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Molecular typing of
environmental isolates
Jan L. W. Rademaker, Henk J. M. Aarts and Pablo Vinuesa

4.1 Introduction

The characterization of microorganisms is of essential importance for
microbial ecology studies. Classification, identification and differentiation
of microbes have traditionally relied on tests based on phenotypic charac-
teristics. However, DNA- and more specifically polymerase chain reaction
(PCR)-based fingerprinting methods have emerged as the most rapid,
reliable and simple alternatives to characterize and differentiate micro-
organisms. 

In typing, the objective is to reveal diversity within taxa. Taxa or taxo-
nomic units are groups arranged on the basis of similarities or defined
relationships that distinguish them from other organisms in a process called
classification. Nomenclature refers to the assignment of taxonomic names
to the taxa. Identification refers to assignment of unknown isolates to a
distinct taxonomic unit and naming it accordingly. Classification, nomen-
clature and identification make up taxonomy with the ‘species’ as the
central taxonomic unit. Complementary to taxonomy, typing enables
differentiation of isolates within species or subspecies, i.e. at the strain level. 

A variety of phenotypic and genotypic methods are employed for micro-
bial typing, identification and classification. Each method has its
advantages and disadvantages, in terms of ease of application, repro-
ducibility, a requirement for sophisticated equipment, mode of action and
level of phylogenetic and taxonomic resolution (1–6) (Table 4.1). DNA-
based typing may involve specific or aspecific PCR amplification, restriction
enzyme digestion and always fragment length analysis. PCR-based typing
methods enable scanning of part of, or the entire, microbial genome struc-
ture. The typing methods yield banding or fingerprint profiles that are
generally amenable to computer-assisted analysis and comparative typing
or database-mediated identification of bacteria (Figures 4.1–4.4) (1,7,8). 

In this Chapter, PCR amplification-based microbial typing methods for
cultured organisms will be discussed such as repetitive sequence-based
(rep)-PCR genomic fingerprinting, arbitrarily primed PCR (AP-PCR) finger-
printing, random amplified polymorphic DNA (RAPD), multi-locus
sequence typing (MLST) and amplified fragment length polymorphism
(AFLP) analysis and PCR-restriction fragment length polymorphism (PCR-
RFLP). The Chapter concludes with protocols for analysis of the whole
genome and ribosomal operon using the latter two techniques respectively. 
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4.1.1 Role of PCR amplification-based typing for microbial ecology

PCR-based typing methods have a widespread and important role in stud-
ies of environmental, agricultural, medical and industrial microbial
ecology. These complex microbial environments comprise bulk soil, the
phyllosphere, endosphere and rhizosphere of plants, salt and fresh water
systems, human and animal bodies, including the skin, oral, gastrointesti-
nal, and urogenital tracts, feces, feed and food, and many other man-made
environments such as those found in biotechnology, bioremediation and
sewage treatment facilities. PCR-based microbial typing methods have been
applied to study the diversity in all these settings, including different kinds
of isolates such as saprophytes, endophytes, commensals, pathogens,
symbionts and organisms involved in biotechnological production. 

Historically many food products are preserved by fermentation, or entail
in some way an incubation period involving microorganisms. Microbes
play an important role in determining flavor, texture and appearance of
products such as cheese, yoghurt, sour cream, beer, wine, olives, soy sauce
and meat alternatives, such as tofu and tempe. In food manufacturing,
starter cultures for these products can constitute single or multiple defined
strains, or undefined mixtures of organisms. PCR-based typing is applied
to improve the quality of these fermentation products. Moreover, PCR-
mediated typing methods are applied in the food industry to link spoilage
or pathogenic microorganisms in foods to contamination sources such as
the environment, equipment, processing or ingredients (2). From a micro-
bial ecological perspective, the production chain can be seen as an
enrichment culture for microbes that survive the processing conditions.
Pristine and disturbed soils, fresh or saltwater aquatic ecosystems ranging
from temperate to extreme environments have also been studied using
molecular typing methods. PCR-based typing can be used to track and
trace the contaminant microorganisms as well as, for instance, to monitor
genetically modified organisms or to detect agents of bioterrorism.
Microbial mats, biofilms causing fouling of pipes and waterlines, and other
mixed microbial populations are of increasing interest. PCR-based typing
is utilized to study the effect of pre- or pro-biotics as well as antimicrobial
agents on health and the intestinal flora composition of farm animals and
humans. Studies can focus on the extensive diversity present by total com-
munity fingerprinting (see Chapter 3) or using PCR-based typing methods
directed to individual cultured isolates (this Chapter). Thus, PCR-based
methods have proven to be of considerable value in the molecular charac-
terization and typing of individual strains and complex communities of
microbes.

4.2 Microbial typing methods

This section includes a brief discussion of the methods, the time required
for various experimental protocols, key parameters, and the benefits and
disadvantages of each method. Most typing methods can be applied to
organisms obtained in pure culture. In this Section, AFLP, rep-PCR genomic
fingerprinting, RAPD, DNA amplification fingerprinting (DAF) and AP-PCR
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fingerprinting, and PCR–RFLP including protocols for analysis of the ribo-
somal operon and MLST will be discussed. 

Initially the most commonly used fingerprinting approaches were based
on digestion of genomic DNA with rare cutting site endonucleases, followed
by pulsed field gel electrophoresis (PFGE; 9,10 and references therein), and
other RFLP-based methods, employing DNA hybridization with selected
probes. Currently the best standardized whole genome DNA fingerprinting
technique is PFGE (see http://www.cdc.gov/pulsenet/). This procedure
requires the enzymatic digestion of DNA with rare cutting restriction
endonucleases followed by agarose gel electrophoresis. In general the
method has a high taxonomic resolution, is highly reproducible and it has
been applied successfully to a large array of prokarya and eukarya (10–11
and references therein). However, PFGE requires high-quality DNA, obtained
by a cumbersome DNA preparation method, specific electrophoresis condi-
tions and equipment for separation of large DNA fragments.

The discovery of PCR has revolutionized DNA fingerprinting method-
ologies. Selected fragments of any DNA molecule (i.e. from a microbial
genome) can be amplified and subjected to subsequent analyses. Combined
analyses of highly conserved domains and hypervariable DNA segments are
applied to reveal differences between closely related strains. PCR finger-
printing methods have become valuable tools for microbial ecologists and
taxonomists because of their discriminatory power, speed, ease of applica-
tion and feasibility to process large numbers of isolates. The most
discriminatory PCR-based fingerprinting methods presently used are based
on whole genome analysis. 

4.2.1 AFLP analysis

A relatively new and promising genomic fingerprint technique is AFLP. This
PCR-based method, initially developed for plant breeding purposes, is also
widely used for the typing of bacteria, fungi and yeast (12; see also 5,13–17
and references therein). AFLP combines universal applicability, discrimina-
tive power and a high level of reproducibility (15). The AFLP procedure (see
the protocol in this Chapter) involves restriction enzyme digestion of a
small amount of purified genomic DNA (~50 ng) with one, two and some-
times more enzymes. Usually, one enzyme with an average cutting
frequency (e.g. the 6 bp cutter EcoRI) and a second with a higher cutting
frequency (e.g. the 4 bp cutters MseI or TaqI) is applied. Subsequently,
restriction site-specific adapter molecules are ligated to the generated
restriction fragments. The conditions used will allow simultaneous restric-
tion enzyme digestion and ligation while preventing the formation of
unintended restriction fragment concatemers. Moreover, the adapters are
designed in such a way that the adapter-restriction fragments will not be
cut because the restriction sites are not restored after ligation. AFLP involves
the subsequent amplification of a subset of these adapter-restriction frag-
ments. The amplification is accomplished by using primers that are
complementary to the adapter sequence and may additionally contain 0, 1
or 2 nucleotides at their 3' ends. Statistically, the extension of 1 selective
nucleotide will select for amplification of 1 out of 4 ligated fragments. The
generation of complex AFLP fingerprint profiles is facilitated by high-
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resolution separation of the amplification products on denaturing poly-
acrylamide gels or capillary-based systems that are identical to those used
for DNA sequence analysis. AFLP analysis has several advantages compared
to other fingerprinting techniques (18). The technique combines the bene-
fits of PCR with the robustness and reliability of RFLP analysis. AFLP results
can be obtained within 8–12 h starting from isolates available in pure
culture, using a capillary or slab-gel-based automatic sequencer, respec-
tively. AFLP genomic fingerprint analysis can be applied for DNA of any
origin and complexity such as DNA viruses, intracellular bacteria, Gram-
positive, Gram-negative bacteria and eukarya (see Table 4.1). No sequence
knowledge of the organism under investigation is required. AFLP finger-
prints exhibit a high complexity, i.e. display a high number of bands,
typically 40–200 fragments. The number of fragments generated can be
easily regulated by the selection of the restriction enzymes or nucleotide
extensions at the primers, for example 0 or 1 for bacteria and 1 to 2 for
fungal typing. The AFLP technique is applicable at various taxonomic levels
such as strain, subspecies and species, but cannot discriminate between
different genera. Like most other PCR typing methods, contamination of
host or environmental DNA can interfere with the fingerprint results
(19–21). A disadvantage of AFLP is that sophisticated equipment and soft-
ware is necessary to analyze the complex profiles. The application of
fluorescent labels circumvents the use of radioactive labels or silver stain-
ing profiles (22) and the use of automatic DNA sequencers significantly
reduces the effort and time necessary to analyze the AFLP fingerprint
profiles but on the other hand increases reagent costs. Successful applica-
tion of AFLP requires the use of a standardized amount of highly purified
DNA. In general, AFLP typing results show a high correlation at the
subspecies/strain level with conventional taxonomic studies. Moreover,
AFLP-generated genomic fingerprints yield results that are in close agree-
ment with DNA–DNA homology studies, as determined by cluster analyses
(indirect), and by a direct comparison of primary similarity values (23). This
clearly indicates that AFLP analysis can be used with other core typing tech-
niques in a polyphasic approach to taxonomy and microbial ecology.

Agarose gel-based assays have also been described, and use restriction
enzymes with lower cutting frequencies (e.g. 6 or 8 bp cutters) that result
in fewer fragments and, therefore, less complex fingerprints (19,24). This
application is less costly than using a DNA sequencer and can be used for
a variety of applications. 

Several AFLP fingerprint typing applications are described below includ-
ing studies of Salmonella, Listeria and Yersinia. Among the food-borne
pathogens, Salmonella is one of the main causes of human enteric diseases.
For Salmonella, 2000 different serotypes are recognized (25) and AFLP has
been evaluated as an alternative to serotyping. Different Salmonella strains
belonging to 63 serotypes were analyzed by AFLP using radioactively
labeled primers and manual processing (26). In our experience, AFLP typing
is less demanding and has a higher discriminatory power as compared to
serotyping. Each serotype could be characterized by a unique banding
profile and in some cases even strains belonging to one serotype could be
distinguished. EcoRI and MseI were used as restriction enzymes in combi-
nation with the E11 [EcoRI primer (E00) with extension AA] and M00 (MseI
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Table 4.1 Typing and target characteristics, electrophoresis platforms and references of several
typing techniques

Characterization Target used for Electrophoresis Methods and 
of: characterization platform reviews/application 

references

AFLP Whole genome Restriction site and Polyacrylamidea 5,12–17/5, 
or plasmid additional nucleotide or agarose 12–17,19–21,23,24, 

26,27,30–38,40,41,
45,46,48,128, 
144,174,184,188

rep-PCR Whole genome Repetitive element Agarose or 1–3,7,8,51,53,57,
Genomic oligonucleotide polyacrylamidea 63/23,51,52,59-62,
fingerprinting sequence 65-68,70,72,73,75,

78,79,81,106,122,
135, 189,190

ARDRA Ribosomal gene Oligonucleotide (MetaPhor) 116/121–124,
sequence and Agarose 127–129, 135
restriction site 

ITS-PCR-FLP Inter-transfer Oligonucleotide Agarose or -/132  
ribosomal gene sequence and polyacrylamidea

spacer sequence fragment length 
IGS-PCR-FLP Inter-ribosomal Oligonucleotide Agarose or 119,146,150/126,

gene spacer sequence and polyacrylamidea 130  
sequence fragment length 

IGS-PCR-RFLP Inter-ribosomal Oligonucleotide Agarose 119,146,150/31,
gene spacer sequence and 118,122,124  
sequence restriction site 

T-RFLP (Ribosomal) gene Oligonucleotide Polyacrylamidea 159,160/167–173
sequence and 
restriction site 

SSCP (Ribosomal) gene Specific Polyacrylamidea 162/161,163,164,
oligonucleotide and 166  
total fragment 
sequence 

T/DGGE (Ribosomal) gene Specific Polyacrylamide 165/-
oligonucleotide and 
total fragment 
sequence 

RAPD/AP- Whole genome Repetitive random Agarose 97–99 (RAPD),
PCR/DAF oligonucleotide 100–102 (AP-PCR), 

sequence 81,103,104 
(DAF)/33,37,41,
85,98,101,102,105

PFGE Whole genome Low frequency Agarose 9–11/105  
restriction site 

MLST Several genes DNA sequence DNA-sequencer 177–179/180–185  
Plasmid Plasmid Plasmid sizes Agarose 191
profiling 

aFluorescent labels and capillary electrophoresis can be applied. 



primer without extension) primer. Alternatively the enzyme combination
BglII–MfeI was used for AFLP analysis of Salmonella enterica subsp. enterica
isolates (27).

Listeria monocytogenes is a ubiquitous microorganism (28) and known as
an opportunistic food-borne pathogen that causes listeriosis. As Listeria
monocytogenes has the ability to grow at refrigerated temperatures (29) it
poses a serious health risk especially in view of the present-day consumer
preference for ready-to-eat products. Only a few serotypes (1/2a, 1/2b and
4b) are responsible for the majority of the listeriosis cases. Serotyping does
not allow further differentiation of potentially pathogenic strains. In order
to improve epidemiological studies we have evaluated the applicability of
AFLP. In one study 106 different strains belonging to 14 serotypes were
characterized by AFLP (30) using automatic laser fluorescence analysis
(ALFA). The results clearly showed that AFLP had a higher discriminatory
power compared to serotyping as each Listeria monocytogenes strain analyzed
was characterized by a unique profile. For these analyses EcoRI and MseI
were used in combination with primer E01 (E00 + A) and primer M02 (M00
+ C). The profiles were resolved using an ALF-Express sequencer and a 6%
denaturing polyacrylamide gel. The obtained digital images of the profiles
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Figure 4.1

AFLP fingerprints of Yersinia enterocolitica strains run on an automatic DNA
sequencer (Alfexpress). Genomic DNA was digested by EcoRI and MseI. After
adapter ligation, a subset of fragments was amplified by a selective PCR using the
Cy5™-labeled E01 primer and the non-labeled M02 primers. Pathogen-correlated
bands are indicated by an arrow. M: marker; P: pathogenic; NP: non-pathogenic.



were analyzed by the software package ImageMaster® 1D Elite (Amersham
Pharmacia Biotech).

Yersinia enterocolitica is a small rod-shaped Gram-negative bacterium caus-
ing yersiniosis, infecting humans mostly through consumption of
contaminated meat. Pathogenic Yersinia enterocolitica strains and non-
pathogenic strains have been investigated by AFLP to identify
pathogen-specific fragments. The application of the restriction enzymes
EcoRI and MseI, primer M02 (M00 + C) and the Cy5™ labeled E01 (E00 +
A) primer resulted in highly characteristic fingerprints (Figure 4.1). The AFLP
fingerprint profiles of the pathogenic strains were close to identical and
several fragments could, in comparison to the profiles of the non-patho-
genic strains, be identified as pathogen specific. These fragments may be
exploited to develop pathogen-specific PCR tests. In a similar fashion, AFLP
proved useful for typing and epidemiological studies of Chlamydia (19–21)
and allowed the identification of genomic markers of ruminant Chlamydia
psittaci strains (19). 

Additional applications of AFLP are found in the taxonomy and identi-
fication of Bradyrhizobium strains nodulating legumes (31), and plant
pathogens such as Erwinia (32) and Xanthomonas (23) as well as lactobacilli
(33). Moreover, AFLP analysis was used for the systematics of Burkholderia
cepacia (34), Aeromonas (14,35) and Acinetobacter (36–39). In the analysis of
outbreaks of (food-borne) diseases, AFLP has been applied to study strep-
tococci (40), enterococci (41) Campylobacter (42,43) and Legionnaires’
disease (24,44). Furthermore AFLP analysis has been used to study genetic
variation between strains of Bacillus cereus, B. thuringiensis and B. anthracis
(45–47), Clostridium perfringens (48) and fungi (17,49,50).

4.2.2 rep-PCR fingerprinting

Repetitive sequence-based PCR (rep-PCR) genomic fingerprinting is a less
complex alternative to AFLP typing for whole genome typing. rep-PCR uses
DNA primers complementary to naturally occurring, repetitive DNA
sequences, dispersed throughout most bacterial genomes. The rep-PCR
amplicons are resolved in a gel matrix, resulting in complex and highly
specific genomic fingerprints (Figure 4.2) (51,52). Three families of repeti-
tive sequences have been identified. These include the 35–40 bp repetitive
extragenic palindromic (REP) sequence, the 124–127 bp enterobacterial
repetitive intergenic consensus (ERIC) sequence (51), and the 154 bp BOX
element of Streptococcus pneumoniae (51). The repetitive elements may be
present in both orientations and are located in distinct, intergenic positions
around the genome. Oligonucleotide primers have been designed to prime
PCR-mediated DNA synthesis outward from the inverted repeats in REP and
ERIC (51) and from the box A subunit of BOX (51). The use of these
primer(s) and PCR leads to the selective amplification of distinct genomic
regions located between REP, ERIC or BOX elements. The amplified frag-
ments can be resolved in a gel matrix, yielding profiles referred to
collectively as rep-PCR genomic fingerprints (Figure 4.2). The specific proto-
cols are denominated as REP-PCR, ERIC-PCR and BOX-PCR genomic
fingerprinting, respectively (1,3,4,7,8,51,53). The rep-PCR genomic finger-
prints generated from bacterial isolates permit differentiation to the species,
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subspecies, and strain level. Moreover, the method is widely applicable to
a wide variety of microorganisms, yielding complex fingerprint profiles in
a variety of Gram-negative and Gram-positive bacteria (see Table 4.1 and
references therein). No previous knowledge of the genomic structure or
nature of indigenous repeated sequences is necessary. Eukaryal applications
have also been described (54–57). The need to identify suitable arbitrary
primers (by trial and error) for large strain collections, for RAPD, AP-PCR
and DAF protocols (see below) is not normally necessary for rep-PCR-based
genomic fingerprinting. Another distinct advantage is that rep-PCR
genomic fingerprinting can yield specific fingerprints in samples where host
DNA (human, animal or plant) is present. Of additional convenience is that
several methods of template preparation can be used for rep-PCR genomic
fingerprinting. The method of choice can depend on the nature of the
microorganisms being analyzed, the ease with which they lyse, the number
of isolates to be analyzed, the level of resolution desired, and the time avail-
able. rep-PCR fingerprints have been obtained from purified DNA, cells in
liquid culture, bacterial isolates from agar plates, directly from organisms
in cerebral spinal fluid, and from extracts of plant lesions and nodules
(1,3,4,51,58-69). In whole cell applications, relatively few cells, for exam-
ple an amount barely visible on a disposable 1 ml inoculation loop, can yield
enough DNA for a rep-PCR reaction (1,3,4,53). In fact, using too many cells
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Figure 4.2

Rep-PCR genomic fingerprinting as applied for the classification and identification
of Xanthomonas. Clusters of 59 Xanthomonas strains correspond to DNA–DNA
homology groups, as indicated in squares, or species using combined BOX-, ERIC-
and REP-PCR genomic fingerprints.



can have an adverse effect on rep-PCR profiles resulting in the generation
of a background smear.

rep-PCR genomic fingerprinting is simple, rapid and robust. The method
is performed using ~50 ng of target organism DNA per 25 ml PCR reaction;
the amplification requires 5–7 h (1,3,4,53). Electrophoresis on agarose gels
can be performed in 8 h, but 18–19 h on 25 cm long gels is preferred for
better resolution of the complex fingerprints (1,3,4,53). Alternatively, fluo-
rescent-enhanced rep-PCR (FERP) fingerprints can be resolved on
polyacrylamide gels using an ABI sequencer in ~2 h (3,4,68,70–73). Rep-
PCR fingerprinting, including computer-assisted or visual pattern analysis
(1,7,8), can be performed in ~2 days; however, with a few modifications it
is possible to complete a rep-PCR assay within 24 h. Recent developments
that apply Agilent’s ‘lab-on-a-chip’ technology (http://www.agilent.com)
for rep-PCR fingerprinting may increase speed and standardization of the
analyses (74) but also increase costs per analysis. This system has now been
developed as a commercial application by Spectral Genomics as the
Diversilab™ system (http://www.bacbarcodes.com/).

In many cases sufficient characterization and differentiation of isolates is
obtained using a single primer set. Robust and, commonly, highly complex
fingerprints are obtained using the BOX primer. The REP primer set usually
generates fragment profiles of lower complexity. The ERIC primer set
frequently yields highly complex profiles, but is more sensitive to PCR
conditions, such as the presence of contaminants in the DNA preparations.
A small pilot experiment can be carried out to identify the optimum primer
set for a given application. When isolates are expected to be highly similar
or if a more robust assessment of genetic relatedness is to be generated,
analysis of fingerprints generated with two or more primer sets is preferred.

Various typing studies have included a combination of primer sets. For
example, BOX and ERIC primers were used to evaluate bacterial isolates
from a hospital cafeteria-associated outbreak of gastroenteritis due to
Salmonella (75). BOX-PCR fingerprinting has been used alone and in combi-
nation with ERIC-PCR fingerprinting to assess the diversity of fluorescent
pseudomonads in soil as well as from other environmental and clinical
settings (76,77). BOX-, ERIC- and REP-PCR genomic fingerprints were used
in a study of bacteria obtained from pasteurized vegetable purées (78) and
tomato plants (79) and enabled X. populi pathovars populi and sacalicis to
be distinguished from each other and from other Xanthomonas species (80)
as well as more extensive classification of the genus (23). ERIC and REP
primers were successfully applied to determine the origin and diversity of
mesophilic lactobacilli in cheese (81). BOX and REP primers were used to
differentiate E. coli isolates from human and animal origin (59) and to allow
identification of E. coli O157:H7 isolates of food-borne and environmental
origin (82). BOX-PCR genomic fingerprint profiles were sufficient to deter-
mine the sources of fecal pollution (59), enabled differentiation of benzoate
and nonbenzoate degrading Rhodopseudomonas palustris strains (83), and
could characterize strains of the newly defined species Halomonas muralis
from mural paintings in a chapel (84). ERIC-PCR genomic fingerprints were
effective in differentiating virulent from avirulent Bacillus anthracis strains
(85) and Aeromonas strains from diverse sources (86,87) as well as sulfate-
reducing bacteria from marine sediments (88). Pseudomonas
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pseudoalcaligenes isolates, able to utilize phenol as a sole carbon source, were
found to belong predominantly to a non-clonal cluster of REP-PCR genomic
fingerprint profiles (89). 

Rep-PCR fingerprinting, including the more expensive FERP version, has
proven to be a microbial typing method of high discriminatory power and
reproducibility, and is a valuable tool for studying microbial ecology.
Results of rep-PCR fingerprints were shown to be in close agreement with
DNA–DNA homology studies either by cluster analyses (indirect), or by a
direct comparison of primary similarity values (23). 

Rep-PCR typing has also been used at low annealing temperatures to
include the typing of fungi (55–57,90), but at a cost of reduced specificity.
Under these conditions, rep-PCR will be susceptible to the same problems
described below for arbitrary primers (91) such as poor reproducibility.
Nevertheless, using lower temperatures can broaden the application of rep-
PCR genomic fingerprinting. 

4.2.3 Mini- and microsatellite fingerprinting

Single primers directed against mini- and microsatellite sequences have
been used in a similar fashion using PCR to generate characteristic finger-
print profiles of a wide array of prokaryotic and eukaryotic organisms.
Minisatellites also referred to as variable number of tandem repeats (VNTRs)
include the core sequence of the wild type phage M13 (5'-GAGGGTG
GCGGTTCT-3') (92), whilst microsatellites consist of simple or short
sequence (di, tri, tetra etc.) repeats (SSRs), also referred to as simple tandem
repeats (STRs), and include primers (GACA)4 (54,93), (CA)8, (CT)8, (CAC)5,
(GTG)5 (51) and (GATA)4 (94). A large number of fungal species and strains,
including Penicillium, Trichoderma, Leptosphaeria, Saccharomyces, Candida
and Cryptococcus have been differentiated using these oligonucleotides in
PCR. A high correlation of the PCR fingerprinting results with serotypes was
found for Cryptococcus neoformans (95). Short-sequence DNA repeats of
prokaryotes have been reviewed by Van Belkum et al. (96). The finger-
printing methods applying the primers detailed above can be regarded as
an intermediate between rep-PCR genomic fingerprinting and the random
or arbitrary primed PCR fingerprinting described in the following section.
This intermediacy relates to the complexity of fingerprint profiles gener-
ated, their reproducibility, the time required to generate the profiles and
their overall performance.

4.2.4 Fingerprinting methods using random primers (RAPD, AP-
PCR, DAF)

Short random or arbitrary primers are used with PCR to generate genomic
fingerprint profiles in methods referred to as random amplified polymor-
phic DNA (RAPD) (97–99), arbitrarily primed PCR (AP-PCR) (100–102) or
DNA amplification fingerprinting (DAF) (10,103,104). The different names
describe variations on a theme of PCR-based fingerprinting, which use a
small nonspecific single primer at low annealing temperatures (i.e. ≤35°C).
The primers anneal to multiple regions of the genome simultaneously and
amplification occurs when the 3’ ends of the annealed primers face one
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another on opposite strands of DNA flanking regions up to several kilobases
apart. Essentially, the techniques scan genomes at a low stringency for small
inverted repeats with intervening DNA sequences of variable length subse-
quently amplified. Due to the high speed (within 24 h) and low technical
demand of the method, RAPD, AP-PCR and DAF-based fingerprinting have
been widely applied for species and strain differentiation. A disadvantage
of the method is that the reaction conditions must be optimized rigorously
for each specific application, with a high degree of standardization required,
in particular when large collections of isolates are to be analyzed. Moreover
the methods are highly sensitive to temperatures, reaction times, and
source of polymerase, MgCl2 concentration, quality and quantity of
template DNA, and sequence, size and concentration of primers. A large set
of primers and a number of reaction conditions should be evaluated to set
up a random or arbitrary primed PCR fingerprinting experiment. Often
several sets of primers need to be applied in the final analysis in order to
obtain the most discriminating patterns between species or strains. The
amount of DNA template required is 20–50 ng, similar to that required for
rep-PCR and AFLP genomic fingerprint analysis. Primers can be purchased
from various manufacturers (e.g. the OPA series from Operon Technologies;
http://www.operon.com) or designed randomly. RAPD, AP-PCR and DAF
allow rapid detection of polymorphic DNA markers using small agarose gels
with the profiles comprising a limited number of bands, typically five frag-
ments or fewer. Diversity is usually evident using one or more primers, but
reliable similarity data usually require the use of multiple primers. Up to
10 or more primers may be required to obtain a set of markers with reli-
able discriminatory power. For example, six primers were needed in one
RAPD fingerprinting study to match the typing performance of single AFLP
genomic fingerprints (37). 

The random and arbitrary PCR fingerprinting methods are particularly
suited for rapid and easy comparative typing of relatively small sets of
isolates, in particular because the fingerprints obtained in the same PCR
amplification are by definition less sensitive to reproducibility factors. DNA
samples, however, need to be of a good quality. The random and arbitrary
PCR fingerprinting methods are applicable to a wide variety of pro- and
eukarya, yielding complex fingerprint profiles in a variety of Gram-nega-
tive and Gram-positive bacteria (33,37,41,85,101,105), fungi and other
eukarya (98,102). 

Computer-assisted cluster analysis of four combined RAPD profiles has
been shown to have a remarkable congruence with cluster analysis of two
AFLP profiles and to some extent correlation with origin, pathogenicity and
bacteriogenicity in a characterization of 78 Enterococcus feacium isolates
(41). RAPD-PCR fingerprinting using at least three different primers
followed by computer-assisted cluster analysis of the combined patterns was
successful in differentiating Lactobacillus acidophilus and related species, as
was similarly found using AFLP analysis (33). As with ERIC-PCR finger-
printing, RAPD analysis was found to be effective in differentiating virulent
from avirulent Bacillus anthracis isolates (85). Moreover, RAPD analysis has
also been successfully applied for typing of homofermentative lactobacilli,
and compared with analysis using REP-PCR genomic fingerprinting and
PFGE approaches (105). RAPD analysis has been applied to a large variety

Molecular typing of environmental isolates 107



of other bacteria such as Borellia, Actinobaccillus, Pseudomonas, Proteus and
Staphylococcus and many others such as various food- and plant-associated
bacteria (see references in 2,102–104,106). When higher levels of discrimi-
nation and the assessment of relationships are required, AFLP and rep-PCR
genomic fingerprinting methods are more suitable, particularly for exten-
sive surveillance studies that generate databases of profiles (1,7,8).

4.2.5 Ribosomal RNA gene fingerprinting methods

The PCR-based whole genome fingerprinting methods discussed above
(AFLP, rep-PCR, RAPD and AP-PCR) yield highly discriminatory, sub-
specific and frequently strain-specific genomic fingerprints (i.e. provide a
high taxonomic resolution). To compare isolates above species level, vari-
ous typing methods based on amplified ribosomal DNA (restriction)
fragment length polymorphism (RFLP) analysis have been extensively used
in molecular microbial ecology and systematic studies. For several reasons,
ribosomal RNA genes (rRNA genes or rDNA) have contributed largely to our
current understanding and perception of microbial ecology, diversity and
evolution (107–110) (see also Chapter 2):

(i) orthologs of rRNA genes are found in every living organism, and
encode rRNA molecules that are components of ribosomes which
carry out polypeptide synthesis;

(ii) rRNAs display highly conserved secondary structure motifs (stems and
loops) (111) that allow for the alignment of rRNA sequences from
distantly related taxa (112);

(iii) domains within the ribosomal genes and/or operon evolve at differ-
ent rates, allowing phylogenetic analyses to be performed at various
levels of taxonomic resolution, including the deepest branches
(109,110).

Ribosome-related data services can be obtained from the Ribosomal
Database Project (RDP; http://rdp.cme.msu.edu/) (113), including online
data analysis, rRNA-derived phylogenetic trees, and aligned and annotated
rRNA sequences (e.g. using the ARB program; http://www.arb-home.de/)
(see also Chapter 15). The use of ribosomal operons as target for a variety
of PCR-based typing methods is discussed here, while phylogenetic
sequence analyses are discussed in Chapter 2. 

As detailed below, different regions of the ribosomal operons have been
targeted for PCR amplicon length or RFLP analyses of microbial isolates.
The general structure of the rDNA operon (rrn) of prokaryotes is shown in
Figure 4.3. The rrf , rrs and rrl rRNA genes encode for the structural rRNA
molecules required for ribosome assembly and function (5S, 16S and 23S
rRNAs, respectively) (114). However, various structures have been reported,
including split rrn operons with different configurations such as linked rrs-
rrl and separated rrf genes, or separated rrs and linked rrl–rrf genes (see 154
for a review). For bacteria, the 16S, Small Sub Unit (SSU or rrs), 23S, Large
Sub Unit (LSU or rrl), ribosomal gene sequences, inter 16S–23S rRNA or
rrs–rrl spacers, and inter 23S–5S rRNA or rrl–rrf spacers, can be targeted for
analysis. The targets are PCR-amplified followed by (restriction) fragment
length polymorphism analysis. 
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In amplified ribosomal DNA restriction enzyme analysis (ARDRA)
(115,116) specific (or moderately degenerate) PCR primers targeting highly
conserved domains in the sequences of rrs and rrl genes are used to amplify
partial or nearly full-length 16S, 23S or intergenic spacer rDNA fragments
(117–120). The high specificity and low degeneracy of these primers makes
the amplification of the selected targets possible from different sources,
including liquid or plate cultures, without a previous DNA purification step
(121). The PCR products are generally single bands of a well-defined size
(but see discussion below), making the analysis of the specificity and effi-
ciency of the amplification reaction a straightforward and rapid
undertaking, using standard agarose gel electrophoresis. Subsequently one
or two frequently cutting, tetrameric (i.e. having a 4 bp recognition site)
restriction enzymes are used to digest the rDNA amplicons. There is no need
to purify the PCR products before their restriction with endonucleases.
Electrophoresis of the resulting restriction fragments is often performed
using MetaPhor agarose for enhanced resolution of the DNA fragments
(122), but preparation of these gels is more complex than for standard
agarose gels. However, if large collections of diverse isolates are to be typed,
the use of MetaPhor agarose is recommended. In contrast to the earlier-
mentioned whole genome fingerprinting methods that yield complex
fingerprint profiles, only a limited number of fragments are obtained per
RFLP assay. In general terms the PCR-RFLP typing procedure is straightfor-
ward and highly reproducible, and can be performed for many isolates in
<2 days. Important parameters in the analysis are the selection of restric-
tion enzymes and primers, preferably guided by computer-simulated
digestion of the complete rDNA sequences of organisms related to the ones
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General structure of the prokaryotic ribosomal rRNA operon (rrn). Note that the 16S-23S IGS region
may or may not contain tandem tRNAIle and tRNAAla genes. Several groups of prokaryotes do not
contain such genes linked to the rrn operon, and others contain only one of the two tRNA genes
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154).



under study (123,124). ARDRA of different rrn markers has been reported
to detect inter-species, inter-strain and inter-operon variability, thus yield-
ing valuable genetic information for phylogenetic and taxonomic analyses
of large strain collections (31,115,116,118,120–122,124–135). For example,
the application of 23S PCR-RFLP in a study of thermophilic campylobac-
ters from clinical and poultry samples yielded 11 different types, and
allowed the differentiation between C. jejuni and C. coli at the species level
(128). 

In addition to the standard rrs-, rrl-, rrs to rrl and rrl to rrf intergenic
spacer-based ARDRA, it was demonstrated that PCR-mediated amplification
of inter-tRNA gene spacer regions (tRNA-inter-repeat-PCR or ITS) (136) can
be used to type microbes. Fingerprints obtained by tRNA-inter-repeat-PCR
can be species-specific such as for Staphylococcus (132), Bacillus (137) and
most Acinetobacter (138) and Lactobacillus species (139). 

Rapid typing and classification of large collections of bacterial isolates at
the genus to species levels of taxonomic resolution has been achieved by
PCR-RFLP analysis of rrn operon markers coupled with computer-assisted
pattern analysis (116). This is illustrated by several studies on diversity and
classification of rhizobia and other bacteria of ecological, industrial and
clinical interest (121,122,124,127). The endosymbiotic nodule bacteria
from leguminous plants comprise a diverse and polyphyletic assemblage of
a- and b-Proteobacteria currently classified in 12 genera grouped in nine
families (140,141). The 16S rDNA and 23S rDNA sequences or RFLP data
enable grouping of strains at the genus to species levels of taxonomic refine-
ment, but frequently do not provide enough taxonomic resolution to study
infraspecific diversity. This applies particularly to genera displaying low rrs
sequence divergence (142), such as the genus Bradyrhizobium (143,144,145).
The 16S–23S internally transcribed spacer region is more variable in
sequence, thus providing significantly greater taxonomic resolution than is
found for the rrs and rrl genes, as shown in several recent studies dealing
with diversity, taxonomy and phylogeny of different bacterial groups, and
discussed in recent reviews (10,31,76,77,119,122,124,130,141,144,
146–151). We have shown that the combined analysis of the rrs, IGS and
rrl PCR-RFLPs using just three enzymes for each region provides taxonomic
resolution to at least two or three times as many groups as is found for full-
length rrs sequence analysis of bradyrhizobia. The overall topology of the
RFLP-based dendrograms is in good agreement with those derived from IGS
nucleotide sequence phylogenetic reconstruction (Figure 4.4) (145).
However, incongruent tree topologies derived from sequence or RFLP data
of different rrn markers is an indication of potential horizontal gene trans-
fer and recombination events (152). This can also affect the entire rrn
operon, as elegantly demonstrated by Yap et al. (153). 

All DNA sequence analyses of inter-ribosomal gene spacer sequence IGS
regions of rhizobia to date contain tandem tRNAIle and tRNAAla genes (see
Figure 4.3). In other bacterial groups, such as most high G + C bacteria
(Actinobacteria), these genes may be absent in the operon. The tRNA genes
display some sequence variability in fast-growing rhizobia (Rhizobium spp.
and Sinorhizobium spp.), but are highly conserved in slow-growing
Bradyrhizobium strains (151). In both groups, IGS sequences contain highly
variable intergenic spacer regions (ISRs) located upstream, between, and
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downstream of the tRNAIle and tRNAAla genes, respectively (see Figure 4.3).
This variability constitutes nucleotide substitutions at particular sites, as
well as insertions and deletions of varying lengths. As a consequence, IGS
amplification of rhizobia often results in conspicuous intra-genus and even
intra-species length polymorphisms, as also reported for other bacteria
(154). For example, the IGS amplification products generated from a world-
wide collection of 75 Bradyrhizobium strains ranged in size between 900 and
1200 bp, with some isolates displaying a much shorter IGS amplification
product (124). This variation can be exploited for the development of
strain-specific PCR primers, targeted to the strain-specific singleton sites,
which can then be used to track particular strains in the environment. The
use of rDNA IGS sequences and RFLP analyses is increasingly applied in
high-resolution typing and phylogenetic analyses of bacterial isolates, and
holds great promise for studies on molecular bacterial population genetics
(118,119,130,141, 145–150,154 and references therein).

Several properties of rrn operons should be considered when rrn markers
are chosen for PCR-RFLP typing or phylogenetic inferences. First it is impor-
tant to notice that many bacterial genera contain multiple copies of the rrn
operon (e.g. 10 in Bacillus subtilis, nine in Staphylococcus aureus, seven in E.
coli and Salmonella, six in Streptomyces nodosus and Enterococcus faecalis,
three in Sinorhizobium meliloti and Mesorhizobium loti (155). The rDNA alle-
les on each copy can be divergent, due to nucleotide substitutions, localized
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Dice-neighbor joining analysis of the combined 16S, ITS and 23S rDNA PCR-
RFLPs of a selected set of Bradyrhizobium spp. strains. The Canarian
Bradyrhizobium cluster (112) is recognizable with 100% bootstrap support by IGS
sequence analysis, but not by full-length rrs sequences (unpublished). Strains
BGA-1 and USDA123 are indistinguishable by their 16S rDNA sequence, but are
clearly resolved by the RFLP analysis, demonstrating its higher resolution power.
The Venezuelan soybean isolates GS-F5 and GS-F6 are phylogenetically related to
B. elkanii, whereas the Chinese soybean isolates X1-3, X3-1 and X6-9 were 
classified as B. japonicum strains, illustrating its value in the classification of novel
bacterial isolates. Azorhizobium caulinodans strain ORS571 forms an outgroup to
the Bradyrhizobium spp. strains, as expected from phylogenies reconstructed from
16S rDNA and other gene sequences.



intragenic recombination, lateral transfer of partial or entire rrn operons,
or a completely different IGS structure (151,152,153–155). This will result
in incongruent tree topologies derived from the analysis of different gene
segments of one allele, or from the analysis of different alleles from one
strain (131,151,154,156). Furthermore, the sequence heterogeneity between
different copies of the rrn operons can lead to the formation of heterodu-
plex molecules after PCR amplification (see also Chapter 2). If the different
IGS regions present in a cell are of significantly different lengths, this will
result in the production of several PCR amplicons, rendering RFLP analy-
sis of such samples almost impracticable, as has been reported for
fast-growing rhizobia (151). These issues are not relevant, however, for
those bacterial groups that contain only a single copy of the rRNA operon,
such as most members of the Bradyrhizobiaceae (144,145,157). Because of
highly variable non-coding ISR domains, multiple IGS sequence alignments
may contain regions of low confidence with respect to the reliability of the
alignment, even when strains from the same genus or species are compared.
Therefore these regions are generally excluded for phylogenetic analyses,
but are useful for diversity studies and the formulation of strain- or group-
specific PCR primers for ecological studies (151). Indel regions, however,
contain significant phylogenetic information, which can be taken into
account either by coding gapped sites as a fifth character state (145), or by
the construction of an indel matrix using different coding schemes (157).
It should also be noted that very strong among-site rate variation exists in
rrs, rrl and IGS sequences containing tRNA genes. Therefore a phylogenetic
reconstruction based on these sequences using model-based methods (i.e.
distance, maximum likelihood and Bayesian) should correct for this varia-
tion by choosing substitution models that include the gamma and/or
proportion of invariant sites parameters (131, 145,158). 

Terminal restriction fragment length polymorphism analysis (T-RFLP)
(159,160), separation of PCR-amplified genes by single-strand conformation
polymorphism (SSCP) (161–164) and temperature or denaturing gradient
gel electrophoresis (T/DGGE) (see 165 and references therein) can detect
subtle sequence variation in specific genetic loci. The results of these analy-
ses are typically limited to the mobility of a single band for each isolate.
This limitation has been exploited by typing several isolates simultaneously
in the same gel lane such as applied in the genetic profiling of whole micro-
bial communities (see Chapter 3). However, these methods have been
shown to be useful in typing single isolates. T-RFLP has been used for iden-
tifying clinically important bacterial strains (159) whilst PCR-SSCP analysis
has been applied to characterize the genomovars of the Burkholderia cepa-
cia complex (166). In our laboratory T-RFLP enabled differentiation of
Alyciclobacillus strains that are known to spoil acidic food and ingredients
and that may produce off-flavor, for example in fruit juices (unpublished
data). In addition, population structure and dynamics of silage, cheese and
intestinal microflora could be determined using T-RFLP analysis (167,168
and unpublished data). PCR (T-)RFLP analysis of ribosomal sequences for
genetic typing has several benefits such as the availability of large sequence
databases, such as the Ribosomal Database Project (RDP) (113), and well-
characterized phylogenetic primers. Several alternative genes have been
used in T-RFLP analysis. Polymorphisms present on a variety of DNA
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segments including the mer operon (169), the amoA gene (170), the nirS
gene (171) and mcrA genes (172,173) have been used for typing. Additional
polymorphisms may be present in housekeeping genes, recA (174), flagellin
genes such as fla, antimicrobial resistance genes or pathogenicity and
symbiotic islands (34,127,175,176). Also mobile genetic elements, such as
transposons, integrons, insertion sequences (IS), bacteriophages and plas-
mids may be used to obtain or may contribute to the complexity of the
restriction patterns (see references in 147). Increasingly popular for char-
acterization and strain differentiation is the analysis of short DNA
sequences of multiple loci in a procedure referred to as multi-locus sequence
typing (MLST) (177–179). Short DNA sequences of ~450 bp, of several loci,
often about seven, have been used for MLST typing (180) of Campylobacter
jejuni, Streptococcus pneumonia (see references in 147), S. pyrogenes,
Staphylococcus aureus, Haemophilus influenzae, Salmonella (181,182)
Enterococcus feacium (183), Neisseria meningitidis (184) and Candida albicans
(185). MLST typing is highly reproducible, versatile, quick and easy when
high-throughput sequencing facilities can be afforded. It is amenable to
computer-assisted analysis, database construction and data can be easily
exchanged between laboratories (181) and is therefore increasingly being
adopted for bacterial typing studies.

4.3 Computer-assisted analysis of PCR-generated fingerprint
profiles

When a large number of diverse DNA fingerprint profiles of high complex-
ity need to be compared, computer-assisted analysis becomes imperative
and standardization becomes critical. Moreover, the quality of the data is
essential to obtain reliable comparisons, especially when the profiles are
obtained from multiple gels over a long time and/or if large databases are
to be generated. Standardized conditions should include: sample prepara-
tion and processing; DNA isolation methods; and PCR, restriction digestion
and ligation reaction conditions. The use of standardized electrophoresis
conditions, size markers and image capturing is also essential. For
computer-assisted analysis of DNA typing profiles, many hardware and soft-
ware combinations are available (7,8). Comparison and cluster analysis of
a collection of profiles can be carried out using band-based as well as curve-
based approaches (1,7,8). In general, a well-defined fingerprint of low
complexity, such as PFGE and PCR-RFLP, can be defined as an array of peaks
or bands. Nevertheless it is tedious, laborious and subjective, especially for
highly complex profiles such as AFLP and rep-PCR genomic fingerprints.
Alternatively, a curve-based analysis, such as the product-moment correla-
tion (186) can be used. This coefficient permits a direct comparison of the
densitometric curves and is better suited for identification of DNA finger-
printing profiles than band-matching algorithms (1,7,8,187). The product
moment correlation values obtained among rep-PCR and AFLP fingerprint
profiles have shown high correlation with DNA-DNA homology values
supporting the high relevance of the product moment (23,147). Subsequent
cluster analysis requires a simplification of the original data by reducing a
set of DNA fingerprint profiles to a proximity matrix. The choice of clus-
tering method is not always obvious, and different similarity coefficients
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and more than one clustering method can be applied to compare the result-
ing groupings in order to chose the representation of the data that is most
appropriate. In summary, cluster analysis is not a statistical approach to test
a hypothesis. However, it is a valuable representation method instrumen-
tal for the interpretation of complex data sets.

4.4 Concluding remarks

In this Chapter several important features of PCR-based typing techniques
have been reviewed, including reproducibility, discriminatory ability, and
relative ease of use, versatility, and amenability to comparative and library
typing. Moreover, differences in technical expertise required, time to
completion, and instrumentation required have been compared. The typing
methods are capable of characterizing the whole genome, or sub-
components of the genome, such as single gene or intergenic DNA
sequences, based on primer sequence and, for example, restriction sites.
Some of these parameters and methods as well as application references are
summarized in Table 4.1. 

In general, many factors including financial budget, the scientific ques-
tion being addressed, and the organisms being studied will all influence
which techniques are applied. A research study investigating diversity
within a eukaryotic species may require a different technique than a study
of diversity within a prokaryotic species. AFLP or rep-PCR genomic finger-
print analyses are often useful for the determination of subspecies
relationships. DNA-DNA homology values have shown a high correlation
with these typing methods, suggesting that these genomic fingerprinting
methods truly reveal genomic relationships between organisms. RAPD, AP-
PCR and DAF fingerprinting are rapid and relatively inexpensive but also
less reproducible with primers and experimental conditions needing to be
optimized for each new application. The random or arbitrary primed PCR
fingerprint profiles are typically useful for obtaining diversity information.
The combination of several (i.e. four to 10) RAPD or AP-PCR profiles may
yield reliable relationship information. The reliability of the typing results
can usually be ensured using a number of independent methods and can
be confirmed by incorporating a suitable collection of well-characterized
reference strains. AFLP genomic fingerprinting is technically more demand-
ing, cannot be performed on whole cells, and will yield fragments of DNA
contaminants, such as the host of the microbes being studied. PCR-
mediated genomic fingerprinting and computer-assisted analysis facilitates
the study of the taxonomic and phylogenetic relationships between
microbes. The continuing advancements in typing and analysis methods
will lead to further insights into the distribution and characteristics of
microorganisms. 

More recent developments include the increasing application of MLST
and the advent of high-density DNA arrays and DNA chips, which, coupled
with additional benefits of the -omics era (see Chapter 10), will permit more
extensive comparative analysis and characterization of microbial genomes.
These methods enable combinations of simultaneous detection, identifica-
tion and typing of organisms in combination with the characterization of
large spectra of functional determinants.
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Protocol 4.1: AFLP analysis

AFLP analysis was modified from (192).

MATERIALS

Reagents

DNA isolation reagents: Commercial DNA isolation kit suitable for bacteria
such as Wizard genomic purification (Promega) or
see (1,193)

Digestion and ligation reagents:

5 ¥ RL+ buffer [50 mM Tris-HCl (pH 7.5), 50 mM
MgAc, 250 mM KAc, 25 mM DTT and 250 ng µl–1

BSA)

Restriction enzymes such as EcoRI, MseI, HindIII,
TaqI (store at –20°C)

T4 DNA ligase (1 unit µl-1: Invitrogen), store at
–20°C

Adapters (see Table 4.2): IC adapter 5 pmol µl-1,
FC adapter 50 pmol µl–1 (where IC = infrequent
cutter, FC = frequent cutter)

0.1 M ATP

Sterile double-distilled or milliQ water (sH2O) 

PCR amplification PCR primers; Cy5™-labeled IC primer 
reagents: (see Table 4.2), FC primer

dNTP mix (dATP, dCTP, dGTP, dUTP; 5 mM
each), store at –20°C
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Table 4.2 Nucleotide sequence of EcoRI, MseI, HindIII and TaqI AFLP adapters
and primers, modified from (192)

Adapter Primer-core sequencea

EcoRI 5’-CTCGTAGACTGCGTACC-3’ 5’-GACTGCGTACCAATTCX-3’
(IC) 3’-CTGACGCATGGTTAA-5’ 
MseI 5’-GACGATGAGTCCTGAG-3’ 5’-GATGAGTCCTGAGTAAX-3’
(FC) 3’-TACTCAGGACTCAT-5’ 
HindIII 5’-CTCGTAGACTGCGTACC-3’ 5’-GACTGCGTACCAGCTTX-3’
(IC) 3’-CTGACGCATGGTCGA-5’ 
TaqI 5’-GACGATGAGTCCTGAC-3’ 5’-CGATGAGTCCTGACCGAX-3’
(FC) 3’-TACTCAGGACTGGC-5’ 

aX = 3’-extension of 0, 1 or 2 nucleotides.



Taq DNA polymerase, store at –20°C

PCR buffer, provided by the supplier of Taq DNA
polymerase

Polyacrylamide 6% ReadyMix denaturing polyacrylamide gel 
gel-electrophoresis (Amersham Pharmacia Biotech, Roosendaal, 
reagents: The Netherlands)

0.6 ¥ TBE (0.06 M Tris-base, 0.05 M Boric Acid,
0.6 mM EDTA)

Loading buffer (100% dionized formamide and 5
mg ml–1 Dextran Blue 2000)

TEMED (NNN’N’-tetramethylethylenediamine)

10% (w/v) APS (ammonium persulphate, freshly
prepared with distilled water)

Equipment

Thermal cycler

ALF (Automatic Laser Fluorescence)-express
sequencer (Amersham Pharmacia Biotech,
Roosendaal, The Netherlands)

Software

Appropriate software to analyze and convert .alx
files

METHODS

Isolation of bacterial DNA

To obtain unambiguous AFLP™ patterns, the
strains under investigation should be pure. DNA is
generally isolated from overnight cultures and
several commercial DNA isolation kits are
available. An often-used alternative is a protocol
described by Boom et al. (193). This protocol
involves the lysis of the bacterial cells by
guanidine isothiocyanate and the binding of the
released DNA to silica particles (or glass-milk). 

AFLP™ using two restriction enzymes

Restriction and ligation:

1. Digest 100 ng of bacterial DNA in a total
reaction volume of 20 ml containing:

4 units of an infrequent cutting (IC)
restriction enzyme

128 Molecular Microbial Ecology



4 units of a frequent cutting (FC) restriction
enzyme

4 ml 5 ¥ RL+ buffer

2. Incubate 37°C for 1 h 

3. Add ligation mix:

Ligation mix: total volume 5 µl, including:

0.5 µl IC-adapter* (5 pmol ml–1)

0.5 µl FC-adapter* (50 pmol ml–1)

0.05 µl 0.1 M ATP

1.0 µl 5 ¥ RL+ buffer

0.5 µl T4 DNA ligase 

2.5 µl sH2O

*Adapters can be prepared by mixing the partially
complementary top and bottom oligonucleotides
in equimolar amounts and heating the mixture to
94°C and slowly cooling at ~1°C per minute to
room temperature. Adapters can be prepared in
advance for a number of reactions.

4. Incubate overnight at 4°C, followed by 70°C
for 5 min, or alternatively 37°C for 3 h
followed by 70°C for 5 min.

5. Dilute the restriction/ligation mix 10-fold with
sH2O. 

Selective amplification of restriction-adapter fragments:

1. Prepare Mix A, this mix contains per reaction:

5 ng Cy5™-labeled IC primer 

50 ng FC-primer

0.8 ml 5 mM each of dNTPs

made up to a total volume of 5 ml with sH2O.

2. Prepare Mix B by combining, per reaction:

2 ml 10 ¥ standard PCR buffer

0.4 units Taq polymerase

made up to a total volume of 10 ml with sH2O. 

3. Assemble amplification reaction mixture by
mixing 

5 ml diluted restriction/ligation mix

5 ml mix A

10 ml mix B
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4. PCR amplification is carried out using a
PTC200 Thermal cycler (MJ Research,
Watertown, USA) or a comparable apparatus
by using the following protocol. Incubate for
10 cycles of 94°C for 60 s, 65°C for 60 s
(including lowering the annealing
temperature by –1°C per cycle) and 72°C for
90 s, followed by 22 cycles of 94°C for 30 s,
56°C for 30 s and 72°C for 60 s.

Preparation of polyacrylamide gel and electrophoresis:

1. Prepare a 6% ReadyMix denaturing
polyacrylamide gel according to the
recommendations of the supplier.

2. Add an equal amount (20 ml) of loading
buffer to the reaction mixtures.

3. Denature the DNA by incubating the samples
for 95°C for 3 min followed by immediate
transfer to ice.

4. Load 4 µl of each sample onto the gel.

5. Perform the electrophoresis for 5.5 h at 60
mA, 1500 V, 25 W, 55°C using 0.6 ¥ TBE.

Data processing:

1. Convert .alx files to TIFF files and import the
file into an appropriate software package for
further analysis and comparison.
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Protocol 4.2: PCR-RFLP
analysis

MATERIALS

Reagents

PCR reagents: 
PCR buffer (10 ¥; commercial source; note, some
companies provide 10 ¥ PCR buffer containing 
15 mM MgCl2)

25 mM MgCl2

DMSO (dimethyl sulfoxide; keep at room
temperature protected from light; caution, it is
toxic)

dNTP mix (dATP, dCTP, dGTP and dTTP, 10 mM
each), store at –20°C

PCR primers: prepare 10 µM working solutions
and store at –20°C

PCR primers for nearly full-length 16S rDNA
amplification (127):

fD1: 5’-ccgaattcgtcgacaacAGAGTTTGATCCT-
GGCTCAG-3’ and

rD1: 5’-cccgggatccaagcttAAGGAGGTGATCC-
AGCC-3’

The lower case letters correspond to sequences
that tag PCR products with terminal restriction
sites for cloning purposes. These regions can be
omitted from the oligonucleotides if not required.

PCR primers for the amplification of partial 23S
rDNA regions (131):

P3: 5’-CCGTGCGGGAAAGGTCAAAAGTACC-3’
and

P4: 5’-CCCGCTTAGATGCTTTCAGC-3’

Primers for the 16S-23S rDNA intergenic spacer
region amplification (118):

FGPS1490: 5’-TGCGGCTGGATCACCTCCTT-3’
and

FGPL132’: 5’-CCGGGTTTCCCCCATTCGG-3’
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Taq DNA polymerase

Sterile double-distilled or milliQ water (sH2O)

Mineral oil or paraffin

Agarose electrophoresis Standard agarose, and MetaPhor or other high 
reagents: resolution agarose (for high resolution of RFLP

patterns; Sigma-Aldrich)

TBE electrophoresis buffer (1 litre of 5 ¥ stock
solution contains 54 g of Tris base, 27.5 g of boric
acid, and 20 ml of 0.5 M EDTA; pH 8.0).

100 bp molecular weight ladder (Gibco BRL)

10 ¥ DNA Loading buffer [0.25% Bromophenol
Blue, 25% Ficoll (type 400) in H2O]

Restriction analysis: 10 ¥ restriction buffer (commercial source)

Tetrameric or pentameric restriction enzymes such
as CfoI, DdeI, Sau3AI, MspI, HinfI, HaeIII, (store at
–20°C)

Equipment

Thermal cycler

Horizontal (submarine) agarose electrophoresis
apparatus

Electrophoresis power supply

METHODS

Polymerase chain reaction (PCR)

1. Prepare a PCR mastermix by adding the
following reagents for each 50 µl reaction, and
scale up according to your sample number:

sH2O (double distilled or MilliQ water) 37.25 µl

10 ¥ PCR buffer (with 15 mM MgCl2) 5 µl

DMSO* 2.5 µl

dNTPs mix (10 mM each) 1 µl

sense primer (10 pmol µl–1) 1.5 µl

antisense primer (10 pmol µl–1) 1.5 µl

Taq DNA polymerase (10 IU µl–1) 0.25 µl

*DMSO is toxic. This reagent can be replaced
by sH2O, but may aid for efficient
amplification of G + C-rich DNA templates.
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Dispense 49 µl into each reaction vial and add
1 µl of template DNA (10–50 ng µl–1)

When a thermal cycler without heated lid is
used, overlay the reaction mixtures with 2
drops of mineral oil or paraffin.

2a. Incubate 95°C for 3 min, followed by 30
cycles of 94°C for 45 s, 55°C for 45 s and
72°C for 2 min, with a final extension for
72°C for 5 min for 16S and 23S rDNA
amplifications, using primer pairs fD1/rD1
and P3/P4, respectively.

2b. Incubate 95°C for 3 min, followed by 30
cycles of 94°C for 45 s, 55°C for 40 s and
72°C for 1 min, with a final extension of 72°C
for 5 min for IGS rDNA amplifications, using
primers FGPS1490 and FGPL123’.

Endonuclease digestion of PCR products and electrophoresis

1. The successful PCR amplifications of the
different rrn markers are routinely checked by
loading 5 µl of each reaction onto 1% TAE
agarose gels. 

2. Typically 8–10 µl of the PCR products are
digested with 8–10 IU of a restriction enzyme
in 20–30 µl reaction mixtures, for ≥37°C for 2
h. Previous PCR product purification is not
required. We routinely use CfoI, DdeI, Sau3AI
and MspI to digest 16S rDNA amplicons,
DdeI, HaeIII and MspI, for the IGS region, and
HaeIII, HinfI and MspI for the 23S rDNA
amplification products.

3. The resulting restriction fragments are
resolved by electrophoresis using ~10–12 cm-
long 2% MetaPhor agarose gels in TBE at 8
V/cm. A 100 bp ladder is applied at both
sides and in the central lane of each gel, for
accurate normalization of profiles on multiple
gels. The gels are stained after electrophoresis
using ethidium bromide and documented as
described in the next section.

Computer-assisted RFLP pattern analysis

Cluster analysis of the RFLP patterns is performed
with specialized commercial software such as the
GelCompar or BioNumerics software packages
(see www.applied-maths.com). The basic steps to
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perform the analysis are as follows [for detailed
descriptions see (1,7,53)]. 

1. Ethidium bromide stained gel images are
digitized with a charge-coupled device (CCD)
video camera and stored to disk as TIFF files.
Alternatively, Polaroid photographs of the
gels can be scanned with a flatbed or laser
scanner.

2. The TIFF files are imported into the software
package for track definition and labeling, and
database construction.

3. The raw gel image files are then normalized
using the molecular size markers included in
each gel with respect to the reference
positions previously defined for each
database. 

4. Subsequently, the cluster analysis can be
performed. The analysis of fingerprint
patterns requires a mathematical
simplification of the original data via the
generation of a proximity matrix based on
(dis)similarity criteria. Such proximity matrices
can be established by a wide array of
(dis)similarity coefficients. For the analysis of
RFLP patterns, a band-matching algorithm is
used, defining manually (or automatically) the
band positions and choosing the Dice (194)
coefficient of similarity for the calculation of
pairwise similarity matrices. Clustering of the
similarity matrices is performed using the
unweighted pair group method using
arithmetic averages (UPGMA) (195) or
neighbor-joining algorithms (196).
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