
Introduction

Bacterial drug resistance is increasingly prevalent
world-wide. Its accumulation reflects the emergence of
new resistances, the epidemic transfer of resistance
genes among bacteria and the epidemic spread of resis-
tant strains among patients. The relative importance of
these processes varies with the combination of species

and antimicrobial, but each process is driven by the se-
lective pressure of antimicrobial usage. This contention
is supported by the facts that new resistances have re-
peatedly emerged after the introduction of new antimi-
crobials; that acquired resistances are absent from bac-
teria isolated before the antibiotic era and that ± critical-
ly for this forum ± resistance is especially prevalent in
settings, for example ICUs, with heavy antibiotic us-
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Abstract Three biological process-
es contribute to the accumulation of
bacterial drug resistance: new selec-
tion, gene epidemics and strain epi-
demics. New resistance emerges by
(i) the advantaging of entire species,
(ii) by mutation, and (iii) by the es-
cape of resistance genes to mobile
DNA. Organisms to have `benefit-
ed' from modern patterns of cepha-
losporins and quinolone use include
enterococci, Clostridium difficile,
coagulase-negative staphylococci
and Enterobacter spp. Mutational
resistance notoriously occurs with
certain antibiotic/organsim combi-
nations and allows rapid multifocal
accumulation of resistance. At
worst, therapy can fail when resis-
tant mutants are selected in individ-
ual patients. Escape of new genes to
mobile DNA is rare but, having oc-
curred, permits massive `gene epi-
demics', as the same genes and plas-
mids spread into diverse pathogens.
Strain epidemics notoriously occur
in individual units, reflecting break-
downs of hygiene. Some strains
achieve a much wider distribution:

thus, much of the MRSA problem in
the UK depends on the dissemina-
tion of two epidemic strains,
EMRSA15 and 16; penicillin resis-
tant pneumococci of serotypes 6 and
23 have disseminated international-
ly from Spain and a serotype K25
strain of Klebsiella pneumoniae with
SHV-4 b-lactamase has spread
widely in France. It remains un-
known why some strains and genes
achieve wide spread whereas others,
equally resistant, fail to do so.
There is no simple cure for resis-
tance but the best opportunities for
control lie in lesser and better use of
antibiotics backed by swifter and
more accurate microbiology; in de-
veloping new antibiotics; and in
protecting old ones from resistance
determinants. All this must be sup-
ported by good local knowledge of
the epidemiology of infections and
resistance and of the likelihood of
particular antibiotics to select resis-
tance.
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age [1]. Thus, Chen et al. [2] found that the prevalence
of resistance to penicillins, cephalosporins, ciprofloxa-
cin and aminoglycosides was roughly twice as great
among Pseudomonas aeruginosa isolates from ICU pa-
tients as amongst those from general wards or from
out-patients in the UK and Archibald et al. [3] found
similar relationships for a broader range of species in
US hospitals (Fig.1).

Selection of new resistance

New resistance problems can emerge via species selec-
tion, mutation, or DNA transfer. Species selection chan-
ges the relative importance of different pathogens; mu-
tation and DNA transfer yield resistance in previously
susceptible species.

Species selection

Shifts in the importance of different opportunist patho-
gens receive less attention than the emergence of new
resistance phenotypes, perhaps because they do not car-
ry the same `superbug' shock as the vancomycin-inter-
mediate Staphylococcus aureus or carbapenem-resistant
Acinetobacter. Nevertheless, antibiotic usage favours
whole species or genera that are resistant, and this pro-
cess gradually undermines once-valuable antibiotics.
Such shifts can occur in individual patients in the com-
munity, as exemplified by vaginal candidiasis in those
receiving protracted antibacterial therapy, but are a far
greater problem in ICU patients, whose impaired de-

fences leave them vulnerable to repeated opportunistic
infections. Antimicrobial `victory' against one pathogen
opens an ecological niche to more resistant organisms,
both in the individual patient and in the patient group
as a whole.

Enterococci provide an example, increasingly-impor-
tant opportunist pathogens in many centres, and it is
tempting to speculate that their success reflects the in-
creasing use of quinolones and cephalosporins through
the 1980 s and 1990 s. Enterococci are inherently resis-
tant to these drugs and so enjoy a competitive advan-
tage as the microbial competition is eliminated [4]. A
second example of species shift is the increasing domi-
nance of gram-positive organisms ± particularly coagu-
lase negative staphylococci and a-haemolytic strepto-
cocci ± as agents of bacteraemias in haematology pa-
tients (Fig. 2) [5]. Once again, changing patterns of anti-
microbial usage may be responsible: the streptococci are
inherently resistant to fluoroquinolones, which are
heavily used as prophylaxis in these patients, and many
coagulase-negative staphylococci have developed multi-
resistance through mutation and plasmid acquisition.
As a final example among gram-positive species,
Clostridium difficile is notoriously isolated from those
who have received prior antimicrobials, especially ceph-
alosporins and clindamycin. These drugs disturb the gut
microflora, creating an ecological niche for the clostrid-
ia, which evade antimicrobials by sporulation [6].
Among gram-negative pathogens Acinetobacter bau-
mannii and Stenotrophomonas maltophilia are increas-
ingly seen in many ICUs, often from patients who have
received multiple previous antibiotics [7, 8]. A bauman-
nii is often resistant to all drugs besides carbapenems
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Fig 1 Prevalence of important
resistant phenotypes among
isolates in the USA: solid bars
ICU isolates; hatched bars iso-
lates from non-ICU in-patients;
open bars isolates from out-pa-
tients. MRSE methicillin resis-
tant Staphylococcus epidermi-
dis; MRSA methicillin-resistant
S. aureus; CazREc ceftazidime-
resistant E. cloacae; ImpRPa
imipenem-resistant P. aerugi-
nosa; CazRPa ceftazidime-re-
sistant P. aeruginosa; VRE van-
comycin-resistant enterococci.
Adapted, with permission, from
Archibald et al. [2]



and Stenotrophomonas maltophilia is inherently resis-
tant to all except co-trimoxazole and ticarcillin/clavula-
nate. Once again, resistance is a likely factor in the
emergence of these pathogens. As a final example,
Enterobacter and Serratia species have proved better-
able to develop mutational cephalosporin resistance
than Escherichia coli, and their increasing role as oppor-
tunist nosocomial pathogens in the seriously-ill may re-
flect the heavy use of these antibiotics [9].

Sceptics will point to the many ªmay have'sº in the
preceding paragraphs, and it is doubtful whether chang-
ing antimicrobial use has been the sole factor in the
changing epidemiology of infections. Other critical fac-
tors include the patients and the severity of their under-
lying diseases; changing anti-cancer regimens (whose in-
teractions with bacteria and antimicrobials deserves
greater study); increased use of indwelling catheters,
which predispose to infection with coagulase-negative
staphylococci; increased mucositis, which may favour
a-haemolytic streptococci, and changing attitudes to
whether some bacterial species are viewed as colonists
or pathogens [5, 10]. Despite these caveats, it would be
an extraordinary coincidence if the increasing role of in-
herently resistant pathogens was unrelated to the use of
those antibiotics to which they are resistant.

Mutational and acquired resistance

Resistance in previously sensitive species can arise
through mutations, which are random spontaneous ge-
netic changes. Antibiotics do not `cause' these muta-
tions (a mutagenic antibiotic would not receive a prod-
uct license). Rather, they select pre-existing resistant
mutants from susceptible populations. Such mutants
doubtless have arisen throughout microbial history but
enjoyed no competitive advantage before the antibiotic
era. Hitherto-susceptible species can also acquire re-
sistance determinants from other organisms, whether
as plasmids ± discrete self-transmissible loops of DNA
± or as chromosomal inserts. Chromosomal inserts in-
clude transposons ± sticky ended sections of DNA
able to `jump' from one genome to another ± and
genes transferred by bacteriophage (viruses that infect
bacteria). A few species directly accept and incorpo-
rate fragments of naked DNA released by dead cells
of related organisms. These fragments enter the corre-
sponding site in the recipient's chromosome, and the
resulting `mosaic' genes yield products with reduced af-
finity for antibiotics. This is the basis of penicillin re-
sistance in pneumococci and meningococci and of b-
lactamase-independent ampicillin resistance in haemo-
phili and gonococci [11]. The origins of most plasmid
mediated-resistances are obscure but some originated
in antibiotic-producing streptomycetes (filamentous
bacteria) [12] and some plasmid-mediated b-lactamas-
es are genetic escapes from the chromosomes of other
species [13].
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Fig.2 Proportions of gram-
positive (black) and -negative
(grey) organisms from bacte-
raemias in neutropaenic pa-
tients entered into antibiotic
trails run by the European
Organisation for the Research
and Treatment of Cancer. Trial
I, 1973±76; II, 1977±80; III,
1980±83; IV, 1986±87; VIII,
1988±90; IX, 1991±92; and XI,
1993±94



Epidemiology of mutational resistance

According to the particular combination of bacterium
and drug, resistant mutants arise more or less readily. If
mutational resistance emerges at high frequency with-
out deleterious side-effects, it can swiftly undermine an
antibiotic's utility by repeatedly allowing the selection
of resistance in patients receiving therapy. A high risk
of mutational resistance applies to several of antimicro-
bial groups introduced in the 1980 s. Fluoroquinolones
initially were perceived as active against methicillin-re-
sistant Staphylococcus aureus (MRSA) but staphylococ-
ci have an endogenous efflux pump and resistance arises
if this is up-regulated by mutation at norA [14]. The re-
sult is that ciprofloxacin has had disappointing efficacy
against staphylococcal infections, with most MRSA
now resistant. Why S. aureus should have an efflux
pump for synthetic antimicrobials is less clear, but efflux
systems may have a primary role of cleaning any amphi-
pathic foreign substance from biological membranes
[15]. Another example of rapid mutational resistance
concerns the oxyimino-aminothiazolyl `third-genera-
tion' cephalosporins. These initially were thought active
against Enterobacter, Citrobacter and Serratia spp., but it
quickly became apparent that their activity critically de-
pends on failure to induce the chromosomal AmpC b-
lactamases of these species. The result is that the cepha-
losporins select for `derepressed' mutants, which hyper-
produce these b-lactamases without induction [13].
Such mutants arise at high frequency (one cell per mil-
lion), and the risk of their selection, and of contingent

clinical failure, is put at ca. 20 % during cephalosporin
therapy of Enterobacter bacteraemia [16]; the risk in
Enterobacter pneumonia is probably higher [9] whereas
the risk is minimal in urinary tract infections, where the
cephalosporins achieve concentrations above the MICs
for derepressed mutants.

Once selected in one patient, resistant mutants may
spread to others, giving strain epidemics (see below).
Moreover, and critically, if resistance demands only a
single point mutation (as in AmpC derepressed Entero-
bacter spp. and ciprofloxacin-resistant MRSA), identi-
cal mutants may be selected afresh in further patients,
giving an easy potential for swift multifocal accumula-
tion. Over 30% of Enterobacter isolates from bacterae-
mias in the UK now are resistant to oxyimino-amino-
thiazolyl cephalosporins through derepression of
AmpC enzymes, and this resistance is widely seen
among different strains (PHLS data on file).

Not all mutational resistances arise in a single step.
Cephalosporin use has also selected for extended-spec-
trum b-lactamase (ESBL) mutants of the plasmid-medi-
ated TEM and SHV b-lactamases (see also below).
These have one to six amino acid substitutions com-
pared with the parent enzymes, giving a more accom-
modating active site and allowing hydrolytic attack on
oxyimino aminothiazolyl `third-generation' compounds
[13]. Since multiple mutations are involved, the initial
evolution of ESBLs should be infrequent, and their
emergence in individual patients during therapy certain-
ly is not a significant risk. Nevertheless ESBLs have ac-
cumulated rapidly in klebsiellae, where a recent survey
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Fig 3 Proportion of MRSA
among all S. aureus from bacte-
raemias in England and Wales.
Data as reported to the PHLS.
Based on references [1] and
[28]



found them in 23% of 966 isolates from 35 European
ICUs [17]. This accumulation is partly explicable by
strain spread (see below) but this is not the whole story,
as it does not account for the multiplicity of different
TEM and SHV ESBL mutants now recorded ± more
than 60 at the present count. Moreover the same ESBLs
have evolved independently at different times and plac-
es [18]. The inescapable conclusion is that the evolution
of ESBLs is not uncommon, and two points may be crit-
ical to this deduction. First, the parent TEM and SHV b-
lactamase genes are often encoded by multi-copy plas-
mids, or by plasmids carrying multiple gene copies,
thereby multiplying the number of genomes available
for mutation [19]. Secondly, b-lactamase genes are not
under selection pressure for most of a host cell's exis-
tence, meaning that they are free to accumulate random
mutations some of which may yield progenitor types for
potent ESBLs.

Epidemiology of transferable resistance:
gene epidemics

Mosaic gene formation and bacteriophage-mediated
transfer of resistance genes appear to be rare genetic
events, and their importance lies in the fact that strains
which initially acquire their resistance by these mecha-
nisms may spread among patients (see below). Plasmids,
by contrast, often are freely transmissible, as are some
chromosomally-inserting transposons. Dissemination
of these elements can give `gene epidemics,' with the
same determinants becoming established among diverse
organisms. Plasmids encoding the TEM-1 plasmid-me-
diated b-lactamases were first recognised in 1965 but
have since spread to 20±60% of clinical isolates of En-
terobacteriaceae; to a few strains of P. aeruginosa and,
according to the country, to anywhere between 1 and
50% of Haemophilus influenzae and Neisseria gonor-
rhoeae [9, 13]. By any standards, this is a phenomenal
evolutionary success; on a more practical basis the dis-
semination of these enzymes has dealt the death-knell
for the use of pencilling without the protection of b-lac-
tamase inhibitors in serious infections involving gram-
negative bacteria.

There have been many instances where single plas-
mids have disseminated among multiple host strains in
the course of on outbreaks. Plasmids coding one of the
first ESBLs recorded ± TEM-3 ± disseminated among
klebsiellae, E. coli and Serratia spp. in the hospitals
around Clermont-Ferrand in 1985 to 1987 [20] and a sin-
gle plasmid coding another ESBL ± TEM-26 ± dissemi-
nated in multiple Klebsiella and E. coli strains in several
hospitals and nursing homes in and around Chicago in
the mid-1990s [21]. A few gene epidemics have spread
between gram-positive and negative bacteria. Thus, tet-
racycline resistance contingent on tetM now occurs in

streptococci and staphylococci, Ureoplasma ureolyti-
cum and N. gonorrhoeae [22].

The extent of plasmid epidemics partly depends
upon the transmissibility of individual plasmids or con-
jugative transposons, and on the ability of transposon-
encoded genes to transfer among plasmids, some of
which have broad host ranges than others. A further
key factor is the location some resistance genes in integ-
rons, which may themselves be located within transpo-
sons. Integrons can be crudely described as natural re-
combination systems, with a propensity to accumulate
separate resistance genes behind a single promoter
[24]. The aad3 gene, encoding a streptomycin nucleoti-
dyl transferase, ANT3"-1, is integron-determined, and
its consequently frequent linkage to other resistance de-
terminants may explain its continued frequency in the
absence of significant streptomycin usage [25].

The factors that determine whether a mobile gene
will spread widely remain imperfectly understood.
TEM-2 b-lactamase differs from TEM-1 by just one
amino-acid, confers similar resistance and can be coded
by similarly promiscuous plasmids. Both enzymes have
been known from diverse strains for over 30 years, and
there is no obvious reason why one should have been a
greater evolutionary success than the other. Neverthe-
less, surveys in every populated continent have found
TEM-1 enzyme to be 10±20-fold more prevalent than
TEM-2 [9, 13]. Likewise, integron-borne genes with a
greater potential to cause clinically-significant resis-
tance than aad3 have failed to disseminated widely: ex-
amples include the genes for many OXA and PSE b-lac-
tamases [13]. A final consideration is that many epidem-
ic plasmids carry multiple resistances and remain under
active evolution, with determinants being gained, al-
tered or lost. Amplification of resistance genes can oc-
cur within plasmids, increasing product expression and
the level of resistance[19, 25].

It is sometimes suggested that plasmid spread should
be self-limiting, as the need to replicate additional
DNA should burden the host strain in the absence of se-
lection pressure. Evidence for this view is scanty, and it
seems more likely that host strains evolve to minimise
the burden exerted by the plasmid, which achieves sym-
biosis with its host strain [26]. What is beyond dispute is
that many plasmid-mediated resistances have become
extremely widespread and that some e. g., streptomycin
resistance in E. coli,have remained prevalent despite
long absence of selection pressure [25]. These observa-
tions argue that plasmid carriage exerts little real bur-
den.
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Dissemination of resistant strains

The final key factor behind the increasing resistance
problem is patient-to-patient transfer of resistant
strains. Nosocomial spread of resistant infection is a fre-
quent clinical problem and, with hindsight, it is usually
possible to identify some deficiency in hygiene that fa-
cilitated the process. Common vectors are the hands of
staff, non-sterile devices or procedures and, as a source
of initial gut colonisation, hospital food [27].

A few resistant strains establish themselves widely.
Figure 3 shows the rising proportion of MRSA from
bacteraemias in England and Wales since 1990. Until
1993 this proportion was steady at 1±2 % but thereafter
it rose 50% year-on-year until 1997, when the overall
rate reached 32 [1, 28]. This explosive increase was
largely attributable to the dissemination of just two
strains, EMRSA15 and 16. Earlier `epidemic' MRSA
proved far less successful at spreading among patients
or, if able to spread, were less able to give significant in-
fections [29].

Success of individual multi-resistant strains is appar-
ent also with Burkholderia cepacia, where one ribotype
dominates in cystic fibrosis patients in the UK [30],
and in Klebsiella pneumoniae, where a serotype K25
strain with SHV-4 b-lactamase and cross-resistance to
amikacin and ciprofloxacin has disseminated widely in
France, and a serotype K41 strain with SHV-5 b-lactam-
ase is widespread in southern England [26, 31]. Finally,
the increasing problems of penicillin-resistant pneumo-
cocci hugely reflects the international dissemination of
just a few clones belonging to serotypes 6, 9, 14, 19 and
23 [32].

The reasons for the epidemic success of some resis-
tant strains remain obscure: many similarly-resistant
strains remain sporadic or confined to single hospitals.
In the case of MRSA it is possible (though unprovable)
that the increase illustrated in Fig.3 reflected changing
hospital practice and that earlier MRSA strains might
have been equally successful as EMRSA15 and 16 had
they been given opportunities provided by greater pa-
tient throughput. However, it is equally plausible that
EMRSA15 and 16 differ from earlier MRSA strains in
having a greater ability to colonise and, having colon-
ised, to cause infection. Many factors potentially con-
tribute to the spread and persistence of individual
clones, including: (i) increased adherence to host cells
or prosthetic materials, (ii) tolerance to desiccation and
(iii) resistance to the disinfectants used to clean hospi-
tals. Both EMRSA15 and 16 strains are quinolone resis-
tant [29, 33] and may have been advantaged by use of
these drugs. This, however, is a tenuous argument, al-
lowing that mutational quinolone resistance can arise
readily in any S. aureus strain (see above). The reasons
for the success of those multi-resistant Klebsiella strains
that have spread between units and cities are equally

unclear. The serotype K25 strain has SHV-4 b-lactam-
ase, which gives no greater resistance to oxyimino-am-
inothiazolyl cephalosporins than many other ESBL
types [25]. What is perhaps more relevant is that the
strain was among the first klebsiellae to become quino-
lone resistant, and this may have facilitated its early
spread. If so, the strain's dominance is likely to decline
as quinolone resistance becomes more widespread. In
addition, one report suggests that the strain has a plas-
mid-mediated fimbial antigen which aids adherence to
gut mucosa ± which is often a first step in the infective
process [34].

Countering resistance epidemics

The accumulation of resistance is causing increasing
concern, exacerbated by the lack of new antimicrobial
classes since the 1960 s [1]. Several strategies are appro-
priate in confronting this problem [1, 10]. Developing
new antimicrobials is vital, as is extending the life of
old antibiotics, e.g. by combining penicillins with b-lac-
tamase inhibitors [35], or (in principle) by combining
effluxed drugs with efflux inhibitors. Ways also are
needed to minimise the emergence and spread of resis-
tance, by less and better use of existing antibiotics and
by stopping the spread of resistant strains among pa-
tients and of plasmids among bacteria.

Minimising antibiotic usage is easier said than done,
especially in ICU patients. Nevertheless it is critical to
distinguish infection, which requires therapy, from colo-
nisation, which does not. When antibiotics are given, it
is desirable to minimise the duration of therapy, thus re-
ducing the selection pressure of the body microflora,
which is often the source of future opportunist infec-
tions. Better tailoring the therapy depends -ideally- on
early recognition of the causative pathogen and its resis-
tances [36]. In the future gene-chip technology may en-
able precise bedside recognition of pathogens and their
resistances without the need for two days of microbio-
logical culture and sensitivity testing. In the meantime,
much therapy remains empirical, and should be based
on good local knowledge of the likely pathogens and
their resistances. Such information must be communi-
cated effectively to prescribing physicians and surgeons
[1].

Some contend that the oldest antibiotics should al-
ways be used first, with newer agents reserved for resis-
tant strains, but this argument seems based more on
prejudice than logic. Older agents that prove inactive
exert selection pressure for no gain, and the inevitable
change to an active drug then leads to a further round
of selection pressure. In a few cases, newer antibiotics
have allowed displacement of resistance to older agents.
Betts et al. [37] displaced gentamicin resistance by for-
mulary substitution of gentamicin with amikacin, al-
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though others who followed this strategy were less suc-
cessful; Rahal et al. [38] displaced ESBL-positive kleb-
siellae by restricting cephalosporin use and Bradley
et al. [39] displaced vancomycin-resistant enterococci
from a haematology unit by switching from ceftazidime

to piperacillin/tazobactam. What thus seems more vital
than a preference for old agents is a greater apprecia-
tion, by all physicians, of the likely ecological and public
health consequences of the use of particular antimicro-
bial classes as well as of antimicrobials in general.
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