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MECHANISMS OF
ANTIBIOTIC RESISTANCE

The many mechanisms that bacteria exhibit to pro-
tect themselves from antibiotic can be classified into
four basic types. Antibiotic modification is the best
known: the resistant bacteria retain the same sensi-
tive target as antibiotic sensitive strain, but the anti-

ABSTRACT

Antibiotic resistance has become a major clinical and public health
problem within the lifetime of most people living today. Confront-
ed by increasing amounts of antibiotics over the past 50 years, bac-
teria have responded to the deluge with the propagation of progeny
no longer susceptible to them. While it is clear that antibiotics are
pivotal in the selection of bacterial resistance, the spread of resis-
tance genes and of resistant bacteria also contributes to the prob-
lem. Selection of resistant forms can occur during or after antimi-
crobial treatment, antibiotic residues can be found in the environ-
ment for long periods of time after treatment. Beside antibiotics,
there is the mounting use of other agents aimed at destroying bacte-
ria, namely the surface antibacterials now available in many house-
hold products. These too enter the environment. The stage is thus
set for an altered microbial ecology, not only in terms of resistant
versus susceptible bacteria, but also in terms of the kinds of micro-
organisms surviving.

Key words: Antibiotics, public health problem,
resistant bacteria, mutation rate.

RESUMEN

La resistencia a antibióticos representa uno de los principales pro-
blemas de la población en lo referente a salud pública y a la prác-
tica clínica. Esto es debido al incesante incremento en el uso de an-
tibióticos durante los últimos 50 años, además de que las bacterias
resistentes a los antibióticos se han propagado de forma abruma-
dora. Es importante señalar que hace tiempo los antibióticos parti-
cipan activamente en la selección de bacterias resistentes sin olvi-
dar que la velocidad con la que aparecen genes de resistencia tam-
bién contribuyen a dicho problema. La selección de microorganis-
mos resistentes puede ocurrir durante o después de tratamientos
con antimicrobianos, los residuos de antibióticos pueden estable-
cerse en el ambiente durante periodos de tiempo considerables
posterior al tratamiento. De forma paralela al uso de los antibióti-
cos se presenta el empleo de otros agentes que se proponen para
eliminar bacterias, como es el uso de bactericidas ahora disponi-
bles en algunos productos domésticos. Estos últimos también tie-
nen la capacidad de permanecer en el ambiente, participando en
la dinámica de la ecología microbiana, en lo referente a resisten-
cia contra la susceptibilidad bacteriana y en la supervivencia de
diversos grupos de microorganismos.

Palabras clave: Antibióticos, problema de salud pública,
resistencia bacteriana, proporción de mutación.
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biotic is prevented from reaching it. This happens,
for example, with β lactamases-the β lactamases en-
zymatically claves the four membered β lactam ring,
rendering the antibiotic inactive. Most β lactamases
act to some degree against both penicillins and ceph-
alosporins, others are more specific-namely, cepha-
losporinasrs, for example AmpC enzyme found in
Enterobacter spp, or penicillinases for example Sta-
phylococcus aureus penicillinase.  β lactamases are
widespread among many bacterial species (both
Gram positive and Gram negative) and exhibit vary-
ing degrees of inhibition by β lactamase inhibitors,
such as clavulanic acid.1

Some antibiotic resistant bacteria protect the tar-
get of antibiotic action by preventing the antibiotic
from entering the cell or pumping it out faster than it
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can flow in (rather like a bilge pump in a boat). β
lactam antibiotic in Gram negative bacteria gain ac-
cess to the cell that depends on the antibiotic,
through a water filled hollow membrane protein
know as a porin (Figure 1). In the case of imipenem
resistant Pseudomonas aeruginosa, lack of the spe-
cific D2 porin confers resistance, as imipenem can-
not penetrate the cell. This mechanism is also seen
with low level resistance to fluoroquinolones and
aminoglycosides. Increased efflux via an energy-re-
quiring transport pump is a well recognized mecha-
nism for resistance to tetracyclines and is encoded

by a wide range of related genes, such as tet(A), that
have become distributed in the enterobacteriaceae.2,3

Alterations in the primary site of action may mean
that the antibiotic penetrates the cell and reaches the
target site but is unable to inhibit the activity of the
target because of structural changes in the molecule.
Enterococci are regarded as being inherently resis-
tant to cephalosporins because the enzymes respon-
sible for cell wall synthesis (production of the poly-
mer peptidoglycan) know as penicillin binding pro-
teins have a low affinity for them and therefore are
not inhibited. Most strains of Streptococcus pneumo-
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Interplay of β lactam antibiotics with
Gram positive and Gram negative bacteria.
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niae are highly susceptible to both penicillins and
cephalosporins but can acquire DNA from other bac-
teria, which changes the enzyme so that they devel-
op a low affinity for penicillins.4 The altered enzyme
still syntheises peptidoglycan but in now has a dif-
ferent structure. Mutants of Streptococcus pyogenes
that are resistant to penicillin and express altered in
the laboratory, but they have not been seen in pa-
tients, possibly because the cell wall can no longer
bind the antiphagocytic M protein.5

The final mechanism by which bacteria may protect
themselves from antibiotic is the production of an alter-
native target, usually an enzyme, that is resistant to in-
hibition by the antibiotic while continuing to produce
the original sensitive target. This allows bacteria to sur-
vive in the face of selection: the alternative enzyme
“bypasses” the effect of the antibiotic. The best know
example of this mechanism is probably the altenative
penicillin binding protein (PBP2a), which is produced
in addition to the normal penicillin binding proteins by
methicillin resistant Staphylococcus aureus (MRSA).
The protein is encoded by the mecA gene, and because
PBP2a is not inhibited by antibiotics such as fluclox-
acillin the cell continues to synthesise peptidoglycan
and hence has a structurally sound cell wall.6 The ap-
pearance in 1987 of vancomycin resistant enterococci
has aroused much interest because the genes involved
can be transferred to Staphylococcus aureus, and this
can thus theorically result in a vancomycin resistant
MRSA. The mechanism also represents a variant of the
alternative target mechanism of resistance.7 In entero-
cocci sensitive to vancomycin the normal target of van-
comycin is a cell wall precursor that contains a pen-
tapeptide that has a D-alanine-D-alanine terminus, to
which the vancomycin binds, preventing further cell
wall synthesis. If an enterococcus acquires the vanA
gene cluster, however, it can now make an alternative
cell wall precursor ending in D-alanine-D-lactose, to
which vancomycin does not bind.

THE RISE IN
ANTIMICROBIAL RESISTANCE

Antimicrobial resistance has also stimulates the
search for new potent antimicrobials, altered but ef-
fective dosing regimens, and resistance control mea-
sures, susch as the prudent use, optimal infection con-

trol practice, and vaccines to reduce colonization and
subsequent infection.8 Among pathogens causing hos-
pital infections, Gram positive cocci have become
predominant over the past two decades. This trend is
related to these pathogens capacity for accumulating
antibiotic resistance determinants.9 A notable exam-
ple is that of methicillin resistant strains of Staphylo-
coccus aureus (MRSA), which emerged in the 1970´s
and increased in frequency as hospital pathogens dur-
ing the 1980´s in many countries with the notable ex-
ception of the Scandinavian countries and Nether-
lands.10,11 Countries with lower incidence of MRSA
infections tend to be more restrictive in antibiotic use,
to apply strict infection control measures, and to have
better ratios of nurses to patients in their healthcare in-
stitutions. The rise in MRSA infections was initially
associated with epidemics in large teaching hospitals,
later spreading to the general hospital and nurding
homes. Control stategies, such as contact isolation
precaution and carrier decolonization with topical an-
timicrobials, met with varying degrees of succes but
seemed at least to slow down transmission.12,13

Enterococci, commensal inhabitants of the intesti-
nal and genital tracts, are rising in prominence as
hospital pathogens.14 This rise is related to their nat-
ural resistance to most commonly used antibiotics
and their capacity to acquire resistance to other anti-
biotics either by mutation (penicillin) or by transfer
of resistance genes on plasmids and transposons
(aminoglycosides and glycopeptides).10,14

Multiple antibiotic resistance to useful classes of
antibiotic, including the penicillins, cephalosporins,
aminoglycosides and fluoroquinolones, has gradual-
ly increased among a number of Gram negative hos-
pital pathogens, especially Klebsiella pneumoni-
ae.14,15 Enterobacter spp,16,17 Pseudomonas aerugi-
nosa and Acinetobacter baumannii.18,19 Epidemic
and endemic infections caused by these multiple re-
sistant strain followed intense antibiotic use in many
hospital, particulary in intensive care units.20

RESISTANCE GENES
AND MUTATION RATE

Antibiotic resistance can be achieved by horizontal
acquisition of resistance genes, carried by trans-
posons or plasmids), by recombination of foreign
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DNA into the chromosome, or by mutation in differ-
ent chromosomal loci. In studies of molecular evolu-
tionary biology the term mutation rate is applied to
estimations of the rate of mutation per nucleotide,
per locus or eventually for the whole genome, and
selective favorable, unfavorable, or neutral muta-
tions are considered. Differing with this concept, the
frequency of mutation measures all the mutants
present in a given population, irrespective of wheth-
er the mutation events ocurred early or late during
the growth of the populations. In this respect, the fre-
quency of mutants is a cross section of the bacterial
population at a given time and reflects not only the
mutation rate but also the history of the population
before selection is applied.21,22

In the case of antibiotic resistance, the mutation rate
is frequently defined as the in vitro frequency at which
detectable mutants arise in a bacterial population in the
presence of a given antibiotic concentration.21

The methods for distinguishing the value of the
observed frequency of mutants from the real muta-
tion rate are not easy to apply and fluctuation test for
analysis of the presence of jackpots of preexisting
mutants in the tested populations have been devel-
oped.23,24 In the case of antibiotic resistance, the
problem is complicated by the fact that the pheno-
type does not always reflect the same genotypes in
all selected mutants, because mutations in different
genes can produce similar antibiotic resistance phe-
notypes. As an example, when a quinolone resis-
tance mutation rate is determined, this rate is actual-
ly the result of the combination of the mutation rate
of the genes that encode the synthesis of GyrA,
GyrB, ParA, ParC and several different multidrug re-
sistance (MDR) systems.25,26 In this respect, the cal-
culated “phenotypic” mutation rate is the result of
several different “genotypic” mutation events. In
fact, mutations in different loci produce different
changes in MICs, and stable maintenance of hetero-
geneous antibiotic resistance expresion classes in
bacterial populations is a well know phenomenon.27

Mutation rates can largely change for a given anti-
biotic depending on its concentration during selec-
tion.28 Physiological conditions such as the availabili-
ty of a given carbon source29 or, in general, bacterial
stress30,31 may regulate the mutation rate in bacteria.
Furthermore, the existence of mutations that produce

mutator phenotypes in bacteria32,33 and the capability
of some antibiotics to increase mutability greatly
complicate studies of the effects of population dynam-
ics on the emergence of antibiotic resistant mutants in
bacteria. These element of variability severely chal-
lenge the possibility of predicting the real mutation
rate just by simple experimental procedures like those
frequently used in laboratory experiments.34,35

DEVELOPMENT OF RESISTANCE BY
INTERSPECIES RECOMBINATION

It is known from clinical trials that about 4% of in-
fecting microorganisms (ocurring in 5.6% of all in-
fections treated) become resistant upon therapy.36

There is also a correlation between the amount of
antibiotics used and the level of resistance. Clones of
such penicillin-resistant Streptococcus pneumoniae
have spread locally and internationally under selec-
tive pressure.37-39

The rapid increase in resistant strains of bacterial
species in the normal flora is not as commonly ac-
knowledged, but there is increasing evidence that the
normal flora represents a pool for selection of resis-
tance genes, wich may disseminate to other species
and genera by horizontal transfer by conjugation,
transduction or transformation.40,41

The normal flora of mounth and pharynx is ex-
posed to antibiotic when penicillins and other oral
antibiotic are swallowed and, together with excretion
of antibiotics by salivary glands, suppresses the viri-
dans group of streptococci and other components of
the normal flora.42,43 When bacteria are lysed by an-
tibiotics such as penicillins, their DNA is released,
which may promote horizontal gene transfer by
transformation. Some pneumococci have become re-
sistant to penicillin because of alterations in penicil-
lin-binding protein 2 (PBP2), leading to decreased
affinity for penicillins. There is now compelling evi-
dence that these pneumococcal clones originated by
importation of divergent regions in the PBP genes so
called mosaic genes that originated from Streptococ-
cus mitis and other oral streptococci. Similar mecha-
nisms have been found in penicillin-resistant Neis-
seria meningitidis and Neisseria gonorrhoeae where
the resistance genes have been derived from Neisser-
ia flavescens and Neisseria cinerea.44
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The normal flora of the intestine is heavily ex-
posed to incompletely absorbed oral antibiotics and
to antibiotics excreted in the bile. These antibiotics
suppress the normal flora and lead to development of
resistance and superinfection.45

S. epidermidis and other bacteria in the normal
skin flora are exposed to antibiotics that are used for
topical treatment. Also important is the impact on
the normal skin flora of antibiotics excreted into the
sweat. This has been shown to lead to rapid and pro-
longed colonization of the skin of volunteers with
multiresistant S. epidermidis.46,47 This is likely to
contribute to the widespread ocurrence of multiresis-
tant S. epidermidis in hospitals, which is associated
with the amount of antibiotics used. Susceptibility
testing is recommended to identify possible changes
in antibiotic resistance to streptococci 48-50

Application of antibiotics over the past 50 years
has resulted in an unremitting increase in the num-
bers of commensal and pathogenic bacteria that are
resistant to antimicrobial compounds. Although the
increases in the background levels of resistance do not
threaten control of these organisms, the result show
that bacteria, even those not regularly or directly sub-
jected to antibiotic challenge, have changed in re-
sponse to increases in the application of antibiotics
over the past several decades.
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