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Abstract

Advances in analytical and diagnostic assays based on novel nucleic acid analyses techniques have revolutionized the
application of molecular differentiation of microorganisms. Phenotypic typing schemes are now broadly supplemented by
new genotyping methods which allow a more refined and detailed differentiation of closely related microorganisms, bacterial
strains, isolates and pathogens on the DNA level. Bio-, sero- and phagetyping, antibiotic susceptibility tests, immunoblotting
as well as multilocus enzyme- or polyacrylamide gel electrophoresis are now supported by the analysis of plasmid or
chromosomal DNA restriction profiles, ribotyping, pulsed-field gel electrophoresis and polymerase- or ligase-chain reaction-
based methods or direct sequencing technique to differentiate microorganisms. Some of these molecular techniques are also
used in the field of virology to analyse and differentiate closely related sub- or genotypes. Few examples for the analysis and
investigation of these usually small genomes will also be given.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction composition, can be used to determine the degree of
similarity.

The analysis of multiple bacterial isolates by For the evaluation of typing schemes the three
phenotypic or genotypic methods can be used to principal and most important issues are: first: a high
identify characteristics within a particular species. degree of typeability; second: good reproducibility
The division of strains into defined subgroups is within one and among different laboratories and
called bacterial typing. A prerequisite for all existing third: optimal discriminating capability of the typing
typing schemes is the assumption that strains derived system used [1–3]: (1) typeability: the ability to
from one clone will share certain characteristics in obtain a definite result for each isolate tested; a
contrast to strains derived from different clones. A typing system must give an unambiguous result. (2)
bacterial clone might be regarded as an individual. Reproducibility: the ability to achieve the same
When this bacterial clone divides, the progeny typing result whenever the same strain is tested;
should have an identical genetic composition. How- typing results should be identical when strains are
ever, during the process of multiplication differences analysed in duplicate or at different time points. (3)
at the DNA level can be detected e.g., the exchange Discrimination: the ability to distinguish between
of single base pairs, deletion of a gene or even the epidemiologically unrelated strains.
intake of DNA from other bacteria. These changes The perfect typing method is not available yet, all
are dependent on the number of cell divisions, the available methods have certain advantages and dis-
genetic distance between strains derived from one advantages [3].
clone or on strains of a species and may increase Traditional typing techniques based on phenotypic
steadily over time [1]. characteristics are increasingly challenged by the use

Therefore, strains of the same species isolated of DNA-based techniques. In the last few years
from an epidemiological cluster can be usually innovative molecular techniques have provided
clearly distinguished from epidemiologically unre- powerful tools for direct DNA analysis. Bacterial
lated strains. typing is an essential implement tool for molecular

Thus bacterial typing has several theoretical and diagnosis, molecular epidemiology, molecular sys-
practical implications: (i) to analyse the progress of tematization and molecular archaeology. Bacterial
outbreaks and to examine sequential isolates from a typing is a descriptive discipline based on the
single patient to answer the question whether an subdivision of bacterial species, with the aim to
infection is new or a relapse, (ii) to associate unusual characterize pathogenic bacteria. Molecular typing is
pathogenic mechanisms with certain strains and (iii) based on the natural genetic variation and is the only
to increase our knowledge of epidemiology of infec- method available for organisms that can not be
tious diseases [2]. cultivated [4,5].

In order to assess the relatedness of bacterial The molecular typing methods e.g., random am-
strains several methods e.g., biochemical reactivity, plified polymorphism DNA (RAPD), restriction frag-
surface protein composition, enzyme activities, anti- ment length polymorphism (RFLP), pulsed-field gel
biotic sensitivity or a method based on the genetic electrophoresis (PFGE) and sequencing allow to
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distinguish bacterial strains formerly classified as one sitivity or insensitivity towards specific antibiotics.
strain (species). Some of the methods described here To determine a protein profile of bacteria, serotyping
can not be applied in viral typing schemes, due to the and immunoblotting can be used. Phage typing
lack of metabolic activities and/or the small genome investigation gives answers concerning the suscep-
size. tibility to bacteriophage infection. Multilocus en-

The most important new perception has probably zyme electrophoresis reveals allele variability of
been the recognition that numerous diseases are certain key enzymes. In general traditional phenotyp-
caused by a limited number of clonal subgroups e.g., ing methods have two major disadvantages: first of
methicillin resistant Staphylococcus aureus (MRSA) all they are limited to the restricted number of
strains derived from a relatively small number of characteristics that can be examined and second they
clones [6]. might generate misleading results due to the variable

Detailed analyses demonstrated that quite often alterations in gene expression [17,18].
defined bacterial clones are the responsible agents.
Due to novel and unique combinations of virulence 2.1.1. Biotyping
genes or uptake of bacteriophages, plasmids or A panel of biochemical reagents can be used to
pathogenicity islands [7], a specific bacterial strain identify an organism by its reaction and classify it on
may have a selective advantage to support the the genus and/or species level. The fermentation of
selection and spreading of the new variant. glucose, lactose or other sugars may be easily

Molecular epidemiology based on genetic relation- detected by the production of gas or change in color
ship has the power to supply a global genetic of an indicator dye caused by the production of
framework for bacterial classification. Attempts are acids. The pattern of utilization of carbon sources
being made to institutionalize international networks plays an important role in the differentiation of
for strain identification e.g., Mycobacterium tuber- species. The most obvious disadvantage of biotyping
culosis or Neisseria meningitides [8,9]. In general, it is, that it can not be used for the discrimination of
is difficult to combine data from different studies single isolates within one species and is therefore not
because each variant needs to be compared and suitable for the typing of bacteria.
standardized with formerly identified variants.

An enormous advantage is the availability of 2.1.2. Antibiotic susceptibility
sequences from whole genomes e.g., Mycoplasma The antimicrobial susceptibility (antibiogram) is
genitalium, Haemophilius influenzae Rd, Mycoplas- analyzed by the growth of an isolate in the presence
ma pneumoniae, Helicobacter pylori, Escherichia of a given antibiotic. The antibiogram, although the
coli, Borrelia burgdorferi sensu stricto [10–15], most standardized typing method, is not very dis-
which will allow the development of typing schemes, criminatory. Furthermore, antibiotic susceptibility
reflecting phylogenetic relationship [16]. patterns can change rapidly e.g., transformation of

plasmids containing resistance genes. Only in in-
dividual cases antibiotic susceptibility can be used as

2. Methods a typing procedure [19].

2.1. Phenotypic methods 2.1.3. Phage typing
Phage typing has been extensively used to analyze

The determination of bacterial characteristics is the epidemiology of Staphylococcus aureus and
orientated to phenotypic procedures mostly at the Salmonella ssp. [20]. Phage typing is not very
level of biologically active entities like protein discriminatory and therefore only of limited use.
expression pattern or susceptibility towards infection
with certain bacteriophages. 2.1.4. Serotyping

Biotyping is used to monitor biochemical reactivi- The epidemiology of several bacteria e.g.,
ty towards a variety of substrates, whereas anti- Legionella pneumophila, Streptococcus pneumoniae,
microbial susceptibility testing determines the sen- Escherichia coli O157:H7 and Borrelia burgdorferi
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sensu lato [21–26] has been extensively investigated referred to an electrophoretic type (ET) and is
using serotyping. Like phage typing this method is compared with a wide range of reference strains.
not very discriminatory and therefore restricted to Standardized MLEE classification for studying popu-
certain applications. lations of bacteria has attained international accept-

ance for E. coli, S. enterica and partly for Neisseria
2.1.5. Polyacrylamide gel electrophoresis (PAGE) / meningitidis [35–37].
immunoblotting The disadvantage of this method is the limited

Whole cell protein pattern (Fig. 1) can be used for applicability for epidemiological analysis of clinical
typing and classification of different strains [27,28] isolates, as shown for virulent E. coli isolated from
and has been described for epidemiological inves- patients with pyelonephritis, which revealed the
tigations of several bacteria e.g., Staphylococcus same MLEE pattern although they were epi-
aureus, Clostridium defficile and Borrelia burgdor- demiologically unrelated [38]. MLEE is generally
feri sensu lato [29–33]. Immunoblotting can be used more useful to identify species rather than to dis-
to analyze antigenic variations, strain heterogeneity criminate isolates of the same species [3].
of different bacteria species and also to discriminate
viral subtypes (Fig. 2; HIV-Immunoblot). 2.2. Genotypic methods

2.1.6. Multilocus enzyme electrophoresis (MLEE) In contrast to the phenotypic methods, the
Water soluble cellular enzymes are separated on genotypic methods directly analyze the DNA. The

starch gels or cellulose acetate sheets by electro- obvious advantage of these methods – like chromo-
phoresis followed by staining of various enzymes somal DNA restriction profiles, nucleic acid probes,
[34]. ribotyping, pulsed-field gel electrophoresis, PCR and

Differences in the amino acid sequence can lead to sequencing – is the independence of restricted
differences in the mobilities of enzyme variants. numbers of organism characteristics.
Each unique combination of protein variants is In general, the genotypic procedures are consid-

Fig. 1. Protein separation by SDS-PAGE. Protein from whole-cell lysate of different Borrelia burgdorferi sensu lato isolates were subjected
to 10–20% SDS polyarylamide gradient gel electrophoresis using a standard procedure [32]. Protein bands were visualised by staining with
Coomassie blue. Outer surface proteins (Osps) A,B,C, as indicated are important surface proteins.
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circular plasmids [45,46] and linear plasmids [47].
These linear plasmids are considered as a possible
useful typing tool in the classification of B. burgdor-
feri sensu lato isolates (Fig. 3) [48–51].

2.2.2. Chromosomal DNA restriction profiles
For this type of analysis chromosomal DNA is

digested by restriction endonucleases and the gener-
ated fragments are separated by agarose gel electro-
phoresis.

Restriction endonucleases are enzymes cutting
DNA at a defined position within (or close to) a
specific recognition sequence. Since restriction endo-
nucleases are highly specific, complete digestion of a
given DNA provides reproducible pattern of DNA
fragments whereby the number and size of fragments
depends on the DNA composition. Variation in the

Fig. 2. Immunoblot of HIV-1 particles released from virus-infected pattern of fragments is called restriction fragment
lymphocytic cells. The viral proteins were analyzed after sepa- length polymorphism (RFLP) and can result from a
ration on a SDS-polyacrylamide gel using antibodies against the
viral structural proteins p17 and p24. The viral protease cleaves a
p55 gag-precursor protein into the mature structural proteins p17,
p24 and p15 [127]. Two viral populations different in the
processing capacity of the protease were investigated. The active
wild-type enzyme (lanes 114) cleaves the p55 precursor efficient-
ly into the mature products p24 and p17, whereas the altered
enzyme is less active as indicated by the large amounts of
unprocessed p55 precursor compared to the cleaved product (lanes
215). Lane 3: non-infected control. The virus with the altered
enzyme reveals a less aggressive phenotype with reduced propaga-
tion capability in cell culture.

ered to be technically more complex; but typeability,
reproducibility and discrimination power revealed
better results [1]. Another obvious advantage is the
general use for any type of bacteria including
bacteria which can not be cultured.

2.2.1. Plasmid profiles
Plasmids are self-replicating autonomous extra-

chromosomal DNA elements. The reliability of this
method depends on the presence of plasmids in the
isolates to be investigated. Analysis of plasmid
profiles is an interesting way to compare the identity Fig. 3. Linear plasmid profiles of different Borrelia burgdorferi
of isolates and a wide range of species was already sensu lato isolates. The Borrelia strains were embedded in agarose

blocks, lysed with lysozyme and digested with proteinase K. Fortyped with this method [39–44]. For example, this
plasmid profile analysis, agarose sheets were used without furthermethod is used to characterize and group Borrelia
treatment. The analysis was done with pulsed time of 0.9 to 2.5 s

burgdorferi sensu lato within a given species and in for 30 h. Lambda concatemers with a monomer size of 48.5 kbp
particular to determine the plasmid content of an and marker II (Boehringer Mannheim, Germany) were used as
isolate. B. burgdorferi sensu lato has supercoiled length marker.
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minor change of DNA e.g., single base substitution different strains of this species. In contrast, only a
within the restriction enzyme recognition and/or poor ability of distinction is described for isolates
cleavage site, or major changes like insertions, with less than five copies [54].
deletions or sequence rearrangements. A limitation
of restriction enzyme digestion of whole chromo- 2.2.5. Ribotyping
somes is the generation of a large number of Ribotyping (ribosomal DNA-RFLP analysis) as-
different fragments. The separation by conventional sesses the RFLPs within the genes coding for
gel electrophoresis leads to a smear-like appearance ribosomal RNA (16S and 23S rRNA), sequences
of the DNA on the gel and the yielded band pattern which are highly conserved. The genes for rRNA are
are also too complex to be properly compared. To present in several copies in the bacterial chromosome
master this problem, the method was combined with and thus hybridization with probes for rRNA reveals
nucleic acid probes. only chromosomal fragments containing the rRNA

gene sequence. The number of hybridization bands
2.2.3. DNA restriction profile with nucleic acid (usually 7 to 12) is small enough to allow simple
probes analysis of the banding pattern. Grouping of bacteria

In order to decrease the number of fragments on the basis of this method is called ribotyping.
resulting from DNA-RFLP nucleic acid probes can Ribotyping has been frequently used for subsero-
be used to compare the yielded pattern more easily. group characterization of bacteria belonging to dif-
The restriction fragments are separated by agarose ferent species [55], whereas isolates from one out-
gel electrophoresis, transferred to nitrocellulose or break typically share the same ribotype. The method
nylon membranes by southern blotting [52] and can be used for long-term epidemiological studies
hybridized with a labeled probe. This probe, derived since the ribotype is stable after in vitro and in vivo
from insertion sequences, based on specific virulence passages [56]. The discriminatory power of ribotyp-
factors or being randomly cloned, is labeled with a ing is lower compared to PFGE [57–59], but can be
highly specific detector group. The probe consists of increased by using two different restriction enzymes
fragments of single-stranded nucleic acids (mostly [60]. For Salmonella serotype typhi ribotyping may
DNA) binding to complementary target nucleic acid be the only subtyping method that offers sufficient
sequences, whereas the lengths of this fragments discrimination potential to be used in epidemiologi-
range from 15 to 10 000 nucleotides. Only the cal investigations [61,62]. For bacteria species con-
genomic DNA restriction fragment that is able to taining only one or two copies of genes coding for
hybridize to the probe will be visible after staining, ribosomal RNA (Mycobacterium spp. and Myco-
thus greatly simplifying the fingerprint. plasma spp.) ribotyping is not favorable.

2.2.4. Probes derived from insertion sequences 2.2.6. Pulsed-field gel electrophoresis (PFGE)
Insertion sequences (ISs) are transposable repeti- For separation of DNA molecules conventional

tive DNA elements, usually present within bacterial agarose gel or acrylamide gel electrophoresis is the
genomes in numerous copies. Bacterial IS elements most frequently method used. However, its ap-
are compactly organized, with a typical single coding plicability is restricted to molecules ,50 kilo base
sequence consisting of short identical or nearly pairs (kbp), as electrophoretic mobilities become
identical sequences at both ends opposite in orienta- increasingly independent of molecular size [63]. To
tion and have a size of usually 9 to 40 bp. The IS overcome this limitation the PFGE technique was
elements are typically less than 1500 bp long (e.g., developed [64–67]. This technique allows to resolve
the IS-element of Mycobacterium tuberculosis IS986 karyotypes, chromosomes of different size and map-
is 1358 bp long [53]). The discrimination ability of ping of chromosomes for many bacteria.
this method depends on the number of copies of the Intact cells of bacteria are embedded in agarose in
IS element in the bacterial genome. The differentia- order to protect the DNA during the subsequent
tion of Mycobacterium tuberculosis by IS6110 has extraction. The agarose blocks are then treated with
been standardized [8] and distinguishes reliably detergent and enzymes to isolate the DNA. The
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embedded chromosomal DNA is cut with a restric- (Fig. 5) and allows further characterization by LRFP
tion endonuclease that recognizes only few sites to [51,72,74,80].
create only a small number of fragments [68]. The In contrast to SDS-PAGE and immunoblotting, the
resulting fragments (10–800 kbp) can be separated PFGE analysis exhibited a distinct heterogeneity
in an electric field with the angle of migration within the species Mycoplasma hominis (unpublished
repeatedly switching. results). The choice of the appropriate restriction

The molecules are subjected to electric fields enzymes depends on the DNA base composition of
applied alternatively in two directions. This switch- the organism. For the G1C poor M. hominis strains
ing allows smaller fragments a more rapid orienta- (G1C,30%), restriction enzymes with recognition
tion in contrast to longer molecules; therefore small- sequences rich in G1C were chosen to yield only a
er fragments migrate faster than larger ones and the few fragments. The two restriction enzymes SmaI
DNA fragments can be efficiently resolved. Today, and MluI are suitable for this kind of investigation,
PFGE is the most common used epidemiological tool since both restriction enzymes yield four to eight
[68] and it is often an optimal typing method for fragments with appropriate sizes mentioned above.
molecular epidemiology [69]. Many different bac- The application of restriction enzyme cleavage pat-
teria species (Fig. 4) were analyzed by this technique terns analyzed by PFGE is a suitable and easy
[51,68,70–79]. A suggestion to standardize the inter- method to demonstrate hetero- or homogeneity of
pretation of the results has been published [68]. isolates within one diagnosis group without the need

PFGE is also a suitable tool for the determination for subsequent hybridization using various probes
of species of Borrelia burgdorferi sensu lato strains [51,74].

2.2.7. Polymerase chain reaction (PCR)
Today, polymerase chain reaction (PCR)-based

methods are used for bacterial genotype identifica-
tion and discrimination of bacterial strains. The PCR
technique is based on repeated cycles of high
temperature for denaturation of the DNA, oligo-
nucleotide (primer) annealing and an extension step
which is mediated by a heat stable polymerase. In
each cycle of the PCR the number of copies of the
chosen sequence is doubled so that the amount of the
target DNA is exponentially increasing. Usually the
target DNA is separated by agarose gel electro-
phoresis and stained with ethidium bromide. Ampli-
fication of 16S rRNA with different species-specific
primer pairs (Fig. 6) allows identification of the three
pathogenic Borrelia burgdorferi sensu lato species
[51,81]. An important tool for genotyping is the
sequencing of PCR-amplified 16S rRNA and com-
parison of the data with sequences from the taxo-
nomic databases. This approach is required for
identification of bacteria that can not be cultivated.

Analysis by intergenic spacer length polymor-
phism e.g., 16S-23S rDNA spacer or inter-tRNA
spacer length polymorphism is a suitable tool for

Fig. 4. Pulsed-field gel electrophoresis of methicillin resistant
genotypic characterization [82,83]. By using a mul-Staphylococcus aureus (MRSA) strains. For sample preparation
tiplex PCR within a single PCR assay several regionssee Fig. 3. The embedded S. aureus DNAs were digested with

SmaI and separated with pulse times from 1 to 45 s for 22 h. of species can be determined. Multiplex PCR is a
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Fig. 5. Pulsed-field gel electrophoresis of Borrelia burgdorferi sensu lato digested with MluI. The large restriction fragment pattern (LRFP)
after MluI digestion of different Borrelia burgdorferi sensu lato strains showed three characteristic bands with sizes of 460, 320 and 90 kbp
for B. afzelii (lane 2 to 4), two characteristic bands with sizes of 220 and 80 kbp for B. garinii (lane 5 to 8) and one specific band with a size
of 145 kbp for B. burgdorferi sensu stricto (lane 1).

combination of multiple primer sets for the parallel various Hepatitis C virus genotypes by this method is
amplification of different targets in one reaction shown in Fig. 9.
[84–86]. As an example this method has been used
for simultaneous detection of Hepatitis A virus
(HAV)- and Hepatitis C virus (HCV)-RNA (Fig. 7). 2.2.9. Repetitive chromosomal elements (REP)-

For detection of sequence polymorphism in DNA PCR
fragments of several hundred base pairs the single- Repetitive chromosomal elements (REPs), which
strand conformation polymorphism (SSCP) analysis are found in all bacteria randomly distributed in
can be used [87]. As an example for an SSCP- genomes, are the targets of this specific PCR-based
application the differential analysis of various HCV method. Primers anneal to repetitive chromosomal
genotypes is shown in Fig. 8. element sequences and a DNA fragment is amplified

if such sequence elements are located closely enough
2.2.8. PCR-restriction fragment length to each other to support efficient amplification
polymorphism (RFLP) between neighboring primer binding sites. The num-

PCR amplicons are often further characterized by ber and sites of these repeated sequences are variable
subsequent restriction with different enzymes to from strain to strain, therefore a different pattern will
yield defined restriction pattern due to sequence be generated. A typical REP-PCR is the ERIC-PCR
variation within the amplified DNA fragment (PCR- (enterobacterial repetitive intergenic consensus
RFLP) [88–90]. As an example the discrimination of PCR), based on conserved sequences in Enterobac-
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Fig. 6. 16S rRNA-specific PCR. As a target for PCR amplification, the gene coding for 16S rRNA was selected. With the B. burgdorferi
sensu lato primers a specific 357 bp amplicon was generated from all isolates (see a). Eleven strains revealed an amplicon of 574 bp only
with the B. garinii specific primers (b, lanes 1 to 11) – these strains were identified as B. garinii. Six strains were identified as B. afzelii by
an amplicon of approximately 591 bp only with a specific primer pair for B. afzelii (c, lanes 12 to 17). With the specific primers for B.
burgdorferi sensu stricto only one strain showed an amplicon with approximately 574 bp and was identified as B. burgdorferi sensu stricto
(d, lane 18).

teriaceae [91,92]. Similar techniques for eukaryotes strains investigated. Problems were described with
have also been described e.g., Alu-PCR [93]. the reproducibility and difficulties occur in compar-

ing the different patterns [2].
2.2.10. Random amplified polymorphism DNA
(RAPD) or arbitrary primed (AP)-PCR 2.2.11. Ligase chain reaction (LCR)

Arbitrary primed PCR (AP-PCR) or the random In contrast to the above described PCR techniques,
amplified polymorphism DNA (RAPD) method the ligase chain reaction (LCR) uses the enzyme
[94,95] were used to type a wide range of bacteria DNA-ligase. The main difference to other polymer-
[78,96–105]. AP-PCR uses primers with a length ase-based nucleic acid amplification methods is the
comparable to those used in standard PCR (18–24 fact, that no new synthesis of DNA is required.
bp), whereas RAPD uses shorter primers (typically Repeated cycles of oligonucleotide hybridization and
6–10 bp). Both methods are less useful to differen- joining generates multiple copies of the target se-
tiate small genomes (such as those of viruses), since quence. For application of LCR [106] two com-
the number of products is usually small. Arbitrarily plementary pairs of oligonucleotides hybridize to the
selected short primers are used to anneal with low target DNA. After ligation, the target–ligation prod-
stringency at multiple loci on the chromosomes. uct duplex is separated by thermal denaturation and
These short primers will hybridize at random sites on is then available as new template for the hybridiza-
the chromosome and if the sites are located nearby tion and ligation of probes during the next cycle.
an amplicon is generated. The DNA fingerprints Therefore, in each cycle of oligonucleotide hybridi-
differ accordingly to the degree of relatedness of the zation the number of templates is doubled. The LCR
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Fig. 8. SSCP analysis of different HCV genotypes. A 283 bp DNA
fragment from the 59-non translated region of the virus is
amplified by RT-PCR (see also Fig. 7). The amplicons are
analyzed on a 7.5% polyacrylamide–5% glycerine gel; PCR

Fig. 7. Simultaneous detection of Hepatitis A virus (HAV)- and products of different HCV genotypes are separated due to differ-
Hepatitis C virus (HCV)-RNA by multiplex PCR. RNA of both ences in their secondary structure. Lane 1: genotype 3a; lanes 2
viruses was extracted, copurified and then reverse transcribed and 5: genotype 1a; lanes 3 and 6: genotype 1b; lanes 4 and 7:
using two specific oligonucleotides each specific for one virus in a genotype 2b. In contrast to the RFLP analysis in Fig. 9 the closely
single tube reaction. The obtained cDNAs were used to perform related genotypes 1a and 1b cannot be differentiated using this
‘‘nested’’ PCR with two sets of primers for each virus in one technique.
reaction. The products of the second PCR-amplification were
analysed on a 2% agarose gel in TBE buffer. PCR amplicons were
stained with ethidium bromide and visualized under UV light.
Lane 1 (negative control): primers for HAV and HCV were added, competence. Sequence analysis might become in-
no specific viral RNAs detected. Lane 2 (HCV-RNA positive creasingly important for typing, if this method can be
sample, no HAV-RNA present), only HCV-specific primer added:

further simplified to be performed on a routine basisdetection of a 283 bp amplicon derived from HCV-RNA, no
in laboratories which carry out epidemiological orHAV-RNA amplicon. Lane 3 (HCV-RNA positive sample, no
genotype studies [1].HAV-RNA present), HCV- and HAV-specific primer added: de-

tection of a 283 bp amplicon derived from HCV-RNA, no HAV- A new described sequencing method, the mul-
RNA amplicon. Lanes 4 and 5 (HAV/HCV-RNA positive sample, tilocus sequence typing (MLST), was carried out by
HCV- and HAV-specific primer added: detection of two PCR

sequencing six gene fragments (house keepingamplicons, the upper fragments derived from HCV-RNA and with
genes) with about 470 bp. The great advantage is thethe same molecular mass as the amplicons in lanes 2 and 3 (283
portability of sequence data, which allows laborator-bp). In addition, the smaller (242 bp) HAV-specific amplicons are

detected [128]. ies of different countries and continents to submit the
sequence data from the house-keeping gene frag-
ments to a central World-Wide Web site containing

method is used for detection of virulent poliovirus the database for that species [9]. In summary, so far
revertants in vaccinations, human papillomavirus, there are not yet enough data available to confirm,
human immunodeficiency virus-type 1 (HIV-1) and that this method will be suitable in the near future.
Mycobacterium tuberculosis, as well as for genetic
disease diagnosis [107–110].

3. Conclusions
2.2.12. Sequencing

The determination of the nucleotide sequence of In general, typing systems can be subdivided into
multiple genes from numerous strains is reliable and two separate groups: phenotypic and genotypic meth-
simple to interpret, but requires a lot of technical ods. Phenotypic techniques are designed to detect
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Fig. 9. RFLP analysis of two different Hepatitis C virus (HCV) genotypes. A 283 bp DNA fragment from the 59-non translated region of the
virus is amplified by RT-PCR [129] and cleaved with five different restriction enzymes. The restriction products are separated on a 1.5%
agarose gel according to their length, stained with ethidium bromide and visualized under UV light. Left side: genotype 3a derived PCR
products cut with the enzymes indicated; right side: genotype 1b derived products. M: Marker DNA used as length standard. The clinical
importance to perform HCV genotyping is based on the assumption that patients infected with certain genotypes respond more effectively to
interferon-alpha treatment than others [130–134].

features exprimed by bacteria whereas genotypic dardized as the features to be tested are not detect-
methods are based on the DNA-level. Some of the able.
classical phenotyping methods are biotyping, Therefore, classical phenotypic methods of stan-
serotyping, lysotyping, antibiotic-resistance testing, dardization are often not suitable to yield a satisfac-
electrophoretic protein separation, immunoblotting tory typing analysis.
and multilocus enzyme electrophoresis. For example, For that reason, typing methods are used to detect
a sensitivity of 95% in diagnosis of acute gonococcal differences on the DNA level, such as ribo-stan-
urethritis in men has been achieved by the examina- dardization, plasmid-profile analysis, restriction
tion of Gram-stained smears [111], but this method endonuclease analysis, PCR and PFGE. These meth-
is not suitable to differentiate between two strains of ods proved to be exceptionally helpful in typing
the same species. Profit and possible use of these analysis to answer questions concerning infection
techniques are limited by the appearance of pheno- chains and comprehension of evolution of patho-
typic differences of isolates of the same strain. genicity.
Beyond that, few of the strains cannot be stan- The natural genetic variation in chromosomal
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DNA of one bacterial species enables molecular generally known advantages and disadvantages. But
typing systems to distinguish unrelated strains. The one has to keep in mind that the perfect technique –
higher the variation, the fewer the problems to relative to optimal resolution, reproduction and
distinguish unrelated strains by using any of the stability – is not yet available.
genotypic methods. With the development of highly It is important to establish guidelines for the
sensitive molecular techniques, it is possible to interpretation of data [68] and also to perform
reliably detect even small changes within one species reproducibility studies together with many different
by using PCR or PFGE. laboratories all over the world [71,116]. But it has to

For most of the important diagnostic questions and be considered that too rigid schemes which arbitrari-
problems very sensitive methods of molecular dif- ly define the limits of variations between related
ferentiation techniques are available today. Also bacteria ignore phylogenetic descent and species
commercially available DNA isolation and purifica- specific differences in diversity [16]. At the moment,
tion kits, computer software for compilation and the main problem must be seen in the correct and
interpretation of the data can easily be put into action unbiased interpretation of experimental data.
[1]. As long as these uncertainties exist, a combination

of at least two typing protocols should be carried out,
3.1. Evaluation of the methods through which the results of the methods should

correspond to each other [1].
New molecular subtyping methods must be evalu- The method described by Maiden et al. [9] – the

ated against each other and compared with already multilocus sequence typing (MLST) – could be the
established methods. Therefore a set of identical and choice of the future, when direct DNA sequencing
different well-characterized strains are used to ana- has been developed into a simple and automated
lyze the parameters: typeability, reproducibility and routine DNA analysis technique, allowing different
discriminating ability. Typeability means to obtain laboratories all over the world to edit their data
identical results if the strains are subtyped by the through a World-Wide-Web.
method of choice at the moment and at a later time The comparative quality assessment of the various
point. The parameter reproducibility is the percent- typing procedures is mandatory, since a large variety
age of strains classified as the same subtype on of molecular typing methods have been made avail-
repeated testing. It is very difficult to interpret faint able. A set of 60 epidemiological well documented
bands obtained with universal probes (ribotyping) or Staphylococcus aureus strains (epidemiological re-
artifactual bands; in addition interpretation is compli- lated and independent) were analysed in a multicen-
cated by intraspecies variation of restriction patterns ter study [71]. The result of the study showed that in
[112] or by results caused through incomplete en- general within genetic procedures a greater resolving
zyme digestion (as in plasmid or genomic DNA power was yielded compared to the phenotypic
restriction analysis). The use of appropriate controls methods. In a single laboratory all techniques re-
to ensure reproducibility of the subtyping results sulted in high reproducibility but a standardised
cannot be overemphasized [113]. high-quality performance carried out between differ-

The determination of the discriminating power of ent laboratories showed low correlation of the re-
a new method – e.g., the ability to differentiate sults.
between two unrelated strains – can be evaluated by This implies that molecular typing methods,
the use of Simpsons index of diversity [114,115]. though adequate for resolving local problems, may

This can be defined mathematically as the prob- still not be suitable for the standardised analysis of
ability to which unrelated strains will be distin- international spread of pathogens when analyzed by
guished by that typing method and may be used to several laboratories worldwide. The reasons might be
compare typing methods and to select the most of technical nature, e.g., diversity of PCR machines,
discriminatory system. Taq-polymerases, electrophoresis supplies etc. Com-

The implementation of a particular technique for paring the genotypic methods PFGE and AP-PCR in
differentiation requires careful consideration of all multicentered studies [117–119], an apparent lack of
techniques and a well balanced estimation of the absolute reproducibility was revealed. For none of
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the genetic techniques, reproducibility has been HAV Hepatitis A virus
experimentally proven yet in a multicenter study [1]. HCV Hepatitis C virus

HIV Human immunodeficiency virus
3.2. Application of subtyping methods IS Insertion sequence

LCR Ligase chain reaction
For analysing a nosocomial infection – e.g. in- LRFP Large restriction fragment pattern

fections occurring during hospitalization – it is MRSA Methicillin resistant Staphylococcus
necessary to differentiate between the isolates of one aureus
species and to make a statement about the source of MLEE Multilocus enzyme electrophoresis
infection and the ways of transmission. The most MLST Multilocus sequence typing
important question is, if there is a clonal identity of PAGE Polyacrylamide gel electrophoresis
different bacterial isolates from one infection. Such PCR Polymerase chain reaction
epidemiologic information allows not only state- PFGE Pulsed-field gel electrophoresis
ments about possible nosocomial infections but can RAPD Random amplified polymorphism
also answer the question whether various isolates DNA
were obtained during different periods or if they REP Repetitive chromosomal elements
represent a new infection or a relapse of a patient. RFLP Restriction fragment length polymor-
Only with this knowledge, the source of infection phism
and the ways of transmission can be identified and RNA Ribonucleic acid
this is the prior condition for effective protection of SDS Sodium dodecyl sulfate
susceptible patients in the hospital. SSCP Single-strand conformation polymor-

For some time, multiresistant strains of the bac- phism
terium Staphylococcus aureus – particularly the
methicillin-resistant strains (MRSAs) – have been
causing problems in the struggle of nosocomial Acknowledgements
infections [120].
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