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Abstract. The treatment of infectious disease is com- disseminated among bacterial populations by several
promised by the development of antibiotic-resistant processes, but principally by conjugation. Thus the

overall problem of antibiotic resistance is one of geneticstrains of microbial pathogens. A variety of biochemical
processes are involved that may keep antibiotics out of ecology and a better understanding of the contributing

parameters is necessary to devise rational approaches tothe cell, alter the target of the drug, or disable the
reduce the development and spread of antibiotic resis-antibiotic. Studies have shown that resistance determi-
tance and so avoid a critical situation in therapy—anants arise by either of two genetic mechanisms: muta-

tion and acquisition. Antibiotic resistance genes can be return to a pre-antibiotic era.
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Introduction

The story of antibiotics and antibiotic resistance is of
recent origin, since antibiotics have been used for the
treatment of infectious diseases in humans and also for
a number of non-human applications (agriculture, ani-
mal husbandry, and aquaculture) during the last half
century only. This was an enormously successful period
in medical history during which most of the major
diseases of humankind were more or less brought under
control (at least in the industrial nations of the world).
This situation is now threatened by the increasing inci-
dence of antibiotic resistance [1]. The microbes that
were once susceptible to antibiotics are becoming more
and more difficult to treat. The objective of this short
review is to describe the ways by which microbes have
become resistant: essentially this is due to the extraordi-
nary genetic flexibility of bacteria, a factor which con-
tinues to challenge microbiologists. Nonetheless, there
is currently a reasonable state of understanding with
respect to the development of antibiotic resistance, the
ways in which it may be disseminated and the biochem-
ical mechanisms responsible. Not surprisingly, bacteria

can employ many different processes to establish resis-
tance to infectious disease therapy and it is likely that
the complete story is not yet revealed.
The roles of low-molecular-weight biologically active
components in microbial ecology are poorly understood
[2]. But it is important to recognize that the antibiotics
introduced in the period 1940–1950 were not novel
biological agents but common natural microbial prod-
ucts whose useful antibiotic activity had been discov-
ered by laboratory screening in the pharmaceutical
industry. Subsequently, many semi-synthetic derivatives
were made on these natural structural scaffolds and
employed therapeutically; some antibiotics, however,
are novel synthetic molecules which have no known
natural counterpart [3]. What was new and different in
the 1950s was the nature and magnitude of their uses.
Enormous quantities of natural products with demon-
strated and tested therapeutic activities (the antibiotics)
were manufactured for human use by a new generation
of pharmaceutical companies and released into the bio-
sphere; being toxic agents they created a catastrophic
situation for terrestrial bacteria, with significant knock-
on effects on the microbial ecology in many different
ecosystems (it has been estimated that more than a
million metric tons of antibiotics have been released* Corresponding author.
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into the biosphere during the last 50 years) [4]. What
actually happened in the early years following the wide-
spread use of antibiotics is a matter of speculation, since
microbial ecology was a fledgling science at the time
and retrospective analyses are difficult to perform; some
bacterial species in localized microbial populations may
well have been eliminated, but there is no doubt that
significant variations in the microbial population and
extensive genetic modification (the acquisition of resis-
tance genes) must have taken place whenever antibiotics
were used. The subsequent half-century of antibiotic use
has undoubtedly influenced all aspects of microbial
genetic ecology through mutation, selection, and the
flux of genetic information (horizontal gene transfer)
between microbes; this has been a period of strong
evolutionary pressure and extensive selection. In
essence, a large, uncontrolled microbiological experi-
ment has taken place in the second half of the 20th
century, with only the cultivable survivors available for
investigation. It is possible to study this flux by analyz-
ing resistance genes in microbial populations, and such
retrospective analyses have provided substantial infor-
mation on mechanisms of resistance, their origins, ac-
quisition, and dissemination. Unfortunately, the exact
details of these processes still escape us, because they
involved large and uncharacterized microbial popula-
tions and the intermediate steps in events such as gene
transfer cannot be modelled in the laboratory.

The problem: development of antibiotic resistance

With only rare exceptions, antibiotic resistance in bacte-
rial pathogens was identified very soon after the intro-
duction of antibiotics into clinical practice. Was this
resistance due to mutation? Certainly in a few instances
(for example, streptomycin resistance in Mycobacterium
tuberculosis), mutations leading to clinically significant
levels of resistance occurred, and it is very likely that
mutations leading to low levels of resistance to antibi-
otics were frequent in other species and were an initial
step in the development of the high-level-resistance
strains found today [5]. However, in the majority of
cases, acquisition from exogenous (and still largely
unidentified) sources was the primary mechanism by
which bacteria obtained genes encoding resistance to
antibiotics [6]. Since only the infection-related strains
were subsequently identified and studied, the extent and
change of antibiotic susceptibility in overall microbial
populations could not be analyzed. Even today, the
demographics of populations under antibiotic stress are
little understood because information on the nature of
microbial populations in general is lacking. Horizontal
gene transfer played a primary role in the development
and dissemination of antibiotic resistance genes and it

would be of great interest to follow the course of this
gene trafficking from the time of first antibiotic expo-
sure. Did resistance develop in many species or in only
a limited number before being mobilized and trans-
ferred to the pathogens that were subsequently iden-
tified as antibiotic resistant? How many intermediate
hosts were required? This is not known. However, it is
to be hoped that when the next completely novel antibi-
otic (structural entity) is introduced into human clinical
practice, appropriate population analyses and elucida-
tion of the route(s) by which antibiotic resistance is
established in the community will be carried out. It is
important to realize that the use of an antibiotic affects
all members of the resident microflora and not simply
the targeted pathogen(s). Antibiotics, like any xenobi-
otic, act upon the entire population exposed, cultivable
and non-cultivable.
Existing evidence strongly suggests that prior to the
introduction and use of antibiotics, antibiotic-resistant
microbes were absent from human or animal flora; this
comes from studies of pre-antibiotic bacterial popula-
tions [7] and also from analysis of the development of
bacterial resistance to antibiotics such as tetracycline
following their introduction into the environment (fig.
1). In all cases studied there is a direct correlation over
time between antibiotic use and the increase in propor-
tion of resistant to non-resistant strains. The dramatic
appearance of antibiotic resistance in pathogenic
Shigella sp. during epidemics of intestinal infections in
Japan in the 1950s is yet another example of the rapid
response of bacteria to the threat of antibiotic use [8]; in

Figure 1. Development of antibiotic resistance in Shigella spp. in
the United Kingdom 1974–1982. The increases follow patterns of
antibiotic use during this period.
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Table 1. Biochemical mechanisms of antibiotic resistance and their genetic determinants.

Mechanism Examples Genetic determinants

mutation gene acquisition

+ +Reduced permeability aminoglycocides

+Pro-drug not activated isoniazid

+Active efflux tetracycline fluoroquinolones

erythromycin +Alteration of drug target
+fluoroquinolones
+rifampicin

+tetracycline

+Inactivation of drug aminoglycosides
+chloramphenicol

+ +beta-lactams
(+) (+)rifampicin

By-pass inhibited step +sulfonamides
+trimethoprim

bleomycinImmunity protein +

trimethoprim +Amplification of target
+sulfonamides

Sequestration of drug beta-lactams + +

this case, the increase was clearly linked to the appear-
ance and dissemination of plasmids encoding antibiotic
resistance (R plasmids). Conversely, a number of stud-
ies have shown that the incidence of antibiotic resis-
tance is often reduced when the use of antibiotics is
restricted [9–11]. Unfortunately, it never disappears!
Upwards of a dozen different biochemical mechanisms
of resistance have been characterized to date (table 1);
these are encoded by hundreds of different genes, many
identified as classes of related allelic determinants. The
bacterial population has essentially stockpiled a consid-
erable armamentarium of genetic defenses against an-
tibiotics. Definitive information concerning the origins
of these resistance genes (where did they come from and
how did they move to where they are?) is hard to come
by but, as discussed later, in a few cases there is now
significant evidence as to the sources and mechanisms of
their acquisition. The overall problem is one of micro-
bial genetic ecology and the effects of a variety of
strong selective stresses that have determined the make-
up and use of bacterial gene pools [12]. Not surpris-
ingly, the majority of antibiotic resistance genes are
carried by plasmids, transposons, and other elements
capable of inter-generic and inter-specific mobility.

Origins of antibiotic resistance genes

In recent years, there has been much discussion about
the role of pathogenicity islands (PAIs) in the increasing
virulence of bacterial clinical isolates. PAIs are clusters

of genes providing those components necessary for the
establishment and survival of the pathogen in the hos-
tile environment of the infected host [13, 14]. Simply
put, the difference between a pathogenic and a non-
pathogenic Escherichia coli strain is the presence of
extra genes in the form of PAIs in the pathogen. Like-
wise, antibiotic resistance genes are found in clusters
that group different determinants of different origin (as
shown by variations in G+C content and codon usage)
at single sites on the bacterial chromosome. Such clus-
tering has been recognized for some time and most
likely reflects the roles of transposons, integrons, and
plasmids as vehicles in the transport of resistance genes.
Interestingly, in a number of cases, such resistance
clusters are also associated with virulence determinants,
i.e., the same plasmid encodes both functions [15]. The
conclusion is that resistance genes are ‘foreign’ to their
bacterial hosts and an obvious question is where do
they come from? A number of plausible sources of
resistance determinants have been proposed:
1) housekeeping genes (e.g., alternative substrates, mu-
tation to new substrate recognition)
2) antibiotic-producing microbes (self-protection)
3) ‘natural’ resistance genes in soil communities
However, no single origin has been identified defini-
tively. Nonetheless, as described below, in a few cases, a
direct (single transfer) relationship can be established
between the resistance gene(s) found in clinical isolates
and their putative source organisms.
Resistance to the b-lactam antibiotics in Neisseria and
Streptococcus sp. is due to the development of altered
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penicillin-binding proteins (PBPs) with a decreased
affinity for b-lactam antibiotics. Comparisons of the
PBP genes from resistant and sensitive strains have
shown that resistant PBPs have multiple gene segment
replacements leading to mosaic structures. In most
cases, the new gene segments were highly similar or
identical to the corresponding part of the PBP gene
from a closely related commensal species [16–22]. For
example, in penicillin-resistant Neisseria meningitis, the
penA gene contains two segments which show 22%
divergence from the penA allele found in penicillin-sen-
sitive strains, but which are identical to the correspond-
ing regions from the penA gene of N. fla6escens, a
commensal species [23]. The fact that more than 30
different mosaic genes have been found in 78 isolates of
penicillin-resistant N. meningitis exemplifies the extent
to which this mechanism is common in naturally trans-
formable species [24, 25].
Resistance to sulfonamide drugs is due to either the
development or the acquisition of an altered dihy-
dropteroate synthase (DHPS) with a decreased affinity
for the inhibitor. In N. meningitis, Streptococcus pneu-
moniae and S. pyogenes, sulfonamide resistance is medi-
ated by mutations in the chromosomal DHPS gene,
folP. Comparisons of folP from resistant and sensitive
strains have shown that in resistant isolates, the folP
genes diverged by 8–14% from their counterparts in
sensitive isolates [26–29], some of them having a mosaic
structure [28]. Notably, one N. meningitis-resistant iso-
late had a mosaic folP gene whose central segment was
identical to the corresponding segment of a N. gonor-
rhoeae strain [26]. As found for the mosaic penA genes,
the number of different mosaic folP genes suggests that
resistance has arisen independently on many occasions
in these species.
However, in the majority of cases, the evidence permit-
ting identification of antibiotic resistance genes is
largely circumstantial and comes mostly from compara-
tive biochemical and molecular studies; in several in-

stances, the closeness of the nucleotide sequences
indicates a strong relationship. One of the best examples
is that of the gene cluster responsible for methicillin
resistance (the mec cluster) found in Staphylococcus
aureus, which was first identified in the early 1960s
(shortly after the introduction of the new drug) and
which has had a profound effect on the treatment of
infection by this organism. Methicillin-resistant S. au-
reus (MRSA) is found worldwide and has been respon-
sible for numerous serious hospital outbreaks that have
proved difficult to treat. While MRSA refers to methi-
cillin resistance, it has been found that such strains
often carry resistance determinants for other antibiotics.
Work from the group of Tomasz indicates that these
determinants may have originated in Staphylococcus
sciuri [30]. Similarly, the aminoglycoside acetyltrans-
ferase (aac) genes found in the enteric bacteria appear
likely to have evolved from the chromosomal genes of
other species of Gram-negative bacteria [31] as a result
of horizontal gene transfer and mutation processes.
Interestingly, the aac genes have been shown to be
members of a large protein N-acetyltransferase family
[32]. Other aminoglycoside acetyltransferases have sig-
nificant primary sequence similarities to the acetyltrans-
ferases found in streptomycetes, and this is also the case
for the aminoglycoside phosphotransferases (APHs),
which are members of the protein kinase superfamily.
In the latter case, the similarity extends to the three-di-
mensional structures of the APH proteins and other
kinases [33].
The notion that the determinants encoding resistance to
aminoglycosides, macrolides, tetracycline, chloram-
phenicol, glycopeptides, and other antibiotics originated
in the organisms producing these secondary metabolites
(especially streptomycetes) is strongly supported by
studies of biochemical and nucleic acid sequence simi-
larities of the genes and their products (table 2). The
recent work of Wright and colleagues [34, 35] in charac-
terizing resistance to the glycopeptides provides an ex-

Table 2. Antibiotic resistance gene families and their sources.

Resistance gene Producer Housekeeping 3D Superfamily

aacB + +
aacA + + Protein N-acyltransferase


aacC + ?
+ Protein kinaseaphA 
?

aadA ? ? 
 NMP transferase
bla + + 
 Serine protease
cat ? ? 
 X-O-acyltransferase
6anA,B + ?

RNA methylaseerm + – –
tet RND transporters, G proteins+ –

DHPSsul – ? 

DHFR
?tmp –
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Figure 2. The 6anH, A, X cluster of antibiotic-resistant entero-
cocci compared with those identified in glycopeptide-producing
actinomycetes. The numbers in the arrows indicate % G+C
content and numbers between the clusters indicate % amino acid
identity compared to the 6anA cluster.

With respect to origins of resistance, it should be noted
that long before the use of antibiotics, a variety of
mercury compounds were used as disinfectants, as were
quaternary ammonium compounds. The significance of
the pre-antibiotic use of such agents is not easy to
assess, but it has been observed that genetic determi-
nants for resistance to a variety of detergents are linked
to genes for antibiotic resistance [38]. In some cases, the
same biochemical mechanism (efflux) is known to influ-
ence the susceptibility of bacteria to both antibiotics
and detergents.

Mutation

One must not underestimate the role played by sponta-
neous mutation in the development of resistance to
antibiotics. On the one hand, there is the fact that the
first significant resistant pathogen that influenced the
use of a drug (streptomycin-resistant M. tuberculosis)
developed resistance as the result of mutations affecting
the target site of the antibiotic. Many other instances of
clinically important resistance due uniquely to mutation
have been identified, most recently the widespread de-
velopment of resistance to the fluoroquinolones in both
Gram-negative and Gram-positive bacteria, which is
due principally to host mutations that render the drug
target less susceptible to binding [39]. Nonetheless, mu-
tation is more the exception than the rule, since the
genetic basis of most antibiotic resistance among clini-
cally significant bacteria is due to the dual process of
gene acquisition and horizontal transfer. The question
is, why does mutation play an important role in some
cases and not others? This is difficult to answer and
may involve various factors, such as the nature of the
pathogen, the treatment regime and the biochemical
nature of antibiotic action. Recent work from Björk-
man et al. [40] sheds additional light on this question.
These authors observed that most Salmonella ty-
phimurium mutants resistant to streptomycin, ri-
fampicin, and nalidixic acid are avirulent in mice, which
suggests that such mutants would be spontaneously
eliminated from the host. Although it is not known
whether acquired resistance genes have an effect on
virulence in the same strains, it is notable that such
resistant mutants have not been encountered in resistant
clinical isolates of S. typhimurium. What is interesting is
that a small proportion of the antibiotic-resistant mu-
tants survived in the host and were found to have
acquired compensatory mutations that restored viru-
lence while not affecting the resistance phenotype. Ad-
ditional studies are required to see if such double
mutants are found in human infections with bacterial
pathogens.

cellent example of this relationship between producer
and clinical isolate (or an extraordinary coincidence!).
Glycopeptide resistance in the enterococci is due to a
cluster of genes that encode the synthesis of a novel cell
envelope component, D-ala-D-lac that replaces the D-
ala-D-ala moiety normally present. The replacement of
D-ala by D-lac results in a 1000-fold reduction in gly-
copeptide binding, which explains the consequent high
level of resistance to the antibiotics vancomycin and
teicoplanin [36]. Three genes are required for the syn-
thesis of D-ala-D-lac, and nucleotide sequence compari-
sons show a striking similarity between the 6anH, A,
and X genes of enterococci and the related clusters
found in Streptomyces toyocaensis and Amycolatopsis
orientalis, the two organisms producing glycopeptide
antibiotics (fig. 2). This similarity extends to the struc-
tures of intergenic sequences in the various clusters,
where the 6anH and 6anA genes and the actinomycete
analogues are all translationally coupled through over-
lapping reading frames!
An example of an antibiotic resistance gene of unusual
‘parenthood’ is provided by mupirocin (pseudomonic
acid), an antibiotic employed frequently in the treat-
ment of topical infections caused by Gram-positive bac-
teria. Resistance to mupirocin is due to the presence of
an altered isoleucyl tRNA synthase that may have orig-
inated in eukaryotes and was only recently acquired and
transferred within S. aureus strains [37]. The molecular
details of this unusual acquisition remain to be ascer-
tained. It should be emphasized that in none of the
cases described above has direct gene transfer been
demonstrated between the source organism and the
pathogen. However, as mentioned earlier, these are
almost certainly multi-component transfer processes
that take place within mixed bacterial populations.
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In the case of M. tuberculosis, no exogenously acquired
resistance gene has been identified and plasmids have
yet to be characterized in this species [41]. Despite the
fact that mobile genetic elements such as insertion ele-
ments are common in mycobacteria, no compound
transposons are found in this pathogen. Thus, the gen-
eration of the multi-drug resistant Mycobacterium
strains that are so feared by physician and patient alike
requires a series of independent mutations [42]. Since it
has been shown that resistance arises in successive mu-
tational steps, for a strain resistant to four drugs the
frequency of appearance would be greater than 1 in
1025! Similarly, in the case of fluoroquinolone resistance
in Gram-positive or -negative bacteria, while the fre-
quency of finding such target mutations in the labora-
tory is relatively low, in clinical practice, resistant
strains appear during the course of patient treatment.
These are frequently target alterations, but enhanced
efflux systems are common in some genera [39]. Since
the fluoroquinolones are completely synthetic agents
with no known natural counterparts, the acquisition of
dominant plasmid-encoded resistance determinants
would not be anticipated; mutation is therefore a pre-
dictable process for the clinical development of resis-
tance to this class of antibiotics. Unexpectedly,
plasmid-encoded resistance to fluoroquinolones has
been identified recently, but the mechanisms have not
yet been elucidated [43]. We note that acquired resis-
tance to trimethoprim and sulfonamides, which are
both synthetic drugs, is almost exclusively due to plas-
mid-encoded resistance genes!
Two other important roles of mutation can be identified
in the evolution of antibiotic resistance determinants.
First, it is likely that hypermutable strains and mutator
genes have a significant influence in the process of
horizontal gene transfer. Extensive tailoring and adap-
tation of the resistance genes takes place during the
passage from source organism to clinical isolates pos-
sessing different G+C composition, codon usage, and
gene expression systems. How does this modification
occur? As has been mentioned previously, intermediate
transfer hosts certainly play a role in this process, but
they have not been identified—or even looked for; only
the ‘final’ resistant isolate is identified by the clinical
microbiologist. Recent studies have shown that many
natural bacterial isolates, particularly pathogenic
strains, may be hyper-mutagenic because they carry one
or more mutator genes (mutS, mutL, mutT) [44, 45]: in
some cases the mutator genes involved, such as mutT,
would favor the conversion of high G+C sequences
and thus readily contribute to adaptation of codon
usage patterns to new cellular environments [46]. Un-
fortunately, the natural incidence of mutator strains in
environmental microbes and their possible roles in the
tailoring of antibiotic resistance genes (or any horizon-

tally transferred determinants, such as biodegradation
clusters) has not been examined systematically in natu-
ral populations and their importance is not yet
established.
Second, the development of extended-spectrum b-lacta-
mases (which engender resistance to newer synthetic
derivatives of penicillins and cephalosporins) occurs by
protein engineering in vivo. Point mutations that
change critical amino acids within the b-lactamases
have been characterized; these lead to alterations in
enzyme/substrate recognition and have generated a
huge family of genetically engineered resistance genes.
Thus a critical juxtaposition of mutation and gene
transfer is well established in the evolution of extended-
spectrum b-lactamases [47].
Finally, it must be re-emphasized that bacteria are not
single isolates in the environment. The concurrent roles
of the different members of complex bacterial commu-
nities should not be underestimated. The structure and
properties of such communities are not understood, but
there is recognition of the important roles that biofilms
play in horizontal gene transfer and other social activi-
ties of bacteria. In addition, as will be mentioned later,
the genetic ecology of antibiotic resistance is inextrica-
bly linked to the ecology of microbial populations in
humans, animals, and plants, and it is necessary to
consider this in a ‘holistic’ manner.

Mechanisms of acquisition (resistance gene capture)

One of the most significant aspects of the development
of antibiotic resistance in bacteria is the tandem assem-
bling of resistance genes within single, mobile genetic
elements to generate multi-drug-resistance clusters. This
has many implications.
Multi-drug resistance includes the following scenarios:
1) A single plasmid or transposon encodes resistance to
several different antibiotics; e.g., clusters.
2) A single gene encodes a biochemical mechanism that
engenders resistance to a class of related antibiotics;
e.g., erm triggers resistance to the macrolides; aac, aph,
ant to the aminoglycosides, and bla to the b-lactams.
3) A single resistance gene encodes resistance to a
group of structurally unrelated antibiotics, e.g., aad
determines resistance to both streptomycin and specti-
nomycin, or various non-specific efflux systems.
4) A non-antibiotic, such as a disinfectant or organic
salt (e.g., mercury), selects for the establishment of
genetically linked antibiotic resistance genes.
5) Mutations occur in multiple, independent target
genes (as in M. tuberculosis).
The most common mechanism by which tandem arrays
of antibiotic resistance genes are assembled in the En-
terobacteriaceae is gene capture by integrons: many
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resistance determinants are known to be carried by
such elements (table 3). The process has been dis-
sected genetically and biochemically by various re-
searchers [48–50]. All known integrons are composed
of three essential elements: a gene encoding an inte-
grase, a primary recombination site, and a strong pro-
moter. The integron-associated integrases belong to
the site-specific recombinase family and are able to
recombine discrete units of DNA, now known as gene
cassettes, providing them with a promoter for their
expression. Most of the resistance cassettes contain
only a single resistance gene associated with a specific
recombination sequence known as the 59-base-pair
(bp) elements or attC. An outline of the integron-inte-
grase acquisition process is shown in figure 3. While
this scheme provides an overall explanation of the
process, many important details need to be elucidated.
For example, from where do the integrases and the
59-bp elements which are essential for the recognition
and integration of the captured gene cassettes origi-
nate? Are they derived from bacteriophages? What are
the 59-bp elements and how do they become attached
to the individual open reading frames (ORFs) in or-
der to form the linear or circular gene cassettes?
Recent work by Mazel et al. [51] has shed some light
on these matters. Studies of relationships between in-
tegrons and Vibrio cholerae clusters (VCRs) have
demonstrated striking structural similarities. The two
compound genetic elements are shown in figure 4 and
the commonalities are obvious. Both the VCR ele-
ments and antibiotic-resistant integrons possess spe-
cific integrases that are responsible for the insertion of
coding sequences (ORFs) into a unique chromosomal
recombination site, leading to the formation of
tandem arrays of genes (albeit of unidentified function
in V. cholerae). Furthermore, the fact that gene-VCR
structures are substrates for the integrase of antibi-
otic-resistant integrons shows that they are function-
ally identical to integron cassettes. However, in the
case of V. cholerae, the cluster of VCR cassettes rep-
resents 60–100 unidentified genes and occupies ap-
proximately 4% of the 2.5-Mb genome [52]. It is not
yet established whether this new type of integron, the
chromosomal super-integron, is harbored on a mobile
structure, like those propagating the three classes of
antibiotic-resistant integrons. Preliminary studies indi-
cate that integrase-related structures with the same
general characteristics are found in a number of dif-
ferent Vibrio sp. The two Vibrio integrases so far
identified are related to each other and form a class
related to, but distinct from, IntI2 (of class 2 inte-
grons) (fig. 5). The nature of the integrase-associated
primary recombination sites has not been demon-
strated in all cases, nor is it known if they are inte-
grase specific. The Vibrio super-integrons differ from

the integrons described earlier in that (i) a number of
the ORFs possess their own promoter, (ii) an identical
repeat (VCR) is associated with each ORF, (iii) they
are related principally to virulence functions and no
well-defined antibiotic resistance genes are found in
the clusters, although it should be noted that the
blaP3 and dfrVI6 cassettes of integrons are VCR asso-
ciated. These structures reveal a significant relation-
ship between resistance and virulence genes and imply
that the selective pressure of antibiotic use could have
promoted the dissemination of pathogenicity determi-
nants in the development of new pathogens.
The global release of antibiotics over the past 50
years did more than apply pressure for the selection
of protective mechanisms (resistance genes) in the mi-
crobial population; the horizontal transfer of genes
unrelated to resistance must have taken place simulta-
neously. We consider it likely that extensive move-
ment of virulence determinants occurred at random
during dissemination of resistance genes. It is intrigu-
ing that many Vibrio sp. obviously possess a large
number of clustered genes of unknown function that
have been captured by a highly efficient and specific
process: a veritable ‘candy store’ of genetic informa-
tion that is readily accessible to other Vibrio and re-
lated bacterial species. Detailed analysis of the ORFs
is in process for different species; the results so far
confirm the diversity of sequences present. If each
Vibrio sp. proves to have VCR clusters of hundreds
of unidentified genes as in V. cholerae, a treasure
trove will be available for functional genomic studies,
since these clusters clearly represent sequences that are
not essential for host bacterial growth and mainte-
nance under normal conditions. Or they could be
junk! It is clear that the number of different super-in-
tegrons may be large, each classified according to its
associated site-specific integrase. If they are not mo-
bile by themselves, they may provide an inexhaustible
source of both cassettes and integrases for the build-
ing of other mobile integrons, such as those impli-
cated in the dissemination of antibiotic resistance. In
addition to its role in resistance and pathogenicity,
integron-driven gene capture is also likely to be im-
portant in the more general process of horizontal (lat-
eral) gene transfer in the evolution of the bacterial
genome. Such functional tandem arrays of indepen-
dent genes have been identified so far only in enteric
bacteria (although integrons have been found recently
in the Gram-positive Corynebacterium glutamicum [53]
and M. fortuitum [54], and we note that tandem ar-
rays of resistance genes have been characterised in
Gram-positive bacteria such as S. aureus [55]; in the
latter case, no associated intergenic structural element
or integrase can be identified in these clusters.
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Table 3. Gene cassettes encoding antibiotic resistance genes found in integronsa.

Proteinc Activity Accession No.dGene cassetteb

Resistance to b-lactams
b-lactamaseblaP1 Z18955CARB-2 (PSE-1), CARB-3, PSE-4

D13210b-lactamaseblaP2
b-lactamaseblaP3 U14749CARB-4

IMP-1 b-lactamase D50438blaIMP

b-lactamaseblaCEF-1 AF078527
J02967b-lactamaseoxa1 OXA-1, OXA-8, OXA-4

b-lactamaseoxa2 M95287OXA-2, OXA-15
b-lactamaseoxa3 L07945OXA-3

X58272b-lactamaseOXA-5oxa5
OXA-7 b-lactamase X75562oxa7

M55547b-lactamaseoxa9 OXA-9
b-lactamaseoxa10 U37105OXA-10 (PSE-2), OXA-11, OXA-14

OXA-20 b-lactamase AF024602oxa20
Resistance to aminoglycosides
To streptomycin and spectinomycin

aminoglycoside (3¦) adenylyltransferaseaadA1a X12870AAD(3¦)
aminoglycoside (3¦) adenylyltransferaseaadA1b M95287AAD(3¦)

X68227aminoglycoside (3¦) adenylyltransferaseAAD(3¦)aadA2
To other aminoglycosides

L06418aminoglycoside (2¦) adenylyltransferaseaadB AAD(2¦)
aminoglycoside (6%) acetyltransferaseaacA1 M18967AAC(6%)-Ia

AAC(6%)-Ip aminoglycoside (6%) acetyltransferase Z54241aacA
AAC(6%)-Iq aminoglycoside (6%) acetyltransferase AF047556aacA

M55547aminoglycoside (6%) acetyltransferaseaacA4 AAC(6%)-Ib, AAC(6%)IIc
aminoglycoside (6%) acetyltransferaseaacA M29695AAC(6%)-IIa

AAC(6%)-IIb aminoglycoside (6%) acetyltransferase L06163aacA
aminoglycoside (6%) acetyltransferaseaacA (orfB) X12618AAC(6%)-Id

U13880aminoglycoside (6%) acetyltransferaseaacA7 AAC(6%)-Il
aminoglycoside (3) acetyltransferaseaacC1 X15852AAC(3)-Ia

AAC(3)-Ib aminoglycoside (3) acetyltransferase L06157aacC
Resistance to chloramphenicol

M80188catB2 CATB2 chloramphenicol acetyltransferase
CATB3 chloramphenicol acetyltransferase U13880catB3
CATB5 chloramphenicol acetyltransferase X82455catB5

X98393chloramphenicol acetyltransferaseCATB6catB6
CmlA chloramphenicol exporter U12338cmlA

AF034958chloramphenicol exportercmlA2 CmlA2
Resistance to trimethoprim

DHFRIa dihydrofolate reductase (classA) X00926dfrA1
DHFRV dihydrofolate reductase (classA) X12868dfrA5

Z86002dihydrofolate reductase (classA)dfrA6 DHFRVI
dihydrofolate reductase (classA)dfrA7 X58425DHFRVII

DHFRXII dihydrofolate reductase (classA) Z21672dfrA12
dihydrofolate reductase (classA)dfrA13 Z50802DHFRXIII

S76821dihydrofolate reductase (classA)dfrA14 DHFRIb
dihydrofolate reductase (classA)dfrA15 Z83311DHFRXV

DHFRXVI dihydrofolate reductase (classA) AF077008dfrA16
U36276dihydrofolate reductase (classB)DHFRIIadfrB1

dihydrofolate reductase (classB)dfrB2 J01773DHFRIIb
DHFRIIc dihydrofolate reductase (classB) X72585dfrB3

Resistance to streptothricin
SAT-2 streptothricin acetyltransferase X15995sat

Resistance to rifampin
AF078527arr2 ARR -2 ADP-ribosyl transferase

Resistance to erythromycin
AF099140ereA2 EreA2 erythromycin esterase

Resistance to antiseptics and disinfectants
X72585qacE QacE quaternary ammonium compound exporter
AJ223604qacE2 QacE2 quaternary ammonium compound exporter
AF034958quaternary ammonium compound exporterQacFqacF

a This is an updated version of the compilation of antibiotic resistance cassettes originally published by Hall and Collis [61].
b Cassettes are named after the gene they encode. In some cases, the genes have not previously been assigned names or the gene
nomenclature used here differs from that found in the original publications or sequence entries. As an agreed numbering system for
the aacA and aacC genes is not available, several of the genes are not numbered.
c Where more than one protein name is listed, the nucleotide sequences differ at fewer than five positions or are identical (for names
in parentheses).
d GenBank and EMBL database accession numbers. In several cases, the cassettes are either not identified or improperly identified in
the database entries.
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Figure 3. Outline of the process by which circular antibiotic
resistance gene cassettes are inserted into a specific attachment
sequence (attI) and so placed in a linear fashion in a genome,
downstream of a functional promoter element (Pant).

2) the dissemination of antibiotic-resistant bacteria in
animals and their different environments;
3) global transfer of antibiotic-resistant strains (patho-
gens and non-pathogens) due to human travel and the
food ‘business,’ including traffic in live animals and
associated products.
These different components of the human food chain
are inextricably linked, and interactions between hu-
man, animal, plant, and environmental bacterial popu-
lations lead to increases in the incidence of
antibiotic-resistant pathogens in various populations.
This is a very serious matter and the threat of infection
from an untreatable (resistant) food-borne pathogen
has become a significant risk in daily life [56]. The
implications for human health, especially among the
more disease-susceptible sectors such as the very young
and the elderly, must be addressed as a priority. For
example, one of the first consequences of antibiotic
usage in agriculture was the transfer of resistance genes
from animal isolates (e.g., S. typhimurium 29) to human
pathogens. In such instances, the animal strains, being
essentially innocuous to humans, were simply providers
of the resistance determinants. However, a growing
number of multi-drug-resistant organisms which are
pathogenic to both animals and humans, such as S.
typhimurium DT104 and Escherichia coli O157:H7 [57–
59], have been identified in animals, which is an entirely
different problem and cause for concern. The incidence
of food-borne illness is on the increase in all countries
and there have been several outbreaks of bacterial dis-
ease (including a number of fatalities) as a result of the
consumption of contaminated meat, dairy products,
vegetables, and fruits; this demands immediate action
on a worldwide scale [60].

Conclusions

It is apparent that although a general understanding of
the origins, mechanisms of acquisition, and dissemina-
tion of antibiotic resistance genes within microbial pop-
ulations exists at the moment, there are many missing
links in this picture, largely because studies of antibi-
otic-resistant bacteria have focused on the properties of
antibiotic-resistant pathogens isolated under human
clinical situations and little effort has been expended in
trying to establish how these strains were generated.
For example, is it possible that any resistance determi-
nant is accessible to any bacterial species within a given
population? The effect of antibiotics on microbial popu-
lations in general, such as normal human or animal
flora and soil ecosystems, must be explored to provide a
rational basis for the institution of measures to control
the problem.

The big picture—the ecology of antibiotic-resistant
bacteria

We have focused discussion up to now on the genetic
ecology of antibiotic resistance: the acquisition, dissemi-
nation, and organization of resistance genes within bac-
terial communities. However, a wide variety of
antibiotic-resistant bacteria are themselves widely dis-
tributed in different ecological niches. The spread of
these resistant organisms is an issue that is independent
of the horizontal transfer of resistance genes; obviously
both contribute to the overall problem. Antibiotic-resis-
tant strains are associated with many different environ-
ments and the following are important factors that
contribute to the macro-ecology of such strains:
1) health care institutions and the maintenance and
transmission of resistant strains within the community
(e.g., food and domestic animals);
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Microbes have the genetic flexibility to develop resis-
tance (or tolerance) to any antimicrobial agent; this
applies to bacteria, fungi, protozoans, and viruses. Thus
we must accept that the use of antimicrobial therapy is
always going to be compromised. It is incumbent on
scientists and the health care profession to adopt a
flexible approach to this reality by developing a range
of strategies based on epidemiology, diagnosis, and new
antimicrobial agents. More intensive efforts in the dis-
covery and development of novel antibiotics and effec-
tive vaccines are major priorities, but must be matched
by improved technology applied in the agricultural and
food supply industries to ensure that ‘human’ antibi-
otics are never employed for other purposes. The fact
that most types of antibiotic-resistant microorganisms
are firmly and ubiquitously ensconced presents a con-
tinuing primary treatment problem for the medical pro-
fession. Initiatives to reduce the development and
incidence of antibiotic resistance in hospitals and the
community must be introduced. For example, can less
antibiotic be used more effectively? Can antibiotic use
be limited to cases of demonstrated need and proven
efficacity? Routine and effective monitoring of resistant
organisms and tracking the movement of resistance
genes through the operation of nationwide and interna-
tional epidemiological networks is absolutely essential

if resistance and resistant organisms are to be con-
trolled.
The increasing concerns about emerging classes of
pathogens and the development of untreatable strains
have triggered an aggressive search for new antibiotics
by the pharmaceutical industry. This will be aided sub-
stantially by increasing knowledge of the nucleotide
sequences of the genomes of bacterial and fungal patho-
gens, thereby furnishing more detailed information on
the genetic and biochemical mechanisms of microbial
pathogenesis as well as identifying new metabolic
targets for the design and discovery of novel classes of
inhibitors. By the end of the year 2000, the complete
nucleotide sequences of most of the major pathogens
will have been completed. New types of chemical com-
pounds are being generated in large numbers by combi-
natorial chemistry and these can be used to fuel the
modern high-throughput screening programmes. In ad-
dition, the applications of a new methodology—combi-
natorial biology—has great promise in finding new
types of microbially based drugs by providing access to
the structural diversity of organisms that cannot be
grown in the laboratory. Until now, the discovery of
new antibiotics has been severely limited by the facts
that (i) more than 99% of soil microbes cannot be
grown and (ii) determination of the structures of com-

Figure 4. Comparison of the structures of ‘classical’ integrons (A) with those of V. cholerae repeats (VCRs) (B). (A) The various
resistance genes are separated by ‘59-be elements’ that have the consensus sequence shown. The 59-be elements are involved in
integration at the attI site promoted by the integrase (intI). (B) The open reading frames (ORFs) are aligned downstream of a putative
attachment site (	) and are separated by highly homologous VCRs for which the consensus sequences are shown. Up to 100 ORFs
can be organized in such structures in Vibrio sp.
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Figure 5. A dendogram showing the sequence relationships be-
tween various classes of integrase, indicating the clustering of
integron and VCR integrases. Methano, Methanobacterium ther-
moautotrophicum ; Week, Weeksella zoohelcum ; Xerc.lact, Lacto-
bacillus leichmannii, Y4QK, Rhizobium sp. NGR234 plasmid;
Ph186, phage Phi 186; IntI1, class 1 integron; IntI2, class 2
integron; IntI3, class 3 integron; IntI4, V. cholerae ; IntI5, V.
mimicus ; RipX, Bacillus subtilis ; lambda, phage l.

thing, there is more than one type of conjugation sys-
tem (there are possibly more than 50!) genetically and
mechanistically. Will it be feasible to target all types of
conjugation-driven transfer with single agents? Second,
while conjugation is probably the most effective process
of horizontal gene transfer across a broad host range, it
is not the only mechanism (for instance, transformation
has been well defined for a number of genera and many
different species can be so manipulated in the labora-
tory), and there are other processes of gene transfer in
nature. It will be impossible to devise the means of
blocking all of them. Interfering with gene transfer is a
prophylactic process that may be applicable in limited
and defined ecological niches but will not provide pro-
tection on a broader scale. Moreover, even if gene
transfer is retarded, the antibiotic-resistant bacteria will
remain in the population. Ultimately, the development
of a range of safe and effective vaccines will permit the
control, if not the eradication, of some infectious
agents. As has been said previously, appropriate use of
antimicrobial agents combined with the discovery of
novel antibiotics is probably the most effective means of
maintaining parity with infectious diseases.
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(1995) Sulfonamide resistance in Neisseria meningitidis as
defined by site-directed mutagenesis could have its origin in
other species. J. Bacteriol. 177: 4669–4675

27 Maskell J. P., Sefton A. M. and Hall L. M. C. (1997)
Mechanism of sulfonamide resistance in clinical isolates of
Streptococcus pneumoniae. Antimicrob. Agents Chemother.
41: 2121–2126
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O. and Swedberg G. (1992) Transformational exchanges in
the dihydropteroate synthase gene of Neisseria meningitidis : a
novel mechanism for acquisition of sulfonamide resistance. J.
Bacteriol. 174: 6386–6393

29 Swedberg G., Rindertz S. and Sköld O. (1998) Sulfonamide
resistance in Streptococcus pyogenes is associated with differ-
ences in the amino acid sequence of its chromosomal dihy-

dropteroate synthase. Antimicrob. Agents Chemother. 42:
1062–1067

30 Wu S., Piscitelli C., Lencastre H. de and Tomasz A. (1996)
Tracking the evolutionary origin of the methicillin resistance
gene: cloning and sequencing of a homologue of mecA from a
methicillin susceptible strain of Staphylococcus sciuri. Microb.
Drug Resistance 2: 435–441

31 Lambert T., Gerbaud G. and Courvalin P. (1994) Characteri-
zation of the chromosomal aac(6 %)-Ij gene of Acinetobacter
sp. 13 and the aac(6 %)-Ih plasmid gene of Acinetobacter bau-
mannii. Antimicrob. Agents Chemother. 38: 1883–1889

32 Neuwald A. F. and Landsman D. (1997) GCN5-related N-
acetyl-transferases belong to a diverse superfamily that in-
cludes the yeast SPT10 protein. Trends Biochem. Sci. 22:
154–155

33 Daigle D. M., McKay G. A., Thompson P. R. and Wright G.
D. (1999) Aminoglycoside antibiotic phosphotransferases are
also serine protein kinases. Chem. Biol. 6: 11–18

34 Marshall C. G., Broadhead G., Leskiw B. K. and Wright G.
D. (1997) D-Ala-D-Ala ligases from glycopeptide antibiotic-
producing organisms are highly homologous to the enterococ-
cal vancomycin-resistance ligases vanA and VanB. Proc. Natl.
Acad. Sci. USA 94: 6480–6483

35 Marshall C. G., Lessard I. A. D., Park I.-S. and Wright G. D.
(1998) Glycopeptide antibiotic resistance genes in glycopep-
tide-producing organisms. Antimicrob. Agents Chemother.
42: 2215–2220

36 Leclercq R. and Courvalin P. (1997) Resistance to glycopep-
tides in enterococci. Clin. Infect. Dis. 24: 545–556

37 Brown J. R., Zhang J. and Hodgson J. E. (1998) A bacterial
antibiotic resistance gene with eukaryotic origins. Curr. Biol.
8: R365–367

38 Saier M. H. Jr, Paulsen I. T., Sliwinski M. K., Pao S. S.,
Skurray R. A. and Nikaido H. (1998) Evolutionary origins of
multidrug and drug-specific efflux pumps in bacteria. FASEB
J. 12: 265–274

39 Martı́nez J. L., Alonso A., Gómez-Gómez J. M. and Baquero
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