-mecI is present in 60% to 95% of mecA-

 positive S. aureus [49–51]. Because mecI is such a strong repressor, it has been 

 concluded that phenotypically resistant mecA-positive S. aureus strains either do not 

possess mecI, or have mutations within mecI, which prevent it from functioning 

[16,49,50,52]; or that they have mutations within the mecA promoter region corres-

ponding to a presumptive operator of mecA, the binding site of the repressor protein 

[16,50]. Inactivation of mecI, by either deletion or mutation, is an essential step in the 

production of PBP2a and expression of methicillin resistance [53,54]. Two point 

mutations are frequently detected in the mecI gene: a substitution transition at nuc-

leotide position 202 (C to T) or a transversion at position 260 (T to A), either of 

which generates an in-frame stop codon in the middle of the mecI gene [16,49,50,52]. 

In these strains, a functional repressor protein is not produced, resulting in maximal 

expression of methicillin resistance [50]. Point mutations in the operator region of 

the mecA promoter that result in derepression have also been identifi ed [16,33]. 

A small number of S. aureus strains have been isolated that carry intact mecI and 

mecRl, together with mecA, and these strains have been termed pre-MRSA, as 

 typifi ed by prototype S. aureus strain N315 [16,50,52]. Pre-MRSA are phenotypi-

cally susceptible to methicillin as routinely assayed [45,49,50]. In these strains, the 

expression of methicillin resistance is fully repressed by mecI and is not induced by 

the presence of methicillin. However, when grown on selective media, resistant cells 

arise at a high frequency (10−5 to 10−6) resulting from point mutations in the mecI 
gene [49,50], circumventing the mecI-mediated repression of mecA. In the absence 

of both the blaR1-blaI and mecR1-mecI regulatory elements, PBP2a is produced 

constitutively but this does not always correlate with high-level resistance [4,44], 

leading to the conclusion that other genes also contribute to resistance.

CHROMOSOMAL ELEMENTS AFFECTING METHICILLIN RESISTANCE LEVELS 

The observation that PBP2a levels do not correlate directly with resistance levels 

[4,44,55] led to the search for other factors that infl uence expression of methicillin 

resistance. Transposon-mediated insertional inactivation of chromosomal genes 

identifi ed several that affected methicillin resistance [55–58]. It is now appreciated 

that methicillin resistance in S. aureus is complex and involves auxiliary genes (aux 

genes) or fem genes (factors essential for the expression of methicillin resistance) 

[59,60]. The fem genes are primarily housekeeping genes, located throughout the 
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staphylococcal genome and are essential for maximum resistance [4,58,61,62]. Over 

20 fem genes have been identifi ed (Table 12.1) [4,14,54,63–65].

The fem genes occur in both MRSA and methicillin-susceptible S. aureus 

(MSSA), and many encode or regulate the activity of enzymes catalyzing reactions 

at different stages in peptidoglycan biosynthesis or turnover. However, none has been 

shown to affect PBP2a expression [44]. Inactivation of fem genes, especially those 

genes involved in cell wall precursor formation, leads to a reduction in methicillin 

resistance. The function of many fem gene encoded proteins is still unknown. 

The fem genes with the most infl uence on resistance are fmhB, femA, and femB, 

which lead to formation of the pentaglycine bridge that crosslinks staphylococcal 

peptidoglycan (Figure 12.2) [4,14,47,66,67]. FmhB is responsible for incorporation 

of the fi rst glycyl residue of the pentaglycine bridge. FemA and FemB are responsible  

for the addition of residues 2–3 and 4–5, respectively, into the bridge [4,14,68]. The 

pentaglycine bridge has been shown to be essential for PBP2a-mediated resistance, 

and shortening its length leads to hypersusceptibility to β-lactams as well as other 

classes of antibiotics [14,44]. Inactivation of fmhB is lethal [67]. 

Disruption of femC reduces the basal level of methicillin resistance in MRSA, 

but still allows formation of a highly resistant subpopulation [4,14]. Mutation in femC 

results in a metabolic block in glutamine production. This block affects peptido-

glycan composition by reducing the amidation of isoglutamate in the peptidoglycan 

stem pentapeptide, resulting in a reduction in the extent of crosslinking in the 

 peptidoglycan. Addition of glutamine to the culture medium restores both isogluta-

mate amidation and methicillin resistance [4,14].

 femD catalyzes the conversion of glucosamine-6-phosphate to glucosamine-1-

phosphate, a reaction key to peptidoglycan precursor formation [69]. Inhibition of 

FemD leads to a reduction in methicillin resistance [70,71]. It has been observed that 

in cultures of both femC mutants and femD mutants, spontaneous methicillin-resistant 

suppressor mutants can be found that render cells highly resistant to methicillin [71].    

TABLE 12.1
Partial List of Chromosomal Factors Affecting Methicillin Resistance
Gene Function Effect on Methicillin Resistance

fmhB Addition of 1st glycine to the peptidoglycan 

pentaglycine bridge 

Inactivation is lethal

femA Addition of 2nd and 3rd glycine to the 

peptidoglycan pentaglycine bridge 

Mutants are methicillin susceptible

femB Addition of 4th and 5th glycine to the 

peptidoglycan pentaglycine bridge 

Inactivation reduces methicillin resistance

femC Glutamine synthase repressor Inactivation reduces methicillin resistance

femD Phosphoglucosamine mutase crucial for 

precursor formation

Inactivation reduces methicillin resistance

femF Catalyzes incorporation of lysine into 

peptidoglycan stem

Inactivation reduces methicillin resistance

lytH Autolytic enzyme Inactivation increases methicillin resistance
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It is evident from the growing list of auxiliary factors involved in methicillin 

resistance that disruption of peptidoglycan or membrane biosynthesis has the 

 potential to reduce the optimal function of PBP2a. Methicillin resistance in S. aureus 

involves the concerted actions of mecRl, mecI, and mecA genes together with many 

metabolic functions of the organism [4]. 

HETEROGENEOUS METHICILLIN RESISTANCE 

An interesting characteristic of methicillin resistance in S. aureus is the phenomenon  

known as heteroresistance, in which subpopulations of cells (10−8 to 10−4) in a 

 methicillin-resistant strain, all producing PBP2a, vary markedly in the phenotypic 

expression of resistance. That is, in clinical isolates of MRSA where the majority of 

the population is relatively susceptible to β-lactam antibiotics, a small proportion of 

cells express resistance to high levels of methicillin [61,69]. Although all the cells 

in an MRSA population have the potential to express resistance to methicillin, the 

population does not behave in a homogeneous manner [72–74]. The proportion 

of cells expressing higher resistance levels is strain specifi c and a reproducible 

property [75]. The level of resistance in heterogeneous MRSA does not correlate to 

the quantity of PBP2a present [62,69,76]. In some strains, the highly resistant sub-

population will maintain the high level of resistance among descendants of this 

subpopulation [77]. Among other isolates, however, the highly resistant subclones 

return to their original resistance upon re-growth from a single colony in drug-free 

medium [4,77]. Strains consistently producing populations of high-level resistant 

cells are termed homogeneous expression strains. Even though the subpopulation of 

highly resistant MRSA within a heterogeneous strain occurs at a low frequency, it 

can overgrow a culture under conditions of antibiotic pressure [75]. The practical 

implication is that every MRSA strain, irrespective of whether expression is hetero-

geneous or homogeneous, may lead to treatment failure in vivo [75]. 

FIGURE 12.2 Schematic of the peptidoglycan precursor of S. aureus showing Fem factors 

that affect its formation.
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This phenomenon of heterogeneous resistance makes it necessary for clinical 

laboratories to use special methods to ensure detection of MRSA. While the genetic 

cause of heterogeneous resistance is poorly understood, it can be overcome by lower 

incubation temperatures (30°C  to 35°C) and the incorporation of higher salt concen-

trations (2% to 4% NaCl) in the medium, which are conditions that favor enhanced 

expression of resistance [72,78]. 

ORIGINS OF METHICILLIN RESISTANCE 

Nucleotide sequencing revealed that the mecA gene is composed of separate domains 

exhibiting sequence similarity to two distinct genes: the 5′ region of the mecA gene 

is similar to the penicillinase gene (blaZ) of S. aureus, and the rest of the gene is 

related to E. coli PBP2 and PBP3 [16,33]. Several theories on the origins of this gene 

have been proposed that: (i) mecA emerged by homologous recombination between 

PBP and a β-lactamase gene in an unknown organism [16,33]; or (ii) mecA originated  

in a coagulase-negative staphylococcal species, perhaps a close evolutionary relative 

of S. sciuri [14,48]. When bacterial isolates belonging to over 15 species of staphylo-

cocci were examined for reactivity with a DNA probe internal to the mecA of an 

MRSA strain, only one species, S. sciuri was invariantly positive for all isolates [79]. 

However, the mecA homolog in S. sciuri appears to be silent, as S. sciuri isolates 

express no detectable resistance to either methicillin or penicillin [79,80]. It has been 

suggested that the mecA homolog is native in this bacterium, where it performs some 

physiological function, such as cell wall biosynthesis [79]. The product of S. sciuri 
mecA possesses a putative transglycosylase (TGase) domain with an N-terminal 

membrane anchor sequence and a putative transpeptidase (TPase) domain, similar to 

other high-molecular-weight PBPs. The mecA of S. sciuri exhibits an overall inferred 

amino acid sequence similarity of 88% and identity of 80% when compared to mecA 
of the MRSA [79]. The S. sciuri mecA homolog is by far the most closely related of 

known genes to mecA of MRSA, and it appears certain that both genes share a 

 common evolutionary ancestry, with intermediates most likely occurring elsewhere 

within the genus [79]. Additional evidence for an evolutionary link was demonstrated 

when S. sciuri mutants, selected for by increasing the concentration of methicillin, 

were shown to have increased rates of transcription of the S. sciuri mecA homolog 

due to a point mutation in the promoter region [81]. Additionally, when this mutated 

gene was introduced into methicillin-susceptible strains of S. aureus, it conferred 

resistance [81]. 

Within S. aureus, two theories prevail as to the origin of mecA and methicillin 

resistance. The earliest MRSA isolates may have descended from a single methicillin-

resistant clone [82] and then entered other phylogenetic lineages of S. aureus. Alter-

nately, the mec determinant was acquired from a source outside of the species at 

different times by different strains [4]. Clonal analysis of MRSA [1,83] and of mec 

determinants stemming from Staphylococcus spp. other than S. aureus (mainly from 

S. haemolyticus and S. epidermidis) support the view that the mec determinant was 

disseminated by horizontal transfer, with coagulase-negative staphylococci possibly 

serving as the intermediary of the mec determinant for S. aureus [4,48]. Whereas 

β-lactamases were rapidly and widely disseminated and are now present in about 
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80% of all staphylococci, the mec determinant is still largely restricted to discrete 

clonal lineages, and seems to favor clonal over horizontal spread [4]. Using DNA 

microarray analysis, MRSA strains were shown to fall into fi ve distinct chromo-

somal genotypic groups that are highly divergent relative to one another [84], conclud-

ing that MRSA strains have arisen multiple independent times by lateral transfer of 

the mec element into methicillin-susceptible precursors [84].

EPIDEMIOLOGY OF MRSA

The anterior nares are a natural human reservoir for S. aureus where it can be isolated  

from 10% to 40% of healthy adults [5,85]. From the nares, spread to the skin 

(especially eczematous lesions) and then to surgical wounds, foreign bodies (e.g., 

indwelling devices), burns, and the upper respiratory tract [72,85,86] is common, with 

the hands being the major mode of transmission [85,87]. That a common cause of 

 frequently severe infections is carried asymptomatically by a large proportion of the 

population in an accessible site, such as the anterior nares, challenges paradigms of 

what constitutes a pathogen. Between 20% and 35% of the population are persistent 

S. aureus carriers, and 30% to 70% are intermittent carriers [88,89]. Identifi cation of 

carriers is an important key to containment, because strains associated with nasal coloni-

zation have been observed to account for 40% to 100% of staphylococcal sepsis, and 

surgical infection is 2 to 17 times more common among carriers than non-carriers [88]. 

NOSOCOMIAL INFECTIONS

S. aureus is now the leading cause of nosocomial pneumonia and surgical site 

 infections [90], and is the second leading cause of nosocomial bloodstream infec-

tions behind coagulase-negative staphylococci [90,91]. Infections and outbreaks are 

common throughout the world in nursing homes [92,93] and among outpatient 

 populations [72,94], in addition to those reported in hospitals [85,86]. Infection with 

MRSA is especially prominent in intensive care units (ICUs) [85]. 

MRSA is introduced into an institution primarily by admission of an infected or 

colonized patient who serves as a reservoir [72,95,96]. Less frequently, MRSA can be 

introduced by colonized or infected health care workers who disseminate the organism  

directly to patients [72,97]. The principal mode of transmission of MRSA within the 

hospital is via transiently colonized hands of health care workers, who acquire the 

organism after close contact with colonized patients, contaminated equipment, or 

their own fl ora [72,85,86,96,98,99]. More rarely, patients can acquire MRSA via 

 airborne transmission, as has been observed in burn units [72,85,98,100–102]. 

Several risk factors for the acquisition of MRSA have been identifi ed. These 

include prior hospitalization, admission to an intensive care unit (ICU) or burn unit, 

invasive procedures, skin lesions, age, and previous antimicrobial treatment [103–107]. 

Current guidelines for MRSA control in hospitals focus on measures to limit MRSA 

cross contamination and colonization [103]. These guidelines include measures such as 

hand washing, the identifi cation of human reservoirs, decontamination of the environ-

ment, patient isolation, and notifi cation of known carriers when a patient is transferred 

to another institution [103]. Despite these procedures, MRSA continues to spread in 

most institutions, and has become endemic rather than epidemic [53]. 
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Currently, approximately two million hospitalizations annually result in nosoco-

mial infection [91]. Surveillance databases, such as The Surveillance Network (TSN), 

electronically collect and compile data daily from more than 300 clinical laboratories 

across the United States, identify potential laboratory testing errors, and detect 

 emergence of resistance profi les and mechanisms that pose a public health threat 

(e.g., vancomycin-resistant staphylococci) [108–110]. In 1991, using data from the 

National Nosocomial Infections Surveillance (NNIS) system, it was noted that the 

 percentage of MRSA was greatest from hospitals reporting from the southeastern 

region of the United States [111]. Using data collected from 1998 through 1999 by 

TSN U.S.A. (Eurofi n Medinet, Herndon, Virginia, U.S.A.), this trend continued with 

the Southeast reporting 45.5% of S. aureus isolates to be MRSA compared to a national 

average of 35.7%. Data collected from TSN from 1998 through 2005 report all regions 

except New England above 50%, with the Southeast still reporting the highest rates 

of MRSA, and within this region Kentucky, Tennessee, Alabama, and Mississippi 

reporting 63% in both inpatient and outpatient populations. These most recent data also 

show that multidrug resistance rates remain highest among nosocomial strains as com-

pared to community-acquired strains. It should also be noted that in this study of 14,635 

MRSA strains, no resistance to vancomycin was noted and only three strains (0.02%) 

were resistant to linezolid. So, while there have been reports of resistance to these three 

agents [110,112,113], it seems for now to be extremely rare.

Today, S. aureus is still the most common bacterial species isolated from 

inpatient  specimens and the second most common from outpatient specimens (18.7% 

and 14.7%, respectively) [110]. The MRSA problem arose initially in large tertiary 

care hospitals [86,114] with patients in burn [83,98,115,116], postoperative [83,95,98], 

and ICU [95,96]. Increased risk of MRSA infection was associated with use of 

 multiple broad-spectrum antibiotics [5,83,95,96,117], indwelling devices [95,117], 

ventilatory support [95], severity of underlying disease [83,5,97,117], and length of 

hospital stay [83,97,117]. Between 1975 and 1996, the NNIS system reported the 

percentage of MRSA among nosocomial isolates in the United States had increased 

from 2.4% to 35% of staphylococcal isolates [111,118]. Rates of MRSA have conti-

nued to rise. In 2005, the TSN reported MRSA rates were 55% for ICU patients and 

59.2% for non-ICU patients [110]. Nosocomial MRSA tend to possess one of three 

types of SCCmecA: I, II, and III. Types II and III code not only for methicillin resis-

tance, but also resistance to multiple non-β-lactam antibiotics [20,24].

COMMUNITY-ACQUIRED MRSA 

Based on experience studying penicillin resistance patterns in S. aureus, it is 

not surprising that the epidemiology of MRSA has shifted from that of an almost 

exclusively nosocomial problem to now being transmitted within the community 

with increasing frequency [119–121]. Community-acquired MRSA was fi rst described 

during the 1980–1981 outbreak of MRSA infections in Detroit [120,122], where 

approximately two-thirds of the patients affected were injection drug users. Conse-

quently, early studies on community-acquired MRSA in the United States described 

mainly infections in intravenous drug abusers [123,124] and individuals with recog-

nized predisposing risk factors such as persistent carriage, recent hospital stay 

(within the last 12 months), serious underlying diseases, previous antibiotic therapy, 
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or residence in a long-term care facility [5,119]. By the mid-1990s, community-

acquired MRSA infections were beginning to be described in individuals without 

these identifi able risk factors [120]. While it remained diffi cult to distinguish between 

nosocomial and community-acquired MRSA infections, certain trends were begin-

ning to emerge. It was observed that community-acquired MRSA strains tended to 

remain susceptible to most classes of antibiotics including clindamycin, macrolides, 

fl uoroquinolones, trimethoprim-sulfamethoxazole, and aminoglycosides, resistant 

only to the β-lactams, in contrast to the multidrug-resistant pattern of nosocomial 

strains [120]. This more restricted set of antibiotic resistances was also observed in 

studies of community-acquired MRSA strains among intravenous drug abusers 

compared with nosocomially acquired MRSA isolates [120,125,126]. Hospital 

 surveys in the United States and Canada documented a substantial proportion of 

MRSA infection identifi ed on admission to the hospital [104,119,127] revealing that 

community MRSA infection was more common than expected, and that the majority 

of isolates represented distinct strains rather than recent descendants of a single 

strain [119]. Additionally, while previous reports of community-acquired MRSA 

infections were generally limited to infections among intravenous drug users and 

individuals with health care associated risk factors [72,123,124,127], these studies 

revealed cases of MRSA colonization and infection acquired in the community by 

individuals lacking those predisposing factors. By the late 1990s, clinicians also 

observed that the community-acquired MRSA strains had a predilection for skin and 

soft tissue infection [128].

In 2002, a novel SCC type (type IV, described above) was isolated from a 

 community-acquired strain [27] and has been found to be present in 89% of commu-

nity-acquired isolates [20,129]. This genetic element carries only the mecA resistance  

gene, consistent with the fi nding that community-acquired strains tend to be suscep-

tible to non-β-lactam antibiotics. In addition, community-acquired MRSA were 

associated with exotoxin genes, including the Panton- Valentine leukocidin (PVL) 

[129]. PVL is a two-component staphylococcal membrane toxin that targets leuko-

cytes, and is found in about 2% of all S. aureus clinical isolates, including both 

MRSA and MSSA [130]. Contact between PVL and human neutrophils, monocytes, 

macrophages, or erythrocytes, results in pore formation and cell lysis through 

osmotic rupture [130]. Isolates containing the PVL genes are often associated 

with recurrent and often severe primary skin infections and severe  necrotizing pneu-

monia [131,132]. 

COST ATTRIBUTABLE TO MRSA

Over nearly fi ve decades, methicillin resistance has represented a major therapeutic, 

management, and epidemiological problem throughout the world [83,133]. MRSA 

colonization and infection has been shown to increase morbidity, length of hospital 

stay, and hospital cost. Nosocomial bloodstream infection with MRSA was found to 

prolong hospitalization an average of eight days over similar infections caused by 

MSSA, resulting in an approximately three-fold increase in direct costs [134]. Studies 

have shown that treating an MRSA infection can cost 6% to 10% more than treating 

a methicillin-sensitive infection [91]. This difference does not refl ect greater viru-

lence of MRSA; rather, it refl ects the increased cost of vancomycin treatment, longer 
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hospital stay, and the cost of patient isolation and infection-control measures. In addi-

tion to increasing costs, the mortality rate attributable to MRSA infections has been 

observed in some studies to be more than 2.5 times higher than that attributable to 

MSSA infections (21% vs. 8%) [91]. Although it should be noted that some of the 

death rate difference may be related to the underlying condition of patients who 

become infected with MRSA, such as older patients and patients previously exposed 

to antibiotics, as well as the lack of effectiveness of vancomycin to cure MRSA [91]. 

EXPECTATIONS FOR THE FUTURE 

Currently, more than 95% of patients with S. aureus infections worldwide do not 

respond to fi rst-line antibiotics, such as penicillin or ampicillin [91,135]. Moreover, 

MRSA are increasingly found in the community, including individuals who have 

never been hospitalized [103,104,136]. Many multidrug-resistant MRSA strains 

are presently only susceptible to a single class of clinically available bactericidal 

anti biotic, the glycopeptides (vancomycin and teicoplanin), and the widespread 

acquisition of the vanA or vanB determinants from enterococci would be a potential 

public health disaster. Currently, intravenous vancomycin is the standard antibiotic 

for empirical therapy. But as more vancomycin-intermediate resistant strains of 

S. aureus are isolated, this line of therapy may be compromised. Linezolid, from 

the new class of antibiotics, oxazolidinones, is available for intravenous and oral 

administration, but costs $100 to $1000 more per treatment course, which may limit 

its use [137].

Several studies suggest that reduction of antibiotic use within the hospital 

could decrease nosocomial acquisition of multi-resistant bacteria [85,138–140], and 

scheduled rotation of antibiotic use has also been suggested [85,141]. In addition to 

prudent use of antibiotics, strict compliance with infection control policies can aid 

in the reduction of nosocomial spread of multidrug-resistant MRSA. This may, how-

ever, be harder to effect than decreasing antibiotic use, since studies have shown that 

compliance with simple hand washing in ICUs varies from only 20 to 40% 

[85,142–145]. 

Characterization of the interactions between PBP2a and β-lactams may eluci-

date the basis for the extremely low affi nity for β-lactam antibiotics and contribute 

to the rationale to design better PBP2a inhibitors, leading to more effective anti-

bacterial agents for MRSA and other bacteria [146]. PBP2a has already been utilized 

as a screening target for discovery of new β-lactam antibiotics with enhanced affi nity 

and improved activity against MRSA [146,147]. 

There is an obvious need for more effective antibiotic therapy for infections with 

MRSA. Reports describing treatment failure of vancomycin for multidrug-resistant 

MRSA infections have raised concern for the emergence of strains of MRSA for 

which there will be no effective, affordable therapy. However, new therapeutic agents 

alone will not provide a long-term solution, and our attention to prevention must 

remain constant. Strict adherence to hospital infection-control practices, as well 

as appropriate use of antibiotics and improved surveillance systems to track the 

emergence of resistance patterns, are of primary importance as we look to the future 

usefulness of antibiotic therapy against this extremely adaptive organism. 
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INTRODUCTION

Tuberculosis is the leading cause of death from a curable infectious disease and there 

were an estimated 8.9 million new cases of tuberculosis in 2004 [1]. Tackling the 

global burden of tuberculosis is a major public health challenge that has become 

more daunting with the realization that strains of multiply drug-resistant Mycobac-
terium tuberculosis (MDR-TB) are increasing rapidly. Between 2000 and 2004, 

global estimates of MDR-TB incidence increased from 270,000 to over 400,000 new 

cases annually [2]. These strains are diffi cult to cure because they usually require 

two years of therapy with costly and poorly tolerated regimens usually comprising a 

minimum of fi ve drugs. The ultimate control of MDR-TB will require multiple inter-

ventions, but a complete understanding of the mechanisms of drug resistance in 

M. tuberculosis is essential for devising rapid diagnostics and developing new drugs. 

In this chapter, we review what is currently known about the genetics of resistance to 

the most important antimycobacterial drugs.

DEVELOPMENT OF TUBERCULOSIS CHEMOTHERAPY

The problem of resistance to antimycobacterial drugs is an old one. Within a decade 

of the development of the fi rst effective agents against tuberculosis, drug resistance 

had been described and treatment strategies devised to prevent it. The fi rst two drugs 

to enter formal clinical trials were developed in the early 1940s: streptomycin (SM), 

isolated from Streptomyces griseus [3], and para-aminosalicylic (PAS) acid [4], 

a synthetic derivative of salicylic acid. These compounds were rapidly shown to be 

effective in animal models and early reports of their clinical use suggested they were 

effective against human tuberculosis [4,5]. However, it was soon noted that patients 

with advanced forms of disease had less chance of responding, and that early response 

to treatment in others was rapidly followed by deterioration and the emergence of 

drug-resistant strains. For example, in 1947, the MRC trial of SM versus bed rest for 

patients with pulmonary tuberculosis showed that after six months therapy, there 

was reduced mortality and clinical improvement in the SM treated group [6]. Unfor-

tunately, 35 of the 41 SM-treated patients were found to be excreting drug-resistant 

bacilli, and after fi ve years of follow-up, the mortality in the streptomycin group was 

only slightly better than in the controls (53% vs. 63%) [7]. 

The priority of investigators then switched rapidly to investigating ways of pre-

venting the emergence of resistance. It was soon shown that by combining SM with 

PAS the emergence of resistance to SM could be reduced from 70% to 9% [8]. The 

discovery of a new more potent antimycobacterial agent, isoniazid (INH) [9], soon 

followed, and regimens combining this agent with SM and PAS were also found to 

be highly effective at preventing the emergence of drug resistance [10]. Thus, in the 

space of little more than a decade, the fi rst principle of modern tuberculosis chemo-

therapy had been established, namely the necessity of combination drug therapy to 

combat the emergence of resistance.

The biological basis of the need for combination therapy is thought to be due to 

the heavy pulmonary bacillary burden that exists prior to therapy, suffi ciently large 

to contain spontaneous mutants resistant to a single anti-tuberculosis drug, which 

will be rapidly selected for if treatment commences with only a single agent. Canetti 
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quantifi ed the number of bacteria found in surgically resected cavities from patients 

failing to respond to therapy, and found this to be at least 108
 
[11]. Subsequent esti-

mates of the spontaneous mutation rates for drug resistance to an individual drug 

have been of the order of one in 106 for INH and SM [12,13].

Once the principle of combination therapy had been established, the research 

agenda switched to defi ning the minimal duration of therapy [14]. Combinations of 

INH, SM, and PAS required up to 18 months to obtain adequate results [14]. How-

ever, the observation that pyrazinamide (PZA) [15] and the newer agent rifampin 

(RMP) [16] were uniquely capable of sterilizing organs in animal models of tuber-

culosis, led to trials of shorter courses of therapy. In a series of painstaking and 

meticulous studies carried out through the 1970s [14], it was established that treat-

ment regimens that contained either PZA or RMP could be reduced to six months 

(short course therapy) with cure rates (defi ned as patients free of tuberculosis after 

two years of follow-up) in excess of 95%. This is the basis for the standard six-month 

course of treatment for tuberculosis, which involves an initial intensive treatment for 

two months with INH, RMP, PZA, and ethambutol (EMB) followed by a continua-

tion phase of four months of RMP and INH. 

DRUG-RESISTANT TUBERCULOSIS

DEFINITION

Drug resistance is classifi ed into two types: primary drug resistance occurs in indi-

viduals who are infected de novo with a drug-resistant strain and secondary (acquired) 

resistance, which arises in an individual initially infected with a drug-sensitive 

strain, from which resistant mutants emerge as a result of inadequate therapy. MDR-

TB is defi ned as resistance to at least RMP and INH. There is a certain redundancy 

built into the standard six-month regimen, which ensures it will be effective in indi-

viduals infected with tuberculosis resistant to a single drug, and probably to two 

drugs except for the combination of RMP and INH resistance [17]. This is the basis 

for the defi nition of MDR-TB, as individuals infected with INH/RMP-resistant 

strains will not respond to short-course therapy and will develop resistance to the 

accompanying drugs PZA and EMB. Treatment of MDR-TB is complex and requires 

two years of therapy with a combination of four or fi ve second-line drugs, including 

a fl uoroquinolone and one of three injectable agents: kanamycin, amikacin, or cap-

reomycin. Recent reports have described the emergence of M. tuberculosis strains 

resistant to multiple second-line drugs, which represent a major public health threat 

as they are potentially untreatable [18,19]. A new category has therefore been pro-

posed, extensively drug-resistant tuberculosis (XDR-TB) defi ned as MDR (resistance 

to least INH and RMP) in combination with resistance to fl uoroquinolones and at 

least one of the second-line injectable agents.

EPIDEMIOLOGY

Until the 1980s, MDR-TB was not perceived as a threat to tuberculosis control, and 

surveys from this period suggested that MDR strains were rare [20], and tended to 

occur only in the context of multiple courses of inadequate treatment. However, a 
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new phenomenon appeared in the form of micro-epidemics of MDR-TB, described 

in health care settings in the United States [21–24], but also documented elsewhere 

[25–27]. These were the result of infectious cases excreting and transmitting MDR 

strains of tuberculosis to numerous contacts, and occurred particularly among groups 

of HIV-infected individuals. Population-based molecular epidemiology confi rmed 

the ongoing transmission of MDR-TB within communities and also highlighted the 

potential of individual strains of drug-resistant M. tuberculosis to rapidly spread 

through vulnerable populations [28]. 22% of all MDR-TB strains isolated in New 

York in one year represented a single clone (strain W) [29], which has also been 

identifi ed in Europe and Africa as well as throughout the United States [30], reveal-

ing the potential for global dissemination of drug-resistant strains.

Attempts to ascertain the current global burden of drug-resistant tuberculosis are 

limited by incomplete data from many countries. Drug susceptibility testing requires 

signifi cant laboratory infrastructure, which is not present in many endemic coun-

tries. Data are available from a WHO survey conducted in 77 settings between 1999 

and 2002, which detected resistant M. tuberculosis strains at 74 sites [31]. Prevalence 

of MDR in new cases of tuberculosis ranged from 0% in eight countries to exception-

ally high levels in most of the former Soviet republics (9.3% in Latvia to 14.2% in 

Kazakhstan). China and Ecuador were other countries with high prevalences of 

MDR. However, most of these surveys were conducted at a limited number of cen-

ters and the distribution of resistant strains is likely to be highly heterogeneous 

within a population and may change rapidly. For example, the WHO survey reported 

an MDR prevalence of <2% for South Africa in 2002, but KwaZulu-Natal has 

recently experienced an alarming increase in numbers of new MDR and XDR cases 

that was not predictable from the results of the WHO surveillance conducted in the 

province [19]. 

MOLECULAR BASIS OF DRUG RESISTANCE

AMINOGLYCOSIDES

Streptomycin

Streptomycin is an aminoglycosidic aminocyclitol, the fi rst of this class of antibiotics 

to be identifi ed. Its clinical introduction marked the beginning of the chemotherapy 

era of tuberculosis control and most of the clinical trials that defi ned the principles 

of anti-tuberculosis chemotherapy used SM. An adverse toxicity profi le and the need 

for parenteral administration have resulted in it being replaced by other agents in 

fi rst-line therapy. However, the emergence of drug resistance has meant that SM is 

still an important antimycobacterial agent. Other aminoglycoside antibiotics are also 

being used to treat multidrug-resistant cases of tuberculosis and therefore an under-

standing of the mechanism of resistance to SM has found a new relevance.

Aminoglycosides are broad spectrum antibiotics and their mode of action has 

been extensively studied in other organisms [32]. SM binds to the 30S ribosomal 

subunit leading to inhibition of translational initiation and misreading of messenger 

RNA [32]. Resistance to SM and other aminoglycosides in Gram-negative organ-

isms is principally due to the acquisition of aminoglycoside-modifying enzymes. 
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However, no plasmids or transposons bearing drug resistance genes have been 

detected in M. tuberculosis, and the chromosomally encoded aminoglycoside 2′-N-

acetyltransferase (aac(2′)-Ic) is apparently unable to acetylate aminoglycosides, thus 

differing from its counterpart in Mycobacterium smegmatis [33]. An aph(3″)-Ic 

gene, encoding an aminoglycoside 3″-O-phosphotransferase which can inactivate 

SM, has been characterized in Mycobacterium fortuitum, but is absent from the 

genome of M. tuberculosis [34]. 

Streptomycin-resistant strains of Escherichia coli have been isolated with 

 mutations in two ribosomal components, the S12 protein and the 16S ribosomal 

RNA. Analysis of these genes in M. tuberculosis was therefore a logical fi rst approach 

to investigating resistance to SM, since mutations at these loci would produce a 

dominant phenotype, as M. tuberculosis possesses only a single copy of these genes 

[35]. Various groups in parallel established that mutations in rpsL, the gene coding 

for the S12 ribosomal protein, were associated with resistance [36–39]. These muta-

tions were found to occur at codon 43 (Lys43Arg or rarely Lys43Thr), less frequently 

at codon 88 (Lys88Arg or Lys88Gln), and in isolates exhibiting high-level resistance 

to SM (MIC of greater than 500 μg/mL).

Sequence analysis of the rrs gene that codes for the 16S rRNA, from SM- resistant 

clinical isolates also identifi ed a series of single nucleotide substitutions that were in 

general associated with an intermediate level of resistance and confi ned to two 

restricted regions. One group, represented by substitutions at positions 491, 512, 513, 

or 516 mapped to the 530 loop region of the E. coli 16S rRNA, and the other at posi-

tions 798, 865, 877, 904, and 906 mapped to the E. coli 912 region [40]. The 530 loop 

region is one of the most highly conserved regions of the 16S ribosomal RNA, both 

in sequence and secondary structure, refl ecting its importance for some translational 

function. The 912 region has been implicated in translational fi delity and is located 

at the junction of the three major domains of the 16S rRNA. Chemical footprinting 

experiments using E. coli ribosomes have demonstrated that this region is protected 

by the binding of SM [41] and mutations here reduce drug binding, [42,43] suggesting 

it may be the primary site of action of SM.

Mutations in rpsL and rrs mutations can only be detected in approximately 50% 

and 10% of clinical isolates, respectively. The substantial proportion of strains with 

no detectable ribosomal subunit mutations indicates there are other mechanisms of 

resistance, although these strains are in general only resistant to low levels of SM 

(MIC < 50 μg/mL). Characterization of the active effl ux systems detected in the 

M. tuberculosis genome is not yet very advanced [44], but several have been shown 

to transport aminoglycosides. The M. tuberculosis gene Rv1258c is a homolog of the 

gene coding for the M. fortuitum Tap effl ux pump, and a member of the major 

 facilitator superfamily (MFS) of effl ux systems [45]. Overexpression of Rv1258c in 

Mycobacterium bovis BCG resulted in a modest increase in the MIC for SM, and 

gene inactivation increased susceptibility, thus suggesting a role in the intrinsic 

resistance to aminoglycosides. Similiar results were obtained with Rv2333c and 

Rv1410c, two other members of the 16 MFS genes described in the genome of 

M. tuberculosis [46,47]. Whether these or other transport systems are actually 

responsible for resistance in clinical isolates requires further investigation, but a 

recent study has provided evidence that mutations in gidB, a methyltransferase 
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specifi c for the 16S rRNA, may be responsible for low-level SM resistance in 

M. tuberculosis [48].

Other Aminoglycosides

The emergence of strains resistant to SM and other drugs has necessitated the use of 

other aminoglycosides to treat individuals infected with such strains. These aminogly-

cosides have a range of MICs for M. tuberculosis, and unlike SM are made up of a 

2-deoxystreptamine ring rather than a streptidine ring. Given this structural difference 

it is not surprising that these 2-deoxystreptamine aminoglycosides bind to different 

sites on the ribosome, and appear to be fully active against M. tuberculosis strains 

 harboring SM resistance-associated mutations in their rrs and rpsL genes [49]. A 

structural study of a paromomycin-rRNA complex [50] indicates that these antibiotics 

bind to a region encompassing the 30S subunit A site including position 1408, which 

has been demonstrated to be important for resistance to 2-deoxystreptamine amino-

glycosides in E. coli [51]. In M. tuberculosis, position 1400 of the rrs gene (the 

equivalent of position 1408 of the E. coli rrs) was also found to be important in medi-

ating resistance to 2-deoxystreptamine aminoglycosides. Studies have found an A to 

G substitution at position 1400 of the rrs gene in 60% to 76% of  kanamycin-resistant 

clinical isolates of M. tuberculosis analyzed [52–54]. Other rrs mutations at positions 

1401 and 1483 have also been described but these occur rarely, indicating 1400 is the 

principal site involved in mediating resistance to kanamycin. The equivalent rrs gene 

position 1400 can also confer kanamycin resistance in M. smegmatis and other myco-

bacteria [55,56]. As with SM resistance, low-level resistance to kanamycin was not 

found to be accompanied by mutations in the rrs gene, suggesting other pathways to 

resistance may be involved.

The degree of cross resistance to other aminoglycosides conferred by the rrs sub-

stitution at position 1400 is not completely known, but appears to confer at least resis-

tance to amikacin [52–54,56]. In various fast growing mycobacteria, a mutation at 

this position has been shown to convey resistance to fi ve different 2-deoxystreptamine 

aminoglycosides [55], so the A to G substitution at position 1400 is probably a pan-

deoxystreptamine aminoglycoside resistance conferring mutation in M. tuberculosis 

as well. While mutations at position 1401 appear to cause resistance to both amikacin 

and kanamycin, the substitutions at position 1483 may result in strains that retain 

susceptibility to amikacin. Other uncharacterized mutations outside of the rrs gene 

also exist that can confer unique resistance to kanamycin [57].

Capreomycin is a macrocyclic peptide antibiotic produced by Saccharothrix 
mutabolis subspecies that was originally discovered in the 1960s [58]. Renewed 

attention has focused on the mechanism of resistance to this agent to determine if it 

can be successfully deployed against organisms resistant to other aminoglycosides. 

Using transposon mutagenesis and insertion site mapping in M. tuberculosis, it was 

recently shown that inactivation of the tlyA gene (Rv1694) resulted in resistance to 

capreomycin, and mutations at this locus have been identifi ed in resistant clinical 

isolates [59,60]. tlyA was subsequently found to encode a 2′-O-methyltransferase that 

modifi es nucleotide C1409 in helix 44 of 16S rRNA and nucleotide C1920 in 

helix 69 of 23S rRNA, and the positioning of these methylations suggested a 

site of action for capreomycin [61]. The identification of this new resistance 
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mechanism, which can occur in combination with rrs mutations, has allowed a 

 rational description of the overlapping resistance profi les of capreomycin and other 

aminoglycosides [59].

RIFAMYCINS

Development of Rifamycins

During a systematic search for new antibiotic compounds in the 1950s, workers at 

the Dow-Lepetit Research Laboratories in Milan observed that crude extracts from 

the fermentation broths of Nocardia mediterranei contained a mixture of microbio-

logically active agents. These were found to be a group of closely related compounds 

with an ansa structure (aromatic nucleus spanned by an aliphatic bridge), and were 

named rifamycins [16]. Chemical modifi cation of the rifamycins led to the isolation 

of rifampin or rifampicin [62], which proved to be a potent anti-tuberculous agent 

whose clinical introduction enabled the duration of chemotherapy for tuberculosis to 

be reduced to six months [63]. Other rifamycin derivatives, rifapentine (RPE) and 

rifabutin (RBU), have been licensed for the treatment of mycobacterial infections. 

Rifampin

As was the case with SM, the mode of action and resistance mechanism of RMP had 

been well characterized in E. coli. In E. coli, RMP inhibits transcription by targeting 

DNA-dependent-RNA polymerase [64], and mutations in several restricted and 

highly conserved regions of the β subunit, coded for by the rpoB gene, lead to drug 

resistance [65]. The availability of the Mycobacterium leprae, rpoB sequence [66] 

made it possible for two groups to isolate and characterize the rpoB gene from RMP-

resistant strains of M. tuberculosis [67]  and M. leprae [68]. These studies demon-

strated that missense mutations and short in-frame deletions, exclusively associated 

with RMP resistance, occurred in a central region of the rpoB gene, which corre-

sponded to the region most commonly altered in RMP-resistant E. coli strains. 

Numerous subsequent studies of RMP-resistant strains of M. tuberculosis from 

 globally dispersed sources have confi rmed these fi ndings, and in the vast majority of 

strains analyzed a point mutation or in-frame deletion/insertion can be found within 

an 81bp region corresponding to codons 507 to 533 of the rpoB gene [69]. A large 

number of mutations have been described, though substitutions at two positions, 

Ser531 and His526, were found to occur in the majority of strains studied. Mutations 

at these two positions (Ser531Leu, His526Tyr) and an Asp516Val mutation have been 

shown to confer resistance when episomal vectors carrying an appropriately mutated 

rpoB gene were transformed into M. tuberculosis [70,71]. The realization that RMP 

resistance-conferring mutations are confi ned to a small genetic region has meant 

that molecular techniques for diagnosing RMP resistance have been relatively 

straightforward to develop, and numerous different molecular strategies have been 

successfully employed for detecting them.

Many of these surveys did not sequence the whole 3516 bp rpoB gene, so in the 

approximately 5% of RMP-resistant M. tuberculosis strains that have a wild-type 

81bp RMP resistance determining region (RRDR), it is not clear to what extent muta-

tions in other regions of this gene are also involved in mediating RMP resistance. 
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While several mutations have been reported outside of the RRDR, RMP-resistant 

strains with a wild-type rpoB gene have also been identifi ed, indicating that RMP 

resistance can also arise through an rpoB gene independent mechanism [72]. 

M. smegmatis and many strains of the Mycobacterium avium complex are innately 

resistant to RMP despite a drug-sensitive RRDR sequence [73,74]. In M. smegmatis, 
there is evidence for ribosylative inactivation of the drug [74], but this drug resis-

tance mechanism is absent in M. tuberculosis.

ISONIAZID

Historical Studies

Unlike SM and RMP, isonicotinic acid hydrazide (isoniazid or INH) is a highly 

 specifi c antimycobacterial agent, being exquisitely potent against M. tuberculosis 
(and the other members of the M. tuberculosis complex: M. bovis, Mycobacterium 
microti, and Mycobacterium africanum), but possessing no or little activity against 

M. leprae, atypical mycobacteria, or other organisms. Investigations into its mode of 

action were therefore restricted to the inherently diffi cult to manipulate members of 

the M. tuberculosis complex. Despite this, early studies were able to establish that 

INH-resistant strains were commonly catalase negative [75] with reduced viru-

lence in animal models [76] and that the principal mode of action was likely to be 

through disruption of the cell wall, probably through inhibition of mycolic acid 

synthesis (a major cell wall component) [77]. Unifying these observations had to 

wait, though, until the development of the necessary tools to genetically manipulate 

M. tuberculosis. 

Drug Activation

While the role of catalase in the activation of INH to its active form was fi rst pro-

posed in 1958 [78], it was not until 1992 that the fi rst genetic evidence for 

this hypothesis became available with the cloning of katG, the gene encoding the 

catalase-peroxidase enzyme of M. tuberculosis [79]. It was shown that overexpres-

sion of katG in catalase negative strains of E. coli or in an INH-resistant strain of 

M. smegmatis could render these organisms relatively sensitive to INH. It was 

 further demonstrated that two clinical isolates of M. tuberculosis with high-level 

resistance to INH (MIC > 50 μg mL−1) had a chromosomal deletion spanning the 
katG gene, and that transformation of these strains with katG could restore their 

INH sensitivity [80]. 

Further characterization of katG has demonstrated that it encodes a dimeric, 

heme-containing enzyme with catalase and peroxidase activity, in keeping with its 

structural similarity to other eubacterial hydroperoxidase 1 (HPI) enzymes [81–83]. 

Confi rmation that INH is a prodrug requiring activation by KatG was provided by 

demonstrating that InhA (a target for INH discussed below) is only rapidly inacti-

vated by INH in the presence of KatG [82]. A mechanism for the oxidation of INH 

to its bioactive form has also been proposed, in which the drug is converted into a 

number of highly reactive species capable of either oxidizing or acylating macro-

molecules [84,85].
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A plethora of studies characterized M. tuberculosis strains from diverse geo-

graphic locations and have shown the majority of clinical isolates resistant to INH 

have alterations in their katG gene [86–88]. While large scale deletions of katG have 

been detected infrequently, missense mutations and small intragenic deletions are 

the commonest genetic modifi cation associated with INH resistance. A large number 

of these mutations have been described, though the serine to threonine mutation at 

codon 315 is the commonest. The possible explanation for the apparent bias in 

 selection by INH for this mutation over other resistance-conferring mutations in 

katG has been provided by several studies, which have characterized the enzymatic 

properties of a recombinant KatG protein harboring a Ser315Thr mutation [89–91]. 

In contrast to other INH resistance-conferring mutations, such as the Thr275Pro 

mutation, which results in concomitant loss of peroxidatic activity and capacity to 

activate INH, the Ser315Thr mutation results in an enzyme unable to activate INH, 

leaving at least 50% of its peroxidase and catalase activities intact. Catalase and 

 peroxidase activities are important for protecting M. tuberculosis against reactive 

oxygen species encountered within macrophages [92], and are essential for a fully 

virulent phenotype. Strains with reduced or absent activities are less virulent when 

assayed in animal models [92–94],  and more susceptible to H2O2 intracellularly [95]. 

A direct comparison of the pathogenicity of isogenic strains harboring either the 

Ser315Thr substitution or other katG mutations has also been made, and only the 315 

mutant retained near normal virulence in mice [96]. Recently, INH-resistant strains 

of M. tuberculosis with the Ser315Thr substitution have been shown to be more 

transmissible than strains with other katG mutations [86]. It is unfortunate for the 

control of MDR-TB that M. tuberculosis can so successfully balance the competing 

demands of resistance to oxidative stress and resistance to INH. 

The recent elucidation of the crystal structure of KatGs from M. tuberculosis 
[84] and two other organisms [97,98] has provided insights into how the S315T sub-

stitution could lead to loss of activation of INH but retention of catalase-peroxidase 

activity. In one model, Ser-315 is located at the periphery of the INH binding pocket, 

where a threonine substitution would increase the steric bulk at this position, leading 

to reduced affi nity for the drug without fully blocking access to the substrate binding 

site [84,85].

Drug Targets

InhA
Population genetics of INH-resistant clinical isolates have consistently found that a 

signifi cant proportion of strains possess a wild-type katG gene, demonstrating that 

there are mechanisms of resistance independent of KatG-mediated INH activation. 

This suggested that the intracellular targets of activated INH might be involved in 

mediating resistance. By expressing genomic libraries from two INH-resistant 

strains of mycobacteria isolated in vitro in the fast-growing M. smegmatis, it was 

possible to identify a two-gene operon with homology to proteins involved in fatty 

acid biosynthesis that could confer INH resistance [99]. Characterization of this 

operon revealed that only the second gene inhA was required for resistance [100], 

and sequence analysis of the inhA gene from the resistant strains revealed a serine to 
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alanine substitution at position 94 relative to the wild-type gene. Transfer of this 

mutation to M. tuberculosis results in INH resistance [101].

Biochemical studies revealed that inhA codes for a fatty acid enoyl-acyl carrier 

protein reductase, which is part of a type II dissociated fatty acid biosynthesis path-

way (FASII). inhA enzymic activity is nicotinamide adenine dinucleotide (NADH) 

dependent, and reduces the double bond at position two of a growing fatty acid 

chain linked to an acyl carrier protein ACP, an activity common to all known fatty 

acid biosynthetic pathways. InhA has a marked preference for long-chain sub-

strates (which are the precursors of very long alpha-branched fatty acids (C40 to 

C60) known as mycolic acids, a major structural element of the mycobacterial cell 

wall [102].

Structural analysis of the InhA protein has characterized the nature of the inter-

action between INH and InhA [103]. The observation that InhA inhibition by INH 

requires the presence of NADH and that the Ser94Ala mutant protein has a lower 

affi nity for NADH and requires higher concentrations of this cofactor before inhibi-

tion occurs, suggested that INH may interact with NADH rather than directly with 

InhA. This was elegantly demonstrated by co-crystallization of InhA with NADH 

and INH since the structure showed the activated form of INH covalently linked to 

NADH within the active site of the enzyme [104]. The INH-NAD adduct has been 

purifi ed and shown to be a tight-binding inhibitor of InhA [105]. 

The exact mode of interaction of adduct and enzyme has not been defi ned, but it 

is now thought that the adduct is formed in solution before binding to InhA [105, 

106]. This model is consistent with the observation that NADH dehydrogenase 

defects in M. smegmatis, leading to a higher than normal NADH/NAD+ ratio are 

associated with a degree of INH resistance [107]. More recently, M. bovis BCG ndh 
(encoding a type II NADH dehydrogenase) mutants have been characterized and 

found to have aberrant NADH/NAD+ ratios and reduced INH susceptibility as well 

[108]. The unraveling of the interactions of INH and InhA has helped spawn the 

development of new classes of InhA inhibitors with promising activity against 

M. tuberculosis and other organisms [109–111]. This is a good example of how 

understanding the mechanisms of resistance can assist in rational drug design.

Since the original description of the Ser94Ala mutation, other InhA gene substi-

tutions have been identifi ed through sequence analysis of INH-resistant clinical 

 isolates [88], confi rming that InhA substitutions could also be selected for in vivo. 

Interestingly, the affi nity of the INH-NAD adduct for InhA appears not to be affected 

by some of the InhA mutations described in INH-resistant clinical isolates, suggest-

ing the mechanism of inhibition by the adduct may be through disruption of InhA 

interaction with other components of the FAS II pathway [105]. Mutations in the 

promoter region for inhA expression have also been described in INH-resistant 

 clinical isolates, and several of these have been shown, using a gene fusion reporter 

construct, to confer expression levels from four- to eight-fold greater than wild-type 

sequences [112], thus demonstrating that up-regulation of inhA is also a resistance 

mechanism. Population-based surveys have found that inhA promoter mutations are 

the second most frequent INH resistance mutation after the Ser315Thr mutation in 

KatG, and structural mutations in InhA are rare [86–88].
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KasA 
A second successful approach used to determine the targets of activated INH

has been to examine the early adaptive response of M. tuberculosis following a chal-

lenge with INH. By examining two-dimensional gel electrophoretic protein profi les 

after treatment with INH, Mdluli [113] and others identifi ed two up-regulated pro-

teins: an acyl carrier protein (AcpM) and a covalent complex of AcpM and KasA 

(β-ketoacyl-ACP synthase). Labeling after treatment with [14C] INH indicated cova-

lent attachment of INH to this protein complex. These two proteins form part of the 

FAS type II system. Sequencing of kasA in clinical isolates identifi ed several muta-

tions restricted to INH-resistant strains, but these were rare and often occurred in 

tandem with other INH resistance-conferring mutations [114,115]. These two studies 

suggest that kasA mutations are not clinically important, and recent functional  studies 

have suggested KasA may only have a more peripheral role in INH action and resis-

tance than originally proposed [101,116,117].

Other INH Resistance Mechanisms

The research focus on InhA as the principal target for INH has distracted researchers 

from investigating more thoroughly the drug’s interactions with other intracellular 

processes. INH is oxidized to a number of highly reactive species capable of either 

oxidizing or acylating macromolecules [84,85], and can be expected to damage 

 multiple cellular structures. Similar to the interaction with InhA, INH has also been 

shown to form an INH-NADP adduct that inhibits the M. tuberculosis dihydrofolate 

reductase (DHFR), an enzyme essential for nucleic acid synthesis. It is not yet clear 

whether there is a resistance mechanism to counter this inhibition, but the expression 

of M. tuberculosis DHFR in M. smegmatis can protect against growth inhibition 

caused by INH [118]. Using affi nity chromatography, the same group was able to 

demonstrate high-affi nity binding of the INH-NAD/NADP adducts to 16 other pro-

teins in addition to InhA and DHFR, broadening the range of putative INH targets 

still further.

One approach to identifying resistance genes has been to study the transcrip-

tional response to a drug challenge. Using this approach, Alland and coworkers 

 identifi ed a three-gene operon iniABC (for INH inducible), which is up-regulated 

following treatment of M. tuberculosis with INH and EMB [119,120]. Overexpres-

sion of one of these genes, iniA, in M. bovis BCG resulted in increased survival 

 following an INH challenge, and a M. tuberculosis strain containing an iniA dele-

tion showed increased susceptibility to INH. The INH-resistant phenotype was 

abolished by the pump inhibitor reserpine suggesting iniA could be involved in 

transport, compatible with its multimeric pore-like secondary structure. However, 

studies with radio-labeled drug did not show an effect on intracellular INH levels, 

indicating its mode of action was not through antibiotic effl ux. There is more 

 evidence that one of the  resistance-nodulation-cell division (RND) family of 

 transporters encoded in the genome of M. tuberculosis, mmpL7, is involved directly 

in INH effl ux, as its heterologous expression in M. smegmatis is reported to cause 

INH resistance [44,120].
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Compensatory Mutations

Studies using model systems have shown that, although there is a range, most 

 resistance-conferring mutations convey some cost to bacteria in terms of their fi t-

ness [122]. However, in some cases, these costs can at least be partially ameliorated 

by secondary or compensatory mutations that restore levels of fi tness toward those 

of sensitive strains [123–125]. Given the diverse mechanisms of resistance in 

M. tuberculosis, it is likely that compensatory mutations will be important in main-

taining the fi tness of MDR and XDR strains. 

The only compensatory mutations described in M. tuberculosis are mutations in 

the ahpC promoter region of M. tuberculosis. Initial interest in this gene derived 

from the observation that an oxyR null mutant of E. coli (the wild type of this organ-

ism is highly resistant to INH) was susceptible to INH [126] due to down-regulation 

of ahpC-ahpF. This led to characterization of the oxyR-ahpC locus from different 

mycobacterial species [127–129]. Members of the M. tuberculosis complex were 

found to possess an oxyR pseudogene in conjunction with a functional but feebly 

expressed ahpC gene. This led to speculation that the INH susceptibility of 

M. tuberculosis was due to low levels of ahpC. However, the overexpression of 

ahpC in M. tuberculosis did not markedly affect INH sensitivity, but it did confer 

resistance to hydrogen and cumene peroxide [128,129]. Subsequent analysis of INH-

resistant isolates identifi ed mutations in the upstream region of ahpC, which were 

associated with enhanced promoter activity and up-regulation of aphC [128]. These 

mutations occur almost exclusively in conjunction with katG defi ciency [86] and 

probably enable strains to compensate for the additional oxidative stress imposed by 

loss of catalase [93,128,130,131]. There is now evidence that compensatory muta-

tions may also be important in restoring the fi tness of RMP-resistant strains, although 

the mutations have yet to be identifi ed [132]. 

PYRAZINAMIDE

The introduction to the anti-tuberculous pharmacopeia of the nicotinamide analog, 

PZA, had far-reaching consequences, since it enabled the duration of treatment to be 

shortened from more than a year to six months. Used during the initial intensive 

phase of short course chemotherapy, PZA, which is more potent at acidic pH, is 

believed to be particularly active on intracellular M. tuberculosis. For instance, the 

MIC of the drug for a strain grown in vitro at pH 7 is >250 μg/mL, but can be reduced 

to 15 μg/mL by lowering the pH to 5. It was initially thought that this potentiation 

effect could be explained by tubercle bacilli residing in acidifi ed phagosomes that 

concentrated the drug [133]. However, it was subsequently shown that the pH within 

these vesicles was neutral [134]. Considerable insight into PZA uptake and resistance 

mechanisms was provided recently by Zhang et al. in an elegant series of publications 

addressing the issues of the remarkable specifi city of the drug for M. tuberculosis 

and its relationship with a broad-spectrum amidase [135–141].

PZA resistance has long been associated with the loss of activity of pyrazinami-

dase (PZase), a cytosolic enzyme of 186 amino acids that hydrolyses both PZA and 

nicotinamide, and which may play a role in pyridine nucleotide metabolism. In a 

seminal study, Scorpio and Zhang cloned the pncA gene encoding PZase from 
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M. tuberculosis and demonstrated restoration of drug susceptibility upon its expres-

sion in the naturally resistant organism BCG [137]. On further examination, pncA 
mutations that lowered or abolished PZase activity were found in PZA-resistant 

 isolates of M. tuberculosis and also in M. bovis and BCG [136]. Subsequently, other 

workers surveyed their strain collections for altered pncA genes and found a near-

perfect association between the presence of mutant alleles and PZA resistance [138, 

142–144]. Indeed, detection of resistance by molecular techniques is now preferable 

to susceptibility testing by microbiological methods, as these are notoriously error-

prone due to the pH effects discussed above.

Although many mycobacteria contain pncA genes and elicit PZase, PZA is most 

active against M. tuberculosis, and its close relatives M. africanum and M. microti. 
The natural PZA resistance of M. bovis, the other member of the M. tuberculosis 
complex, and its descendants stems from the amino acid substitution His57Asp in 

the PncA protein. The M. tuberculosis PZase shows 69.9% and 67.7% identity to 

those of Mycobacterium kansasii and M. avium, respectively, and 35.5% identity 

with the nicotinamidase of E. coli. Both of these mycobacterial PZases restored drug 

susceptibility to levels similar to those conferred by the M. tuberculosis enzyme 

when expressed in a resistant host, such as BCG, although the M. tuberculosis 

 protein probably has higher nicotinamidase and PZase activities [139,140]. Never-

theless, both M. kansasii and M. avium are naturally resistant to the drug and the 

likely reason for this will be explained below. M. smegmatis also produces a highly 

active PZase, PzaA, with an apparent molecular weight of 50 kDa. It is quite 

 distinct from the other enzymes, yet hydrolyzes both PZA and nicotinamide. PzaA 

probably corresponds to a broad-spectrum amidase capable of hydrolyzing a wide 

range of substrates [145]. Furthermore, M. smegmatis also contains a PncA homo-

log (Y. Zhang, personal communication). The potential contribution of other 

 amidases to PZA and nicotinamide metabolism has been recognized and discussed 

by others [146].

The mutations present in pncA from a large number of drug-resistant isolates of 

M. tuberculosis are known. The majority of these (69%) correspond to missense 

mutations, although frameshifts, insertions, deletions, and nonsense mutations (31%) 

also occur [138,142–144]. The higher frequency of missense mutants suggests that 

the corresponding proteins may retain some residual activity that could confer a 

competitive advantage. It is of some interest to examine the distribution of the amino 

acid substitutions resulting from missense mutations. These occur throughout the 

PncA protein, but are generally located in positions that are conserved in all four 

enzymes. This suggests that these amino acid residues play critical roles in substrate 

binding and catalysis, but confi rmation by biochemical characterization of well-

defi ned PZase variants is now required.

The toxicity of PZA results from its conversion to pyrazinoic acid [147] and the 

PZase enzyme from resistant organisms, such as BCG, is unable to catalyze this 

reaction, which occurs at alkaline, neutral, and acidic pH. However, pyrazinoic acid 

only accumulates in susceptible tubercle bacilli when the external pH is acidic. In 

naturally resistant mycobacteria such as M. smegmatis or Mycobacterium vaccae, 

effi cient conversion of PZA occurs, but pyrazinoic acid is rapidly excreted by a 

highly active effl ux system that can be inhibited by reserpine or valinomycin [141]. 
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M. tuberculosis also appears to have a pyrazinoic acid effl ux system, but as this is 

many orders of magnitude less effi cient, copious amounts of the acid build up in the 

cytoplasm. The natural PZA resistance of M. kansasii is attributable to the much 

lower activity of its PZase rather than to effl ux mechanisms, since the introduction 

of the M. avium gene into M. kansasii results in highly increased PZA susceptibility 

and pH-dependent pyrazinoic acid accumulation [140]. By contrast, in M. avium, 

which shows lower levels of PZA resistance than M. kansasii, an effl ux mechanism 

has been reported whose effi ciency is intermediate between those of M. smegmatis 

and M. tuberculosis [140].

Prior to its interaction with PZase, PZA must cross the cell wall and enter the 

cytoplasm. Daffé et al. demonstrated that the radiolabeled drug diffused passively 

through the outer envelope of M. tuberculosis and was then actively transported by 

an ATP-dependent uptake system. This transporter, which was inhibited by arsenate 

(albeit at very high concentrations), appears to transport nicotinamide [146]. Similar 

transport systems were also detected in M. avium and M. kansasii, but not in 
M. bovis BCG. The latter observation was also made by Zhang et al., who found that 

the drug did not accumulate in PZA-resistant strains belonging to the M. tuberculosis 

complex [141]. However, upon introduction of a functional pncA gene, PZA uptake 

and pyrazinoic acid production were restored. This could suggest that the transport 

system is only expressed when PZase is present. Similar observations regarding 

 nicotinamide uptake and the presence of nicotinamidase have been made in E. coli 
mutants lacking the amidase, and might refl ect the existence of regulatory pathways 

for pyridine nucleotide metabolism [148]. Alternatively, it is conceivable that PZA 

also diffuses across the cytoplasmic membrane of mycobacteria in a passive manner 

and is then converted to pyrazinoic acid by PZase, which is trapped in the cell at low 

pH in M. tuberculosis but excreted by the naturally resistant species. The inhibition 

of PZA uptake observed in the presence of nicotinamide may simply refl ect the fact 

that as nicotinamide is the preferred substrate, PZase hydrolyses the drug at much 

lower levels. 

To summarize, three components appear to be involved in mediating PZA sus-

ceptibility in pathogenic mycobacteria: the putative uptake system, PZase, and an 

effl ux pump. The relative contributions of these three factors determine the level of 

drug susceptibility. Clinically relevant mutations have been described in the 

M. tuberculosis complex that result in loss of PZase activity and concomitantly the 

absence of pyrazinoic acid. To date, no genes or mutations affecting the PZA trans-

porter (if this exists) or the effl ux system have been reported in tubercle bacilli. 

Overexpression of the putative effl ux system would lead to increased excretion of 

pyrazinoic acid. Such mutants might exist and could explain the resistance observed 

in a small number of clinical isolates with wild-type pncA genes.

Since pyrazinoic acid is the active agent, it was logical to test this compound 

directly, but its bactericidal activity for tubercle bacilli in infected mice was found to 

be much lower than that of the acid generated endogenously from PZA [147]. To 

identify the target for the bioactive form of PZA, attempts were made at isolating 

laboratory mutants of M. tuberculosis that show increased resistance to pyrazinoic 

acid. These have been repeatedly unsuccessful [136]. Moreover, in well-characterized 

clinical isolates that display reproducible PZA resistance most strains harbored 
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defective pncA genes [136]. These observations suggest that the drug target must be 

an essential enzyme and current thinking is centered on fatty acid synthase I.

ETHAMBUTOL

Since its introduction in the early 1960s, EMB was thought to act on the mycobacte-

rial envelope, as treatment perturbed the biogenesis of several cell wall components. 

Through biochemical studies, performed mainly with M. smegmatis, it was found 

that the primary site of action was arabinan synthesis [149] which, in turn, impacts 

on arabinogalactan and lipoarabinomannan production [150]. It is now clear from 

work with EMB-resistant mutants and molecular genetics that the main drug target 

is the arabinosyltransferase(s) involved in the polymerization of arabinan. Using 

complementary approaches with M. tuberculosis [151] and M. avium [152], these 

enzymes were shown to be encoded by linked genes that have evolved by a gene 

duplication mechanism, controlled by the regulatory gene embR. In M. avium, embR 

is transcribed divergently from the adjacent embAB genes, whereas in M. tuberculo-
sis, the embCAB operon is situated 1.87 Mb distal to embR. embR regulation is 

dependent on phosphorylation by PknH [152].

The arabinosyltransferases are membrane-bound enzymes [152] with 12 pre-

dicted membrane-spanning segments and a large extracytoplasmic domain at the 

COOH-terminus. Missense mutations located in a tetrapeptide at positions 303 to 

306 of a putative cytoplasmic loop of EmbB have been shown to be responsible for 

acquired drug resistance in the majority of clinical isolates of M. tuberculosis and 

in laboratory mutants of M. smegmatis [154–156]. Mutations affecting Met306 are 

predominant, and replacement by Leu or Val is associated with higher resistance 

levels (40 μg/mL) than the substitution Met306Ile [156]. High-level resistance has 

also been described for M. tuberculosis strains harboring embB genes with 

Thr630Ile or Phe330Val mutations although causality has not yet been demon-

strated. The natural Emb resistance of a variety of non-tuberculous mycobacteria, 

such as M. leprae, M. fortuitum, and Mycobacterium abscessus, results from 

the presence of one or more alterations to the otherwise well-conserved motif at 

positions 303 to 306 [157]. Yet again, as in the case of INH and PZA, serendipity 

has played a major role in the susceptibility of the tubercle bacillus to a front-

line drug.

In roughly 70% of EMB-resistant clinical isolates of M. tuberculosis, drug 

 resistance can be explained by alterations to embB. However, nothing is known of 

the mechanism operational in the remaining 30% and these generally display lower 

 levels of resistance (15 μg/mL) [156]. Telenti has proposed that high-level resistance 

results from a stepwise mutational process in M. smegmatis although other workers 

provide evidence in favor of a single event [154]. There is a clear indication from 

 heterologous expression of emb genes in this host that increased gene dosage confers 

higher resistance levels [151] and it is conceivable that unlinked mutations leading to 

overexpression of the M. tuberculosis embCAB operon may occur in clinical isolates 

displaying low-level EMB resistance. A strong candidate locus is embR, which is 

required for transcription of the operon [152] although increased effl ux of the drug 

cannot be excluded.
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FLUOROQUINOLONES

The discovery that the broad-spectrum bacteriocidal activity of fl uoroquinolones 

extended to mycobacteria led to their rapid clinical deployment [158,159]. They have 

now been used extensively and have established themselves as a key element of ther-

apy for cases of MDR-TB [160,161]. Their tolerability and oral route of administra-

tion make them particularly useful drugs. Most clinical experience has been with 

ofl oxacin and ciprofl oxacin, but recently newer fl uoroquinolones with lower MICs 

have become available, of which moxifl oxacin and gatifl oxacin are currently the 

most promising. Moxifl oxacin has been the most extensively studied in animal mod-

els of tuberculosis therapy, and in combination with PZA and RMP has been shown 

to sterilize mouse lungs more rapidly than conventional anti-tuberculosis regimens 

[162,163]. This has raised the possibility that including a potent fl uoroquinolone 

in fi rst-line treatment could shorten the duration of therapy from six months, and 

phase III clinical trials are under way to investigate this possibility. 

Fluoroquinolones target bacterial topoisomerases, so it was expected that muta-

tions in DNA gyrase, a type II DNA topoisomerase, would be the principal mecha-

nism of resistance, as a type IV topoisomerase was not identifi ed in the genome of 

M. tuberculosis [164]. DNA gyrase is made up of two A and two B subunits encoded 

by gyrA and gyrB, and catalyses negative supercoiling of DNA [165]. Sequencing of 

the equivalent of the E. coli quinolone resistance-determining region (QRDR) 

of gyrA [166] in fl uoroquinolone-resistant clinical isolates showed that a number of 

distinct amino acid substitutions are associated with resistance and those at codon 

94 and 90 occur most frequently [167–170]. Recently, functional analysis of mutant 

gyrase complexes has shown that fl uoroquinolone inhibition of DNA supercoiling is 

reduced by the missense mutations Ala90Val, Ala94Gly, and Ala94His [171,172], 

with larger effects seen with a double mutant. This mirrors the observation that 

 double gyrA mutations in clinical isolates are associated with the highest MICs. This 

study also characterized a gyrB mutant confi rming that substitutions at this site, 

which are only rarely encountered clinically [171,173], can also cause resistance.

There are other pathways to resistance independent of the mutations in the 

QRDR of gyrA and gyrB, as fl uoroquinolone-resistant clinical isolates that are 

wild type at these loci have been identifi ed [170,171,174]. Attention has focused on 

characterizing the active effl ux systems of M. tuberculosis because of their proven 

role in conferring fl uoroquinolone resistance in other organisms. M. tuberculosis 

possesses representatives of all of the main classes of effl ux systems [44,175], and 

members of the ATP-binding cassette (ABC) superfamily and the MFS have been 

shown to transport fl uoroquinolones in mycobacteria [176,177]. LfrA, an MFS 

 member identifi ed in the non-pathogenic M. smegmatis, can extrude quinolones 

[178, 179]. However, none of these transporters has yet been implicated in clinical 

resistance.

Recently, work has suggested that effl ux pumps and structural changes to DNA 

gyrase may not be the only ways M. tuberculosis handles the toxicity of fl uoroquino-

lones. Using a genetic screen for fl uoroquinolone resistance, Takiff and colleagues 

were able to identify a gene, mfpA, that resulted in low-level resistance when overex-

pressed in M. smegmatis [180]. M. tuberculosis contains a 183-amino acid homolog 

of mfpA that encodes a member of the pentapeptide repeat family of proteins [181] in 
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which every fi fth residue is a leucine or phenylalanine. Structural characterization 

found that MfpA forms a rod-shaped dimer similar electrostatically and in size to 

B-form DNA, suggesting the binding and inhibition of DNA gyrase by MfpA was 

through DNA mimicry [182]. This would also explain how up-regulation of MfpA 

can block the bacteriocidal activity of fl uoroquinolones, which is dependent on bind-

ing irreversibly to the gyrase-DNA complex.

NEW DRUGS

The scale of the global tuberculosis problem and the continuing expansion of drug-

resistant strains of M. tuberculosis have fi nally galvanized the search for new anti-

tuberculosis drugs. These drug discovery efforts have already produced several new 

compounds that have entered clinical trials. However, even though these agents have 

novel modes of action, they are not immune from drug resistance.

R207910 is a diarylquinoline (DARC) with potent antimycobacterial activity 

that was identifi ed by screening prototypes of different chemical series for growth 

inhibition of M. smegmatis [183]. It has a low MIC against M. tuberculosis, is active 

against MDR strains including DNA gyrase mutants, and in combination with 

selected fi rst-line tuberculosis drugs can sterilize lungs of M. tuberculosis-infected 

mice more rapidly that standard regimens, making it an agent with the potential to 

shorten the duration of chemotherapy [184–185]. Its mode of action and resistance-

conferring mutations were ingeniously elucidated by comparing the near-complete 

genome sequences of R207910-resistant M. tuberculosis and M. smegmatis strains 

selected in vitro with their wild-type progenitors. This approach identifi ed single- 

point mutations in atpE, which encodes part of the F0 subunit of ATP synthase. The 

mutations Asp32Val in M. smegmatis and Ala63Pro in M. tuberculosis were both 

located in the membrane-spanning domain of the protein and could confer resistance 

to R207910 when transformed on appropriate constructs into wild-type organisms. 

Further work has established that the region involved in resistance is conserved 

across a wide range of mycobacteria except for M. xenopi, which unlike most myco-

bacteria, is naturally resistant to R207910 and has a Met63 genotype rather than the 

highly conserved Ala63 [186].

The observation that nitroimidazoles, such as metronidazole, have some 

 antimycobacterial toxicity, prompted researchers to identify related compounds with 

enhanced bacteriocidal activity against M. tuberculosis. Two of these compounds, 

OPC-67683 (a nitro-dihydro-imidazole) [187] and PA-824 (a nitroimidazole-oxazine), 

[188] have already advanced into clinical trials. To date, only the resistance mecha-

nisms of PA-824 have been studied extensively. The intracellular targets have not yet 

been identifi ed, but PA-824 inhibits protein and cell wall synthesis after reductive 

activation, which requires a F420-dependent glucose-6-phosphate dehydrogenase 

(FGD1) encoded by Rv0407. Therefore, it was not surprising that mutations in FGD1 

and the genes required for synthesis of cofactor F420 ( fbiA, fbiB, and fbiC) result in 

resistance to PA-824 [189,190]. However, a proportion of PA-824-resistant strains 

can produce FGD1 and F420 but are still unable to activate the drug. Barry and 

 colleagues sequenced the genome of these strains and identifi ed mutations in an 

additional gene (Rv3547), which they propose encodes an essential part of the F420-

dependent nitroreductase [191]. The involvement of at least fi ve genes in PA-824 

9190_C013.indd   3299190_C013.indd   329 10/26/2007   7:23:50 PM10/26/2007   7:23:50 PM



330 Bacterial Resistance to Antimicrobials

activation means that the in vitro selection rate for resistant mutants is relatively high 

[191], and it will be important to determine if resistance to PA-824 emerges rapidly 

during therapy.

CONCLUSIONS

The impact of genomics on mycobacteriology has been immense, and has been 

driven by an expanding catalog of complete genome sequences of M. tuberculosis 

strains and closely related members of the M. tuberculosis complex [192]. In  addition 

to providing a fast-track method of determining resistance mutations to new drugs 

[183] genomics has also confi rmed a clonal population structure for M. tuberculosis 
[193] and the infrequency of recombination [194,195]. Unlike other human patho-

gens in which the horizontal acquisition of genetic material has been instrumental in 

the dissemination of resistance, M. tuberculosis lacks plasmids and other mobile 

genetic elements that can transfer resistance genes and all resistance mechanisms 

described in this chapter are chromosomally encoded. Despite this, M. tuberculosis 

has proved remarkably adept at developing resistance to all antimycobacterial drugs, 

even though their targets are diverse. A key objective of future drug development 

will therefore be the discovery of agents with higher genetic barriers to resistance, 

which will come from an enhanced knowledge of drug resistance mechanisms.
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Enterobacteria cause a variety of nosocomial and community-acquired (including 

foodborne) infections and include some of the most deadly pathogens. As a result, 

their resistance to antibiotics has profound clinical implications. The major antibi-

otic classes currently in use for enterobacterial infections are the β-lactams, quino-

lones, aminoglycosides, tetracyclines, and sulfonamides. Resistance to β-lactams is 

relatively common and involves mainly serine β-lactamases: inducible, typically 

chromosomal (class C) as well as constitutive, typically plasmid-mediated, extended 

spectrum (classes A and D). There have been recent reports of class B metallo-β-lac-

tamases in Klebsiella. Integron-borne β-lactamases (classes A, B, and D) occur in 

Enterobacteria species together with non-β-lactam resistance genes, giving rise to 

multidrug-resistant bacteria. They pose a threat, particularly in the hospital environ-

ment, as non-β-lactam agents may select potent β-lactamases through integron-

mediated resistance. Resistance to quinolones is associated with changes in the target 

DNA gyrase (chromosome encoded) or target protection by the proteins QnrA, 

QnrB, and QnrS (plasmid encoded) and affects quinolones in use as well as in 

 clinical development. Reduced accumulation in the cell, due to active effl ux through 
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the cytoplasmic membrane and decreased infl ux through the outer membrane, may 

facilitate the emergence of quinolone resistance. Resistance to aminoglycosides is 

predominantly due to enzymatic inactivation in the periplasmic space, the exact 

nature of the modifi cation depending on the particular aminoglycoside. The major 

mechanism for tetracycline resistance involves an active effl ux system; ribosomal 

protection is not a clinically important mechanism in Enterobacteria. Sulfonamide 

resistance is due to an additional, plasmid-mediated, sulfonamide-resistant, dihy-

dropteroate synthase target. Overall, the biggest clinical concern is multidrug resis-

tance, particularly the ongoing erosion of the effectiveness of β-lactams and 

quinolones, two bactericidal and generally safe antibacterial classes.

INTRODUCTION

The family Enterobacteriaceae is the widest and most heterogeneous group of 

 medically important Gram-negative bacteria [1]. It includes many species found in 

the gastrointestinal tract of humans and animals, as well in soil, water, and plants. 

About one-third of the 30 genera known contain human pathogens, causing a variety 

of diseases ranging from mild intestinal infections to urinary tract infections, noso-

comial respiratory tract infections, wound infections, and septic shock (Table 14.1). 

Individual species have been associated with specifi c epidemics that continue to the 

present: infamously Yersinia pestis [2], responsible for plague (the Black Death of 

the Middle Ages) and currently considered a potential bioterrorism (category A) 

agent [3–6]; more modestly Escherichia coli O157:H7, responsible for 70,000 cases 

of infection and 60 deaths in the United States yearly (http://www.cdc.gov/ncidod/

dbmd/diseaseinfo/escherichiacoli_g.htm) [7]). 

The pathogenicity of Enterobacteria is associated with clusters of genes (plasmid- or 

chromosomal-borne) that play critical roles in bacterial colonization and virulence 

[8–13]. Pathogenic strains often live in a sea of avirulent strains that  colonize people 

and animals; the latter strains represent a reservoir of resistance genes and of potential 

hosts for the mobile genetic elements that encode virulence factors. 

Antibiotic resistance is a direct consequence of antibiotic use both in humans and 

in animals [14–16]. For example, quinolone resistance in Salmonella, a food-borne 

pathogen causing perhaps a million cases of—mostly self-limited—infection and a 

thousand deaths in the United States yearly, almost certainly originated from animals 

[17–21]. The over-reliance on antibiotics, and insuffi cient application of infection 

 control measures and improved hygiene, has eroded the effectiveness of older, 

 inexpensive agents and threatens the effi cacy of recently introduced ones [22].

Antibiotic resistance is commonly detected by susceptibility testing, which 

describes the resistance phenotype of an organism and has practical implications for 

patient treatment. For epidemiological/surveillance purposes, strain typing is often 

performed by serologic methods or, more precisely, by pulsed-fi eld gel electro-

phoresis (PFGE) of digested DNA [23–24]. Resistance is further characterized by 

biochemical and molecular biology techniques. The former include function assays; 

the latter DNA restriction analysis, DNA probes, and nucleic acid amplifi cation by 

the polymerase chain reaction (PCR) [25]. Plasmid DNAs can be isolated and 

 analyzed by digestion with restriction endonucleases to estimate size and type; DNA 
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of fragments can be sequenced to identify specifi c resistance genes [26–28]. Resis-

tance mechanisms may operate synergistically—for example, transport-associated 

resistance and antibiotic inactivation—and the contribution of each to the overall 

resistance may be diffi cult to assess [29–30].

RESISTANCE MECHANISMS IN ENTEROBACTERIA

GENETIC MECHANISMS

Resistance in Enterobacteria can result from gene mutations or transfer of resistance 

determinants (R-determinants) between strains or species. Clinically, gene transfer 

is the most common mechanism of transferring resistance [31–32]. R-determinants 

TABLE 14.1
Pathogenic Enterobacteria and the Diseases They Produce

Genus Species Infection/Disease Comments

Citrobacter freundii UT
a
, RT, wound, blood Nosocomial

Enterobacter aerogenes UT, RT, wound, blood Nosocomial

cloacae UT, RT, wound, blood Nosocomial

Escherichia coli GIT
b
, UT

c
, RT, wound, blood Food-borne, nosocomial

Klebsiella oxytoca UT, RT, wound, blood Nosocomial

pneumoniae UT, RT, wound, blood Nosocomial

Morganella morganii UT, RT, wound, blood Nosocomial

Proteus mirabilis UT, RT, wound, blood Nosocomial

vulgaris UT, RT, wound, blood Nosocomial

Providencia rettgeri UT, wound, pneumonia, blood Nosocomial

stuartii UT, wound, pneumonia, blood Nosocomial

Salmonella enteritidis GIT Food-borne

typhi GIT, typhoid fever Food-borne

typhimurium GIT Food-borne

Serratia marcescens UTI, wound, pneumonia, blood Nosocomial

Shigellad dysenteriae GIT (shigellosis) Food-borne

fl exneri GIT (shigellosis) Food-borne

sonnei GIT (shigellosis) Food-borne

Yersinia enterocolitica GIT Food/water-borne

pseudotuberculosis GIT Zoonotic, food-borne

pestis Lymph nodes (bubonic plague) Zoonotic (rodents/fl eas)

aAbbreviations: GIT, gastrointestinal tract, UT, urinary tract, RT, respiratory tract.
bMost common cause of UT infection.
cInfections caused by particular virulent E. coli (EC) strains: enterotoxigenic (ETEC), diarrhea; entero-

pathogenic (EPEC), infantile diarrhea; enteroinvasive (EIEC), dysentery; enterohemorrhagic (EHEC), 

such as serotype O157:H7, hemorrhagic colitis.
dIn the U.S., Shigella sonnei (group D Shigella), accounts for over two-thirds of the shigellosis, while 

 Shigella fl exneri (group B Shigella), accounts for most of the rest. Shigella dysenteriae type 1 is found in 

the developing world, where it causes deadly epidemics.
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are typically on plasmids, but may also be part of mobile genetic elements (transpo-

sons, integrons, and gene cassettes), which can move between plasmids or chromo-

somes in the same species or to a new species [33–37].

Plasmids (4 to 400 kb) are self-replicating, extrachromosomal elements that con-

tain genes for resistance, virulence, and other functions and are dispensable under 

certain conditions. Some larger plasmids are conjugative (R-plasmids) and can 

 transfer between organisms, spreading resistance genes. For example, conjugative 

plasmids were responsible for the spread of sulfonamide resistance to Shigella 
 dysenteriae in the 1950s. Resistance genes can thus disseminate independently of 

the host organism (horizontal transfer) in addition to disseminating along with the 

host (clonal spread). 

Transposons (2 to 20 kb) are mobile genetic elements that contain insertion 

sequences (0.2 to 6 kb) and one or more resistance genes. They are not capable of 

autonomous self-replication, but can move (transpose) from one site on the chromo-

some to another site on the same or different chromosome or plasmid and replicate 

along with it. Transposition is made possible by short inverted repeats of DNA.

Integrons are mobile genetic elements of specifi c structure that consist of two con-

served segments fl anking a central region in which resistance gene cassettes are 

inserted [32–34]. On the 5′-conserved segment is an int gene that encodes a site-specifi c  

recombinase capable of capturing DNA, including resistance genes. Although the 

probability of capture of a resistance gene is low, it can confer a selective advantage to 

its host. Adjacent to it are a suitably oriented promoter for expression of the cassette 

genes and the receptor site for the gene cassettes (attl site). On the 3′-conserved seg-

ment, which is of variable length, is typically the sul1 gene that encodes a sulfonamide-

resistant dihydropteroate synthase [36]. Additional resistance genes can also be present, 

their distance from the promoter determining their level of expression.

Alarmingly, as resistance genes are inserted into mobile genetic elements, they 

sometimes link with other resistance genes in resistance clusters, whose transfer can 

then result in simultaneous acquisition of resistance to several unrelated drugs 

(multidrug resistance) [32–33,35,37–38].

BIOCHEMICAL MECHANISMS 

Biochemical mechanisms of antibiotic resistance include altered transport (infl ux or 

effl ux) and thereby reduced intracellular accumulation [30] (see Chapter 8, this vol-

ume); enzymatic inactivation (hydrolysis or derivatization); altered or additional 

resistant target; bypassed target; and compensatory changes downstream of target. 

Table 14.2 summarizes resistance mechanisms for specifi c antibacterial classes used 

against Enterobacteria.

RESISTANCE TO MAJOR ANTIBIOTIC CLASSES 
IN ENTEROBACTERIA

β-LACTAMS

β-Lactam antibiotics constitute the most enduring and widely used class of 

 antibacterials, encompassing a large number of mostly semisynthetic compounds. 
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TABLE 14.2
Biochemical Resistance Mechanisms in Enterobacteria

Antibiotic Class
New/Altered Enzyme

Protein/Gene
Gene

Location Comments References

Antibiotic Inactivation
Hydrolysis
β-Lactams β-Lactamase Ch, P Most common 

resistance 

mechanism

44–46, 

56–58

Modifi cation
Aminoglycosides N-Acetyltransferase, O-adenylyl- 

transferase, O-phosphotransferase

Ch, P 104–105

111, 116
Chloramphenicol O-Acetyltransferase 153

Altered/Additional Target
Decreased binding
Quinolones DNA gyrase, topoIV Ch, P Most common 

resistance 

mechanism

95–97

Quinolones Target protection (qnrA, qnrB, qnrS) P Associated with 

multidrug 

resistance

80–92

Aminoglycosides RNA, ribosomal protein S12 104–105
Tetracyclines Ribosomal protection(tetM, O) 124–125
Sulfonamides Dihydropteroate synthetase P 36, 145
Trimethoprim Dihydrofolate reductase (DHFR) P 145, 150

Overproduced Target
Trimethoprim DHFR (type IV) P 145, 150

Decreased Intracellular Accumulation
Decreased uptake
β-Lactams Porins Ch 78, 82

Quinolones Porins Ch 95, 98
Aminoglycosides Altered active transport 122

Increased effl ux
β-Lactams AcrAB-TolC Ch 163–164

Quinolones AcrAB-TolC, EmrAB Ch 95, 98
Tetracyclines tet A,B,C,D,E,K,L (I) Ch, P Most common 

resistance 

mechanism

133

Abbreviations: Ch, Chromosomal; I, inducible; P, plasmid-mediated; R, resistance.

The clinically useful β-lactams are divided on the basis of structure into penams, 

penems and cephems (Figure 14.1) [39]. Their targets are peptidoglycan transpepti-

dases, cell wall synthesizing enzymes located on the outer face of the cytoplasmic 

membrane [40]. These enzymes are ubiquitous in bacteria and are commonly 

detected by their ability to bind covalently and specifi cally penicillin and other β-

lactam  antibiotics (hence the name, penicillin-binding proteins [PBPs]). Not all 

PBPs are peptidoglycan transpeptidases, or essential; in Enterobacteria, only three 

of the eight PBPs are essential. 
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FIGURE 14.1 Structures of antibiotic classes used against Enterobacteria.

Clinically, the most important mechanism of resistance in Enterobacteria is 

hydrolysis by β-lactamases, common bacterial enzymes related to the cell wall 

 targets [41]. β-lactamases are divided into four groups based on amino acid sequence 

homology (Ambler classifi cation) [42–43], though other classifi cation schemes also 

exist [44]. In Enterobacteria, all four classes are represented (Table 14.3), but classes 
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TABLE 14.3
Common β-Lactamases in Enterobacteria

Enzyme
Original

Host
Substrate

Profi le
Inhibitor
Profi le Comments

Class A: Serine Enzymes (~30 kDa), Mostly Plasmid-Mediated, Constitutively Expressed, ca. 250
TEM-1 E. coli pen/ceph clox/clav/sulb/taz Most common type

TEM-2 E. coli pen/ceph clox/clav/sulb/taz Differs from TEM-1 by 

one amino acid

TEM-3 to 

 TEM-70

K. pneumoniae pen/ceph clox/clav/sulb/taz ESBL variants of TEM-1, 

in nosocomial outbreaks 

(see www.lahey.org/

lcinternet/studies/

webt.htm)

SHV-1 K. pneumoniae pen/ceph clav/sulb/taz a.k.a. PIT-2; ESBL, often 

chromosomal; 24 variants 

to-date (www.lahey.org/

lcinternet/studies/webt.

htm)

CTX-M E. coli pen/ceph Plasmid, extended 

spectrum

K-1 K. oxytoca ceph Chromosomal, 

extended spectrum

Class B: Metalloenzymes (~22 kDa), Mostly Chromosomal, ca. 30
IMP-1 Stenotrophomonas

 maltophilia
pen/ceph/cpen Uncommon; reported 

in S. marcescens, S. 
fl exneri (integron-borne)

VIM-1 pen/ceph/cpen Uncommon, reported in E. 
cloacae, K. pneumoniae 
(integron-borne)

Class C: Serine Enzymes (~40 kDa), Mostly Chromosomal, Inducible, ca. 30
AmpC E. coli ceph taz

P99 E. cloacae ceph taz

MIR-1 K. pneumoniae ceph Plasmid-mediated

CMY-1 to K. pneumoniae ceph Plasmid-mediated

 CMY-5

Class D: Serine Enzymes (~12 kDa), Plasmid Mediated, ca. 15
OXA-1 E. coli pen/ceph Related, less common 

enzymes: OXA-3 to 

OXA-7

Abbreviations: ceph, cephems, clav; clavulanic acid; clox, cloxacillin; cpen, carbapenem; ESBL, extended 

spectrum β-lactamases; pen, penams; taz, tazobactam.

A and C are of the greatest clinical signifi cance [45–48]. Both penams and cephems 

are affected, though rarely penems. Surprisingly, Y. pestis appears to have decreased 

susceptibility to penems, but not to penams or cephems [49–50].

In class A β-lactamases, the most important enzymes are TEM-1, SHV-1, CTX-M. 

TEM-1, which originated in E. coli, is now very common in Klebsiella and other 
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Enterobacteria, while SHV-1 is commonly found in Klebsiella pneumoniae and can be 

plasmid mediated or chromosomal [51–54]. CTX-M enzymes were fi rst recognized in 

1986 in Japan, in 1989 in Argentina, and thereafter worldwide [55–56]. Of great clini-

cal concern is the emergence of extended-spectrum variants of TEM, SHV, and CTX-

M enzymes in the 1980s that continues to the present [57–64]. To date, over 250 

variants of these enzymes have been identifi ed (http://www.lahey.org/Studies). These 

extended-spectrum β-lactamases (ESBLs) are particularly problematic because they 

can hydrolyze oxyimino β-lactams (cefotaxime, ceftriaxone, and ceftazidime) and can 

easily spread to other species. They are generally sensitive to inhibition by clavulanic 

acid, though resistant variants have been reported [60–62]. Clinical isolates that pro-

duce ESBLs are frequently associated with nosocomial outbreaks [63–65]. Class D 

and class B [57–58] enzymes, though uncommon, are also ESBLs.

Many clinical laboratories lack the necessary technology, and thus ESBL detec-

tion in the clinical microbiology laboratory is often problematic. For example, in a 

survey by Tenover et al. [65], the percentage of labs in Connecticut that failed to 

detect resistance in the ESBL- or ampC-producing isolates ranged from 24% to 32%. 

A 1998 survey of 369 microbiology labs participating in the CDC Emerging Infec-

tions Network found that only 32% tested for ESBL producers, and of that subset, 

only 17% used adequate methods to confi rm ESBL presence [66].

Ambler class C β-lactamases are produced by most Enterobacteria, but are 

 particularly important in clinical isolates of Enterobacter cloacae and Enterobacter 
aerogenes, Citrobacter freundii, and Serratia marcescens [67–71]. They hydrolyze 

both penicillins and cephalosporins, including cephamycins, such as cefoxitin, 

and are resistant to clavulanic acid. They are normally inducible, regulation 

of expression being linked to the cell wall synthesis and recycling [72–73]. 

Relatively recent developments are the evolution and spread of class A enzymes, the 

mobilization of class C enzymes MIR-1, CMY, MOX into plasmids and the 

 expansion of the activity spectrum to include carbapenems, cephamycins, and 

oxyiminocephalosporins.

A major factor contributing to β-lactam resistance is decreased outer-membrane 

permeability [74–82]. Because they live in the gut, Enterobacteria have developed a 

particularly “fi nicky” outer membrane. This is a protein-rich, asymmetric lipid 

bilayer that contains lipopolysaccharide in the outer leafl et and envelops the peptido-

glycan. It functions as a molecular sieve, with water-fi lled channels (pores) formed 

by 35 to 40 kDa protein trimers (porins). It is through these channels that non- specifi c 

transport of small hydrophilic molecules, such as β-lactams, occurs. There are at 

least two porin species in E. coli, OmpC and OmpF, which form channels of 11 and 

12 A diameter, respectively, with an exclusion limit of 600 to 800 Da. Other Entero-

bacteria also have two to three porins, homologous to those of E. coli [78–79]. 

Porin-defi cient mutants of Enterobacteria have reduced β-lactam susceptibility 

 relative to isogenic wild-type strains [80–82]. 

A key aspect to the susceptibility of Enterobacteria to β-lactams is the interplay 

of outer-membrane permeability, affi nity/turnover for β-lactamases in the periplas-

mic space, and affi nity for target PBPs. Although β-lactamases constitute the major 

form of β-lactam resistance in Enterobacteria, it is the combined presence of 

β-lactamases and reduced outer membrane permeability that affects resistance. This 
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cooperative action effectively reduces the concentration of β-lactams in the  periplasm. 

Decreased target affi nity has not been reported in clinical isolates of Enterobacteria, 

perhaps because of the fi tness cost it entails [83]. 

QUINOLONES

Quinolones are broad-spectrum, bactericidal antibiotics whose potent activity, 

including activity even against intracellular pathogens, and ease of administration 

(oral and parenteral) have fi rmly established them both in the hospital and the com-

munity (see Chapter 7, this volume). Quinolones enter bacterial cells through the 

porins in the outer membrane and by diffusion through the cytoplasmic membrane 

[84,85]. They then complex immediately, selectively, and reversibly with DNA 

gyrase and the related topoisomerase IV, bacterial enzymes essential for transcrip-

tion, replication, and chromosome decatenation. They trap a covalent enzyme-DNA 

complex (cleavable complex), in which the enzyme has broken the phosphodiester 

backbone of the DNA, and thereby inhibit the subsequent religation of DNA [86–87]. 

The result is inhibition of supercoiling (DNA gyrase), chromosome decatenation 

(topoisomerase IV) and, most importantly, the induction of DNA lesions, which trig-

ger the SOS response and ultimately lead to cell death.

With the exception of Qnr proteins, which are plasmid mediated [88–92], 

 quinolone resistance is exclusively chromosomal, spreading with the resistant organ-

ism. The Qnr proteins are capable of protecting DNA gyrase from quinolones and 

have homologs in water-dwelling bacteria. They seem to have been in circulation for 

some time, having achieved global distribution in a variety of plasmid environments 

and bacterial genera [90]. Though qnr genes provide low-level  quinolone resistance, 

they facilitate the emergence of higher-level, clinical resistance. Of further concern is 

the rapid, horizontal spread of the qnr genes and their co-selection with other resis-

tance elements. AAC(6´)-Ib-cr, a variant aminoglycoside acetyltransferase capable of 

modifying ciprofl oxacin and modestly reducing its activity, seems to have emerged 

more recently [93], but might be even more prevalent than the Qnr proteins. 

The most common mechanism of high-level, clinical resistance in Enterobacteria 

is associated with mutations in gyrA, which encodes subunit A of DNA gyrase 

[94–96]. Resistance mutations tend to cluster between residues 67 and 106 (quino-

lone resistance-determining region [QRDR]) [96]. Mutations in parC, which encodes 

the homologous subunit A of topoisomerase IV, are also associated with resistance 

[97]. Reduced accumulation in the cell, due to active effl ux through the cytoplasmic 

membrane combined with decreased infl ux through the outer membrane, appears to 

cause only low levels of resistance, but can facilitate the emergence of fl uoroquinolone-

resistant strains [98–102].

Clinical resistance is not yet very common in Enterobacteria [102], despite the 

widespread use of quinolones and the emergence of plasmid-associated quinolone 

resistance. The only exception is the foodborne pathogen Salmonella, where resistance 

in some specifi c phage types has been found in Europe, most likely due to the extensive 

use of quinolones in food animals [103]. Nevertheless, because resistance affects 

not only quinolones in use, but also in clinical development and—in the case of qnr-

 associated resistance—is linked to other resistance genes, it is a cause for concern.
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AMINOGLYCOSIDES

Aminoglycosides are bactericidal, broad-spectrum antibiotics discovered in the 

1940s (see Chapter 5, this volume). They are still widely used (gentamicin and ami-

kacin), usually in combination with β-lactam agents, against problem pathogens 

despite their ototoxicity and nephrotoxicity (104). Structurally, aminoglycosides are 

polycationic amino sugars, the amino groups being protonated in biological media. 

A number of subclasses have been identifi ed and semisynthetic derivatives less prone 

to enzymatic inactivation have been developed [105–106].

The mechanism of aminoglycoside action involves binding to the A site of the 16S 

ribosomal RNA and thereby inhibition of protein synthesis [107–108], after entering 

through the outer membrane via a porin-independent, “self-promoted” pathway and 

through the cytoplasmic membrane via an energy-dependent pathway [109–111].

Clinically, the most signifi cant mechanism of aminoglycoside resistance is 

enzymatic modifi cation [112], the exact profi le depending on the aminoglycoside 

being used [113–114]. The modifying enzymes, N-acetyltransferases, O-phosphor-

yltransferases, and O-adenyltransferases, have broad substrate specifi city and can 

catalyze more than one reaction [115–119]. Their origin is diverse [120]. Impaired 

uptake may also contribute to resistance [121–123].

TETRACYCLINES

Tetracyclines are broad-spectrum, bacteriostatic agents that also act by inhibiting 

protein synthesis [124–125]. They bind reversibly to a single, high-affi nity site on the 

30S ribosomal subunit and disrupt the codon–anticodon interaction between amino-

acyl-tRNA and mRNA, thereby inhibiting the binding of aminoacyl-tRNA to the 

acceptor site on the ribosome. Their selective antibacterial toxicity may be due, at 

least in part, to selective, concentrative uptake by bacteria [126–127].

The major mechanism for tetracycline resistance involves an inducible active 

effl ux system, whereby the intracellular concentration of these compounds is reduced 

[128–132]. Several genes encoding for components of this system (tetA-E in Gram-

negative bacteria) [133–136], located mostly on plasmids, have been identifi ed. 

Different tetracyclines are not equally recognized by transport proteins; for example, 

TetA does not recognize minocycline and doxycycline. Ribosomal protection by a 

soluble, usually plasmid-encoded, 72-kDa protein homologous to the elongation fac-

tor G that is involved in protein synthesis [137–138], is not a signifi cant resistance 

mechanism in Enterobacteria. A notable development in the fi eld was the discovery 

of glycylcyclines, minocycline derivatives, one of which, tigecycline (formerly known 

as GAR 936), has received FDA approval and is now available as Tygacil® [139–143]. 

Tigecycline is active against most tetracycline-resistant strains. Another recent 

development is the potentiation of the antibacterial activity of tetracyclines by 

 inhi bitors of Tet effl ux proteins [144].

ANTIFOLATES: SULFONAMIDES AND TRIMETHOPRIM

Sulfonamides, the oldest, totally synthetic antibacterial agents, are competitive 

inhibitors of dihydropteroate synthetase by virtue of their active (sulfone) form being 
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a structural analog of the p-aminobenzoic acid substrate. Clinically, the most com-

mon and important mechanism of resistance to these bacteriostatic agents is altered, 

usually plasmid-mediated, target enzyme [36,145]. Two distinct types of altered 

dihydropteroate synthetase have been characterized in Gram-negative bacteria, I and 

II, encoded by sulI and sulII, respectively [146–148]. They have reduced binding 

to inhibitors, but—remarkably—retain normal binding to the p-aminobenzoic 

acid substrate. The sulI gene is often located in transposons related to Tn21 or on 

large R-plasmids with a resistance region similar to Tn21 [36,148]. The sulII gene is 

carried mainly on small non-conjugative plasmids.

Trimethoprim, also totally synthetic and commonly used in combination with 

sulfonamides, is a bactericidal agent. It is a selective, potent, competitive inhibitor 

of the bacterial dihydrofolate reductase (DHFR). The resulting tetrahydrofolate 

depletion affects methyl transfer reactions, particularly the one involved in thymine 

biosynthesis, thereby causing thymineless death. The most common mechanism 

of trimethoprim resistance is altered, usually plasmid-mediated, target enzyme 

[149–151]. Mutant forms of the normal, chromosomal DHFR are far less common 

in clinical isolates. Seven major types of plasmid-encoded, trimethoprim-resistant 

DHFRs (I to VII) have been found in Gram-negative bacteria. They share variable 

homology with each other and with the normal, chromosomal enzyme, suggesting 

both divergent and convergent evolution.

CHLORAMPHENICOL

Chloramphenicol, still an important bacteriostatic agent, owes its selective anti-

bacterial activity to inhibition of the peptidyltransferase reaction of protein syntesis 

via binding to the 50S ribosomal subunit. The major mechanism of clinical resis-

tance to chloramphenicol is its inactivation by acetylation [152]. Three genetically 

distinct groups of chloramphenicol acetyltransferases have been found so far, some 

inducible and others constitutive, but all sharing sequence homology [153]. 

As previously stated, multidrug-resistant S. typhimurium (DT104), which represent 

approximately 10% of the Salmonella isolates in the United States, is resistant to 

chloramphenicol [154].

CONCLUSIONS AND FUTURE DIRECTIONS

Enterobacteria cause a variety of nosocomial and community-acquired (including 

foodborne) infections and thus their resistance to antibiotics has profound clinical 

implications. Of the fi ve major antibiotic classes currently used for enterobacterial 

infections (β-lactams, quinolones, aminoglycosides, tetracyclines, and sulfon-

amides), quinolones (ciprofl oxacin) and β-lactams (amoxicillin/clavulanic acid com-

bination and third-generation cephalosporins) are the least affected by resistance. 

The biggest threat for the future is the gradual erosion of the effectiveness of these 

two bactericidal and generally safe antibacterial classes [155,156].

The fact that enterobacterial infections are treatable with existing antibiotics has 

kept them out of the limelight. Enterobacter and Klebsiella, though often resistant to 

several antibiotics, are simply not in the Pseudomonas/Acinetobacter/Enterococcus 

resistance league. Neither are as spectacularly invasive as some Streptococcus 
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strains, yet they are very common pathogens and their emerging resistance in insti-

tutional settings should be a cause for concern [157–161].

Since the fi rst edition of this book was written, several new antibacterials have 

entered the clinic. Unfortunately, all but one (tigecycline) target mostly Gram- positive 

bacteria, which are admittedly easier to kill since they lack an outer membrane, a cell 

structure particularly effective in restricting entry of antibiotics in Enterobacteria. 

Resistance to β-lactams has alarmingly increased in Klebsiella and plasmid- mediated 

quinolone resistance appears to be more and more common.

The plea mentioned in the fi rst edition of this book has therefore assumed new 

urgency. Drug development is a long, tortuous process; we need to be more proactive 

and start targeting Enterobacteria now, with new agents that do not cross-react with 

existing ones. The possibility of covering also Pseudomonas and Acinetobacter 

would be an added bonus. In this context, it would be valuable to draw on the recent 

advances in our understanding of effl ux mechanisms [162–164], with the goal of 

perhaps avoiding them rather than targeting them. The hydra-like nature of transport 

proteins, whereby suppression of one unmasks another, argues for caution. Never-

theless, recent work has shown that it is possible to potentiate antibacterial activity 

by inhibiting drug effl ux [165–166], just as earlier work had shown that it was possi-

ble to potentiate antibacterial action by promoting drug infl ux through the outer 

membrane [167].
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Bacterial resistance to antimicrobial agents is a global problem, affecting both 

 industrialized and resource-poor countries. Such resistance increases the diffi culty 

of treating both community- and hospital-acquired infections, with a resulting effect 

on morbidity, mortality, and economic cost. There is a limited group of infections 
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responsible for the main burden of antimicrobial resistance, including acute respira-

tory infections, diarrheal disease, sexually transmitted infections, tuberculosis (TB), 

and health care–related (nosocomial) infections. 

There are limited data to show the direct effect of antimicrobial resistance on 

patient outcome, particularly in community-acquired infections, but hospital studies 

have shown defi nite increases in morbidity and length of stay resulting from multiply-

resistant pathogens, such as methicillin-resistant Staphylococcus aureus (MRSA).

Containing antimicrobial resistance requires improved strategies of antimicro-

bial use, particularly better control of prescribing, public health strategies to reduce 

the spread of antimicrobial-resistant communicable disease, and improved labora-

tory monitoring and epidemiological surveillance of resistant bacteria.

INTRODUCTION

Infections and infectious diseases continue to be major causes of morbidity and 

 mortality, particularly in resource-poor and tropical countries. The availability of 

effective antimicrobial agents was one of the health inputs, along with immunizations 

and improved public health, that would have contributed to the World Health Organiza-

tion aim of “Health for All by 2000.” The global occurrence and spread of antimicro-

bial resistance has been one of the major factors in that goal not being achieved.

On a worldwide scale, community acquired infections, notably acute respiratory 

disease, gastrointestinal infections, sexually transmitted diseases, and tuberculosis, 

together are responsible for the burden of bacterial infection–related morbidity and 

mortality. In industrialized countries, while community-acquired infections continue 

to be of importance, health care–associated (nosocomial) infections have become of 

major concern. Most nosocomial infections are caused by bacteria resistant to multiple  

antibiotics, with some, such as vancomycin-resistant enterococci, multiply-resistant 

Gram-negative bacteria, and MRSA, leaving few options available for treatment. It is 

now evident from the limited studies available that multiply-resistant nosocomial 

pathogens are also present in hospitals in low-income countries.

Whether community or hospital acquired, some resistant bacteria have evolved 

locally, whereas for others, there is evidence for the international spread of specifi c 

clones. This chapter describes the global occurrence of resistant bacteria, their 

impact on clinical outcomes and health care systems, the factors contributing to the 

emergence and spread of resistance, and strategies that need to be implemented to 

contain the spread of antimicrobial resistance.

GLOBAL PATTERNS OF RESISTANCE IN 
MAJOR BACTERIAL PATHOGENS

ACUTE RESPIRATORY INFECTIONS

In both industrialized and less-developed countries, acute respiratory infections 

 continue to be a major cause of morbidity, and particularly among children in low-

income countries, a cause of mortality. Streptococcus pneumoniae and Haemophilus  
infl uenzae are by far the two most important pathogens. While penicillin was formerly  

the drug of choice for S. pneumoniae, intermediate (MIC 0.12 to 1.0 mg/L) and high 
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level (MIC > 1 mg/L) resistance to penicillin occurs globally. In Europe and North 

America, reported rates of high-level resistance range from 10% to 30% [1–3]. 

 Penicillin resistance is of greater concern in low-income countries, where alternative 

antimicrobials may not be available or are too expensive for poorer communities who 

may have to pay for medication. Penicillin resistance has now been described in many 

African countries in addition to South Africa, where resistance was fi rst reported. 

Studies have shown penicillin resistance (either intermediate or high-level) rates of 

45% in Kenya [4], 24% in Côte d’Ivoire [5], and 14% in Zambia [6]. Pneumococcal 

infection is a particular problem in HIV-infected patients, a study among HIV-infected 

adults in Kenya showed 77% resistance to penicillin [7].

Penicillin resistance has also been described from most countries in Asia. In a 

surveillance study of isolates from 11 Asian countries, the ANSORP (Asian Network 

for Surveillance of Resistant Pathogens) Study [8], 23% of pneumococci showed 

intermediate resistance and 30% high-level resistance. The highest resistance rates 

were in Vietnam (72%) and Korea (75%). Studies from China and India showed 45% 

and 34%, respectively, of pneumococcal isolates to be resistant.

Resistance of pneumococci to macrolides, particularly erythromycin, and to 

cotrimoxazole, the two other antimicrobials widely recommended for treatment of 

acute respiratory infections, have also been widely reported [9]. For erythromycin, 

resistance rates of 78%, 37%, and 92% have been reported in China, India, and 

 Vietnam, respectively [8]. Of considerable concern in developing countries is resis-

tance to cotrimoxazole, which is widely recommended for the symptomatic treat-

ment of acute respiratory infections. Resistance rates of 81% in India, 94% in Kenya, 

and 12% in Zambia have been reported [4,6,10].

H. infl uenzae is the second most common cause of acute respiratory infections in 

the developing world, and may also cause more severe sepsis, including meningitis. 

Although less frequently isolated in routine laboratory investigations, more detailed 

prevalence studies have confi rmed its importance. Resistance to ampicillin, cotrimoxa-

zole, and chloramphenicol, the principal antimicrobials considered for treatment, have 

been reported, although there are less extensive data than for pneumococci. In India, a 

study has shown 23% resistant to ampicillin and 67% resistant to cotrimoxazole [11]. 

In Kenya, in a pediatric population, the resistance rates of H. infl uenzae to amoxycillin,  

chloramphenicol, and cotrimoxazole were 66%, 66%, and 38%, respectively [12], and 

in Bangladesh comparable fi gures were 32%, 21%, and 49% [13]. In a global study 

(the SENTRY Surveillance Program), country combined resistance prevalence to 

ampicillin was 29% in North America, 16% in Latin America, and 16% in Europe. 

Resistance rates for cotrimoxazole were 24%, 40%, and 24% [14].

With the increasing use of immunization against H. infl uenzae b (Hib), 

the occurrence of invasive Haemophilus disease has fallen in most industrialized 

countries but remains widespread in low-income regions.

DIARRHEAL DISEASES

Shigella Infections

Of the four species and many serotypes of Shigella, Shigella dysenteriae 1 is 

responsible for the most severe morbidity in many parts of the world, where 

9190_C015.indd   3659190_C015.indd   365 10/26/2007   3:37:46 PM10/26/2007   3:37:46 PM



366 Bacterial Resistance to Antimicrobials

inadequate water and sanitation lead to both local outbreaks and occasionally wide-

spread epidemics. Multiple, transferable antimicrobial resistance was described in 

Shigella in the 1950s, and since then there has been a wide distribution of resistant 

strains and the development of resistance to an increasing number of antimicrobial 

agents. Combined resistance to ampicillin, tetracycline, chloramphenicol, and 

cotrimoxazole has been widely described [15], and resistance to nalidixic acid, the 

recent preferred treatment of choice, has become increasingly common. Resistance 

to nalidixic acid is associated with reduced sensitivity to ciprofl oxacin and other 

fl uoroquinolones, leaving few treatment options, particularly in low-income coun-

tries. Nalidixic acid strains were fi rst reported in Bangladesh [16] and in 1994 in 

central Africa [17].

Multiple resistance was described in outbreaks in eastern India in 2002 and 

2003, resistant to most available oral antimicrobials and with reduced sensitivity 

to ciprofl oxacin [18]. Ciprofl oxacin-resistant strains have also been described in 

 Bangladesh and Nepal [19]. 

Cholera

Both endemic and epidemic cholera caused by Vibrio cholerae 01 and 0139 

continue to occur in many resource-poor countries, particularly where public health 

infrastructure is limited, and where population displacement and refugee exodus 

occur. While the mainstay of cholera management is timely and effective rehydra-

tion, appropriate antimicrobial management can reduce the period of Vibrio excre-

tion, and the risk of symptomatic disease in household contacts. Despite its 

widespread use, tetracycline resistance was not reported until 1977 in an outbreak 

in Tanzania [20]. Since that time, there has been a varying development of resis-

tance in different locations. Outbreaks in different parts of Africa have consistently 

demonstrated resistance to tetracycline and chloramphenicol [21,22]. Studies in 

India in both serotypes 01 and 0139 have generally shown a low level of antimicro-

bial resistance [23,24]. In Southeast Asia, resistance to tetracycline has been 

 demonstrated in  outbreaks in Laos [25] and Thailand [26], with variable resistance 

in Vietnam [27].

Typhoid and Other Salmonella Infections

Multiple antimicrobial resistance (ampicillin, teracycline, and chloramphenicol) 

in typhoid was described in an increasing number of countries in the 1990s. 

Initially, such multiply-resistant strains remained susceptible to fl uoroquinolones, 

which became the preferred treatment. There are now increasing reports of strains 

with reduced sensitivity to fl uoroquinolones including ciprofl oxacin (MICs 0.25 

to 0.5 mg/L). Such strains have been demonstrated in east Africa [28], the Indian 

subcontinent [29], and Southeast Asia [30]. Strains with reduced fl uoroquinolone 

sensitivity present diffi culties in treatment, requiring either longer courses of 

 fl uoroquinolone treatment, or alternative, more expensive, and often less available 

antimicrobials.

Non-typhi Salmonella infections, in addition to causing food-borne gastroenteritis  

in industrialized countries, have recently been shown to be an important cause of 
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bacteraemia in Africa, particularly in pediatric patients and patients with HIV [31]. 

Many strains are multiply-resistant, possibly acquiring resistant determinants from 

bacteria forming part of the bowel fl ora. The use of antimicrobials in animal 

 husbandry may be an important contribution to resistance in food-associated 

Salmonellae.  Mutiple resistance has been widely documented in Salmonella 
typhimurium and could be a source of resistance in other strains in humans [32]. 

SEXUALLY TRANSMITTED INFECTIONS

While HIV infection (and its resistance to anti-retroviral therapy) is beyond the 

scope of this chapter, its association with other sexually transmitted infections is a 

major public health problem. If bacterial sexually transmitted infections are inade-

quately treated because of antimicrobial resistance, HIV infections will be more 

easily transmitted. 

The treatment of uncomplicated gonorrhea infections has progressed through 

various stages as resistance to different antimicrobials has occurred. Resistance to 

penicillin, resulting from penicillinase production (PPNG), has reached over 80% in 

many countries in South and Southeast Asia and the western Pacifi c as shown 

through surveillance by the WHO GASP (Gonococcal Antimicrobial Susceptibility 

 Program) [33]. Many of these resistant strains have subsequently spread to Europe 

and the Americas.

Similar fi gures of penicillin resistance have been reported from different coun-

tries in Africa, 85% in a study in Ethiopia [34], 89% in Rwanda [35], and 98% in 

Nigeria [36].

Tetracycline became an alternative to penicillin, but rapid development of resis-

tance led to the recommendation of ciprofl oxacin for the syndromic management 

of gonococcal infections. Since its introduction, there has been a rapid rise and 

spread of resistance. The GASP program showed ciprofl oxacin resistance rates 

 varying from 10% to 100% in countries of South and Southeast Asia. In a study from 

Australia [37], 23% of 3640 isolates were ciprofl oxacin resistant, and in a study from 

Sweden, the prevalence of ciprofl oxacin resistance was over 50% [38]. Currently 

there are few reports of ciprofl oxacin resistance in Africa, but this may be due to lack 

of laboratory facilities and under-reporting. 

TUBERCULOSIS

The introduction of directly observed therapy (DOTS) has had a major impact in 

many parts of the world on controlling both the spread of tuberculosis and the 

 development of resistant strains. However, in some areas where there is a large back-

ground of tuberculosis infection in the community, and particularly in populations 

where HIV infection is endemic, multidrug-resistant tuberculosis continues to be a 

problem. New molecular techniques have assisted in describing the epidemiology of 

multi-resistant strains [39–42]. There are many endemic areas where laboratory 

facilities, particularly at the periphery, may be unable to perform culture and sensiti-

vity testing, and hence the prevalence of drug resistance is unknown.

MDR TB is a major burden on poor communities where limited availability and 

high cost of second-line therapy may limit treatment options.
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ANTIBIOTIC RESISTANCE IN HEALTH CARE–ASSOCIATED (NOSOCOMIAL) INFECTIONS

It is in health care–associated infections that the most complex problems of anti-

microbial resistance now occur in industrialized countries. The major infections are 

ventilator-associated pneumonia, intravascular line-related infections, surgical site 

infections, and urinary tract infections related to indwelling catheters. Important 

resistant bacteria include MRSA, vancomycin-resistant enterococci (VRE) and 

 multiply-resistant Gram-negative bacteria, particularly Enterobacteriaceae, Pseudo-
monas spp., and Acinetobacter spp., with varying resistance to aminoglycosides, 

 carbapenems, other β-lactam antibiotics, and cephalosporins. In European studies,  

the percentage of S. aureus bacteremias due to MRSA have been shown to be 35% 

to 45% [43,44]. In a study of 200 intensive care units in Europe [45], S. aureus, 
 Pseudomonas, and E. coli were the major causes of sepsis, with a high proportion of 

resistant isolates.

Patients infected or colonized with multiply-resistant nosocomial bacteria may 

be responsible for spread into the community and subsequent widespread geographic 

spread. A study from Canada [46] described an outbreak of MRSA in a tertiary 

care hospital in British Columbia introduced by a patient who had been hospitalized 

in India. 

Although there is less information on health care–associated infections in 

low-income countries, limited studies confi rm that they are a global problem [47]. 

Several studies in Africa have reported MRSA infections including Côte d’Ivoire 

[48], Nigeria [49], and Sudan [50]. Vancomycin intermediate S. aureus has been 

reported from South Africa [51].

THE CLINICAL AND ECONOMIC IMPACT 
OF ANTIMICROBIAL RESISTANCE

While there are extensive data on the prevalence of antimicrobial-resistant bacteria, 

there are limited systematic data on how such resistance infl uences disease out-

come. This is particularly the case for community-acquired infections in resource 

poor  countries, where in terms of total populations affected, the greatest burden 

occurs. There are many unanswered questions. Do children with pneumonia caused 

by cotrimoxazole resistant S. pneumoniae die? Do they survive but with increased 

morbidity after so many days of treatment? Do they seek hospital admission and 

receive treatment with, for example, a third-generation cephalosporin? Is poor out-

come not due to antimicrobial resistance, but rather to malnutrition, undiagnosed 

HIV, or other, unrelated infection? In the majority of cases there will be no pathogen 

isolated, and no sensitivity known, and so such questions are impossible to answer. 

However, despite the constraints in research in such situations, it is essential that 

attempts are made to begin to answer these questions. One strategy to reduce the 

impact of infections caused by potentially resistant pathogens in resource-poor 

countries is the Integrated Management of Childhood Ilnessess (IMCI) initiative, 

where syndromic management is based on anticipated sensitivity patterns [52]. An 

important negative effect on the lack of information on antimicrobial sensitivity is 

the over-use of broad-spectrum antimicro bials in the “hope” they will cover whatever  

resistant organisms may occur.
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The most rigorous information on the clinical and economic impact of infections 

caused by resistant bacteria come from hospital studies in industrialized countries 

[53]. Several studies have shown increased lengths of stay and increased costs in 

patients with MRSA infections [54,55]. Multi-resistant organisms, including MRSA, 

have also been shown to be associated with higher mortality [56]. 

In addition to the increased morbidity in the index patient, patients infected with 

resistant organisms will be infected longer and are more likely to transmit infection 

to others.

LABORATORY AND EPIDEMIOLOGICAL ISSUES IN RELATION 
TO RESISTANCE DETERMINATION AND SURVEILLANCE

While industrialized countries have competent laboratory facilities for culture and 

sensitivity testing of bacterial pathogens, many use different methodologies for 

 sensitivity testing, and comparisons between hospitals and between countries need 

to be interpreted cautiously. It would be preferable if all countries adopted one 

 standard, preferably the Clinical and Laboratory Standards Institute (CLSI) stan-

dards, which are most widely used. 

The problem is a different order of magnitude in developing countries, where 

apart from central or university hospitals, many hospitals do not have laboratories that 

can perform bacterial culture and sensitivity testing, and, where they do exist, limited 

quality control and availability of reagents may result in data of limited accuracy.

There have been a number of initiatives to set up standardized surveillance sys-

tems to provide updated resistance information and to compare rates between 

different  locations [57]. Notably among these are the SENTRY Antimicrobial 

 Surveillance Program [58], the Meropenem Yearly Susceptibility Test Information 

Collection (MYSTIC) project [59], and the Alexander International Multicentre 

Longitudinal Surveillance study of antimicrobial susceptibility among respiratory 

pathogens [60]. More comprehensive projects include the International Network for 

the Study and Prevention of Emerging Antimicrobial Resistance (INSPEAR) from 

the Centers for Disease Control and Prevention (CDC) [61] and the World Health 

Organization Network for Antimicrobial Resistance Surveillance (WHO NET), a 

surveillance project set up by WHO to improve country-level surveillance programs, 

with easy-to-use software [62].

While each of these programs provides valuable data on resistance prevalence, it 

is important that they are linked into programs to plan antimicrobial guidelines and 

prescribing.

FACTORS CONTRIBUTING TO THE EMERGENCE AND 
SPREAD OF ANTIMICROBIAL RESISTANCE

The emergence and spread of antimicrobial resistance is dependent on both biological  

and behavioral/political factors. The ability of bacteria to become resistant to anti-

microbials by mutation or the acquisition of resistance genes by plasmid or other 

transfer are described in other chapters of this book. The selection of resistant strains 

is maintained by antibiotic pressure, and inappropriate antimicrobial prescribing 

and use are major factors that contribute to this.
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Suboptimal use of antimicrobials is a particular problem in low-income coun-

tries, where there is often a lack of laboratory data to guide prescribing, and where 

antimicrobials are often “prescribed” by non-medical practitioners or are freely 

available in markets [63]. In such situations, subtherapeutic doses are often taken, 

increasing the risk of selecting resistant strains. Resistant strains once evolved may 

spread between patients in the community, in health care settings, and globally by 

the increase in international travel and migration.

Transfer of resistant strains in the community is particularly a problem in areas 

characterized inadequate water and sanitation facilities. Enteric carriage of resistant 

organisms has been shown to contaminate water storage vessels, with subsequent 

transfer to other family members, including children, who may have had little expo-

sure to antibiotics [64]. 

In hospitals, the use of multiple antimicrobial agents, patients susceptible to 

complex infections because of the advanced medical procedures undertaken, and the 

spread between patients of inherently resistant nosocomial bacteria, all contribute to 

a major problem of diffi cult-to-treat infections.

STRATEGIES FOR THE CONTAINMENT OF THE GLOBAL 
OCCURRENCE AND SPREAD OF RESISTANCE

IMPROVED STRATEGIES FOR ANTIMICROBIAL USE

In many developing countries, non-medical practitioners, while they may be responsi-

ble for inappropriate antimicrobial use, do play an important role in the health care 

system, where qualifi ed staff are limited particularly in remote areas. Thus education 

of these practitioners in appropriate prescribing is an important strategy, encouraging 

standardized treatment regimes for the syndromic management of infections [65]. 

While it is diffi cult to demonstrate a containment of  resistance by such strategies, 

 evidence from the DOTS TB control strategy is that there is a lower development of 

resistant TB. At the national level, control of antimicrobials available in the country, 

with registration and control of manufacture, should limit the range of antimicrobials 

available to the prescriber.

In industrialized countries where generally antimicrobials are only available 

through medical prescription, antimicrobial use is more controlled. However, 

in hospital practice, where the greatest intensity of antimicrobial use occurs, anti-

biotic guidelines are often not followed, despite the input of pharmacists and micro-

biologists. Where strict antibiotic policies have been followed, there is evidence that 

the occurrence of resistant nosocomial infections is reduced [66]. Failure to adhere 

to antimicrobial policies may lead to multiply-resistant bacteria, and overuse of 

inappropriate antibiotics may alter the normal fl ora of the bowel. This may in turn 

lead to overgrowth by bacteria, such as Clostridium diffi cile, a cause of antibiotic-

related colitis. 

PUBLIC HEALTH STRATEGIES

Public health interventions can contribute to reducing the occurrence and spread of 

resistant infections in both industrialized and low-income countries.
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Immunization programs for S. pneumoniae and H. infl uenzae would greatly 

reduce the burden of these causes of acute respiratory infections, and hence the prob-

lem of treating resistant strains. There is a need for effective and low-cost vaccines 

against diarrheal diseases, particularly Shigella, cholera, and typhoid, where few 

oral antimicrobials are currently effective.

Improved water supply and sanitation in resource-poor countries will reduce the 

spread of both resistant enteric pathogens and non-pathogenic but resistant enteric 

bacteria that may act as a reservoir of transferable antimicrobial resistance. 

Health education can play a major role in people’s understanding of infection and 

the importance of using antibiotics appropriately [67]. Such programs can include 

both formal teaching situations and the wider use of publicly available media. 

CONTROL OF HEALTH CARE–ASSOCIATED INFECTIONS

In industrialized countries, the greatest problem of antimicrobial resistance is in 

nosocomial pathogens, particularly MRSA, VRE, and multiply-resistant Gram-

negative bacteria. Controlling the development and spread of these pathogens is a 

priority if the specter of untreatable infections is to be avoided. New, comprehensive 

strategies, such as the Saving Lives campaign in the United Kingdom [68] and the 

Making Hospitals Safer initiative supported by the World Health Organization [69], 

are aimed at reducing health care–associated infections. The programs include an 

emphasis on hygiene and hand washing to reduce the path of transmission between 

patients and health care workers. The WHO program is not restricted to industria-

lized countries, and should be a catalyst to initiate nosocomial infection control in 

low-income countries.

IMPROVED LABORATORY MONITORING AND EPIDEMIOLOGICAL 
SURVEILLANCE OF RESISTANT BACTERIA

Timely and accurate information on the prevalence of antimicrobial resistance is 

essential for planning resistance containment programs and rational antimicrobial 

policies. In resource-poor countries, the development of functioning laboratories at 

central and district level is a priority. There have been numerous attempts to do this 

in particular countries, but an internationally supported program is required to build 

sustainable and quality-controlled laboratory networks. Resistance/susceptibility 

data should form the basis of informing clinicians of results relevant to individual 

patients, provide local resistance data to form a “community antibiogram” [70], and 

link in to national and international surveillance systems. 

DEVELOPMENT OF NEW ANTIMICROBIAL AGENTS

While the priority strategy at all levels must be to contain antimicrobial resistance 

using the strategies described above, the development of new antimicrobial agents is 

also a priority in the treatment of multiply-resistant infections [71]. New 

understanding  of bacterial genomics and molecular biology techniques provide an 

understanding of new, selective, targets for antimicrobial action [72]. Such tech-

niques may also provide agents that can combat bacterial resistance strategies.
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CONCLUSION

The control of the emergence and spread of antimicrobial resistance is a public health 

priority on a global scale. Failure to do so will have a major and continuing impact 

on the morbidity and mortality caused by infection, and be an economic burden in 

both industrialized and low-income countries. A major collaborative effort will be 

required by national governments and their health ministries, by pharmaceutical 

companies, and international agencies if containment of antimicrobial resistance is 

to be achieved [73].

REFERENCES

 1. Goldsmith CE, Moore JE, Murphy PG. Pneumococcal resistance in the UK. J Antimicrob 
Chemother 1997; 40: Suppl A:11–18.

 2. Picazzo JJ, Betriu C, Rodriguez-Avial I, et al. Surveillance of antimicrobial resistance: 

VIRA study 2004. Enferm Infec Microbiol Clin 2004; 22: 517–523.

 3. Thornsberry C, Jones ME, Hickey ML, et al. Resistance surveillance of Streptococcus 
pneumoniae, Haemophilus infl uenzae and Moraxella catarrhalis isolated in the United 

States, 1997–1998. J Antimicrob Chemother 1999; 44: 749–759.

 4. Kariuki S, Muyodi J, Mirza B, et al. Antimicrobial susceptibility in community 

acquired bacterial pneumonia in adults. East Afr Med J 2003; 80: 213–217.

 5. Kacou-N’douba A, Guessennd-Kouadio N, Kouassi-M’bengue A, Dosso M. Evolution 

of Streptococcus pneumoniae antibiotic resistance in Abidjan: update on nasopharyn-

geal carriage, from 1997 to 2001. Med Mal Infect 2004; 34: 83–85.

 6. Woolfson A, Huebner R, Wasas A, et al. Nasopharyngeal carriage of community 

acquired antibiotic resistant Streptococcus pneumoniae in a Zambian paediatric popu-

lation. Bull World Health Organ 1997; 75: 453–462.

 7. Medina MJ, Greene CM, Gertz RE, et al. Novel antibiotic-resistant pneumococcal 

strains recovered from the upper respiratory tracts of HIV infected adults and their 

children in Kisumu, Kenya. Microb Drug Resist 2005; 11: 9–17.

 8. Song JH, Jung SI, Ko KS, et al. High prevalence of antimicrobial resistance among 

clinical Streptococcus pneumoniae isolates in Asia (an ANSORP study). Antimicrob 
Agents Chemother 2004; 48: 2101–2107.

 9. Klugman KP, Lonks JR. Hidden epidemic of macrolide resistant pneumococci. Emerg 
Infect Dis 2005; 11: 802–807.

 10. Coles CL, Rahmathullah L, Kanungo R, et al. Nasopharyngeal carriage of resistant 

pneumococci in young South Indian infants. Epidemiol Infect 2002; 129: 491–497.

 11. Jain A, Kumar P, Awasthi S. High nasopharyngeal carriage of drug resistant Strep-
tococcus pneumoniae and Haemophilus infl uenzae in North Indian school children. 

Trop Med Int Health 2005; 10: 234–239.

 12. Scott JA, Mwarumba S, Ngetsa C, et al. Progressive increase in antimicrobial resis-

tance among invasive isolates of Haemophilus infl uenzae obtained from children 

admitted to a hospital in Kilifi , Kenya, from 1994 to 2002. Antimicrob Agents 
 Chemother 2005; 49: 3021–3024.

 13. Saha SK, Baqui AH, Darmstadt GL, et al. Invasive Haemophilus type b disease in 

 Bangladesh with increased resistance to antibiotics. J Pediatr 2005; 146: 227–233.

 14. Johnson DM, Sader HS, Fritsche TR, et al. Susceptibility trends of Haemophilus 
 infl uenzae and Moraxella catarrhalis against orally administered antimicrobial agents: 

fi ve year report from the SENTRY Antimicrobial Surveillance Programme. Diagn 
Microbiol Infect Dis 2003; 47: 373–376.

 15. Shears P. Shigella infections. Ann Trop Med Parasitol 1996; 90: 105–114.

9190_C015.indd   3729190_C015.indd   372 10/26/2007   3:37:47 PM10/26/2007   3:37:47 PM



Resistance as a Worldwide Problem 373

 16. Munshi MH, Sack DA, Haider K, et al. Nalidixic acid resistance to Shigella dysente-
riae type 1. Lancet 1987; ii: 419–421.

 17. Ries AA, Wells JG, Olivola D, et al. Epidemic Shigella dysenteriae type 1 in Burundi: 

panresistance and implications for prevention. J Infect Dis 1994; 169: 1035–1041.

 18. Pazhani GP, Sarkar B, Ramamurthy T, et al. Clonal multi-drug resistant Shigella dys-
enteriae type 1 strains associated with epidemic and sporadic dysenteries in eastern 

India. Antimicrob Agents Chemother 2004; 48: 681–684.

 19. Talukder KA, Khajanchi BK, Islam MA, et al. Genetic relatedness of ciprofl oxacin 

resistant Shigella dysenteriae type 1 strains isolated in south Asia. J Antimicrob Che-
mother 2004; 54: 730–734.

 20. Mhalu FS, Muari PW, Ijumba J. Rapid emergence of El Tor Vibrio cholerae resistant to 

antimicrobials during the fi rst six months of the fourth cholera epidemic in Tanzania. 

Lancet 1979; i: 345–347.

 21. Dalsgaard A, Forslund A, Sandvang D, et al. Vibrio cholerae 01 outbreak isolates in 

Mozambique and South Africa in 1998 are multiple drug resistant, contain the SXT 

element and the aadA2 gene located on class 1 integrons. J Antimicrob Chemother 
2001; 48: 827–838.

 22. Urassa WK, Mhando YB, Mhalu FS, Mjonga SJ. Antimicrobial susceptibility pattern 

of Vibrio cholerae 01 strains during two cholera outbreaks in Dar es Salaam, Tanzania. 

East Afr Med J 2000; 77: 350–353.

 23. Sundaram SP, Revathi J, Sarkar BL, Battacharya SK. Bacteriological profi le of cholera 

in Tamil Nadu (1980–2001). Indian J Med Res 2002; 116: 258–263.

 24. Sur D, Dutta P, Nair GB, Battacharya SK. Severe cholera outbreak following fl oods in 

a northern district of West Bengal. Indian J Med Res 2000; 112: 178–182.

 25. Iwanaga M, Toma C, Miyazato T, et al. Antibiotic resistance conferred by a class 1 

integron in Vibrio cholerae 01 strains isolated in Laos. Antimicrob Agents Chemother 
2004; 48: 2364–2369.

 26. Tabtieng R, Wattanasri S, Echeverria P, et al. An epidemic of Vibrio cholerae el tor 

Inaba resistant to several antibiotics with a conjugative group C plasmid coding for type 

II dihydrofolate reductase in Thailand. Am J Trop Med Hyg 1982; 41: 680–686.

 27. Ehara M, Nguyen BM, Nguyen DT, et al. Drug susceptibility and its genetic basis in 

epidemic Vibrio cholerae in Vietnam. Epidemiol Infect 2004; 132: 595–600.

 28. Kariuki S, Revathi G, Muyodi J, et al. Characterisation of multi drug resistant typhoid 

outbreaks in Kenya. J Clin Microbiol 2004; 42 1477–1482.

 29. Rahman MM, Haq JA, Morshed MA, Rahman MA. Salmonella enterica serovar Typhi 

with decreased susceptibility to ciprofl oxacin—an emerging problem in Bangladesh. 

Int J Antimicrob Agents 2005; 25: 345–346.

 30. Parry CM. The treatment of multi drug resistant and nalidixic acid resistant typhoid in 

Vietnam. Trans R Soc Trop Med Hyg 2004; 98: 413–422.

 31. Gordon MA, Walsh AL, Chaponda M, et al. Bacteraemia and mortality among adult 

medical admissions in Malawi—predominance of non-typhi salmonellae and Strepto-
coccus pneumoniae. J Infect 2001; 42: 44–49.

 32. Weinberger M, Keller N. Recent trends in the epidemiology of non typhoid Salmonella and 

antimicrobial resistance: a worldwide review. Curr Opin Infect Dis 2005; 18: 513–521.

 33. Ray K, Bala M, Kumari S, Narain JP. Antimicrobial resistance of Neisseria gonor-
rhoeae in selected World Health Organisation Southeast Asia Region countries: an 

overview. Sex Transm Dis 2005; 32: 178–184.

 34. Tadesse A, Mekonnen A, Kassu A, Amelash T. Antimicrobial sensitivity of Neisseria 
gonorrhoea in Gondar, Ethiopia. East Afr Med J 2001; 78: 259–261.

 35. Van Dyck E, Karita E, Abdellati S, et al. Antimicrobial susceptibilities of Neisseria 
gonorrhoeae in Kigali, Rwanda, and trends of resistance between 1986 and 2000. Sex 
Transm Dis 2001; 28: 539–545.

9190_C015.indd   3739190_C015.indd   373 10/26/2007   3:37:47 PM10/26/2007   3:37:47 PM



374 Bacterial Resistance to Antimicrobials

 36. Bakare RA, Oni AA, Arowojolu AO, et al. Penicillinase producing Neisseria gonor-
rhoeae: The review of the present situation in Ibadan, Nigeria. Niger Postgrad Med J 
2002; 9: 59–62.

 37. Australian Gonococcal Surveillance Programme. Annual report of the Australian 

Gonococcal Surveillance Programme, 2004. Commun Dis Intell 2005; 29: 137–142.

 38. Berglund T, Colucci B, Lund B, et al. Increasing incidence of ciprofl oxacin resistant 

gonorrhoeae in Sweden. Lakartidningen 2004; 101: 2332–2335.

 39. Herrera L, Valverde A, Saiz P, et al. Molecular characterisation of isoniazid resistant 

Mycobacterium tuberculosis clinical strains isolated in the Philippines. Int J Antimi-
crob Agents 2004; 23: 572–576.

 40. Harris KA, Mukundan U, Musser JM, et al. Genetic diversity and evidence for acquired 

antimicrobial resistance in Mycobacterium tuberculosis at a large hospital in South 

India. Int J Infect Dis 2000; 4: 140–147.

 41. Tudo G, Gonzalez J, Obama R, et al. Study of resistance to anti-tuberculous drugs in 

fi ve districts of Equatorial Guinea: rates, risk factors, genotyping of gene mutations and 

molecular epidemiology. Int J Tuberc Lung Dis 2004; 8: 15–22.

 42. Sharaf-Eldin,GS, Saeed NS, Hamid ME, et al. Molecular analysis of clinical isolates of 

Mycobacterium tuberculosis collected from patients with persistent disease in the 

Khartoum region of Sudan. J Infect 2002; 44: 244–251.

 43. Bertrand X, Costa Y, Pina P. Surveillance of antimicrobial resistance of bacteria iso-

lated from blood stream infections: data of the French National Observatory for Epide-

miology of Bacterial Resistance to Antibiotics, 1998–2003. Med Mal Infect 2005; 

35:329–334. 

 44. Pan A, Carnevale G, Catenazzi P, et al. Trends in methicillin resistant Staphylococcus 
aureus (MRSA) blood stream infections: effect of the MRSA “search and isolate” strat-

egy in a hospital in Italy with hyperendemic MRSA. Infect Control Hosp Epidemiol 
2005; 26: 127–135.

 45. Vincent JL, Sakr Y, Sprung CL, et al. Sepsis in European intensive care units: results 

of the SOAP study. Crit Care Med 2006; 34: 344–353.

 46. Roman S, Smith J, Walker M, et al. Rapid geographic spread of a methicillin resistant 

Staphylococcus aureus strain. Clin Infect Dis 1997; 25: 698–705.

 47. Blomberg B, Mwakagile DS, Urassa WK, et al. Surveillance of antimicrobial resis-

tance at a tertiary hospital in Tanzania. BMC Public Health 2004; 4: 45–49.

 48. Akoua Koffi  C, Dje K, Toure R, et al. Nasal carriage of methicillin resistant Staphylo-
coccus aureus among health care personnel in Abidjan (Cote d’Ivoire). Dakar Med 
2004; 49: 70–74.

 49. Taiwo SS, Bamidele M, Omonigbehin EA, et al. Molecular epidemiology of methicil-

lin resistant Staphylococcus aureus in Ilorin, Nigeria. West Afr Med 2005; 24: 

100–106.

 50. Musa HA, Shears P, Khagali A. First report of methicillin resistant Staphylococcus 
aureus in Sudan. J Hosp Infect 1999; 42: 74.

 51. Amod F, Moodley I, Peer AK, et al. Ventriculitis due to a hetero strain of vancomycin 

intermediate Staphylococcus aureus (hVISA); successful treatment with linezolid in 

combination with intraventricular vancomycin. J Infect 2005; 50: 252–257. 

 52. Gouws E, Bryce J, Habicht JP, et al. Improving antimicrobial use among health workers 

in fi rst-level facilities: results from the multi country evaluation of the Integrated Man-

agement of Childhood Illness Strategy. Bull World Health Organ 2004; 82: 509–515.

 53. Cosgrove SE, Carmeli Y. The impact of antimicrobial reistance on health and economic 

outcomes. Clin Infect Dis 2003; 36: 1433–1437.

 54. Lodise TP, McKinnon PS. Clinical and economic impact of methicillin resistance in 

patients with Staphylococcal aureus bacteraemia. Diagn Microbiol Infect Dis 2005; 

52: 113–122.

9190_C015.indd   3749190_C015.indd   374 10/26/2007   3:37:48 PM10/26/2007   3:37:48 PM



Resistance as a Worldwide Problem 375

 55. Cosgrove SE, Qi Y, Kaye KS, et al. The impact of methicillin resistance in Staphylo-
coccus aureus on patient outcomes: mortality, length of stay, and hospital charges. 

Infect Control Hosp Epidemiol 2005; 26 166–173.

 56. Melzer M, Eykyn SJ, Gransden WR, Chinn S. Is methicillin resistant Staphylococcus 
aureus more virulent than methicillin susceptible S. aureus? A comparative cohort 

study of British patients with nosocomial infection and bacteraemia. Clin Infect Dis 
2003; 37: 1453–1460.

 57. Masterton RG. Surveillance studies: can they help the management of infection? 

J Antimicrob Chemother 2000; 46: T2, 53–58.

 58. Deshpande LM, Fritsche TR, Jones RM. Molecular epidemiology of selected multi 

drug resistant bacteria: a global report from the SENTRY Antimicrobial Surveillance 

Programme. Diagn Microbiol Infect Dis 2004; 49: 231–236.

 59. Mutnick AH, Rhomberg PR, Sader HS, Jones RN. Antimicrobial useage and resistance 

trend relationships from the MYSTIC Programme in North America (1999–2001). 

J Antimicrob Chemother 2004; 53: 290–296.

 60. Felmingham D, White AR, Jacobs MR, et al. The Alexander Project: the benefi ts from 

a decade of surveillance. J Antimicrob Chemother 2005; 56: Suppl 2: ii3–ii21.

 61. Richet HM, Mohammed J, Mcdonald LC, et al. Building Communication Networks: 

International Network for the Study and Prevention of Emerging Antimicrobial Resis-

tance (INSPEAR). Emerg Infect Dis 2001; 7: 319–322. 

 62. O’Brien TF, Stelling JM. WHONET: removing obstacles to the full use of information 

about antibiotic resistance. Diag Microbiol Infect Dis 1996; 25: 163–168.

 63. Mamun KZ, Tabassum S, Shears P, Hart CA. A survey of antimicrobial prescribing and 

dispensing practices in rural Bangladesh. Mymensingh Med J 2006; 15: 81–84. 

 64. Shears P, Hussein MA, Chowdhury AH, Mamun KZ. Water sources and environmental 

transmission of multiply resistant enteric bacteria in rural Bangladesh. Ann Trop Med 
Parasitol 1995; 89: 297–303.

 65. Bexell A, Lwando E, von Hofsten B, et al. Improving drug use through continuing edu-

cation: a randomised controlled trial in Zambia. J Clin Epidemiol 1996; 49: 355–357.

 66. Martin C, Ofotokun I, Rapp R, et al. Results of an antimicrobial control programme at 

a university hospital. Am J Health Syst Pharm 2005; 62: 732–738.

 67. Suttajit S, Wagner AK, Tantipidoke R, et al. Patterns, appropriateness, and predictors 

of antimicrobial prescribing for adults with upper respiratory tract infections in urban 

slum communities of Bangkok. Southeast Asian J Trop Med Public Health 2005; 36: 

489–497. 

 68. Department of Health, UK. Saving Lives: a delivery programme to reduce Health Care 

Associated Infections including MRSA. Department of Health, UK, 2005.

 69. Lazzari S, Allegranzi B, Concia E. Making hospitals safer: the need for a global strat-

egy for infection control in health care settings. World Hosp Health Serv 2004; 40: 

36–42.

 70. Halstead DC, Gomez N, McCarter YS. Reality of developing a community wide anti-

biogram. J Clin Microbiol 2004; 42: 1–6.

 71. Paine K, Flower DR. Bacterial bioinformatics: pathogenesis and the genome. J Mol 
Microbiol Biotechnol 2002; 4: 357–365.

 72. Rogers BL. Bacterial targets to antimicrobial leads and development candidates. Curr 

Opin Drug Discov Devel 2004; 7: 211–222.

 73. Simonsen GS, Tapsall JW, Allegranzi B, et al. The antimicrobial resistance contain-

ment and surveillance approach—a public health tool. Bull World Health Organ 2004; 

82: 928–934.

9190_C015.indd   3759190_C015.indd   375 10/26/2007   3:37:48 PM10/26/2007   3:37:48 PM



9190_C015.indd   3769190_C015.indd   376 10/26/2007   3:37:48 PM10/26/2007   3:37:48 PM



377

16 Public Health Responses 
to Antimicrobial 
Resistance in Outpatient 
and Inpatient Settings

Cindy R. Friedman and Arjun Srinivasan

CONTENTS

Emergence of Drug Resistance in the Community  ...........................................  378

Public Health Response to Emergence of Drug Resistance in the Community  ....  379

Surveillance  .......................................................................................................  380

Epidemiologic Investigations  .............................................................................  381

Prevention and Control  ......................................................................................  382

Vaccination  .............................................................................................  382

Appropriate Use Education Campaigns  .................................................  383

Partnerships  ............................................................................................  384

Educational Materials, Guidelines, Curricula  ........................................  385

Interventions to Promote Judicious Use  .................................................  386

Evaluation and Future Directions  ......................................................................  389

Antimicrobial Resistance in the Inpatient Setting  .............................................  390

Background on the Campaign  ...........................................................................  392

Development and Dissemination of the Campaign Programs  ...........................  392

Assessing the Campaign  ....................................................................................  393

Implementing the Campaign  .............................................................................  401

Next Steps for the Campaign  .............................................................................  403

References  ..........................................................................................................  403

In 1998, the Centers for Disease Control and Prevention issued a report, Preventing 

Emerging Infectious Diseases, which outlined a plan designed to address key emerging 

infectious disease issues [1]. Antimicrobial resistance was seen as one of the major 

infectious disease issues facing the world as we entered the new millennium. In 2003, 

an Institute of Medicine report entitled Microbial Threats to Health reiterated this 

issue [2]. In this chapter, we review some of the approaches that have been taken to 

combat antimicrobial resistance in outpatient and inpatient settings. 
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In the outpatient setting, we focus on issues related to pneumococcal resistance and 

the role that inappropriate use of antimicrobials has played in promoting the develop-

ment of resistant bacteria in the community. We address the importance of surveillance 

and epidemiologic investigation in measuring the magnitude of the resistance and 

for assessing the impact of interventions designed to reduce resistance and to pro-

mote judicious use of antibiotics. Two interventions we address are vaccination and 

educational campaigns.

In the inpatient setting, we address the unique nature of the hospital environment, 

which makes this aspect of health care delivery a focus for the emergence and spread 

of many antimicrobial-resistant pathogens. We review surveillance data that have 

shown increasing rates of resistance for most pathogens associated with nosocomial 

infections. We also describe many opportunities to prevent the emergence and spread 

of these resistant pathogens through a systematic review of surveillance data on anti-

microbial resistance and antimicrobial prescribing and improved use of established 

infection-control measures.

EMERGENCE OF DRUG RESISTANCE IN THE COMMUNITY

The appearance of bacterial strains that are increasingly resistant to antimicrobial 

agents is a signifi cant problem facing all sectors of the health care community. The 

relationship between the development of resistance and the use of antibiotics has 

been shown in both community and hospital settings [3,4]. The emergence of drug-

resistant Streptococcus pneumoniae (DRSP) in the United States in the early 1990s 

serves as a good case study of antimicrobial resistance in the community. 

In the United States, S. pneumoniae is an important cause of community-

acquired infections, such as pneumonia and otitis media, and serious invasive 

 infections, such as meningitis and bacteremia. The precise incidence of non-invasive 

infections is diffi cult to ascertain because of the lack of routine diagnostic testing. In 

recent years, the incidence of invasive disease has been on the decline because of the 

use of the pneumococcal conjugate vaccine [5,6]. Numerous studies have documented 

the association between recent antibiotic use and both carriage of and invasive 

 disease caused by DRSP [7]. In one study, children who were recently given an anti-

biotic were two to seven times more likely colonized with DRSP than were children 

who did not have recent antibiotic use [7]. In addition, children with invasive disease 

caused by DRSP were signifi cantly more likely to report recent antibiotic use than 

were children with invasive disease due to drug susceptible pneumococci.

S. pneumoniae is not the only community-acquired organism where antibiotic 

use and emergence of drug resistance are linked. In Finland from 1988 to 1990, there 

was an 8% increase in erythromycin resistance among group A Streptococcus (GAS) 

isolates, although the rates declined shortly after [8]. In the United States, high-level 

macrolide resistance among GAS pharyngeal isolates has been documented. The 

prevalence is estimated to be 5% [9]. 

The widespread use of antimicrobial agents, whether used appropriately or 

 inappropriately, has led to the emergence of resistant organisms. If antibiotics were 

used exclusively for conditions for which they are known to be clinically effective, 

this increased risk would be viewed as one of the necessary but unavoidable 
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 consequences of therapy. However, this is not the case. In an analysis of data from 

the National Ambulatory Medical Care Survey, McCaig and Hughes documented 

that over 30% of all antibiotics are prescribed for colds, upper respiratory infections 

(URI), and bronchitis [10]. These conditions are largely viral in etiology and would 

not be expected to improve with antibiotic therapy [11]. An analysis of the same data 

by Gonzales et al. demonstrated that antibiotics were prescribed to 51% of adults 

with colds, 52% with URIs, and 66% with bronchitis [11]. In children, antibiotics 

were prescribed to 44% with colds, 46% with URIs, and 75% with bronchitis [12]. 

These are all conditions for which prescribing could be reduced or eliminated 

 without adversely affecting patient care. 

Physicians prescribe unnecessary antibiotics for many reasons; however, studies 

indicate that physicians believe they overprescribe because of patient/parent demand. 

Focus groups conducted with pediatricians and family practitioners in Atlanta 

 identifi ed parental expectations for antibiotics as the primary reason for this inap-

propriate use [13]. In a national survey of pediatricians, 48% reported that parents 

pressure them to prescribe antibiotics [14]. Seventy-eight percent of surveyed pediatri-

cians felt that the single most important thing that could be done to promote judicious  

antibiotic use would be to educate parents about the proper indications for antibiotic 

use. This is supported by a study addressing the relationship between parental expec-

tations and pediatrician antimicrobial prescribing. Physician perception of parental 

expectation was the only signifi cant predictor of prescribing for conditions of viral 

origin [15]. When pediatricians believed that a parent wanted an antibiotic, they 

 prescribed them in 62% of cases as compared with 7% of cases when they believed 

the parent did not want an antibiotic. Interestingly, there was no association between 

parents’ true expectations and physician prescribing. Hamm found very similar 

 fi ndings in a study of antibiotic prescribing for respiratory tract infections in adults 

[16]. Although prescribing was related to physician-perceived patient expectations, 

patient satisfaction was not related to receipt of an antibiotic. One could conclude 

from these studies that if physicians and parents were able to communicate more 

openly, inappropriate prescribing might be reduced.

Although more diffi cult to document, it is likely that physicians’ lack of under-

standing of the wide variety of presentations and natural history of viral illnesses 

plays a role in overprescribing. For example, although green nasal discharge is normal 

in a child with a cold [17], many physicians use this fi nding as an indication for anti-

biotic prescribing [13]. This lack of understanding, combined with the diagnostic 

uncertainty inherent in most clinical encounters and the time pressures of outpatient 

practice, contributes to the problem of inappropriate antibiotic prescribing.

PUBLIC HEALTH RESPONSE TO EMERGENCE OF 
DRUG RESISTANCE IN THE COMMUNITY

In 1994, in response to the increasing prevalence of DRSP, the Centers for Disease 

 Control and Prevention (CDC) convened a working group of public health practitio-

ners, clinical laboratorians, health care providers, and representatives of key profes-

sional societies. To minimize the impact of DRSP, the working group developed a 

strategy, which included three areas to be addressed in the public health response to 
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antimicrobial resistance: (i) surveillance, (ii) epidemiologic investigation, and 

(iii) prevention and control strategies. 

The primary goals of establishing surveillance included monitoring the preva-

lence and the geographic distribution of DRSP and rapid recognition of new patterns 

of resistance. The primary goal of epidemiologic investigation was to use the 

 surveillance infrastructure and data to perform special studies to help ascertain 

information such as the risk factors for DRSP. The goal of prevention and control of 

DRSP was to minimize complications and reduce the number of antimicrobial-

 resistant infections. Nationwide surveillance data provide necessary information 

for fulfi lling the objectives identifi ed for prevention and control. Area-specifi c data 

can be used by clinicians to heighten their awareness and guide their selection of 

antimicrobial drugs for treatment of infections caused by resistant organisms. 

SURVEILLANCE

In response to DRSP, offi cials in some state health departments began conducting 

surveillance, and in 1994 the Council of State and Territorial Epidemiologists 

(CSTE) recommended that DRSP become one of the nationally notifi able diseases. 

In addition, the CDC began supporting active, population-based surveillance for 

invasive pneumococcal infections in selected areas. In 1995, the surveillance pro-

gram was named Active Bacterial Core surveillance (ABCs) and is a core component 

of the CDC’s Emerging Infections Programs Network (EIP), which is a collaboration 

between the CDC, state health departments, and universities. ABCs is an active 

 laboratory- and population-based surveillance system for invasive bacterial pathogens 

of public health importance [18]. For each case of invasive disease in the surveillance 

population, a case report with basic demographic information is completed and 

 bacterial isolates are sent to CDC and other reference laboratories for additional 

 laboratory evaluation. ABCs also provides an infrastructure for further public health 

research, including special studies aiming at identifying risk factors for disease, 

post-licensure evaluation of vaccine effi cacy and monitoring effectiveness of preven-

tion policies.

ABCs was initially established in four states. It currently operates among 10 EIP 

sites across the United States, representing a population of over 38 million persons. 

(www.cdc.gov/abcs) The sites conducting S. pneumoniae surveillance include all 

counties in the states of Connecticut, Minnesota, and New Mexico, and multiple 

counties in California, Colorado, Georgia, Maryland, New York, Oregon, and Ten-

nessee. Currently, ABCs conducts surveillance for six pathogens: group A and group 

B Streptococcus (GAS and GBS), Haemophilus infl uenzae, Neisseria meningitidis, 
S. pneumoniae, and methicillin-resistant Staphylococcus aureus (MRSA). 

The current population under surveillance for S. pneumoniae is 27,816,794. 

Antimicrobial susceptibility testing is performed on all S. pneumoniae isolates. 

Nonsusceptibility and resistance are defi ned by using Clinical Laboratory  Standards 

Institute (formerly NCCLS) criteria [19]. Genotyping is performed on certain groups 

of S. pneumoniae isolates. Techniques include pulsed fi eld gel electrophoresis, 

 multilocus sequence typing, the penicillin-binding protein gene dhf specifi c restric-

tion fragment length polymorphism/sequence analysis, and molecular analysis of 
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resistance mechanisms. Antimicrobial susceptibility testing is performed on a subset 

of GAS isolates. Serotyping and genotyping techniques based on the M protein 

 molecule and the emm gene encoding the molecule are performed on all GAS 

 isolates. Opacity factor sequence typing is done on a subset of GAS isolates. Medical 

record review is performed by surveillance personnel. Data from case report forms, 

isolate forms, and special study forms are entered into a computerized database at 

each surveillance site. The data are transmitted to the CDC where they are verifi ed 

and aggregated. Every month, summary tables and laboratory testing results are sent 

to the surveillance sites from the CDC.

Public health offi cials can use this information to improve vaccination use, 

 targeting areas most likely to benefi t from intervention (e.g., regions with high levels 

of resistance to antimicrobial drugs or communities of persons at highest risk for 

infection), to promote the judicious use of antimicrobial agents in areas with high 

levels of antimicrobial resistance, and to publish national and regional trends in 

pneumococcal antimicrobial resistance [6,20,21].

EPIDEMIOLOGIC INVESTIGATIONS

ABCs provides a framework for special epidemiologic investigations of DRSP to be 

performed. A study using DRSP population-based surveillance data for the eight-

county metropolitan Atlanta area in 1994 identifi ed 27% and 24% of invasive 

S. pneumoniae isolates as penicillin nonsusceptible among children and adults, 

respectively. Higher proportions of whites than blacks had infections caused by peni-

cillin-resistant or multidrug-resistant strains of S. pneumoniae. Higher proportions of 

white children less than six years of age had infections caused by penicillin-resistant, 

 cefotaxime-resistant, or multidrug-resistant strains of S. pneumoniae than black 

 children of the same age. Suburban residence was also associated with an increased 

risk of infections with an antimicrobial-resistant organism [22]. The high rate 

of antimicrobial-resistant infections found in adults suggested that antimicrobial 

 resistance is not a problem limited to pediatric patients. Because of concern about 

antimicrobial-resistant infections in children, recommendations for empirical 

therapy for children with suspected life-threatening pneumococcal infections were 

developed [23]. The results of this study provided evidence for the necessity of 

 recommendations for empirical therapy of pneumococcal infections in adults. 

A case-control study to identify risk factors for invasive pediatric pneumococcal 

disease was performed within the ABC surveillance sites. Along with risk factors 

identifi ed for invasive pediatric pneumococcal disease, recent antimicrobial use was 

associated with increased risk for invasive infection with penicillin-resistant 

S. pneumoniae [24]. 

Two additional epidemiologic studies resulting from ABCs surveillance data 

looked at resistant S. pneumoniae. Surveillance data initially showed that disease 

caused by macrolide-resistant S. pneumoniae was a rapidly increasing problem in 

the 1990s [25]. A follow-up study showed a dramatic decline in macrolide resistance 

following the introduction of the pneumococcal conjugate vaccine in metropolitan 

Atlanta. The decrease was due to both direct and herd immunity effects of the 

 vaccine to decrease infections [26]. In a more recent study of ABCs data, rates of 
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resistant invasive disease caused by vaccine serotypes fell dramatically [27]. These 

results support the strategy of using vaccines to prevent resistant infections.

PREVENTION AND CONTROL

VACCINATION

The CDC is working with state health departments to promote the use of pneumo-

coccal vaccines. Currently, there are two types of pneumococcal vaccines available 

for use, the 23-valent pneumococcal capsular polysaccharide vaccine and the 7-valent 

pneumococcal protein polysaccharide conjugate vaccine. The 23-valent pneumococ-

cal vaccine contains 23 purifi ed pneumococcal capsular polysaccharide antigens, 

which comprise at least 85% to 90% of the serotypes that cause invasive disease in 

the United States and include serotypes of drug-resistant strains that most frequently 

cause invasive disease [20,28]. This vaccine is not recommended for children under 

two years old because antibody response to most pneumococcal capsular types is 

generally poor or inconsistent in this age group [29]. 

In 1998, an estimated 3400 adults aged ≥65 years died as a result of invasive 

pneumococcal disease [20]. According to data from the National Health Interview 

Survey (NHIS), pneumococcal vaccination coverage increased by 32% (from 

42.6% to 56.3%) among persons aged ≥65 years from 1997 to 2005, but coverage 

has remained nearly unchanged since 2002 (56.2%) (available at http://www.cdc.

gov/nchs/about/major/nhis/released200609.htm#4). In 2004, the overall proportion  

of respondents of the Behavioral Risk Factor Surveillance System (BRFSS) surveys  

aged ≥65 years reporting ever having received pneumococcal vaccine was 63.4% 

(CI = 62.7% to 64.1%). Vaccination coverage ranged from 32.7% (Puerto Rico) to 

71.6% (Montana), with a median of 64.6%. In 2005, the overall proportion of 

respondents aged ≥65 years reporting ever having received pneumococcal vaccine 

was 63.7% (CI = 63.1% to 64.4%). Vaccination coverage ranged from 28.3% 

(Puerto Rico) to 71.7% (North Dakota), with a median of 65.7% [30]. However, 

these vaccination rates are still far from the national health objective for year 2010, 

which is to achieve 90% coverage of non-institutionalized adults aged ≥65 years 

for pneumococcal vaccination (objective 14 to 29 available at http://www.health.

gov/healthypeople) [31]. 

Underutilization of the 23-valent polysaccharide vaccine may be partly due to 

some ongoing controversy regarding vaccine effi cacy, duration of protection, side 

effects, and adverse reactions. Nonetheless, pneumococcal polysaccharide vaccine 

has been shown to be effective against bacteremic disease caused by organisms 

whose serotypes are contained in the vaccine [32]. Effectiveness in case-control 

studies has ranged from 56% to 81%. Vaccine effectiveness of 65% to 84% has been 

demonstrated among immunocompetent persons aged 65 years or older and among 

persons with diabetes mellitus, coronary vascular disease, congestive heart failure, 

chronic obstructive pulmonary disease and anatomic asplenia [33–36]. In addition, a 

meta-analysis of nine randomized controlled trials concluded that pneumococcal 

vaccine is effi cacious in reducing the frequency of bacteremic pneumococcal pneu-

monia among low-risk adults [29].
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In February, 2000, a 7-valent pneumococcal protein polysaccharide conjugate 

vaccine was licensed for use in young children and has been recommended for use 

by the Advisory Committee on Immunization Practices [37]. Clinical trials found a 

high effi cacy for the prevention of meningitis and bacteremia, with effi cacy against 

clinically defi ned otitis media and known to be caused by S. pneumoniae of vaccine 

serotypes [38,39]. Because conjugate vaccines reduce carriage of pneumococci of 

vaccine serotypes, and approximately 80% of DRSP occurs within serotypes included 

in the heptavalent vaccine, their impact on transmission of DRSP has been consider-

able. In a study of ABCs data by Kyaw et al., rates of resistant invasive disease 

caused by vaccine serotypes fell 87% [27]. In children under two years of age disease 

caused by penicillin non-susceptible S. pneumoniae of all serotypes declined 81%, 

and in those 65 years and older, the decline was 49% (Figures 16.1 and 16.2).

APPROPRIATE USE EDUCATION CAMPAIGNS

In 1995, the CDC launched the Campaign for Appropriate Antibiotic Use in the 

 Community [40]. The Campaign targets both health care consumers and providers to 

promote the appropriate use of antibiotics in the community for respiratory infec-

tions. The Campaign targets the fi ve respiratory conditions that in 1992 accounted 

for more than 75% of all offi ce-based prescribing for all ages combined: otitis media, 

sinusitis, pharyngitis, bronchitis, and the common cold [10]. The goal of the Cam-

paign is to reduce the spread of antibiotic resistance by: (i) promoting adherence to 

appropriate prescribing guidelines among providers, (ii) decreasing demand for anti-

biotics for viral upper respiratory infections among healthy adults and parents of 

young children, and (iii) increasing adherence to prescribed antibiotics for upper 

respiratory infections. The Campaign focused on four areas: (i) forming a coalition 

of  partnerships, (ii) developing educational materials for providers and consumers, 
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9190_C016.indd   3839190_C016.indd   383 10/31/2007   4:40:41 PM10/31/2007   4:40:41 PM



384 Bacterial Resistance to Antimicrobials

(iii) developing and implementing specifi c interventions, and (iv) assessing the impact 

on antibiotic use and physician–patient satisfaction.

In 2003, the Campaign for Appropriate Antibiotic Use in the Community was 

expanded into a national media campaign to provide a coordinated message on 

appropriate antibiotic use and to create a foundation for local efforts across the 

 country. The Campaign was renamed Get Smart: Know When Antibiotics Work. 

The appropriate use messages were disseminated via print, television, radio, and 

billboards. Educational materials and media toolkits were distributed to CDC-funded 

sites for use in conjunction with their local campaigns. 

A social ecological framework has been applied to the CDC’s educational 

 campaign. This approach considers the contributions of individual infl uences and 

social- environmental infl uences on health behavior. The framework is useful to 

ensure efforts are targeted at all levels of infl uence. The factors of infl uence may be 

further divided into fi ve levels: individual or interpersonal factors, groups or social 

networks,  organizational factors, community factors, and public policy. The Cam-

paign focuses its activities in the fi rst three levels, attempting to change the behaviors 

of patients, consumers, and health care providers, to modify group norms, and 

to promote  organizational adoption of policies and tools that support appropriate 

antibiotic use techniques and philosophies [41]. 

PARTNERSHIPS

Over the last decade the CDC’s partnerships for the Campaign have included state 

and local health departments, federal agencies, managed care organizations, phar-

macy benefi ts management companies, consumer advocacy groups, community 

organizations, pharmaceutical companies, health care purchasers, professional 
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 associations, and medical schools. The various partnerships the CDC has established 

help support programs and target a variety of audiences.

The CDC funds state and local health departments for the development, 

 implementation, and evaluation of local Campaigns to promote appropriate antibi-

otic use. The number of funded sites increased from 8 in 1998 to 30 in 2007. In 2004, 

a multi cultural outreach program was also developed to create and distribute educa-

tional materials on appropriate antibiotic use to diverse audiences. In partnership 

with the Indian Health Service and various Latino organizations culturally appropri-

ate  educational materials have been designed, tested, and distributed for Native 

 American and Spanish-speaking consumers.

EDUCATIONAL MATERIALS, GUIDELINES, CURRICULA

Campaign activities over the last decade have included developing, distributing, and 

promoting the adoption of prescribing guidelines and educational materials for 

health care providers. One of the initial products of the CDC’s Campaign was the 

develop ment and distribution of principles for appropriate antibiotic use for pediatric 

upper respiratory tract infections [42]. Developed in collaboration by the CDC, the 

American Academy of Pediatrics, and members of the American Academy of Fam-

ily Physicians, these guidelines provide a defi nition of appropriate prescribing and 

have been distributed to numerous state and local health departments, health plans, 

and physician groups. The guidelines serve to change knowledge and attitudes of 

providers in ways that favor appropriate prescribing. 

Following the development of the pediatric principles, the CDC produced a 

series of health education materials for both parents and providers to promote appro-

priate antibiotic use. These include brochures, posters, question-and-answer fact 

sheets for parents on runny nose and otitis media, instructional or “detailing” sheets 

for small-group physician education modeled after materials used by the pharmaceu-

tical industry, a day care letter, and a viral prescription pad. The prescription pad 

in particular has been extremely popular and useful as a communication tool.  Health 

care providers can use this tool to recommend strategies for symptomatic relief 

of viral illnesses, thereby acknowledging the patient’s discomfort and suggesting 

solutions without prescribing an antibiotic unnecessarily. These health education 

materials, as well as the pediatric guidelines, are available at the CDC website—

www.cdc.gov/getsmart—and may be downloaded and copied free of charge. Materials 

may be purchased in bulk from the Public Health Foundation—www.phf.org.

Approximately 15 million prescriptions are written each year in the United 

States for acute otitis media (AOM). AOM has a high rate of spontaneous resolution 

without antibiotic treatment. Many studies have shown similar outcomes and 

 complication rates in children with AOM who were not treated with antibiotics. 

As a result of this, the American Academy of Pediatrics issued guidelines in 2004 

proposing an observation (or wait-and-see) option for children with AOM. This 

option refers to managing selected patients diagnosed with uncomplicated AOM 

with symptomatic relief only for up to 72 h [43]. The wait-and-see approach has been 

shown to reduce the unnecessary use of antibiotics in children with AOM [44].

In 2003, the CDC developed an appropriate antibiotic use curriculum for 

medical students in collaboration with Westat (Rockville, Maryland), the University 
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of California, San Diego, and the American Association of Medical Colleges. The 

 curriculum was pilot tested and distributed to 25 medical schools. It includes didactic  

lectures, small-group interactive sessions, and case studies. The American Associa-

tion of Medical Colleges is leading the effort to distribute and promote to all U.S. 

medical schools in 2007. Two additional curricula are in development for residency 

programs. The fi rst was modeled after the above medical school curriculum and is 

being developed for use at the Oregon Health Science Center for family practice and 

internal medicine residents. The second is being developed by the Children’s Hospital  

of Pittsburgh and is designed to improve pediatric residents’ profi ciency in diag-

nosing acute otitis media. The curriculum uses video otoscopes and other innovative 

 teaching methods.

INTERVENTIONS TO PROMOTE JUDICIOUS USE

In June 1999, the CDC convened a panel of investigators to evaluate the impact of 

selected intervention studies designed to promote judicious antimicrobial use. The 

projects ranged from managed-care and community-level interventions to large-

scale, statewide interventions, all focusing on educating medical-care providers, par-

ents, and patients about appropriate indications for, and use of, antibiotics [45,46]. 

Projects used a variety of strategies and materials to improve communication 

between physicians and patients and to promote the use of symptomatic therapy as 

an alternative to antibiotics. 

The panel reached a number of conclusions. First, interventions to promote 

 judicious use of antibiotics may be effective in reducing inappropriate prescribing. 

Successful projects all combined physician and patient education, acknowledging 

the role that both groups play in the promotion of appropriate prescribing. Second, to 

be successful, projects must present their messages via multiple vehicles to make use 

of the variety of means by which people learn. Third, the problem of inappropriate 

prescribing is not uniform across the country. For instance, some investigators docu-

mented signifi cant antibiotic overprescribing for the common cold, while other 

investigators found that this was rarely occurring. In sites where this was not occur-

ring, physicians were often offended when told not to prescribe for this condition. 

Successful programs must tailor the prevention messages to local conditions. 

A few projects highlight these fi ndings, as shown in Table 16.1. Gonzales et al. 

were able to reduce antibiotic prescribing for adults with bronchitis by 40% through 

an intervention targeting clinicians and patients in a managed-care setting [45]. 

This reduction was achieved without any increase in adverse events or decrease in 

patient satisfaction. This controlled intervention compared a full intervention that 

provided education to physicians and patients to either no intervention or an 

 intervention directed only at physicians. These researchers demonstrated that an 

intervention directed solely at physicians was ineffective. Physicians will reduce 

their antibiotic prescribing only when they feel that their patients are receptive to 

this change. In Wisconsin, in addition to educating providers and patients, Belongia  

et al. conducted an education campaign in the community (i.e., child care  providers, 

schools,  parenting groups, etc.) [46]. There was a signifi cant decline in the 

 prescription rate, particularly for liquid prescriptions (i.e., those mainly prescribed 

for pediatric patients).
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The CDC and the National Committee on Quality Assurance have written 

 measures for the Health Plan Employer Data and Information Set (HEDIS®), the 

performance measurement tool used by over 90% of the nation’s health plans. In 

2004, the fi rst two measures were written to assess the appropriate treatment of 

 children with  pharyngitis and with upper respiratory infections. The fi rst measure 

attempts to increase the proportion of children who are tested for GAS before receiv-

ing anti biotics for sore throats. The second measure aims to decrease the proportion 

of  children who receive an antibiotic for the common cold. In 2006, two additional 

HEDIS measures were pilot tested, one to measure the inappropriate antibiotic treat-

ment of acute bronchitis and the other to measure antibiotic utilization (http://www.

ncqa.org/PROGRAMS/HEDIS/index.htm). 

EVALUATION AND FUTURE DIRECTIONS

From 1992 to 2001, data from the National Ambulatory Medical Care Survey 

(NAMCS) and the National Hospital Ambulatory Medical Care Survey (NHAMCS) 

showed that the overall antimicrobial prescribing population and visit-based rates 

declined by 23% and 28%, respectively [48]. The decline in antimicrobial pres cribing 

is still being observed in physician offi ces through 2004 (Figure 16.3) [49]; however, 

for the fi rst time since 1992, the overall population-based antimicrobial prescribing 

rate and the visit-based rate for persons 15 to 24 years of age are no longer decreasing.  

In addition, rates continue to increase for persons 15 years of age and over seen in 

the outpatient department. In the emergency department (ED), the prescribing rate 

for adults is rising, most prominently in persons 65 years of age and older. During 

the same time period, increasing rates of use were seen for broad-spectrum antibiot-

ics, such as azithromycin and clarithromycin (up 260%) and fl uoroquinolones 

(up 98%, Figure 16.4). Since data from NAMCS and NAHMCS do not link prescrip-

tion and diagnosis data, additional studies are needed to determine the conditions for 

FIGURE 16.3 Trends in antimicrobial prescription rates in ambulatory care settings, United 

States, 1993–2004. (From McCaig, L., Friedman, C.R., Annual Conference on Anti microbial 
Resistance. Bethesda, MD: National Foundation for Infectious Diseases, 2006.)
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which these drugs are being prescribed. Future education efforts may need to be 

 tailored toward health care providers in the ED, the elderly and their caregivers, and 

toward appropriate antimicrobial choice to help decrease the use of broad-spectrum 

drugs when not indicated.

Lessons learned from the education intervention projects that have been  critically 

evaluated are being used to guide the development of many new projects. Through the 

use of surveillance for antimicrobial resistance, and the systematic analysis of pre-

scriber databases we should be able to determine whether these efforts are effective in 

slowing the rise or reversing the trends in antimicrobial resistance in the community.

ANTIMICROBIAL RESISTANCE IN THE INPATIENT SETTING

Antimicrobial resistance remains a signifi cant and growing problem in inpatient 

 settings. Data from the Centers for Disease Control and Prevention’s (CDC) National 

Nosocomial Infection Surveillance System (NNIS) from 2003 continue to show 

increases in resistance rates among several organism/antimicrobial pairs that have 

been monitored since 1998 (Figure 16.1). Though the problem of antimicrobial 

 resistance in intensive care units (ICUs) remains well recognized, there are now 

reports demonstrating that this problem is not limited to the ICU, but is present in a 

variety of health care settings including outpatient, hemodialysis, long-term acute 

care, and long-term care settings [50]. 

There are several factors that make health care environments a focus for the 

emergence and spread of antimicrobial-resistant pathogens. The sometimes-urgent 

nature of acute care might not allow for necessary aseptic technique or hand hygiene 

in all instances, particularly in ICU settings. The large number and variety of types of 

health care workers attending to patients’ needs mean that training and compliance 

FIGURE 16.4 Trends in antimicrobial prescription rates in ambulatory care settings by drug 

class, United States, 1993–2004. (From McCaig, L., Friedman, C.R., Annual Conference on 
Anti microbial Resistance. Bethesda, MD: National Foundation for Infectious Diseases, 2006.)
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with infection-control measures such as hand hygiene, gloving, and gowning may be 

inconsistent. These challenges are greater in teaching environments where the pres-

ence of trainees leads to increases in the number of people caring for patients and in 

staff turnover due to rotations and graduations. Evidence suggests that antimicro-

bial-resistant pathogens are commonly carried from patient to patient (exogenous 

fl ora) by way of the unwashed hands of health care workers [51]. The introduction of 

 antimicrobial-resistant bacteria into health care settings may also occur upon trans-

fer of patients unknowingly colonized or infected with such bacteria from other 

facilities. Normal defenses among hospitalized patients are also compromised by the 

presence of invasive devices such as intravenous and urinary catheters and mechani-

cal ventilators. These devices have consistently been shown to be signifi cant risk 

 factors for infections, often with resistant pathogens. The prolonged lengths of stay in 

the long-term acute and long-term care settings also provide increased opportunities 

for both the development and dissemination of antimicrobial-resistant pathogens. 

Finally, and perhaps most importantly, there are the issues of antimicrobial use, which 

 contribute signifi cantly to antimicrobial resistance in health care settings [4,52,53]. Of 

studies involving hospital-acquired pathogens, 22 reviewed by McGowan have shown 

a fairly consistent association between use and resistance [4]. Unfortunately, nearly all 

of these studies were reports from single hospitals, which may not be representative of 

other hospitals; however, a previous multicenter study in the 1970s demonstrated 

that changes in aminoglycoside use paralleled changes in aminoglycoside-resistant 

Gram-negative bacilli [54]. One other multicenter study demonstrated this type of rela-

tionship among several antimicrobials and the corresponding resistant pathogens, 

including ceftazidime use and ceftazidime-resistant Enterobacter cloacae [55].

The issue of antimicrobial resistance is well known to clinicians in multiple-

practice settings and at all levels of experience. In a survey of 490 internal medicine 

physicians from a variety of practice settings, including public, university, commu-

nity, and long-term care hospitals, 87% of respondents reported that antimicrobial 

resistance was a very important national problem [56]. Nearly all respondents to this 

survey [97%] reported that widespread and inappropriate antibiotic use were impor-

tant causes of resistance. In another survey of 117 clinicians from a variety of hospi-

tal types, 95% of respondents agreed that antimicrobial resistance was a national 

problem [57]. Finally, in a survey of 179 medical house staff in a variety of specialties,  

96% agreed that hospitals in general face serious problems with antibiotic resistance 

and 97% agreed that better use of antibiotics would reduce resistance [58].

Public health organizations like the World Health Organization (WHO) and the 

CDC have also long recognized that antimicrobial resistance in health care settings 

presents a signifi cant threat to public health. Historically, the public health presence 

in this area has been most visible in surveillance activities. For example, in 1995 the 

WHO developed and made available at no charge the WHONET software, which 

allows users to track rates of antimicrobial resistance and to share that surveillance 

data (http://www.who.int/drugresistance/whonetsoftware/en/). In this country, the 

CDC has monitored and reported on rates of antimicrobial resistance, primarily in the 

intensive care unit setting, through the NNIS. The NNIS was established in 1974 as a 

sentinel surveillance program for health care–associated infections. Approximately 

300 hospitals from around the country have volunteered to systematically collect 

9190_C016.indd   3919190_C016.indd   391 10/31/2007   4:40:43 PM10/31/2007   4:40:43 PM



392 Bacterial Resistance to Antimicrobials

these data and report them to the CDC. Since 1986, surveillance efforts have been 

targeted in ICUs, where the majority of health care–associated infections and 

antimicrobial resistance occur. In addition to collecting information on the rates of 

infections, the NNIS also allows participants to enter susceptibility data for infecting 

organisms. These data are published in the NNIS annual report and have provided 

excellent national information on susceptibility trends among inpatients in the ICU 

setting. In 1999, the NNIS added the “antimicrobial use and resistance component” 

that specifi cally tracks antimicrobial resistance for a select group of pathogen/

antimicrobial pairs in both the inpatient and outpatient settings and also records data 

on the rates of antimicrobial use among inpatients. 

BACKGROUND ON THE CAMPAIGN

In 2002, the public health response to antimicrobial resistance in health care  facilities 

entered a new phase with the advent of the CDC Campaign to Prevent Antimicrobial 

Resistance in Health care Settings. Surveillance activities had characterized the 

growing problems of antimicrobial resistance in health care settings. The Campaign 

was created to complement these surveillance activities by presenting a framework 

that would help address the causes of antimicrobial resistance. It was envisioned as 

a nationwide effort to facilitate the implementation of educational and behavioral 

interventions that would assist clinicians in preventing antimicrobial resistance in 

health care settings. The Campaign was centered on the premise that there are a 

number of simple, evidence-based practices that could be implemented in health 

care settings, which would not only impact antimicrobial resistance, but also improve 

patient care. The goal of the Campaign was not to provide new recommendations, 

but rather to combine existing, evidence-based strategies into a comprehensive and 

cohesive framework. Based on discussions with clinicians, it was determined that 

the optimal format for the Campaign would be “12-step” programs containing 

 evidence-based recommendations. 

Research on preventing antimicrobial resistance was reviewed, and four core 

strategies emerged that formed the foundation of the Campaign: Prevent Infection, 

Diagnose and Treat Infection Effectively, Use Antimicrobials Wisely, and Prevent 

Transmission. However, because clinicians who treat different patient populations 

face different challenges, it was recognized early on that there could not be a “one-

size-fi ts-all” solution. Hence, it was decided that there should be not one, but fi ve, 

12-step programs within the Campaign to target clinicians caring for a variety of 

patient populations, including hospitalized adults, dialysis patients, surgical patients, 

hospitalized children, and long-term care residents. Though the core strategies and 

some of the individual recommendations are common to all the programs, each also 

contains evidence-based recommendations unique to that patient population.

DEVELOPMENT AND DISSEMINATION OF 
THE CAMPAIGN PROGRAMS 

Patient populations were identifi ed based on surveillance data and other research 

demonstrating signifi cant problems caused by antimicrobial resistance. Because the 
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Campaign programs are intended for clinicians, it was decided that each should be 

developed under the leadership of experienced clinicians practicing in the chosen 

fi eld. The CDC sought the assistance of specialty professional societies to identify 

recognized clinical leaders in the various fi elds who were interested in leading 

this effort. Once selected, these clinicians formed the expert panel that participated 

in several sessions during which specifi c steps for the program were discussed. 

Potential steps were identifi ed based on both the evidence basis and the potential 

impact of the recommendation on antimicrobial resistance. Candidate steps were then 

assembled and prioritized to yield the preliminary 12-step program for the Campaign. 

To solicit broader input, each program was then presented to multiple clinician focus 

groups for review and comment. The goal was that each program would be discussed 

by at least two nationally representative focus groups of practicing clinicians. Com-

ments from the focus group discussions were carefully reviewed and the steps were 
 modifi ed accordingly to yield the fi nal program. The steps of each program of the 

Campaign are summarized in Table 16.2.

Following development of each program of the Campaign, the next critical step 

was disseminating information to clinicians. A fi rst step in that process was the pub-

lication of a manuscript, which highlighted the evidence basis for the steps of the 

Campaign program. The goal was that this paper be published in a peer-reviewed 

journal that is widely read by the target audience of that program. Publication of the 

paper not only served to alert clinicians to the presence of the Campaign program, 

but also provided peer-reviewed evidence to support the effi cacy for the steps that 

were chosen—an issue that has been shown to be vitally important in clinician 

acceptance of recommendations [59]. To date, such papers have been published for 

the programs directed at clinicians caring for hospitalized adults, dialysis patients 

[60], surgical patients [61], and long-term care patients [62]. To further heighten both 

the awareness and acceptance of the Campaign, endorsement of the various programs  

was sought from professional societies that represent practitioners of the specialty. 

The overall Campaign approach has been endorsed by several societies representing 

practitioners of internal medicine, infectious diseases and health care epidemiology 

and infection control. Furthermore, each of the specifi c programs has been endorsed 

by one or more specialty societies (Table 16.3). In order to alert clinicians about 

the availability of the Campaign programs, well-publicized “launches” have been 

 conducted for each of the Campaigns at national meetings of many of these societies. 
Finally, the CDC staff work both with clinicians and experts in health communica-

tion to develop educational materials about the Campaign program, including slide 

sets, fact sheets, posters, and pocket cards as well as informational sheets for patients. 

These materials are made available at no or minimal cost through the CDC Campaign  

Web site (http://www.cdc.gov/drugresistance/health care/default.htm).

ASSESSING THE CAMPAIGN
Soon after the idea of the Campaign was developed, investigators began conducting 

interviews, focus groups and surveys to examine clinicians’ perceptions about issues 

surrounding implementation of Campaign recommendations. These evaluations have 

demonstrated that different measures are given different priorities in various practice 

settings. For example, “Prevent Transmission” was listed as the most important 
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 strategy by long-term care practitioners, while “Diagnose and Treat Infection 

 Effectively” was most important to physicians caring for hospitalized adults. These 

differences refl ect the differing importance of risk factors for antimicrobial resistance 

in various health care settings and support the Campaign approach of targeting spe-

cifi c programs at different patient populations. The differing opinions on priority areas 

also underscore one of the important advantages of the Campaign format. The fact that 

recommendations are divided into four strategies and 12 steps allows facilities fl exi-

bility with respect to implementation because they can be implemented as individual 

strategies or steps to combat specifi c problems or together as the full program.

One of these assessments also attempted to determine specifi c barriers to gaining  

acceptance of Campaign steps. This survey of a variety of clinicians in several 

 practice settings found that aspects of the “health care culture” were reported as the 

single most important obstacle to implementing Campaign steps [63]. Specifi cally, 

TABLE 16.3
Professional Societies That Have Endorsed the CDC’s Campaign to Prevent 
Antimicrobial Resistance in Health Care Settings

The following organizations have endorsed the entire Campaign:

 American College of Physicians / American Society of Internal Medicine (ACP/ASIM)

 Association for Professionals in Infection Control and Epidemiology (APIC)

 Infectious Diseases Society of America (IDSA)

 National Foundation for Infectious Diseases (NFID)

 Society for Health care Epidemiology of America (SHEA)

 American Academy of Physician Assistants (AAPA)

The following organizations have endorsed specifi c programs:

 Hospitalized Adults
 Society of Hospital Medicine (SHM)

 Dialysis Patients
 American Society of Nephrology (ASN)

 National Kidney Foundation (NKF)

 Renal Physicians Association (RPA)

 Surgical Patients
 American College of Surgeons (ACS)

 Surgical Infection Society (SIS)

 Hospitalized Children
 American Academy of Pediatrics (AAP)

 Pediatric Infectious Diseases Society (PIDS)

 National Association of Pediatric Nurse Practitioners (NAPNAP)

 Long-Term Care Residents 
 American Association of Homes and Services for the Aging (AAHSA)

 American Society on Aging (ASA)

 National Association of Directors of Nursing Administration in Long-Term Care (NADONA/LTC)
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respondents pointed to a tendency to overtreat infections, a lack of accountability 

among health care workers, and non-compliance with infection control precautions 

as major health care cultural barriers that would have to be overcome in implement-

ing Campaign steps. A secondary issue that was raised was a general lack of knowl-

edge and education among both health care workers and the public about issues of 

antimicrobial resistance. These types of evaluations are especially important in 

helping guide implementation strategies in various health care settings. Campaign 

steps are likely to be adopted by clinicians only if they are perceived as addressing 

an important problem for the patient population, and thus an understanding of the 

issues confronted by clinicians in the fi eld is critical in designing successful imple-

mentation strategies. Likewise, it is important to understand in advance what barriers 

to implementation might exist so that that they can be anticipated and addressed.

The clinical relevance of individual steps of a Campaign program has been 

assessed in one study that examined the steps pertaining to antimicrobial use in the 

12-step Program to Prevent Antimicrobial Resistance Among Hospitalized Adults. In 

a study looking at post-prescription reviews of antimicrobial therapy, investigators 

reviewed 179 antimicrobial interventions to determine how many fell into one of the 

steps addressing antimicrobial use [64]. Overall, 90% of the interventions fell into 

one of the Campaign steps addressing antimicrobial use, demonstrating that these 

steps were indeed well chosen to address common problems with antimicrobial use 

among hospitalized adults.

IMPLEMENTING THE CAMPAIGN

Several health care facilities have now implemented the Campaign, either using 

 individual steps and strategies or in its entirety. These implementation projects have 

permitted an assessment not only of the logistics of Campaign implementation, but 

also of the impact of the Campaign itself. Recently, three facilities published their 

experiences with implementation projects [65].

The fi rst project implemented the eight Campaign steps in the two strategies 

 pertaining to antimicrobial use, “Diagnose and Treat Infection Effectively” and 

“Use Antimicrobials Wisely,” as part of a new antimicrobial management program 

at a 410-bed, non-teaching hospital. The new program, a joint effort of pharmacy 

and infectious diseases, was undertaken with the support of the administration and 

was spearheaded by a well-respected infectious diseases specialist. An antimicrobial 

management team of pharmacists and the infectious diseases specialist was created 

to review antimicrobial choices and make recommendations to improve therapy in 

accordance with Campaign steps. Compliance with the team’s recommendations 

was more than 90%, a fi nding that validates the clinical importance of these steps in 

the Campaign, since clinicians altered their patient management to comply with the 

recommendations. In addition to improving antimicrobial use at their hospital, it was 

estimated that the interventions are saving the institution $136,000 annually as a 

result of shortened lengths of stay for patients with infections.

A project at another facility, a 500-bed, academic, tertiary care center, involved 

implementation of step 1 of the Campaign, “Vaccinate” as the initial project of a broader 

plan to implement all 12 steps. Specifi cally, the facility wanted to improve infl uenza 
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vaccination rates among eligible hospital inpatients as this had historically been a 

 problem area. The year before the Campaign was implemented only 95 doses of 

 infl uenza vaccine had been given to hospital inpatients. The facility assembled a multi-

disciplinary team, supported by the facility administration, chaired by a well-respected 

clinician, and consisting of representatives from infection control, nursing, medicine, 

pharmacy, quality improvement, and information technology. The team reviewed 

available literature on improving compliance with infl uenza vaccination and developed 

a variety of approaches targeted at overcoming specifi c obstacles to vaccination at their 

facility. One of their most important approaches was to identify well-recognized “project 

champions” from all practice areas, including physicians, nurses, pharmacists, and 

administrators who could promote the importance of the project to specifi c practice 

groups. The year they implemented the project, the number of inpatients vaccinated for 

infl uenza increased by more than six-fold to just over 600 patients.

The third project was a broad implementation of the entire Campaign that was 

undertaken as a facility-wide quality improvement project. Again, a team approach 

was used to develop the implementation strategy for this 500-bed, non-teaching 

 hospital and again the effort was fully supported by the facility administration. The 

team was led by a well-respected infectious diseases specialist and had representatives 

from several practice areas including pharmacy and infection control. Extensive edu-

cational efforts formed one aspect of the implementation with a series of continuing  

medical education programs for physicians and a facility-wide Campaign education 

fair for all staff. Along with these educational efforts, the implementation team under-

took a variety of separate projects to overcome barriers to complying with individual 

steps. These included projects to remove catheters and improve vaccination rates, 

antimicrobial use, and hand-hygiene. The facility monitored outcomes data for two 

years following implementation of the Campaign with impressive results. For strategy 

one (“Prevent Infection”), an infl uenza vaccination program led to signifi cant increases 

in compliance, and a program to optimize catheter use led to decreases in catheter-

associated infections. For strategies two (“Diagnose and Treat Infection Effectively”) 

and three (“Use Antimicrobials Wisely”) facility-specifi c guidelines for the use of 

antimicrobials were implemented based on Campaign steps. This initiative led to a 

40% improvement in antimicrobial use and also led to decreases in the rates of 

 recovery of MRSA and vancomycin-resistant Enterococcus. As with the fi rst project, 

the antimicrobial-use interventions also led to cost savings through decreased anti-

microbial expenditures and shorter lengths of stay for patients with infections. Finally, 

for strategy four (“Prevent Transmission”) the facility implemented an aggressive 

Campaign to improve compliance with hand hygiene, which led to signifi cant and 

sustained improvements throughout the hospital.

Data from a fourth project implementing steps in the 12-step Program to Prevent 

Antimicrobial Resistance Among Surgical Patients was recently presented at a national 

meeting. This project focused on improving compliance with recommendations on 

surgical antimicrobial prophylaxis using a multidisciplinary, team-based approach to 

identify and overcome barriers to compliance. Pre- and post-implementation compari-

sons demonstrated signifi cant improvements in the number of patients who received 

the appropriate agent and dose and in compliance with the recommendation that 

 prophylactic antimicrobials be discontinued within 24 hours of surgery. 
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These projects provide important information on the CDC’s Campaign to Prevent  

Antimicrobial Resistance in Health care Settings. First, they demonstrate some of 

the critical factors in successfully implementing the Campaign. All four project 

 leaders commented on how critical it was not only to have well-respected clinicians 

leading the projects, to appeal to other clinicians, but also to have strong administra-

tive backing to demonstrate both a multidisciplinary approach and the importance of 

the project to the facility. Second, they provide real-world examples of the fl exibility 

of the Campaign. The Campaign was designed so that it could be implemented as 

any combination of steps and strategies or in its entirety and these projects provide 

objective evidence that this theoretical fl exibility indeed applies in the real-world as 

they ran the spectrum from implementing a single step to the full Campaign. Finally, 

they provide strong data in support of the effi cacy of the Campaign, as each project 

was successful in attaining positive outcomes. Most importantly, project three, which 

looked at antimicrobial resistance as an outcome and had the longest follow-up, did 

indeed show a reduction in the rates of recovery of antimicrobial resistant pathogens 

following implementation of the Campaign.

NEXT STEPS FOR THE CAMPAIGN

The Campaign to Prevent Antimicrobial Resistance in Health care Settings provides 

a unifi ed and comprehensive approach to the challenge of antimicrobial resistance. 

The recommendations provided in each of the 12-step programs are supported by 

published evidence and the Campaign combines these measures in a format directed 

at clinicians. Each program has been carefully reviewed and vetted by clinicians and 

assessments of implementation challenges have been examined. Finally, initial 

implementation studies have now demonstrated the effectiveness of the Campaign. 

What is needed now are on-going and expanded efforts at implementing the 

 Campaign in health care facilities and systems around the country. These efforts are 

under way and will provide more information that will help refi ne and improve both 

the Campaign and other implementation efforts. More recently, the CDC has begun 

working with health departments in several states that are attempting to develop 

plans for local implementation of Campaign measures. These efforts are especially 

attractive in that they leverage the profi le and support of the public health authorities 

to bring together a variety of facilities in a specifi c area, who can then work together 

to combat signifi cant regional issues in antimicrobial resistance.
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DO WE NEED NEW ANTIBACTERIAL DRUGS?

Antimicrobial drug resistance constitutes a major problem in both developing and 

developed countries, yet, despite stories in the media that gain the attention of the 

public for one or two news cycles each year, resistance as a public health problem is 

vastly underappreciated. In fact, patients today are contracting multidrug-resistant 

infections and are suffering higher levels of morbidity and mortality. While the con-

nection between multidrug resistance and these poorer patient outcomes remains 
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controversial, the increased expense and stress to healthcare systems are undeniable. 

Most importantly, the number of therapeutic options for serious, life-threatening 

bacterial infections are becoming more limited specifi cally because of multidrug 

resistance. It is a common misconception that virtually all bacterial infections remain 

treatable with our current armamentarium of antibacterial drugs. In fact, untreat-

able, pan-resistant bacterial infections do occur and are becoming increasingly com-

mon. Furthermore, as stated above, deaths following bacterial infections are on the 

rise even in patients who are infected with bacteria that are ostensibly treatable with 

currently available drugs. This is undoubtedly because the sickest patients are those 

most at risk for multidrug-resistant infections, yet it is also a fact that otherwise 

healthy people are being infected with multidrug-resistant bacteria and these infec-

tions are now becoming increasingly prevalent in the community, whereas in the 

past they were almost solely a hospital problem. We have seen multiple reports of 

community-associated, multidrug-resistant Staphylococcus aureus infections and 

these are increasing in frequency. In the past, physicians could reliably treat such 

infections with penicillin-like drugs, but this is no longer the case and has already 

led to changes in prescribing patterns that can be predicted to lead to even more 

multidrug-resistant strains proliferating in the community setting.

Many important advances in the practice of medicine are actually at serious risk. 

Multidrug-resistant bacteria are compromising our ability to perform what are now 

considered routine surgical procedures, such as hip replacements or coronary artery 

bypass grafts (CABG). A ubiquitous phrase encountered in obituaries is “died from 

complications following surgery,” but what is not well understood is that these “com-

plications” are quite frequently multidrug-resistant infections. We are also now 

 seeing an increase in all manner of immunosuppressive therapy, not just in trans-

plants, but in oncology, rheumatoid arthritis, and asthma, to name but a few. Clearly, 

these novel, in many cases breakthrough, therapies may become untenable because 

of untreatable, multidrug-resistant infections.

Antiinfective drugs are unique in that, unlike almost all other therapies, the use 

of drugs has a clear societal impact, not just in the communicability of infections, but 

in the fact that increased use leads almost inexorably to increased levels of resistance 

and loss of utility. Successfully treating an infected patient today may lead to clinical 

failure in treating an infected patient tomorrow. Therefore, there is a clear confl ict 

between the needs of society to have effective antibacterial therapies in the future 

and the needs of today’s patients. Antibacterial drugs are scarce resources, but they 

are resources we dare not ration where a patient may benefi t from their use today. 

Such rationing, however, has actually become commonplace.

An important underlying assumption is that because of the very nature of micro-

bial evolution a continuous fl ow of novel therapeutic and preventative strategies will 

be necessary merely to maintain our capabilities in warding off infections. However, 

coupled with this clear and growing unmet medical need has been a marked decline 

in the pursuit of novel antibacterial drugs in the biopharmaceutical industry [1]. The 

forces behind this reduced level of activity are many. While the market for antibacte-

rial drugs remains large, it holds the promise of only modest growth (at best) in the 

near term. There are many antibacterial products currently available, and the market 

place is crowded and confusing. Together with this complex market is the fact that 
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recent industrial and academic productivity in the discovery of novel antibacterial 

strategies has been poor. The lack of new agents entering the pipeline has actually 

not been for lack of effort. Some of this work appears to have borne fruit, but it may 

well be that the recent rounds of industrial retrenchment and consolidations will lead 

to a squandering of research that appears to be on the verge of delivering novel 

agents. Another important reason for the dry pipeline and decline in industrial inter-

est is that the time it takes to develop a novel antiinfective agent after it has been dis-

covered has greatly increased. This is mainly because the drug approval process has 

become increasingly complicated, time-consuming, contentious, and costly, with 

less assurance of favorable outcomes than in the past (this is true in all areas of 

research, not only antiinfectives, but it has particularly affected antibacterial 

research). Indeed, among the regulatory authorities there are those who believe that 

there really is not a need for novel antibacterial agents. This view is even more 

 commonly held in Europe than in the United States, where there is barely concealed 

contempt when pharmaceutical companies bring forward a novel drug for approval. 

In some ways this is not surprising, since in Europe the governments are both respon-

sible for ultimately approving new drug applications and then paying for those drugs 

when they are marketed. A new (and relatively expensive) drug on the market may 

actually represent an economic threat to national healthcare systems. 

The decline in industrial research aimed at providing these novel approaches just 

at a time when they are needed represents a serious and immediate public health cri-

sis, and is a problem begging for aggressive and imaginative solutions. Yet from 

whence will these solutions come? It is a sad truth that amateurs hardly ever discover 

drugs and never have the wherewithal to develop them, given the time and expense 

of clinical trials, so with the number of professional drug hunters decreasing who is 

going to discover and develop the next generation of antibacterial drugs? The hope 

here is that an increased academic and governmental focus on understanding resis-

tance and identifying novel agents will serve to improve our overall knowledge base, 

which is clearly necessary for future successes. But how to actually discover these 

needed drugs?

WHAT ANTIBACTERIAL DRUGS DO WE NEED? 

Interestingly, there is not a consensus as what types of new drugs are needed to treat 

antibacterial infections. Neither major regulatory authorities (the U.S. Food and 

Drug Administration, the European Agency for the Evaluation of Medicinal Prod-

ucts) nor competent authorities (e.g., the Centers for Disease Control and Prevention) 

have come forward with even a draft proposal as to which organisms causing what 

kinds of infections should be the subjects of future investigations. However, the 

Infectious Diseases Society of America, in its monograph “Bad Bugs. No Drugs,” 

has summarized both the issues and the problem organisms [2]. Likewise, Dr. Louis 

Rice has explicitly stated what the problem organisms are in a recent publication, 

and these include what could be called the usual suspects [3]. Included among 

the Gram-positive pathogens are methicillin-resistant Staphylococcus aureus and 
S. epidermidis, vancomycin-resistant Enterococcus faecium and E. faecalis, and the 

rapidly growing mycobacteria. In the past fi ve years, however, no fewer than four 
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novel agents have been approved that have clinical activity versus these bacteria. It is 

really among the multidrug-resistant Gram-negative bacteria that we fi nd growing 

unmet medical need, and only a single new agent has been approved in well over a 

decade. These include pan-resistant strains of Pseudomonas aeruginosa and Klebsi-
ella pneumoniae, Stenotrophomonas maltophilia, and Acinetobacter baumanii. Com-

promising the utility of many workhorse β-lactam drugs have been extended 

spectrum β-lactamase (ESBL)-producing organisms among the Gram negatives, and 

novel approaches are particularly needed for these organisms.

DO WE REALLY UNDERSTAND RESISTANCE?

Complicating the search for new antibacterial agents is the fact that much of what 

we believe to know about resistance is either wrong or only partially correct. Resistance 

is not simply a matter of “select for them and they will come.” We rarely observe the 

emergence of multidrug-resistant phenotypes among small genome organisms (e.g., 

Streptococcus pyogenes), but we routinely see the rapid emergence of pan resistance 

in large genome organisms like P. aeruginosa. None of the current dogma on resis-

tance accounts for this observation. Even the basics, like mistakenly calling for 

“hand washing” among healthcare workers when what is really called for is hand 

disinfection, are routinely misreported to the public. Perhaps the most interesting 

conundrum lacking a valid scientifi c explanation is that using a combination of 

piperacillin and the β-lactamase inhibitor tazobactam as a workhorse antibiotic in 

healthcare settings leads to lower levels of resistance than using a third-generation 

cephalosporin [4,5]. Both have about the same potency, spectrum of activity, and 

even molecular target. There is nothing in the current dogma that accounts for this 

observation. Therefore, the question must be posed: “If we do not really understand 

resistance, then how do we prevent it?” Perhaps, the most vexing unanswered ques-

tion is “What is the actual clinical impact of resistance?” Surprisingly, this has not 

been well addressed, with the number of valid studies specifi cally focusing on the 

clinical impact of resistance totaling fewer than 10 with no clear consensus emerg-

ing. Unless and until adequate resources (read “public funding”) are brought to bear 

on the fundamental questions of resistance, we will be fi ghting an uphill battle.

THE DRUG DISCOVERY AND DEVELOPMENT PROCESS

The goal of the antibacterial drug discovery process is simple in concept: (i) Find 

agents that inhibit bacterial growth and/or kill bacteria. (ii) Determine whether 

these agents work in animal models of infection without outright toxicity. (iii) Test 

them in humans with defi ned and documented bacterial infections compared to 

existing therapies. But how does one approach this process, that is, fi nd those specifi c, 

non-toxic inhibitors of bacterial growth?

THE OLD-FASHIONED WAY

The time-honored (and validated) method is to screen a series of chemical compounds 

(or natural product extracts) for antibacterial activity initially in vitro (and then in 
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 animal models of disease). All of the antibacterial drugs currently used therapeutically 

were identifi ed by variations of this method or by synthetic modifi cations of agents 

identifi ed by this method. Once such agents have been identifi ed, it is typical to make, 

via medicinal chemistry, variants of the initial “hit,” and this is true whether one is 

working with a synthetic chemical starting point or a natural product. In almost all 

cases, new medical entities (NMEs) can be generated with activities superior to the 

original compound, and increases in potency or improvements in pharmacokinetics of 

1000-fold are not unusual. Therefore, any antibacterial drug discovery program that 

lacks a synthetic chemistry component will, at best, have limited success.

THE NEW-FANGLED APPROACH—
TARGET-BASED DRUG DISCOVERY

USING POST-GENOMIC TECHNOLOGIES FOR TARGET-BASED DRUG DISCOVERY [6]

One critical point that cannot be repeated often enough is that any target-based assay 

must be more sensitive than is achieved by merely screening compounds for frank 

growth inhibition (“it’s the assay, stupid”). Otherwise this assay has virtually zero 

chance of discovering a novel antibacterial agent (because such phenotypic screen-

ing has already taken place). A corollary of this law of drug discovery is that if one 

does succeed in opening up new regions of chemical space, then the most logical 

starting point is not a target-based approach, but use of the tried-and-true method of 

screening for growth inhibition. Another key consideration is the effect of permea-

bility barriers, especially if one starts with a biochemical screen/assay. Such perme-

ability barriers are more profound for the Gram-negative bacteria, with their inner 

and outer membranes, than for Gram-positive bacteria (and this explains the greater 

success at identifying novel Gram-positive agents).

THE FAILURE OF TARGET-BASED DRUG 
DISCOVERY: “PAYNE’S LAW”

Perhaps the area of greatest frustration for those who have labored in this fi eld has 

been the realization that screening for antibacterial agents has become progressively 

more diffi cult. David Payne at Glaxo SmithKline has observed that an automated, 

antibacterial (“high throughput”) screen is about fi ve times less likely to succeed 

than a screen for any other kind of therapeutic target. This appears to be true whether 

one is using whole cell screening methods or biochemical assays. However, there 

have been some recent successes, although none of the new chemical entities identi-

fi ed to date has made its way into clinical testing. There is no obvious reason for this 

lack of effi cacy in that the assays that have been developed and used have, in many 

cases, been authored by the same scientists who have developed very successful 

approaches for other, non-bacterial targets. So as tempting as it is to blame incompe-

tence for this futility, the data do not bear that out. Rather, one may suggest that bac-

teria (and their potential molecular targets) are the oldest of living organisms and 

thus have been subject to three billion years of evolution in harsh environments and 

therefore have been selected to withstand chemical assault.
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CHEMICAL SPACE—THE FINAL FRONTIER?

It may also be true that if we keep screening the same old stuff, we are not going to 

fi nd anything new. This means that new chemistries are needed to open other quad-

rants of chemical space. The good news is that this is not as outlandish as it sounds. 

On the natural products front, there are also prospects for mining seawater for 

pharmaceutical gold in the newfound ability to cultivate previously uncultivable 

 bacteria [7]. The open question is whether these organisms take other approaches to 

the synthesis of secondary metabolites than do those bacteria that we have been able 

to grow and that have been found to produce antimicrobial agents.

TARGET-BASED SCREENING IN THE POST-GENOMIC ERA

New antiinfectives will frequently be given to critically ill people, to treat conditions 

that may be life threatening within a matter of hours. As stated above, these drugs 

must be exceptionally effective and must pose no serious toxicity. Attacking unique 

aspects of microbial biochemistry has produced drugs with these characteristics in 

the past and this appears unlikely to change. Our ability to perform comprehensive 

comparative genomics, with virtually every clinically important bacterium 

sequenced, has given a new impetus to this approach, but has not really changed it. 

The identifi cation of novel targets has moved from the characterization of new 

 enzymological activities to the examination of new open reading frames encoding 

previously undiscovered essential functions.

In the most general of applications, genome sequence information has been 

used to select target genes based on the concept that open reading frames that are 

well conserved among bacteria (especially pathogenic bacteria), but lacking close 

human homologs, represent the best choices for fi nding valid (“essential”?) targets 

whose inhibitors will have a lower potential for toxicity. One should note that once 

this bioinformatic exercise is completed then the “wet work” must begin in earnest, 

validating the putative targets, confi guring assays, running those assays and identi-

fying and validating inhibitors of the targets. However, there may be a fl aw in this 

logic. We now know that the target of trimethoprim, the enzyme dihydrofolate 

reductase, is actually quite well conserved, yet inhibitors of the bacterial version of 

this enzyme have suffi cient specifi city to be relatively non-toxic to humans. Like-

wise, there is great similarity between bacterial and mitochondrial ribosomes, 

but the natural product inhibitors of protein synthesis routinely have greater than 

1000-fold specifi city, preferentially targeting the bacterial over the mitochondrial 

version. Perhaps we need to sharpen our bioinformatic algorithms to capture these 

targets as well. 

WHAT IS “ESSENTIAL”? 

The principal drug discovery use of bacterial genomics has been viewed as a means 

of identifying open reading frames that may represent “essential genes” in target 

bacteria. Exactly what is meant by essential can vary depending on one’s frame 

of reference. From the geneticist’s point of view an essential gene is one whose 
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 inactivation results in a loss of bacterial viability. Genomics enables several tech-

niques to be more effectively used in the determination of such essential genes (see 

below). However, this defi nition of essentiality may constitute a misleading, if not 

dangerous, oversimplifi cation. In Escherichia coli, either uvrD or the highly similar 

rep gene can be inactivated with little effect on bacterial growth. However, the dou-

ble mutant is not viable. In Gram-positive bacteria, for example, S. aureus, the uvrD/

rep homolog is the pcrA gene [8], which is a gene that cannot be similarly inactivated 

(i.e., there is no redundancy in the Gram-positive bacteria for this essential DNA 

helicase). The relative similarity between rep and uvrD (and pcrA) suggests that an 

inhibitor could be identifi ed, which successfully targets all three enzymes (and there-

fore inhibit bacterial growth in a broad spectrum manner). Thus, despite the fact that 

neither rep nor uvrA is “essential” in E. coli (and other Gram negatives) these proba-

bly do represent valid targets for antibacterial drug discovery. Conversely, there have 

been several reports describing “essential” two-component regulatory systems 

(aka TCRS) and signifi cantly more effort has been devoted to discovering inhibitors 

of these TCRS than for bacterial helicases. Yet the precise essential function of these 

TCRS have yet to be elucidated, and may merely refl ect the toxic derepression of 

genes negatively regulated by the TCRS, rather than some function necessary for 

growth carried out by either the histidine autokinase (HAK) or response regulator 

(RR). The lesson one may learn for the above examples is that, despite powerful 

genomic and genomic-enabled technologies, there is simply no substitute for an 

 intimate understanding of microbial physiology.

WHAT MAKES A GOOD TARGET? 

What is meant by a good target is one that can be targeted by a small molecule to 

elicit either a static or a cidal activity. Indeed, it has been argued that antibacterial 

drugs that kill bacteria, as opposed to merely inhibiting bacterial growth, are supe-

rior (“cidal trumps static”). This has simply not been borne out by the clinical data, 

however, even in patients with compromised immune systems. Targeting an essential 

activity, helicase activity in the above example, defi nes a good target, even though 

the defi nition applies to a single activity as opposed to a single gene. In antiinfec-

tives, this kind of example is becoming the rule, as we gain an increased mechanistic 

understanding of how effective antibacterial agents function, particularly ones that 

are less prone to the emergence of resistance. It is the opinion of this author that the 

“best” targets are in biosynthetic pathways. We have seen that by combining two 

“mediocre” inhibitors, both in the folic acid biosynthetic pathway—a powerful and 

effective drug (trimethoprim-sulfa), resistant to the rapid emergence of resistance, 

can be created. Given that most of the genes for these pathways are well conserved 

among almost all pathogenic bacteria, this would appear to be an approach whose 

time has come. The downside is that moving not one, but two, novel agents through 

the approval process more than doubles the regulatory complexity; however, it can 

and has been done. One such biosynthetic pathway is fatty acid biosynthesis [9], for 

which several synthetic and natural product inhibitors of specifi c steps in this 

 pathway have been discovered, but relatively few have been used clinically. However, 

there has been considerable recent progress in this area [10].
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HOW MANY TARGETS ARE THERE? 

There have been many estimates as to the number of essential genes/targets there 

are in a given bacterium/pathogenic bacteria. A number in excess of 300 has been 

suggested (based on the so-called “minimal essential gene set,” [11]) and this num-

ber has the potential to expand further if one views inhibition of virulence as a viable 

strategy for antibacterial chemotherapy. However, if the goal is to identify a broad-

spectrum inhibitor (even one limited to the Gram-positive bacteria as an example) 

the number of potential targets drops precipitously. It is the view here that, for 

the near future, narrowly targeted, pathogen-specifi c drugs will fi nd little clinical 

utility and even smaller markets (but are likely to be quite expensive, if not pro-

hibitively so). This, however, is the subject for discussion elsewhere (although it 

clearly affects how many view antibacterial drug discovery, that is, taking a patho-

gen-specifi c route). 

So why hasn’t target-based screening led to a plethora of novel antibacterial 

agents? The fact is that progress is being made and novel, target-based agents are 

moving, albeit slowly, into clinical development. But, unlike other fi elds of therapeu-

tic endeavor (e.g., Alzheimer’s disease), there are already scores of safe and effective 

antibacterial agents that set the bar quite high for new drugs. Also given the decades 

of empiric screening for antibacterial activity, the law of diminishing returns dic-

tates that it will require increasing resources to fi nd the next novel class of antibiotics 

and that, indeed, has been the experience.

NOVEL APPROACHES FOR THE 21ST CENTURY

TARGETING RESISTANCE

Probably the most successful (commercially and probably clinically) class of anti-

bacterial agents has been a β-lactam antibiotic coupled with an inhibitor of β-

lactamases. It is, therefore, not just theoretically possible to target a resistance 

mechanism and develop a clinical and commercially viable combination therapy, it 

has been an extremely successful approach. Perhaps the most common resistance 

determinants are effl ux pumps [12]. While these pumps are much more diverse in 

genetics and structure than the β-lactamases, they do share a fair amount of  structural 

similarity. And because not all agents are effl uxed by all pumps, but rather a smaller 

subset of them, it may be possible to at least enhance the antibacterial activity of 

 several classes of agents with specifi c effl ux pump inhibitors. Given the success of 

the β-lactamase inhibitors, it is surprising that there has not been a similar focus on 

effl ux pump inhibitors.

TARGETING VIRULENCE [13]

It has been suggested that disabling a bacterium’s ability to cause disease may be a 

“kinder and gentler” approach to antibacterial chemotherapy. Targeting quorum 

sensing was quite popular in the late 1990s and several researchers are intent on 

attacking the dedicated virulence secretion systems (e.g., type three secretion). There 

may well be some valid uses for these agents (assuming they are discovered); 
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 however, the idea that inhibiting virulence will mitigate against the emergence of 

resistance must follow the axiom that anything that interferes with a bacterium’s 

ability to interact with its host will impose a selective pressure and select for resistant 

mutants. By not killing the bacterium, the likelihood is that anti-virulence strategies 

will actually select for resistance more quickly.

IMMUNOTHERAPEUTICS

Prior to the antibiotic era, the state of the art for antibacterial therapy was the use of 

immune antisera, typically generated from horses [14], and this has prompted the 

search for novel monoclonal antibodies as therapeutics, especially for “orphan” infec-

tious diseases [15]. It is now commonplace for monoclonal antibodies to be used as 

therapeutic agents. There is one example in the fi eld of antiinfectives. A monoclonal 

antibody directed against rotavirus is now used clinically, mainly in low-birth-weight 

babies. Monoclonal antibodies produced in culture, either of human origin or human-

ized to resemble human antibodies, should obviate issues like serum sickness caused 

by the use of animal antisera. While generating specifi c monoclonal antibodies is now 

actually quite easy, these are not likely to be the answer to our resistance problems. 

Even the old polyclonal preparations were only partially effective in reversing the 

course of a serious infection (effi cacy rates appear to be far less than for standard anti-

bacterial chemotherapy), and it is unlikely that a monoclonal antibody would be better 

than a polyclonal approach. Therefore, these antibodies, usually directed toward a 

critical, surface-expressed virulence factor, are more likely to be used in combination 

with classical antibiotics (and at considerable expense).

PHAGE THERAPY

Identifying bacteriophage that kill a specifi c target bacterium is actually a trivial 

exercise. Why then has bacteriophage therapy not come to the fore? There are many 

reasons for this, starting with the fact that as easy as it is to fi nd such a bacteriophage, 

it is just as easy to select for a bacterium resistant to that bacteriophage. Furthermore, 

there is often such tight specifi city between phage and target bacteria that no single 

bacteriophage will be able to therapeutically target an entire species of bacteria, thus 

requiring the use of “cocktails” [16]. Bacteriophage have found utility in novel 

 targeting approaches [17], and, as such, pursuing the century-old dream of using a 

bacterium’s natural predators as a means of therapy is worthy of study. 

CONCLUDING REMARKS

In the late 1940s, the successes of Waksman and Schatz (streptomycin [18]) and 

Duggar (tetracycline) led many to believe that bacterial infections were basically con-

quered. That conceit led to widespread misuse and outright abuse of antibacterial agents. 

Nevertheless, we still neither fully understand nor appreciate resistance to antibacterial 

agents, and this needs to be addressed by assiduous study both in the lab and in the 

clinic. The powerful tools we now have at hand in this post-genomic century will allow 

us to  discover new and better antibacterial drugs; it is only a matter of time and effort.

This chapter is dedicated to the memory of John F. Barrett, 1954–2006.
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Helicobacter pylori, 141

mycobacteria, 141

Mycobacterium avium, 141

Major facilitator (MF) pumps, 59

Making Hospitals Safer initiative, 371

MAMA, see Mismatch amplifi cation 

assay

mar, see Multiple antibiotic resistance (mar)
MarA controls, 31

marboxes, 28–29

marRAB, 30

MBL, see Metallo-β-lactamases

MC-207,110, 55–56

MDR, see Multidrug resistance

MecA, 295

Membrane fusion protein (MFP), 47

Meropenem Yearly Susceptibility Test 

Information Collection 

(MYSTIC), 369

Metabolic pathway target remodeling, 143

Metabolic uptake systems, 174–175

Metabolism, 5

Metallo-β-lactamases (MBL), 114–116

Bacillus cereus, 114

crystal structures, 115

Stenotrophomonas maltophilia, 114

Methicillin-resistant Staphylococcus aureus 

(MRSA), 38, 139, 368

chromosomal elements, 296–298

community-acquired, 301

control, 371

cost attributable, 302

emergence, 292

epidemiology, 300

future, 303

heterogeneous, 299

linezolid, 303

mechanisms, 293

molecular basis, 293–298

nosocomial infections, 300

origins, 299

PVL-positive, 205, 302

Staphylococcus aureus, 202

surveillance, 380

Methicillin-susceptible Staphylococcus aureus 

(MSSA), 204

5′-methoxyhydnocarpin (MHC), 59–60

MexAB-OprM, 56

Pseudomonas aeruginosa, 57

MF, see Major facilitator pumps

MFP, see Membrane fusion protein

MGB, see Minor groove binding probes

MHC, see 5′-methoxyhydnocarpin

micF, 29

micF-lacZ fusions, 29

Microarrays, 192

Helicobacter pylori, 210

Mycobacterium tuberculosis, 201

Staphylococcus aureus, 206

Microbes

drug action mechanisms, 2

drug-fast, 1

genetics, 6

Microbial adaptation, 3–4, 5

Microbial drug resistance

adaptation or mutation, 5

cross resistance, 6

disinfection, 3

drug dependence, 6

drug-fastness, 2

historical perspective, 1–10

microbial metabolism and adaptation, 3–4

multiple drug resistance, 6

newly found modes, 7

Microbial metabolism, 3–4, 5

Microbial Threats to Health, 377

Micromonospora purpurea, 78

Minocycline resistance, 271–272

Minor groove binding (MGB) 

probes, 189

Mismatch amplifi cation assay (MAMA), 212

MLRT, see Multi-locus restriction 

typing

MLST, see Multi-locus sequence 

typing

Monoclonal antibodies, 417

Monomorphism vs. polymorphism, 3

Morganella morganii, 345

Mosaic target proteins, 141

Moxifl oxacin, 54

MRSA, see Methicillin-resistant Staphylococcus 
aureus

MSSA, see Methicillin-susceptible 

Staphylococcus aureus
Multidrug resistance (MDR)

clinically relevant drug resistance, 46–52

effl ux pumps, 45

inhibitors, 56–58, 59–60

microbial drug resistance, 6

pumps, 54

Staphylococcus aureus, 54

Streptococcus pneumoniae, 54

tuberculosis, 314, 316

Multi-locus restriction typing (MLRT), 234

9190_C018.indd   4259190_C018.indd   425 10/29/2007   6:22:04 PM10/29/2007   6:22:04 PM



426 Index
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PER-1 β-lactamase, 113–114

Sanitation, 371

Saving Lives, 371

SCCmec DNA, 293–294

Selection, 3

SENTRY Antimicrobial Surveillance 

Program, 369

Serratia marcescens, 33, 84
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Sulfonamide resistance, 233
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Tigecycline resistance, 214
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Tobramycin resistance
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