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Abstract — This review will discuss a number of molecular tools which are currently used as well as
some innovative approaches for the characterisation of antibiotic-resistant bacterial strains. Vari-
ous methods involved in the detection and characterisation of genes and mutations associated with
antibiotic resistance and that are used for strain typing as part of epidemiological studies, are described.
Furthermore, a few examples are discussed in which the results of both gene and strain characterisation
are combined to investigate the underlying mechanism of the spread of antibiotic resistance. Some
of the available molecular techniques are heavily supported by the existence of databases on the
Internet. These databases either contain a fast growing amount of sequence information or a large num-
ber of allelic or fingerprint profiles. The current progress in applied DNA technology and the ongo-
ing projects on the elucidation of the whole genomic sequence of bacterial species have lead and will
further lead to the development and application of sophisticated new strategies for the analysis of antibi-
otic resistant bacterial strains.

antibiotic resistance / molecular detection / molecular typing / horizontal gene transfer / new
approaches

Résumé — Outils moléculaires pour la caractérisation de bactéries résistantes aux antibio-

tiques. Cette revue présente les outils moléculaires utilisés actuellement ainsi que des nouvelles
approches pour la caractérisation de souches bactériennes résistantes aux antibiotiques. Différentes
méthodes de détection et de caractérisation des génes et des mutations impliqués dans la résistance
aux antibiotiques, utilisées dans des études épidémiologiques, sont décrites. Quelques exemples sont
présentés ou sont associées les caractérisations du gene et de la souche bactérienne dans I'étude des
mécanismes de diffusion de résistances aux antibiotiques. Certaines techniques moléculaires font
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largement appel aux banques de données disponibles sur Internet. Ces banques de données contien-
nent un nombre croissant d’'informations comprenant des séquences ou des profils de typages molé-
culaires. Le progres fait actuellement au niveau de technologies ADN appliquées et les projets en cours
sur les séquencgages de génomes entiers des especes bactériennes ont conduit et conduiront progres-
sivement au développement et a I'application de nouvelles stratégies sophistiquées pour I'analyse de
souches bactériennes résistantes aux antibiotiques.

résistance aux antibiotiques / détection moléculaire / typage moléculaire / transfert horizontal
de genes / nouvelles approches
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1. INTRODUCTION Resistance to antibiotics can be intrinsic
where the micro-organism lacks the target
Antibiotics are widely used to treat infec- site for the antibiotiq drug, or antibiotic resis-

. ) . .~ tance can be acquired by means of changes
tious diseases in both humans and animalg, 1,6 genetic code of housekeeping genes or
but the emergence of antibiotic resmtancg,y uptake of foreign DNA containing antibi-
in previously susceptible bacterial populatic resistance genes. The emergence and
tions is a very serious threat and now a majgiapid spread of resistance is not necessar-
public health issue. The emergence anfly the result of selective pressure by antibi-
spread of antibiotic resistance must thus betics for resistant bacteria, but is more likely
fully understood in order to take the approcaused by the uptake of elements carrying
priate measures. resistance genes [24]. Antibiotic resistance
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genes can reside on self-replicative extra2. MOLECULAR TECHNIQUES
chromosomal plasmids [19, 34] or can be FOR THE DETECTION
part of non-self-replicative transposable AND CHARACTERISATION
genetic elements (transposons) [14]. Trans- OF ANTIBIOTIC RESISTANCE
posons are found within the bacterial GENES
genome or within the extrachromosomal
plasmid. A third group of naturally occurring 2.1. Polymerase Chain Reaction (PCR)
mobile genetic elements are integrons. Gene
cassettes are part of these elements and con-The detection of antibiotic resistance
tain one or more antibiotic resistance genegenes requires a substantial level of speci-
Schwarz and Chaslus-Dancla discussed a nufficity and sensitivity and in many cases
ber of aspects concerning bacterial resistanegeed can even be a requisite. The Poly-
to antibiotics [58], among which resistancemerase Chain Reaction (PCR) is probably
mechanisms, resistance mediating elementfe technique of choice to meet all these
and spread of antibiotic resistance genes. requirements. PCR is based on repeated
Over the past few years, numerougycles in which the amount of a specific tar-
molecular techniques have been set up f@fet DNA fragment is exponentially
the investigation of an outbreak, in the epiincreased. This exponential amplification
demiological surveillance of antibiotic-resis-makes PCR very sensitive, since theoreti-
tant strains, in the identification of patternscally one DNA molecule can be detected.
of infections and to track the source of infecHowever, sensitivity also depends on sam-
tion. Furthermore, molecular epidemiologyple preparation and the quality of the iso-
of resistance allows to discriminate betweetated DNA including the integrity of the iso-
clonal dissemination of a particular resislated DNA and the presence of polymerase
tant strain and horizontal transfer of antibi-inhibitors. The required specificity is mainly
otic resistance determinants between bagletermined by the choice of the primers in
teria. In molecular epidemiology, a largecombination with the amplification condi-
number of different techniques have beetions. The PCR is a rapid method and results
used. The current progress in applied DN/gan often be obtained in less than 24 hours,
technology and the fast increase in sequendecluding the sample treatment to extract
information of the genome of a large num-and purify the target DNA, PCR reaction
ber of microbial species [19] will indis- itself, and separation and visualisation of
putably lead to the development of more®CR products on agarose gel. For these rea-
novel approaches to investigating antibioticsons, PCR is increasingly used to track resis-
resistance. tance genes as well as to find specific gene

This article will briefly review the avail- mutations leading to resistance.
able molecular techniques which are applied ) o
for the detection and identification of antibi-2.1.1. PCR-based detection of antibiotic
otic resistance genes. Furthermore, molec- resistance genes
ular methods will be discussed for the
genomic typing of strains as part of epi- The tracking of antibiotic resistance genes
demiological investigations. Three exam-has been used to estimate their relative
ples will be described where both applicaprevalence in bacterial populations. PCR
tions, gene characterisation and strain typindyas for instance been used for the analysis of
are combined to investigate the underlyindL14 clinical erythromycin-resistaigtrep-
mechanism of the spread of resistanceococcus pneumonigERSP) isolates, com-
Finally, novel molecular approaches andng from an American multicentre, for the
future developments, such as micro-arraprevalence of two main mechanisms of
applications, will be discussed. macrolide resistance [59]. The primers used
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were either specific for the macrolide effluxtance genes or for the simultaneous detection
genemefEor specific for the ribosomal of several antibiotic genes at different chro-
methylase genermAM Seventy (61%) mosomal loci (multiplex PCR). Long PCR,
ERSP isolates contained the macroliddor the amplification of fragments with a
efflux gene (hefB, whereas 36 isolates length between 5 and 11 kb, was used by
(32%) contained the biosomal methylaséHaaheim [23] prior to the structural analysis
gene érmAM). Even if other genes are prob-of the complete transposonsIb46(VanA)

ably involved in the resistance of the remainand Tri547in glycopeptide-resistant ente-
ing isolates, these results indicate that theococci (GRE). For the simultaneous detec-
efflux mechanism is the predominant formtion of the vancomycin resistance genes
of macrolide resistance in the United StatesranAandvanBby PCR, the annealing tem-
Interestingly, the latter resistance mechaperatures of the necessary primer pairs were
nism induces lower Minimum Inhibitory chosen within the same temperature range to
Concentration (MIC) values for clar- perform a so-called multiplex-PCR. In com-
ithromycin than those determineddéynAM  bination with microtitre plate hybridisation
(4 pgmL-1vs. >128ughL 1, respectively). the multiplex PCR analysis of clinical iso-

. - lates only took 8 hours instead of the
On the other hand, in a similar PCR stud . N . i
performed by Latini et al. [32] in Italian ¥eqU|red 24-48 hours when a culturing pro

cedure is used [49]. By combining the results

day-care centres, the results indicated th ; e
macrolide resistance of 75 ERSP was main%tgfjhi:]ege frcT;ru glrrrjllienxozgllsgssiggcg?eic;/rltggggf

due_to the presence of_the mgthylase 9&rases nucleotidyltransferases and phos-
T 755601 e S Wil e S0 it arerass, Soven clcses of amine
involved in the remaining 26.4% gIyCQS|de-reS|sta_mC|netobacter bat_Jma_mnu
Invo g £6.5%. strains responsible for nosocomial infec-
The PCR protocol has been adapted fdiions could be identified [44].
various purposes. For instance, in order to
improve gene identification, PCR is often2 1 2. PCR-based detection of point
followed by an additional hybridisation step mutations leading to antibiotic
with internal probes such as routinely per- resistance
formed in the Danish surveillance pro-
gramme of clinical Vanomycin-resistant
enterococci (VRE) isolates [51]. In other
procedures the PCR protocol has bee
adapted to improve sensitivity and/or speci
ficity in which the initial PCR is followed by
a second PCR using a primer combinatio
located within the amplified fragment. A
variant of this “nested” PCR assay was use
by Maeda et al. [36] for the analysistdéli-

PCR followed by restriction analysis was
Hsed for the detection of mutations associ-
ated with resistance to antibiotics [25, 26],
based on the fact that mutations leading to
lr]esistance can modify or create recognition
sites for endonucleases [62]. Alternatively,

ligonucleotidic primers have been designed
or the specific detection of mutations
cobacter pyloristrains. In this case it was "€/ated to resistance. A Mismatch Amplifi-
not actually meant to increase sensitivit)fatlon Mutation Assay PCR (MAMA P.CR)
but to simultaneously detebtelicobacter was successfully used for the detection of

pylori and a mutation within the 23S rRNA gyrAmutation in quinolone-resistant iso-

- . : -lates ofCampylobacter jejunandC. coli
tg;nncz?gsc?glrﬁﬁg%v;g;he threatening res%m, 77]. Similarly, an Allele-Specific PCR

assay combined with Restriction Fragment
Several PCR protocols have been adaptdcength Polymorphism (AS-PCR-RFLP) has

for the detection of long DNA fragments been designed to simultaneously detect three

that may contain several antibiotic resiscommon mutations related to quinolone
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resistance at codons 81, 83 and 87 of thgrobably become more important in future
gyrA gene inSalmonellaspp. [21]. Thus DNA applications as shown by recent
MAMA PCR and AS-PCR-RFLP could be reports orMycobacteriunspecies identifi-
proposed as rapid, simple, inexpensive altecation and rifampicin resistance typing
natives to methods such as Single Strandbtained with high-density DNA probe
Conformation Polymorphism (SSCP) orarrays [65].

DNA sequencing for the detection of fluo-

roquinolone resistance mutation.

In conclusion, PCR is specific, rapid and2-3. Bioinformatics and resources
sensitive. Its sensitivity can, however, be a  for nucleic acid analysis
drawback. On the one hand, false-positive
reactions can easily be introduced through Up to now a large number of antibiotic
cross-contamination. On the other handresistance genes have been discovered and
PCR can be inhibited by a number of comdescribed. For the development of tests for
pounds present within the isolated DNAthe detection and characterisation of antibi-
leading to false-negative results. Nevertheotic resistance genes, Internet services are
less, when the necessary precautions agvailable to retrieve the necessary genetic
implemented to prevent contamination andnformation and to explore the already
the correct controls are included, the numbegequenced bacterial genomes. Services are:
of both false-positive and negative reaction§latabase similarity searches such as Blast,
can be reduced to a minimum. sequence retrieval (e.g. Entrez), alignment
interfaces, comparative genomics and a
number of general tools. For sequence and
2.2. Nucleic acid analysis without service information see: http://gonow.to/
amplification genomes;www.ncbi.nlm.gov; www.genome.
ad.jp/kegg/kegg.html; www.tigr.org;

For the detection of antibiotic resistancevww.embl-heidelberg.de/services.
genes, PCR is far more favoured than pro-
cedures utilising hybridisation techniques.
Hybridisations are, however, still required to3. MOLECULAR TYPING
confirm the lack of the targeted gene in the METHODS USED
case of negative PCR results due to primer FOR THE CHARACTERISATION
mismatching. OF ANTIBIOTIC-RESISTANT

Hybridisation analyses are also still in BACTERIA

use, especially for screening numerous sam- )
ples. In this case, hybridisations are gener- Molecular typing methods are very essen-
ally performed with bacterial colonies tial to track the source and vehicle of trans-

transferred onto filters. For instance, hybridi-MiSsion and to confirm and delineate the
sation with probes specific for nine antibioticPattern of transmission during an outbreak

resistance genes was successfully used fHt &S0 to determine genome organisation
the analysis of multi-resistat colistrains 2nd evolution. Molecular typing methods
which were selected from 1200 strains iso€an contribute to the evaluation of control
lated from the normal intestinal flora of Measures, they are essential in investiga-
healthy swine to prove that swine could pdions to_dlstlngwsh between clonal spread
a considerable reservoir of antibiotic resis"d horizontal gene transfer and are used to
tance genes that might be transferable tgronitor the gl_obal distribution of antibiotic-
pathogens [61]. Considering development&esistant strains.

in molecular technology, such as the use of For the genomic characterisation of iso-
miniaturised micro-arrays, hybridisation will lates a large number of different molecular
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techniques are applied. The method witltan be used for epidemiological purposes. In
the highest resolution at the various taxoepidemiological studies, the relatedness of
nomic levels is sequencing, but this is notsolated bacterial strains can be determined
broadly applied as yet since this method haffom the number and size of the plasmids
not been developed in a simple and autaand their restriction profiles. For example,
mated routine in each laboratory andAeromonas salmonicideould be charac-
because of its relatively high costs. Molec+erised by restriction enzyme analysis of the
ular typing is therefore mostly performedhigh-molecular-weight R-plasmids mediat-
with generic fingerprint methods, which ing oxytetracycline (OT) resistance [3]. Plas-
require no or only little knowledge of mid profiling was also used by Llanes et al.
sequences. Methods are either based on ti#] in combination with hybridisation anal-
analy5|s_of the extra—chquosqmal plasm|d§sis with the virulence probspcCDoriE
or are directed at specific loci on the chroyg characterise amoxillin resistance among
mosomal DNA or increasingly at various Salmonellaspp In combination with geno-
parts of the complete genome. Figure 15“”’[ypic analysis by pulsed field gel elec-
marises the application of a number of typygphoresis (PFGE) ofba macro-restricted
ing methods at the different taxonomic.nromosomal DNA, the study proved that
levels. the spread of these strains resulted both from
gene transfer and clonal dissemination.

3.1. Plasmid profiling However, the weakness of the analysis
of bacterial strains by plasmid profiling is

As plasmids often carry antibiotic resis-inherent to the fact that plasmids are mobile

tance determinants, plasmid fingerprintingextrachromosomal elements that can be lost

species subspecies strain

DNA sequencing
MLST
ARDRA
tRNA-PCR
ITS-PCR
RFLP
PFGE
AFLP
AP-PCR
RAPD
REP-PCR

Figure 1. Applicability of various typing methods at the different taxonomic levels. Modified from

[35, 57]. Sequencing techniques, like Multi Locus Sequence Typing (MLST), are capable to resolve
bacteria at all taxonomic levels. Methods directed to ribosomal (ARDRA, Amplified Ribosomal
DNA Restriction Analysis) or transfer ({RNA-PCR) RNA genes are able to resolve bacteria at the
genus, species and sub-species level. The PCR technique (ITS-PCR, Internal Transcribed Spacer-PCR)
amplifying the spacer sequence between the 16S and 23S RNA genes can only be used at the species
and the subspecies level. The direct genomic methods, Restriction Fragment Length Polymorphism
(RFLP) and Pulse Field Gel Electrophoresis (PFGE), are discriminative at species, subspecies and strain
level. For the analysis of bacteria at these levels also the PCR based genomic fingerprint methods such
as, Amplified Fragment Length Polymorphism (AFLP), Arbitrarily primed PCR (AP-PCR), Random
Amplified DNA polymorphism and PCR fingerprint methods directed to repetitive elements, like REP-
PCR, are applicable.
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or acquired easily, thus it is well known that(rrs) alone is used as an easy and cheap
epidemiologically related strains can exhibitalternative tars sequencing [43]. Like the
different plasmid profiles. 16S sequencing, it allows bacterium identi-
fication at a taxonomic level corresponding
. _ to the species or a group of closely related
3.2. Locus-specific analysis species with identicats [18, 22]. This level
of chromosomal DNA of taxonomic resolution is often enough to
differentiate between bacterial species in
can be used as targets for Iocus—specifigomplex community, and a variety Of m_eth-
analysis. One of the most frequently use ds th_at d|scr|m|namrs_based on their dif-
regions is the multicopy essential operon erential electropho_retlc mobility has bee_n
encoding for ribosomal RNA because thisSet up such as the single strand conformation
locus is highly conserved throughout the?olymorphism ofirs [33]. As a resultyrs
whole life tree and thus allows the designarelated polymorphism reflects phylogenetic
tion of conserved probes for hybridisation orrelationship better than epidemiological con-
PCR. Before the general use of PCR, thaection [6].
RFLP-Southern blotting technique in which
probes are derived from the 16S and 23S Epidemiological studies require bacte-
rRNA genes, also known as the ribotypingial characterisation at infra-specific level
technique, has been applied successfully iwhich can be obtained by PCR-RFLP anal-
many studies for the differentiation of bac-ysis of the intergenic region spanning
terial strains, e.g. [74]. Ribotyping resultspetween the 16S and 23S rRNA gemes (
in profiles onl_y consisting of a small numberm) [45]. A number of eubacterial riboso-
of bands which are easy to analyse. HoWmg| operons have been sequenced and it has
ever, this feature also limits the ability ofyeen gpserved that the spacer sequences
the technique to distinguish between closely .\, extensive species-specific variation.
related strains. ) On this basis, particular rRNA sequences
~ As already mentioned, the probes useghat are species- or group-specific have been
in locus-specific Southern blotting StUd'eseproited in the construction of oligonu-
can also be derived from other genetic Siteéleotides that have been used as probes to

such as an Insertion Sequence (IS). The gentify bacteria and also for in situ detection

are mobile DNA elements that are able toOf bacteria. Spacer-lenath polvmorphism is
integrate within the bacterial genome. As - =P gth polymorp

their position and number can vary fromused in the Ribosomal Intergenic Spacer

strain to strain, this diversity has been use@nalysis (RISA) method to evaluate the
for typing purposes such as withelBL0 diversity of bacterial communities [52].
typing of Mycobacterium tuberculosf§9]

or 1IS200fingerprinting ofSalmonella enter- _The necessary ribosomal ipformation for
ica[46, 47). primer design and the selection of relevant

frequent cutting restriction enzymes can be

Presently, the cumbersome blotting tech- """ )
. btained through the Ribosomal Database
niques have been largely replaced by PC Sroject (http://ngw.cme.msu.edu/RDP/)

based locus-specific RFLP. PCR ribotyp- o
ing strategy has been reported early anflone for the phylogenetic interestro$.
largely used with primers specific for con-New technique developments for bacterial
served regions in the 16S and 23S rRNAdentification and genetic profiling of bac-
genes [31, 42]. Two kinds of ribosomalterial abundance still uses but with spe-
PCR-RFLP with different resolutive powerscific oligonucleotide arrays [4, 20, 56], and
were used. Analysis of the 16S rRNA geneven high-density DNA probe arrays [65].

Multiple regions of the bacterial genome
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3.3. Whole genome DNA fingerprinting  well as to type uncultured bacteria directly
from cerebrospinal fluid [17], or for the char-
3.3.1. Pulsed Field Gel Electrophoresis acterisation of methicillin-resistant and
(PFGE) of chromosomal DNA methicillin-susceptible clones &taphylo-
coccus aureu§l6]. The overwhelming
The best standardised and commonlydvantage of MLST is that sequence data
used fingerprinting method based on thére truly exchangeable between laborato-
analysis of the bacterial genome is Pulseti€s contrary to MultiLocus Enzyme Elec-
Field Gel Electrophoresis (PFGE) (sedrophoresis (MLEE). However, like the lat-
http:/Aww.cdc.gov/ncidod/dbmd/pulsenet/pter method, MLST targets coding regions
ulsenet.htm). This procedure requires th@nd uses variation that accumulates very
cutting of the bacterial DNA with very rare Slowly in the population contrary to pulse-
cutting restriction enzymes followed by field-electrophoresis (PFGE) or arbitrarily
agarose gel electrophoresis under specifiefimed PCR described above. As a result,
electrophoretic conditions in order to sepMLST is used for long-term epidemiology
arate the generated |arge fragment@l’ld for t_he identification Of_ Ilneages that
Tenover et al. [63] formulated the criteriahave an increased propensity to cause dis-
for interpreting PFGE patterns of macro-ease [37]. Investigators can determine the
restriction genomic fragments. Four cate2llelic profile of their isolates by compar-
gories were identified: indistinguishable,ing the obtained sequence with the sequence
closely related, possibly related and differavailable in the databases (http://mlst.
ent from the outbreak pattern. Closelyz00.0x.ac.uk). This web-site also provides
related patterns differed by a single genetithe Investigators the necessary primer
event, a point mutation or an indel (an insersequences in order to amplify the gene frag-
tion or a deletion) leading to a typical num-ments.
ber of fragment differences between 1 and 3; MLST becomes more broadly available

possibly related strains differed by two inde-as companies now offer sequence services at
pendent genetic events, typically leading tQeasonable costs, but other methods of
4 to 6 fragment differences; unrelated patyenome fingerprinting are still largely used

terns exhibited 7 or more differences. in most laboratories.
3.3.2. Multilocus sequence typing 3.3.3. Arbitrarily primed PCR multilocus
(MLST) fingerprinting methods

PFGE targets infrequent restriction A considerable number of genomic
enzyme sites in the genome which are chanolecular typing methods are based on
sen arbitrarily to give maximal variation PCR. In general, PCR-based fingerprinting
within the population, and the observed varimethods are rapid, simple and easy to per-
ation thus corresponds to unknown regionform and allow the analysis of the entire
varying very rapidly. A MultiLocus genome. Single short primers with random
Sequence Typing (MLST) approach hasequences (10 bases in length) are used in
been proposed that is based upon thArbitrarily Primed-PCR (AP-PCR) or Ran-
sequences of short internal fragments oflom Amplification of Polymorphic DNA
seven housekeeping genes in order to defif®APD) analysis to amplify multiple frag-
sequence types corresponding to alleles atents of the bacterial DNA under low strin-
each of the seven loci [37]. MLST has beermency conditions. Due to these low strin-
used with several pathogenic species, includgency PCR conditions, these methods are
ing S. pneumoniafl5], Neisseria menin- extremely sensitive to slight changes within
gitidis [75], Campylobacter jejunil3], as the different PCR parameters such as type of
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polymerase and thermocycler, DNA con-phism and has been developed by Vos et al.
centration and DNA isolation methods (forin 1995 [72]. AFLP combines universal
a review see [67]). Moreover, van Belkumapplicability, discriminative power and a
et al. [68] concluded that “inter-institute high level of reproducibility [28]. This tech-
standardisation will be very hard to achieve'hique, initially developed for plant genetic
and that arbitrarily PCR fingerprint meth- mapping, has been widely used in micro-
ods are not suitable to serve as a referenggal typing [1, 2, 5, 28, 57] as also in the
method. typing of antibiotic-resistant strains [27].

Versalovic et al. [71] described a finger-Briefly, AFLP consists of three steps. Dur-
printing method, which can be performedng the first step the bacterial DNA is cut
under higher stringency conditions, usingVith restriction enzyme(s) followed by
primers derived from bacterial repetitive adapter ligation. The second step comprises
sequences present within bacterial genomete selective amplification of a subset of the
Repetitive sequence based fingerprintingidapter-restriction fragments with primers
can either be directed against the 38 bgomplementary to the adapter sequence and
Repetitive Extragenic Palindromic elementgestriction enzyme recognition site. The
(REP-PCR), which consist of 6 degenerat@rimers are extended with (an) arbitrarily
positions and a 5 bp variable loop in betweeghosen nucleotide(s) at their 3’ end to enable
a conserved palindromic stem, or to théhe selective amplification. The analysis of
Enterobacterial Repetitive Intergenic Con-the generated amplicons on typical sequenc-
sensus sequences such as in ERIC-PCRg gels takes place during the last and third
ERIC sequences are 126 bp in length corstep. An example of the analysis of fluo-
taining a highly conserved central invertedescently labelled AFLP fragments on an
repeat and are located in extragenic regiorsutomatic sequence device is presented in
of the bacterial genome. BOX sequencefigure 2. Complex AFLP patterns can be
are other types of repetitive elements whicltompared by using global banding differ-
have been used for DNA typing. BOX ele-ences determined by the product-moment
ments have no sequence relationship toorrelation coefficient following densi-
either REP or ERIC sequences, and arsgram analyses, but the results of AFLP
located within intergenic regions. They areanalysis performed on an automatic DNA
mosaic repetitive elements composed of vasequencer can more correctly be used to
ious combinations of three subunitmeasure the overall genome base mispairing
sequences referred to as boxA, boxB andetween strains as described by Mougel
boxC, with molecular lengths of 59, 45 andet al. [41]. For the former, a number of com-
50 nucleotides, respectively. Most of themercial or free software packages are avail-
fingerprinting techniques mentioned aboveable (GelCompar, BioNumerics, Image-
were described by Louws et al. [35] andviaster), while the ‘DistAFLP’ program
have been applied for the analysis of antibigeveloped to measure genomic distances
otic resistance genes [8, 11, 40]. RAPD andlith AFLP is available for free on the ADE-
ERIC-PCR are generally much more dis+4 web server http://pbil.univ-lyon1.fr/ADE-
criminative than PFGE, distinguishing dif- 4/microb. Another technique based on the
ferent genotypes among isolates considereshme principles as AFLP is Infrequent
as belonging to the same clone by PFGERestriction Site (IRS) PCR. This technique
The B.OX-PCR'has a lower resolutloﬂuses a rare cutter endonuclease and is in this
capacity a_md dell_neates taxa correspondl%spect comparable to PGFE. IRS-PCR has
to genomic species. been used to study the diversity of

A relative new and promising genomic Legionella pneumophilg5]. This method
fingerprint technique is AFLP. AFLP standshas a higher resolution than PGFE, but is
for Amplified Fragment Length Polymor- less discriminative than AFLP. IRS-PCR is
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As discussed above, a large number of
molecular bacterial typing methods have
been developed. Most of them rely on the
analysis of fingerprint patterns. Molecular
methods in general surpass phenotypic
methods in typability, reproducibility and
discriminative power. The method of choice
highly depends on its performance of the
above-mentioned criteria along with robust-
ness, epidemiological concordance, opera-
tional ease, standardisation and inter-labo-
ratory comparison capacity [39, 60]. These
methods have different benefits and should
be chosen in view of the question addressed
and the accuracy of the response which is
expected. Some molecular methods such as
PFGE or the easier-to-handle IRS-PCR are
perfectly suited for outbreak investigation,
to determine for instance the extent and
mode of transmission of an epidemic clone.
Other methods, such as the highly discrim-
inative MLST method, are more suited for
long-term epidemiology to examine the
global spread of epidemic and endemic
clones. The easy-to-handle REP-PCR or
RAPD are perfectly relevant for identify-
ing a known strain for instance in experi-
mental studies to recognise an inoculated
strain. However, these methods are not rel-
evant to analyse the genetic structure of bac-
terial populations and to accurately describe
the individual genotypes. AFLP would be
more suited to do this. Supported by data
banks accessible through the web this
method allows the indirect comparison of
any newly isolated strains with previously

Figure 2. Digital electrophoresis image of AFLp @nalysed strains (Mougel et al. unpublished
fragments analysed on an ALF-Express autor€sult). Moreover, AFLP is a versatile
matic DNA sequencer. The sizes (in bp) of themethod that can be adapted to the genomic

marker bands are indicated.

constraints of any bacterial species [41], it
allows the delineation of genomic species
of bacteria and could soon become a seri-
ous alternative to DNA-DNA relatedness
studies. Additionally, AFLP data banks
could also facilitate species identification.

accessible to most laboratories because fragpecies identification could also be achieved
ments are separated in standard agarose gbisthe easier to handle BOX-PCR, which
instead of acrylamide gels such as thosis an interesting alternative in the first steps

used in AFLP.

of etiological investigations, but the method
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could hardly be used to construct public datalines (R-type ACSSuSpT) was of clonal
banks. origin. They found that all R-type
ACSSuSpT strains contained the same two
integron hotspots located on the same 10 kb
4. HORIZONTAL GENE TRANSFER chromosomakba-fragment. One copy con-
VERSUS CLONAL SPREAD tained theant (3")-la gene, responsible for
resistance to streptomycin and spectino-
Molecular techniques are used both tgnycin, and the other copy théa,ge gene,
characterise the antibiotic resistance gene(§pding forp-lactamase PSE-1 (CARB-2).
and to analyse the genome of the host badhe 10 kb fragment was not found in drug-
terium. A combination of these two app“_ sensitive ISO|at_es and IS_OlateS with another
cations allow the discrimination betweenR-type. Thus irrespective of source and
horizontal spread of antibiotic resistancecountry of origin the investigated R-type
genes and clonal dissemination of a particACSSuUSpT strains contained the same

ular strain. For a schematic representatiof/Serted gene cassettes. In addition to these
see Figure 3. findings, other investigations [9, 10] how-

le of the hori | d fever showed that the chromosomally located
An example of the horizontal spread ofyipiotic resistance genes also occur in

antibjotic resistance genes has bge ther phage-tvpes rather than DT104
described by Keyes et al. [30]. They applied, 4 mgre ?nte)rlgstingly also in another
DNA-DNA hybridisation to assess the loca-ga\monellaserovar, namelgalmonella
tion of the florfenicol resistance geffie, on  Aqona. This could be indicative of hori-
high-molecular weight plasmids of avin ;g transfer of the antibiotic resistance
coli strains. In three out of the four |nve$t|—gene cluster, perhaps phage-mediated.
gated isolates ttfeo gene was found on dif- Therefore, in the case of DT104 probably
ferent size&kbd fragments originating from o sjtuations, clonal dissemination and
different sized plasmids. Furthermore, the,qri;ontal gene transfer can occur.
florfenicol-resistant. colistrains isolated
from clinical samples of different poultry  Willems et al. [73] reported the detailed
farms in Georgia and North Carolina exhib-analysis of Th5461ike elements in van-
ited different RAPD fingerprint patterns comycin-resistant enterococci from humans
showing that they do not represent the disand animals and concluded that the observed
semination of a clonal strain. Together, thesgenetic diversity within the elements could
findings suggested that the investigatedbe exploited for tracing the routes of trans-
avianE. colistrains had acquired tlil®  mission of vancomycin resistance genes.
gene through independent events, whicifferent molecular methods were used for
was more or less expected as flbegene these studies. PFGE electrophoresis was
is located on extrachromosomal elementaised to determine the genetic relationship
For chromosomal-located antibiotic resis-between the different strains. RFLP was
tance genes it is sometimes more difficulused to construct the physical map of the
to distinguish between horizontal gene transvarious Tri546types. PCR was used to
fer and clonal spread. Ridley and Threlfallamplify overlapping fragments and sequenc-
[54] for instance investigate®almonella ing was applied to determine the sequence of
entericaserovar Typhimurium phage-type these overlapping fragments and further
DT104 isolates of human and animal ori-analyse the mutations within all of the iso-
gin from different European countries, fromlates. The observed genetic diversity among
the USA, Trinidad and South Africa andthe Tril5461ike elements was successfully
concluded that the spread of resistance texploited to prove the presence of a com-
ampicillin, chloramphenicol, streptomycin, mon vancomycin resistance gene pool
sulphonamides, spectinomycin and tetracybetween human and farm animal isolates in
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Figure 3. The molecular strategy to analyse different isolates to elucidate the underlying mecha-
nism of the spread of resistance. HGT= Horizontal Gene Transfer.

the Netherlands. Furthermore, the observed. NEW APPROACHES

diversity was exploited to trace the routes IN ANTIBIOTIC RESISTANCE

of transmission of vancomycin-resistant GENE DETECTION

enterococci from hospitals in Oxford and AND IN MOLECULAR ANALYSIS
Chicago. IdenticatanAtransposons were ~ OF ANTIBIOTIC-RESISTANT

found in genetically different enterococci STRAINS

strains, which suggested that horizontal gene

transfer could play a role in the transmis- As described above, the PCR protocol is
sion of vancomycin resistance. a commonly used procedure for the
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detection of antibiotic resistance genes. Theus aureuspecific fragment [38]. The pres-
most important progress in PCR technolence or absence of theecAgene could be
ogy has been achieved on the level of theorrectly identified within 70 minutes. Thus
detection of the amplified product, in par-real-time PCR is rapid, allows the simulta-
ticular the use of fluorescent dyes [7]. Flu-neous detection of bacterium and gene of
orescent dyes are used to circumvent thiaterest and allows quantification. The Tag-
time-consuming gel-electrophoresis stefMan system of PE Applied Biosystems is
and allow the detection of more ampliconsalso based on a sequence-detecting real-time
within the same reaction tube. The mosPCR assay that uses fluorogenic probes. In
important advantage, however, is that thessolution the reporter is suppressed by the
dyes allow a real-time detection of thequencher dye due to their spatial proxim-
amplicon for quantitative purposes. Quanity. After binding to its target the probe is
tification of target DNA is performed by cleaved by the 5 nuclease activity of the
measuring the increasing amount of fluo-Tag DNA polymerase resulting in an
rescence which is proportional to theincrease in fluorescence. Commercial kits
increasing amount of DNA generated duringare available to deteSalmonellaListeria

the ongoing PCR process. Another advarandE. coliO157:H7.

tage of using fluorescent dyes is that there is

nonee 10 open the reacion vl ater ampl 011 0SS 1TSS U e e
fication. This significantly reduces the risk

of contamination cons. Upon bi_nding to th.eir target these hair-
' pin-shaped oligonucleotide probe molecules
DelVecchio et al. [12] applied real-time undergo a conformational reorganisation
PCR to detect antibiotic resistance genes ithat restores the fluorescence of an inter-
Enterococcus feacaliand Enterococcus nally quenched fluorophore [66]. Molecular
faecium The PCR was carried out in theBeacons were used by Piatek et al. [50] for
presence of SYBR Green |. However, forthe detection oMycobacterium tuberculo-
maximum product identification the hybridi- sis
sation probe format, instead of the SYBR
Green | format, is used in the LightCycler
for DNA detection and quantification. This rocedures will become more and more
detection method needs two speciall accessible for surveillance and these new

designed sequence specific oligonucleotideg - -hes will lead to more reliable inter-
each labelled with a fluorescent dye. Uporfaboratory studies. Kamerbeek et al. [29]
hybridisation the two fluorescence dyes ar%eveloped a systém fdulycobacterilljm

positioned in close proximity to each other,

tubercolosisand van Leeuwen et al. [70]
to allow the transfer of energy, referred to ag,, Staphylococcus aurewshich are well
Fluorescence Resonance Energy Transf

(FRET), between the two dyes. The ﬁrs,:%ﬁlted for inter-laboratory comparison and

dye (fluorescein) is excited by the Light-also provide the required discriminatory

Cveler liaht emitting diode and its ener power for use in surveillance programmes.
~yCler lig iting di ! 9 These genotyping methods, referred to as
is transferred to the second dye (LC Re ligotvoin reverse dot-blot or lin
640 or 705). Subsequently, the second dygh o S0YPING, USE FEVErSe Cot-biot or fine-
mits red fluor nt light t lonaer wav lot binary hybridisation patterns of crude
emits red fluorescent Ight at a Ionger Waver,\ o o amplified fragments with clone-
length (see Fig. 4). Reischl et al. [53] use pecific probes
this FRET technology in a duplex Light- '
Cycler assay for the rapid detection of methi- The power of all the techniques discussed
cillin-resistantStaphylococcus aureushe above will be highly increased by the use
real-time PCR was directed at thecA of the novel micro-array or DNA chip tech-
gene and a recently descrilf&phylococ- nology. And it is expected that the power

Due to the current progress in applied
DNA technology, DNA-mediated typing
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