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Preface

The development and rapid implementation of molecular genotyping methods have revo-
lutionized the possibility for differentiation and classification of microorganisms at the 
subspecies level. Investigation of the species diversity is required to determine molecular 
relatedness of isolates for epidemiological studies. Methods for molecular epidemiology 
of microorganisms must be highly reproducible and provide effective discrimination of 
epidemiologically unrelated strains.

A wide range of techniques has been applied to the investigation of outbreaks of trans-
missible disease, and these have been critical in unraveling the route of spread of patho-
gens for humans, animals, and plants. The choice of a molecular method will depend on 
the type of questions to be addressed, on the degree of genetic diversity of the species 
to be analyzed, and on the mechanisms responsible for generation of the diversity. The 
applications of molecular methods, singly or in combination, have greatly contributed in 
the past two decades to basic microbial science and public health control strategies.

Molecular Epidemiology of Microorganisms: Methods and Protocols brings together 
a series of methods-based chapters with examples of application to some of the most 
important microbes. Both traditional and novel techniques are described, and the type of 
information that can be expected to be obtained by their application is indicated.

I am indebted to all internationally respected colleagues who have provided state-
of-the-art chapters for inclusion in this book. I am very grateful for their outstanding 
contributions, enthusiasm for the project, and friendship. I would like to thank John 
Walker at Humana Press for the invitation to put this book together and his continuous 
encouragement.

Dominique A. Caugant
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Chapter 10 

Spoligotyping for Molecular Epidemiology 
of the Mycobacterium tuberculosis Complex 

     Jeffrey R.   Driscoll   

  Abstract 

Spacer oligonucleotide typing, or spoligotyping, is a rapid, polymerase chain reaction (PCR)-based 
method for genotyping strains of the Mycobacterium tuberculosis complex (MTB). Spoligotyping data 
can be represented in absolute terms (digitally), and the results can be readily shared among laboratories, 
thereby enabling the creation of large international databases. Since the spoligotype assay was standard-
ized more than 10 yr ago, tens of thousands of isolates have been analyzed, giving a global picture of 
MTB strain diversity. The method is highly reproducible and has been developed into a high-throughput 
assay for large molecular epidemiology projects. In the United States, spoligotyping is employed on 
nearly all newly identified culture-positive cases of tuberculosis as part of a national genotyping program. 
The strengths of this method include its low cost, its digital data results, the good correlation of its 
results with other genetics markers, its fair level of overall differentiation of strains, its high-throughput 
capacity, and its ability to provide species information. However, the method’s weaknesses include the 
inability of spoligotyping to differentiate well within large strain families such as the Beijing family, the 
potential for convergent evolution of patterns, the limited success in improving the assay through expan-
sion, and the difficulty in obtaining the specialized membranes and instrumentation. 

Key words: Epidemiology , genotyping, mycobacteria, spoligotyping, tuberculosis .

DNA fingerprinting or genotyping of Mycobacterium tuber-
culosis complex (MTB) strains became a priority in the United 
States when in the early 1990s a staggering increase in cases of 
multidrug-resistant tuberculosis (TB) was observed in New York 
City (1). Epidemiologists needed to know which cases were 
linked and where transmissions were occurring. They also needed 
to determine the size of the outbreak and to try to prevent further

 1. Introduction  

D.A. Caugant (ed.), Molecular Epidemiology of Microorganisms, Methods in Molecular Biology, Vol. 551
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118 Driscoll

transmissions. The primary genotyping method available at the 
time, insertion element (IS)  6110 -based restriction fragment 
length polymorphism (RFLP) analysis  (2) , provided excellent 
differentiation but required specialized software for analysis of 
the data as well as relatively long turnaround times for reporting 
of the results. Weeks or months could be required for the level 
of growth in culture necessary for performance of RFLP analysis. 
Data analysis required specialized matching software and expert 
interpretation for relating similar, but not identical, patterns. 

 Genotyping methods that could employ amplification of 
nucleic acids were assessed in efforts to develop an alternative to 
RFLP analysis. The first widely adopted polymerase chain reaction 
(PCR)-based method for genotyping was spacer oligonucleotide 
typing or spoligotyping. Kamerbeek et al.  (3)  described a reverse-
hybridization protocol to assay for the presence or absence of 43 
specific DNA spacer sequences in the direct repeat (DR) region 
that had been identified in the strains  M. tuberculosis  H37Rv 
and  Mycobacterium bovis  BCG ( Fig.  1  ). The majority of the 43 

a

b

c

d

Spoligotyping membrane

with spacer DNA sequences

bound 

Biotin-labeled sample PCR

products hybridized against bound

spacers sequences. 

Unbound sample removed

& remaining sample

biotin-labeled PCR 

products detected 

Results analyzed

Preparation of 

MTB sample

DNA extraction or 

heat-killed cell 

suspension

Sample is used as 

template for PCR 

amplification of the 

Direct Repeat (DR) 

region.  

Primer drA is biotin-

labeled for detection

e

f

  Fig. 1.    Basis of the spoligotyping methodology. ( a ) A spoligotyping membrane. Dashed lines indicate the location of the 

bound polymorphic oligonucleotides, one corresponding to each of the 43 unique spacer sequences utilized in the assay. 

( b ) The hybridization of the amplified samples (black bars) against each of the bound oligonuleotides. ( c ) The excess and 

nonspecifically bound sample is removed through a series of washes, and the remaining bound PCR products from the 

sample are detected. ( d ) A representation of the final results.       
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 spacers were present in both H37Rv and BCG, but spacers 20, 
21, and 33–36 were not present in H37Rv, and spacers 3, 9, 16, 
and 39–43 were missing in strains of BCG.  

 The DR region consists of a repeated 36-bp sequence inter-
spersed with nonrepetitive 31- to 41-bp long DNA segments 
called spacer sequences  (4) . Spoligotypes evolve through the loss 
of spacer sequences, presumably through homologous recom-
bination of the DRs and excision of the recombined material 
during DNA replication. Spacer sequences can also appear to be 
lost through rearrangements by ISs like IS 6110 . Once spacers 
are lost, they are not regained, so the evolution is unidirectional. 
This unidirectional evolution through loss of spacers offers a clear 
model for evolution but also presents a challenge since a strain’s 
spoligotype can evolve in such a way that it comes to resemble 
the signature associated with a different spoligotype family. The 
ability to encode spoligotyping data in a numerical format ( Fig.  2  ) 
 (5)  immediately made the results readily shareable among lab-
oratories and enabled the creation of an international database 
(SpolDB)  (6) . This development allowed investigators to survey 
strain diversity and uncover global strain families, such as the Beijing 
and the Latin America Mediterranean (LAM) families.  

 Spoligotyping has been very successful in providing a tool 
for the rapid acquisition of MTB genotyping information and 
for the establishment of a global picture of MTB diversity  (6) . 

1111111111111111111001111111111100001111111

Raw Results

7 7 7 7 7 7 4 7 7 7 6 0 7 7 1
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  Fig. 2.    Conversion of a raw spoligotype results to octal code representation  (5) . The raw hybridization pattern is 

converted to a binary representation using 1’s (indicating hybridization detected) and 0’s (no hybridization detected). 

The binary string is separated into 14 groups of three, with spacer 43 remaining ungrouped. Each binary triplet is con-

verted to the appropriate octal code designation (shown). The 15th digit of the octal is either 1 or 0 depending solely on 

the result for spacer 43.       



120 Driscoll

However, the need still exists for supplemental genotyping infor-
mation. The availability of multiple genotyping markers allows us 
to be able to “zoom in” to establish specific potential patient-to-
patient transmissions and “zoom out” to examine regional and 
global trends in the spread of tuberculosis strains  (7). Alternative 
DNA fingerprinting methods may supplant spoligotyping in the 
future if more powerful markers are identified, widely adopted, 
and their patterns collected into large collaborative databases. For 
the present, the combination of spoligotype and mycobacterial 
interspersed repetitive unit (MIRU) data provides a good basis 
for molecular epidemiology (8), although IS 6110-based RFLP 
can still be required in a number of cases for optimal genetic 
cluster analysis (9).

The MTB complex is made up of a group of closely related 
species: Mycobacterium africanum, M. bovis, Mycobacterium caprae, 
M. tuberculosis, Mycobacterium microti, Mycobacterium canettii, and 
Mycobacterium pinnipedii. The presence or absence of certain spacer 
sequences acts as a signature for presumptive species identification 
(10). For example, M. bovis isolates do not hybridize to spacers 
39–43 but do generally hybridize to spacers 33–36 (3). Mycobac-
terium africanum isolates do not hybridize to spacers 8, 9, and 39 
but do generally hybridize to spacers 33–36. Mycobacterium microti,
M. canettii, and  M. pinnipedii have very different spoligotype patterns 
from the members of the MTB complex, which are more associated 
with human infections. These three species typically hybridize to 
few if any, in the case of M. Canettii of the traditional 43 spoligo-
typing spacers (6,11).

For a public health program, the choice between genotyping only 
certain MTB strains (selective genotyping) and genotyping 
every isolate (universal genotyping) comes down to cost issues 
and the capability to integrate the data to into program activities. 
The benefits of universal genotyping include earlier identification 
of false-positive MTB cultures (e.g., due to laboratory cross-
contamination), discovery of unsuspected cases of MTB transmis-
sion (i.e., linking patients who had not previously been identified
as contacts through conventional methods), confirmation of 
species identification within the MTB complex, and capability 
to generate a database to examine strain diversity in a particular 
region for monitoring program success in the control of tubercu-
losis (1). Universal genotyping enables shorter turnaround times 
inasmuch as a method like spoligotyping can be performed as 
a routine activity in the laboratory workup of a patient’s MTB 
strain (12). Selective genotyping, in contrast, can entail requests 
for analysis of isolates weeks or months after the clinical mycobac-
teriology laboratory has received the specimen, and retrieval from 
archival storage may be difficult. 

 1.1. Species 

Identification Within 

the M. tuberculosis

Complex 

 1.2. Selective Versus 

Universal Genotyping 
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In areas where particular genetic families are grossly dominant in 
a TB population, such as Beijing in East Asia (13), spoligotyp-
ing without additional genotyping information is of limited value 
(8,14). The Beijing spoligotype is highly stable, and variants are 
rarely observed. 

Knowledge of the MTB strain diversity in an area is impor-
tant in establishing the significance of genotyping matches for all 
fingerprinting methods, but this is especially true for spoligotyping 
(15). Table  1 lists the ten most commonly observed  spoligotypes
in SpolDB4 (6). Generally, a finding that two patients match by 
one of these spoligotypes does not in of itself prove that the two 
strains are identical. Additional genotyping data acquired through 
MIRU or RFLP analysis is required in most cases to establish the 
significance of a typing match. However, in a well-characterized 
population, the appearance of two strains with a matching unique 
spoligotype pattern is likely to be significant, especially if other 

factors ( Fig. 3) are present.

 1.3. False Clustering 

Due to Commonality 

of Spoligotypes 

Table 1

  Ten Most Frequently Observed Spoligotype Patterns in the Fourth International 

Spoligotype Database (SpolDB4)

Source: From ref. 6.
For spoligotype hybridization patterns , a closed circle indicates hybridization observed at that spacer 

sequence, and a gray triangle indicates no hybridization. The spacers 1 through 43 are shown in sequence 
from left to right. 
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With tuberculosis control programs incorporating genotyping 
data into their routine activities, the need to generate data as early 
as possible became important in order to direct contact investiga-
tions and to identify cases of false-positive cultures (e.g., labora-
tory cross-contamination)  (16). The New York City program was 
the first large-scale attempt to achieve this  (1). The largest gen-
otyping program currently in operation is in the United States. 
It was developed by the Centers for Disease Control and Preven-
tion, which has also developed a manual for implementation of 
genotyping data into routine tuberculosis control practice by state 
and local health departments  (17). The ability to obtain spoligo-
type results from early growth cultures, or even primary specimens, 
means a “real-time” approach to MTB genotyping is possible 
(18). However, a single approach to the analysis of genotyping 
data for every program does not work. A program in an area with 
a low incidence of TB may find few matches among patient iso-
lates, suggesting a low occurrence of recent transmissions  (19).
In a high-incidence area a program will encounter a greater 
number of MTB strains with the more frequently observed spoli-
gotypes ( Table  1). This obscures the picture of recent transmis-
sion versus distant transmission (1), thereby necessitating the use 
of additional genotyping assays, such as RFLP and MIRU (18).

Laboratory cross-contamination of patient samples contin-
ues to be a problem that results in false diagnoses of tubercu-
losis. Among the most obvious examples have been laboratory 
cross-contamination events with the common laboratory strains 
H37Ra and H37Rv affecting determinations for multiple patient 
specimens (17,20,21). H37Ra and H37Rv were derived from 
the same parent isolate, H37, collected in 1905. They share the 

 1.4. Application 

to Epidemiology 

 1.4.1. Application 

of Spoligotyping to Public 

Health Programs 

 1.4.2. Identification 

of False-Positive Cultures 

of Tuberculosis 

  Fig. 3.    Factors that aid in the assessment of the significance of a match between spoligo-

types. Examples of genotyping and epidemiological data that are useful in deciding whether 

patients with matching spoligotypes are linked. 
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same spoligotype and have similar although not identical RFLP 
patterns  (21). To date, there have been no reports of a true patient 
isolate sharing the H37 spoligotype. Therefore, when a patient 
isolate is found to have a spoligotype matching H37, a labora-
tory cross-contamination event is likely to have occurred  (17).
Cross-contamination of a patient’s sample by a different patient’s 
sample or mislabeling errors at the site of collection or the labo-
ratory often requires further investigation, typically involving 
performing additional genotyping assays and review of patient 
clinical data (17). It is important to remember that confirmation 
of a false-positive or cross-contaminated MTB specimen applies 
solely to the culture results; the diagnosis of tuberculosis in the 
patient is still made based on the entire clinical presentation. 

1. 20X SSPE: 0.2 M Na 
2
HPO

4
, 3.6 M NaCl 

2
, 20 m M ethylenedi-

aminetetraacetic acid (EDTA), final pH should be 7.4–7.6, 
autoclaved and stable for 1 yr. 

2. 0.5M EDTA, pH 8.0, autoclaved and stable for 1 yr. 

3. 10% (w/v) sodium dodecyl sulfate (SDS), made fresh as 
required. 

Primers for DR region amplification: DRa (GGTTTTGGGTCT-
GACGAC, 5 ¢ biotinylated) and DRb (CCGAGAGGGGACG-
GAAAC). Store reconstituted DRa and DRb and post-PCR 
products at 4°C ( see Note 1).

1. Spoligotyping membrane (Ocimum Biosolutions Inc., for-
merly Isogen Biosciences B.V., Hyderabad, India). 

2. MN45 miniblotter and support cushions (Immunetics, Inc., 
Boston, MA). 

3. Rotating hybridization oven. 

1. 500 U streptavidin-peroxidase conjugate (Roche Diagnostics, 
Indianapolis, IN), resuspended in 1 mL H 

2
O.

2. Enhanced chemiluminescence (ECL) detection reagents 1 
and 2 (GE Healthcare Life Sciences, Piscataway, NJ). 

3. X-ray film. 

4. X-ray film developer. 

 2. Materials  

 2.1. Stock Buffers 

 2.2. Polymerase Chain 

Reaction

 2.3. Hybridization 

 2.4. Detection 
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The spoligotyping assay is currently performed by one of two 
methods. The most commonly employed method ( Fig. 1) uti-
lizes a nylon membrane to which 43 different oligonucleotides, 
corresponding to the 43 unique spacer sequences, have been indi-
vidually bound (3). A second method utilizes a high-throughput, 
multianalyte flow system (Luminex) (22), permitting analysis of 
high numbers of strains without the need for membranes. 

Detailed instructions on how to manufacture spoligotyp-
ing membranes have been previously published  (23). Commer-
cially prepared spoligotyping membranes are commonly used ( see
Note 2). A wide variety of samples is suitable for the PCR reac-
tion. Extracted DNA, heat-killed cell suspensions from growth 
medium, and even primary specimens have been successfully used 
as templates in PCR reactions  (3).

1. Prepare a 25- mL PCR reaction using 1–5  mL of cell suspen-
sion or 0.5–1 mL of extracted genomic DNA. A wide range of 
template concentrations seem suitable for DR region amplifi-
cation.

2. Use the following PCR conditions: 3 min at 96°C, followed 
by 20 (extracted DNA) to 30 (cell suspension) cycles of 1 min 
at 96°C, 1 min at 55°C, and 30 s at 72°C, final extension of 
5 min at 72°C ( see Note 3).

1. Add 150 mL of 2X SSPE/0.1% SDS to each tube containing 
the 20–25 mL post-PCR products ( see Note 4).

2. Heat denature the diluted PCR products for 10 min at 100°C 
and cool on ice water for 2 min. 

3. Wash the spoligotyping membrane for 5 min at 60°C in 2X 
SSPE/0.1% SDS. 

4. Place the membrane and a support cushion into the miniblot-
ter in such a way that the slots are oriented perpendicular to 
the line pattern of the applied oligonucleotides ( see Note 5).

5. Fill the slots of the diluted PCR product (avoid air bubbles) 
and hybridize for 1 h at 60°C ( see Note 6).

1. Following hybridization, remove the samples from the mini-
blotter by aspiration. 

2. Wash the membrane twice in 2X SSPE/0.5% SDS for 10 min 
per wash at 60°C. 

3. Place the membrane in a rolling bottle and allow it to cool to 
prevent inactivation of the peroxidase in the next step. 

 3. Methods  

 3.1. PCR Amplification 

of the DR Region 

 3.2. Hybridization 

of PCR Samples 

to Spoligotyping 

Membrane

 3.3. Posthybridization 

Steps
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4. Add 2.5 mL of 500 U/mL streptavidin-peroxidase to 10 mL 
of 2X SSPE/0.5% SDS and add to roller bottle ( see Note 7).
Incubate the membrane in this solution for 45–60 min at 
42°C with rotation ( see Note 8).

5. Following this incubation, wash the membrane twice in 2X 
SSPE/0.5% SDS for 10 min per wash at 42°C. 

6. Rinse the membrane twice with 2X SSPE for 5 min per wash 
at room temperature. 

1. For chemiluminescent detection of hybridizing DNA, incu-
bate the membrane for 1 min in 10 mL ECL detection 
reagent 1 mixed with 10 mL ECL detection reagent 2 at room 
temperature. 

2. Briefly blot off excess ECL liquid, cover the membrane with 
plastic wrap, and expose to X-ray film for 2 min or longer. 

The hybridized PCR product is dissociated from the membrane to 
regenerate the membrane for the next hybridization ( see Note 9). A 
membrane can typically be regenerated for reuse at least 20 times.
1. Wash the membrane twice in 1% SDS at 80°C for 30 min. 

2. Wash the membrane in 20 m M EDTA at room temperature 
for 15 min. 

3. Store the membrane at 4°C sealed in a plastic bag containing 
10 mL of 20 m M EDTA. 

The spoligotype patterns from X-ray film can either be read man-
ually or scanned into a software package. For manual reads, it is 
recommended to have two people independently score the results 
for maximum accuracy.  Fig. 2 illustrates the process of assigning 
a 15-digit octal code (5) to a spoligotype result based on the 
pattern of hybridization. Spacers are grouped into triplets except 
for spacer 43. There is a number designation for each of the eight 
possible hybridization combinations for a group of three spacers 
as shown. The 15th digit of the octal code is either a 1 or a 0 
based on the hybridization of spacer 43 alone. 

Once the octal code for a strain has been determined, the strain 
can then be assigned to a global strain family. Visual rules estab-
lished as part of SpolDB  (6) and an online software tool, Spot-
Clust ( http://www.rpi.edu/~bennek/EpiResearch ) (15), are 
available for aiding in the assignment of a spoligotype to one of 
the global strain families. The family assignment is useful for pro-
ducing an overall picture of the strain diversity in a given popula-
tion, for tracking changes in the TB population over time, and 
for comparing TB diversity between populations or areas. The 
criteria used to define spoligotype global families have been vali-
dated through comparison with MIRU data  (24).

 3.4. Chemiluminescent 

Detection

 3.5. Regeneration 

of the Membrane 

 3.6. Data Analysis 

 3.6.1. Octal Code 

Nomenclature 

 3.6.2. Spoligotype Family 

Assignments
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The online version of the most recent international spoligotype 
database, SpolDB4, is called SIT VIT ( http://www.pasteur-guad-
eloupe.fr:8081/SITVITDemo/). The user can enter a spoligo-
type octal or binary code to search whether that spoligotype has 
been previously reported. If it has, a shared type (ST) number is 
returned. That number can then be used to produce a map show-
ing laboratories that have previously submitted that pattern. This 
information has the potential to be useful in deciphering the global 
origin or spread of a particular spoligotype. 

Since the initial spoligotyping assay was based on a miniblotter 
with 43 usable sample chambers, the assay was limited to 43 dif-
ferent spacer sequences. Researchers have explored the potential 
of additional spacer sequences for “expanded” or “extended” 
spoligotyping (25, 26). The hope was that screening for addi-
tional spacer sequences would improve the differentiability of the 
commonly observed spoligotypes. These expanded assays have 
not been standardized and are not commercially available, and 
they have unfortunately shown limited success in improving 
differentiation within the commonly observed patterns. 

1. Never store biotinylated primers or biotinylated PCR prod-
ucts below 4°C. 

2. Validate the proper manufacture of a new spoligotyping 
membrane on the first use by including a series of previously 
characterized strains. 

3. To confirm PCR amplification of DR region, run a 5- mL aliquot 
from the reaction on a 1% miniagarose gel. A successful PCR 
reaction should appear as a ladder or smear of faint bands. If no 
PCR reactions can be observed, check oligonuleotide stocks for 
degradation/incorrect concentration. 

4. To minimize handling of PCR products, use a 25- mL total 
volume PCR reaction in a 0.5-mL tube. The 150  mL of hybrid-
ization buffer may be directly added to the tube following 
amplification.

5. Do not reuse plastic support cushions in miniblotter. 

6. Leakage into adjoining wells usually results from a dry mem-
brane “wicking” sample into the adjoining well. Improper 
placement of the support cushion or membrane can also 
lead to this problem. Avoid wrinkling the membrane in the 
miniblotter. Ensure that the miniblotter is evenly tightened. 
Do not completely fill or overfill wells. Hybridization fluid 
may transfer to adjacent wells. 

 3.7. Expansion 

of the Spoligotype 

Assay: Examination 

of Additional Spacer 

Sequences

 4. Notes  
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7. Discard stocks of strepavidin alkaline phosphatase 6 mo after 
rehydration. 

8. Check hybridization temperature and the temperatures of the 
posthybridization wash buffers. Lowering the hybridization 
temperature and stringent washes from 60 to 55°C may help 
and does not add to any background problems or nonspecific 
hybridization.

9. With proper handling and storage, spoligotyping membranes 
can be reused 30 or more times. 
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Chapter 11 

Multilocus Sequence Typing 

     Ana Belén   Ibarz Pavón     and   Martin C.J.   Maiden   

  Abstract 

Multilocus sequence typing (MLST) was first proposed in 1998 as a typing approach that enables the 
unambiguous characterization of bacterial isolates in a standardized, reproducible, and portable manner 
using the human pathogen Neisseria meningitidis as the exemplar organism. Since then, the approach 
has been applied to a large and growing number of organisms by public health laboratories and research 
institutions. MLST data, shared by investigators over the world via the Internet, have been successfully 
exploited in applications ranging from molecular epidemiological investigations to population biology 
and evolutionary analyses. This chapter describes the practical steps in the development and application 
of an MLST scheme and some of the common tools and techniques used to obtain the maximum benefit 
from the data. Considerations pertinent to the implementation of high-capacity MLST projects (i.e., 
those involving thousands of isolates) are discussed. 

Key words: High-throughput sequencing ,  MLST,  population genetics,  sequence types. 

Multilocus sequence typing (MLST) (1) combined a number of 
technical and conceptual developments of the last two decades 
of the 20th century to provide a universal, portable, and precise 
means of typing bacteria (1–3). The approach owed much to 
the pioneering technique of multilocus enzyme electrophoresis 
(MLEE) ( see Chapter 2 ), from which it acquired its name  (4).
A key conceptual development was the recognition that bacteria 
do not necessarily have a clonal population structure  (5,6), lead-
ing to the realization that patterns of genetic exchange among 
bacteria, and therefore of descent, could only be resolved by the 
analysis of nucleotide sequence data from multiple locations of the 

 1. Introduction  
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chromosome  (7). Developments in high-throughput nucleotide 
sequence determination and analysis permitted the generation 
of definitive genetic data from any locus on the chromosome of 
multiple isolates (8). An advantage of nucleotide sequence data 
is that they can be disseminated via the Internet, particularly the 
World Wide Web  (9,10).

The first MLST scheme developed was for the human pathogen
Neisseria meningitidis (1), largely as a result of the leading role 
that studies of this organism had played in the development of 
the more sophisticated appreciation of bacterial population struc-
ture  (11–14). It is noteworthy that the success of this scheme 
was, to a great extent, due to its immediate acceptance by the 
wide community of researchers working on pathogenic  Neisse-
ria. This was due to the fact that the scheme was developed and 
promoted by a consortium of leading researchers in the fields of 
meningococcal epidemiology and population biology. Coopera-
tion and collaboration continue to be cornerstones of successful 
MLST schemes. 

MLST has since been applied to a number of different bacteria 
and eukaryotic organisms as a tool for the epidemiological analysis 
and surveillance of pathogens as well as to investigate their popu-
lation structure and evolution. MLST has also been deployed in 
studies of the population structure of nonpathogenic bacteria  (2).

MLST provides a number of advantages over other typing 
approaches. First, it uses sequence data and can therefore detect 
changes at the DNA level that are not apparent by phenotypic 
approaches, such as serotyping, and by MLEE that uses the 
migration rate of proteins in starch gels. Second, it is a generic 
technique that can be readily reproduced and does not require 
access to specialized reagents or training. Third, modern meth-
ods of direct nucleotide sequencing, based on the polymerase 
chain reaction (PCR), do not require direct access to live bacterial 
isolates or high-quality genomic DNA. These techniques can be 
performed on killed cell suspensions, avoiding all the difficulties 
associated with the transport and manipulation of pathogens, or 
on clinical samples, such as the cerebrospinal fluid or blood of a 
patient undergoing antibiotic therapy, from which a live bacterial 
isolate might be difficult to obtain. Fourth, the data generated 
are fully portable among laboratories and can be shared through-
out the world via the Internet. Finally, the Internet can also be 
used to disseminate MLST methods, providing standardization 
of approaches  (2).

This chapter describes the principles behind the development 
and application of an MLST scheme using the methods deployed 
in the Neisseria scheme as an example. In particular, the upscaling 
of MLST to enable the cost-effective typing of many hundreds 
or thousands of isolates is discussed. The general principles are 
applicable to essentially all bacteria, although the utility depends 
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on the diversity of the population under investigation and the 
question asked. The chapter concludes with an overview of some 
of the approaches available for the basic analysis of MLST data. 

A representative sample of the population for which the scheme 
is to be developed ( see Note 1).

1. Freshly grown plates of bacterial cultures. 

2. Boiling water bath. 

3. Sterile phosphate-buffered saline (PBS). 

4. 1.5- to 2.0-mL screw-capped microcentrifuge (Eppendorf) 
tubes (not double-walled or skirted tubes). 

5. Sterile swabs/loops. 

1. DNA template. 

2. Forward and reverse primers. 

3. DNA polymerase enzyme ( Taq polymerase). 

4. Deoxyribonucleoside 5 ¢-triphosphates (dNTPs). 

5. Buffer solution (supplied with the enzyme). 

6. Magnesium chloride (supplied with the enzyme). 

7. Microtiter plates resistant to high temperatures or 0.6-mL 
capacity microfuge tubes. 

8. Thermocycler. 

1. Agarose. 

2. Ethidium bromide: 10 mg/mL stock solution. 

3. Loading buffer. 

4. TBE buffer: A 10X stock (0.89 M Tris-HCl, 0.89 M boric acid, 
20 m M ethylenediaminetetraacetic acid [EDTA], pH 8.3). 

5. Power source. 

6. UV transilluminator. 

1. 1.5-mL microcentrifuge tubes. 

2. Polyethylene glycol (PEG) 8000. 

3. Sodium chloride. 

4. Ethanol 70%. 

5. Benchtop centrifuge. 

 2. Materials  

  2.1. Isolate Collection  

  2.2. Preparation 

of Killed Cell 

Suspensions

  2.3. PCR Amplification 

of Gene Fragments  

  2.4. Gel electro-

phoresis

 2.5. PCR Product 

Purification
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1. Purified PCR products (DNA template). 

2. Forward and reverse primers. 

3. Sequencing kit containing DNA polymerase and labeled 
dNTPs.

4. Microtiter plates or 0.6- mL tubes. 

5. Thermocycler. 

6. DNA sequencer. 

1. 1.5-mL microcentrifuge tubes. 

2. 3M sodium acetate, pH 4.6. 

3. Ethanol, 95% and 70%. 

4. Benchtop centrifuge. 

1. Heat the water bath until it boils. 

2. Clearly label the screw-capped microcentrifuge tubes. Ensure 
that these labels will not come off during the heating step. 

3. Dispense 0.5 mL of PBS in each microcentrifuge tube. 

4. Make very thick suspensions of organisms by sweeping colo-
nies from each culture plate using a swab or a loop and emul-
sifying in the PBS in the tubes. 

5. Place the tubes in the boiling water bath and leave for 20 min. 

6. Store the samples at −20°C. These samples are, in principle, 
killed and stable at room temperature. Once lack of viability 
has been confirmed, they can be handled in the laboratory and 
distributed as noninfectious material ( see Note 2).

1. Initialization: The reaction mix is heated to 94°C for 1 min to 
denature the DNA. 

2. The following steps are repeated for 25–30 cycles:

a. Denaturation at 94°C for 30 s. 

b. Primer annealing at 50–60°C for 30 s. This allows the 
primers to bind to the template DNA. 

c. Extension at 72°C. During this step, the Taq polymerase 
uses the dNTPs to synthesize a new DNA strand comple-
mentary to the template. The duration of this step depends 
on the length of the fragment that is to be amplified. 

  2.6. Sequencing 

Reactions

  2.7. Purification of 

Sequencing Products  

  3. Methods   

  3.1. Killed Cell 

Suspensions

 3.2. PCR Amplification 

( see  Note  3 ) 
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3. Final elongation at 72°C for 5–10 min to ensure that all the 
fragments are fully extended. 

4. The reaction should be held at 4°C until removed from the 
thermocycler. 

1. Prepare a 1% (w/v) agarose gel by adding 1 g of agarose to 
100 mL of TBE buffer. 

2. Heat in a microwave until boiling. 

3. Leave it to cool for 2–3 min. 

4. Add 5 mL of ethidium bromide. 

5. Insert the gel comb and wait until is solid. 

6. Fill in the electrophoresis tank with TBE. 

7. Insert the gel into the tank and remove the combs. 

8. Mix 5 mL of PCR product with 2  mL of loading buffer. 

9. Connect the gel tank to the power source. 

10. Set the voltage to 140 V and leave it running for 15–20 
min.

11. Visualize the gel using a UV transilluminator. 

1. Transfer the contents of each PCR tube into labeled 1.5-mL 
Eppendorf tubes. If microtiter plates are used, this step can 
be omitted. 

2. Add 60 mL of 20% (w/v) PEG 8000, 2.5 M sodium chlo-
ride to each tube and mix. Incubate for 30 min at room 
temperature. 

3. Pellet the PCR products by spinning in a centrifuge at maxi-
mum speed for 15 min. For microtiter plates, spin for 1 h at 
2,750g.

4. Discard the supernatant and wash the DNA pellet by adding 
0.5 mL of 70% ethanol and spin at maximum speed for a fur-
ther 5 min. For microtiter plates, add 150  mL of 70% ethanol 
and spin for 10 min at 2,750 g. Repeat this step twice when 
using plates. 

5. Discard the supernatant and dry pellets in the vacuum dryer. 
Microtiter plates can be dried by spinning upside down for 
1 min at 500 g.

1. Mix the primer, template, and sequencing reagents in the 
optimized proportions. 

2. Perform the extension reactions in a thermocycler, first 
conducting denaturation at 96°C for 1 min. 

  3.3. Agarose Gel 

Electrophoresis ( see  

Note  4  and ref.  15 )  

 3.4. Purification of 

Amplicons ( see  Note  5 ) 

 3.5. Nucleotide 

Sequence Extension 

Reactions ( see  Note  6 ) 
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3. The following steps are repeated for 25 cycles: 96°C for 10 s, 
50°C for 5 s, 60°C for 40 min. 

4. Maintain the reaction at 4°C until removed from the thermo-
cycler. 

1. Transfer the contents of each PCR tube into labeled 1.5-mL 
Eppendorf tubes. If microtiter plates are used, this step can be 
omitted.

2. Add 2 mL of 3 M sodium acetate and 50  mL of 95% ethanol to 
each tube and mix. Incubate for 45 min at room temperature. 

3. Pellet the PCR products by spinning in a centrifuge at maximum 
speed for 15 min. For microtiter plates, spin for 1 h at 2,750 g.

4. Discard the supernatant and wash the DNA pellet by adding 
0.5 mL of 70% ethanol and spin at maximum speed for a fur-
ther 5 min. For microtiter plates, add 150  mL of 70% ethanol 
and spin for 10 min at 2,750 g.

5. Discard the supernatant and dry pellets in the vacuum dryer. 
Microtiter plates can be dried by spinning upside down for 
1 min at 500 g.

6. For separation and detection of extension products,  see Note 7.

A variety of commercial and open source software packages are 
available for the assembly and editing of sequence chromatograms 
into compiled edited sequences, including the well-known Staden 
and GCG packages (16,17). Specialist software for the compi-
lation and analysis of MLST data is also available, for example, 
the START software package  (18). These packages allow many 
hundreds or even thousands of samples to be processed cost-
effectively and rapidly. Inexpensive Linux-based software  (19), as 
well as commercial solutions, are available. The use of Internet-
based databases and analytical tools designed for MLST analysis 
can automatically designate sequence type (ST) and clonal com-
plex as well as facilitate storage and access to the data via Internet. 
This procedure is described in detail in  Chapter 21 .

The sequence type analysis and retrieval system (STARS) is 
specifically designed for the assembly of MLST data ( http://
www.cbrg.ox.ac.uk/~ mchan/stars/). It uses PREGAP4 and 
GAP4 from the Staden package  (16) to automatically assemble 
a large number of sequences, which can be retrieved and edited. 
For known alleles and STs, designation can be done directly from 
the STARS interface by interrogating an MLST database. 

The maintenance of curated, Web-accessible databases is a key 
feature of MLST schemes. These databases act as dictionaries that 
allow bacterial isolates to be compared worldwide  (2). Database 
management is therefore central to the endeavor. The key part 
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of MLST databases is comprised of the allele sequences linked to 
MLST allele numbers for each locus and the definition of STs. 
In some cases, it may be appropriate to include information on 
higher-order organization of STs into clonal complexes or line-
ages in this database as is done with the Neisseria MLST Allelic 
Profile/ST Database. These data can then be linked to isolate 
databases that contain isolate specific information. It is important 
that there is a separation between the databases containing the 
allele and ST data and isolate data as many isolates will contain 
the same alleles or STs  (9).

The first question to be addressed with an MLST data set is 
whether the data conform to the clonal model of population struc-
ture. Clonal population structure is an inevitable consequence of 
asexual reproduction combined with diversity reduction events, 
such as periodic selection and sequential bottlenecks (20). If an 
organism is clonal, then the analysis is greatly simplified as con-
ventional phylogenetic trees can be employed. Clonality can be 
investigated by the congruence test  (21), which is based on the 
observation that, in a clonal population, the phylogenetic signal 
observed at different loci is the same or congruent  (22).

Most bacteria that have been analyzed by MLST are, how-
ever, nonclonal by the congruence test. For such organisms the 
clonal complex is a useful concept that groups genetically related 
organisms. Clonal complexes comprise groups of related STs that 
are likely to derive from a common ancestor. Currently, the des-
ignation of clonal complex is pragmatic and to an extent varies 
with different bacteria, but the important issue is that the group-
ing is consistent with what is known and understood about the 
genealogy of the organism. The BURST (based upon related 
sequences) algorithm is a rapid and effective algorithm that 
can be used to assign the central genotype of clonal complexes. 
The eBURST program  (23) groups STs into groups according 
to user-defined criteria of a number of alleles in common to at 
least one other member of the group. The central genotype of a 
BURST group will be the one with the highest number of single-
locus variants (SLVs). This will often coincide with the one most 
frequently isolated and therefore gives some biological meaning 
to the future designation of the clonal complex. The eBURST 
program and instructions can be found at  http://eburst.mlst.
net/. A number of clustering algorithms, such as the unweighted 
pair group method with arithmetic mean  (UPGMA)  (24) or split 
decomposition (25) can be used to cluster STs and reinforce the 
results obtained using eBURST. 

It is possible to rationalize the clonal complex structure of many 
bacteria in terms of the “epidemic clone model”  (5) of bacterial 
population structure or modifications of it. Within this frame-
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  3.8.1. Analysis of MLST 

Data  

 3.8.2. Applying the Clone 

  Complex Model 
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work, high prevalence of a single ST indicates the presence of 
a fast-spreading new clone from which variants are developing. 
In the absence of a formal means of defining such clones, it is 
necessary to implement a rational definition that will command 
support from the scientific community analyzing these bacteria. 
It is advisable to designate a committee of experts who ultimately 
decide on the management and nomenclature issues raised by the 
scheme.

One of the great advantages of MLST is its scalability from a 
single bacterial isolate to many hundreds or even thousands of 
samples. Upscaling of MLST is essential for large-scale studies 
and brings with it appreciable advantages in terms of reducing 
costs. Automation reduces staff input, and bulk purchase of rea-
gents brings substantial cost savings. While automation brings 
substantial benefits, it does require substantial commitment and 
investment. During the setup process the various sections of the 
data production and analysis pipeline have to be analyzed and 
kept under review; potential bottlenecks can then be identified 
and handled. Any process is only as efficient and rapid as its 
least-efficient and slowest step. PCR and sequencing reactions 
can be automated by investing in a robotic platform that saves 
personnel time and minimizes error  (26,27) or at least ensures 
that any error is deterministic rather than stochastic. A number 
of fast and reliable methods exist for the purification of amplifi-
cation products that can be incorporated into the robotic plat-
form, although consumables for these types of systems are often 
expensive. The PEG precipitation for PCR products and sodium 
acetate/ethanol precipitation for sequence reactions are highly 
cost-effective, but are time consuming and require investment 
in centrifugation equipment capable of sedimenting material in 
microtiter plates. 

Optimization of the sequence reactions and the use of a cen-
tralized sequencing facility can further reduce costs as the use of 
reagents can be minimized, and costs can be further reduced by 
bulk purchase  (28). If automation is to be used, it is important 
to recognize that the processes are more akin to those found 
in industrial rather than conventional biological research organ-
izations. Robotic equipment works most effectively when it is 
regularly used to perform highly repetitive operations. Once the 
equipment is working on a given application, a process that often 
requires appreciable investment of time and effort, temptation 
to further improve operation by minor modification should be 
resisted. Such attempts prevent the exploitation of the equipment 
efficiently and are at least as likely to degrade as to enhance the 
performance of the equipment. 

  3.9. High-Throughput 
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Public health laboratories use MLST routinely for the characteri-
zation of clinical specimens (29,30). For the meningococcus, for 
example, the information obtained has proven to be invaluable for 
the understanding and management of disease outbreaks  (31,32),
epidemiological surveillance  (33,34), and the monitoring of public 
health interventions. Its application to clinical specimens has obvious 
implications for diagnosis and clinical management of cases caused 
by an organism that is notoriously difficult to isolate microbiologi-
cally from patients undergoing antibiotic therapy  (35–37).

MLST data have been used in a wide variety of applications, inclu-
ding evolutionary and population analysis of bacterial species, but 
to date they have been mostly used in molecular epidemiological 
studies of bacterial pathogens. Molecular epidemiology employs 
genetic techniques to characterize isolates of infectious agents or 
identify their presence and characteristics from clinical specimens. 
By this means their distribution and spread can be monitored, and 
if necessary, health interventions can be implemented. MLST has 
been applied to many bacteria, as recently reviewed  (2). MLST 
data can also be used to investigate the population structure of 
bacterial populations at different levels (e.g., temporal stratifica-
tion or geographic distribution) as this can help to understand the 
transmission route of the infectious agent  (38). For this purpose, 
the analysis of molecular variance (AMOVA)  (39) can be used to 
calculate the F statistic (F 

ST
) (40), which measures the amount 

of genetic exchange that takes place among different groups of 
organisms. The Mantel test can be used to investigate the corre-
lation between genetic and geographic distance, that is, whether 
isolates obtained from geographically close locations are more 
closely related to those found on more distant geographic areas 
(38). Both tests can be easily implemented using the Arlequin 
software package  (39), which can be downloaded from  http://
lgb.unige.ch/arlequin/.

1. The isolates examined must be carefully chosen with a number 
of criteria in mind: They should represent the known genetic 
diversity of the population analyzed (which itself should be 
carefully defined); they should represent a variety of sources or 
environments from which the organism is often isolated; and 
they should be collected from a variety of geographic loca-
tions and an appropriate time frame. 
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to Public Health 
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and Population Genetic 
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2. The crucial step in this method is the rapid inactivation of 
cellular nucleases once the cells have been lysed. 

3. In an MLST scheme, PCR conditions are ideally the same for 
all loci. This should be straightforward if primers are designed 
to have similar melting temperatures  T

m
 and if the DNA frag-

ments to be amplified are of similar lengths. Optimization is 
likely to be needed for novel primers. 

4. Standard agarose gel electrophoresis can be employed to check 
that the amplification reactions have been successful and that 
amplicons of the expected size have been produced. It is rec-
ommended to check all the samples during the optimization 
period, but when the MLST scheme is fully developed and 
routinely applied on a large scale, only occasional verification 
is necessary  (15).

5. A variety of methods for purification are available, including many 
commercial kits. However, the purification method described 
here is an effective and inexpensive noncommercial method 
based on sodium chloride and PEG differential purification. 

6. It is an absolute requirement for accurate sequence determina-
tion that sequence information from both DNA strands is used 
to compile the final sequence, so PCR reactions “forward” and 
“reverse” are required for each DNA molecule to be sequenced. 
The reactions are easily performed with proprietary kits that 
contain all of the necessary components, requiring only template 
DNA and specific primer to be added. Some local optimization 
is likely to be required for the primers and reagents used. 

7. A variety of commercial instruments is available for the sep-
aration of extension reaction products, and a description of 
their operation is beyond the scope of this chapter. In most 
cases they are capillary based and generally operated by central 
sequencing facilities as they are high-cost assets that, to be cost-
effective, have to be used on very large numbers of samples, 
usually representing a wide variety of applications. Although 
smaller-scale instruments suitable for the use by single labora-
tories are available, they are usually much more expensive to 
run. Commercial companies also offer sequencing services. 
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Chapter 12

Multiple Locus Variable Number 
of Tandem Repeats Analysis 

     Gilles   Vergnaud  and      Christine   Pourcel   

  Abstract 

Genotyping of bacteria through typing of loci containing a variable number of tandem repeats (VNTR) 
might become the gold standard for many pathogens. The development of genome sequencing has 
shown that such sequences were present in every species analyzed, and that polymorphism exists in at 
least a fraction of them. The length of these repetitions can vary from a single nucleotide to a few 
hundreds. This has implications for both the techniques used to measure the repeat number and the 
level of variability. In addition, tandem repeats can be part of coding regions or be intergenic and may 
play a direct role in the adaptation to the environment, thus having different observed evolution rates. 
For these reasons the choice of VNTR when setting a multiple-loci VNTR analysis (MLVA) assay is 
important. Although reasonable discrimination can be achieved with the typing of six to eight markers, in 
particular in species with high genomic diversity, it may be necessary to type 20 to 40 markers in mono-
morphic species or if an evolutionary meaningful assay is needed. Homoplasy (in the present context, 
two alleles containing the same repeat copy number in spite of a different history) is then compensated 
by the analysis of multiple markers. Finally, even if the underlying principles are relatively simple, quality 
standards must be implemented before this approach is widely accepted, and technology issues must be 
resolved to further lower the typing costs. 

Key words: Database, genotyping, MLVA , MLVAbank , services on the Web , VNTR.

The globalization of the world economy, with a dramatic increase 
of traveling of human beings and exchange of goods, is also as a 
consequence globalizing the spread of pathogens and associated 
infectious diseases. As a result, there is a growing requirement for 
tools enabling the real-time accountability and tracing of these 

 1. Introduction  

D.A. Caugant (ed.), Molecular Epidemiology of Microorganisms, Methods in Molecular Biology, Vol. 551
DOI: 10.1007/978-1-60327-999-4_12, © Humana Press, a part of Springer Science + Business Media, LLC 2009

141



142 Vergnaud and Pourcel

pathogens. Such tools should satisfy a number of criteria. They 
should be “low cost” so that any new isolate can be routinely 
typed. They should be not too demanding from a technological 
point of view, so that partial typing, or first-level low-resolution 
typing, can be performed in any microbiology laboratory and not 
only in dedicated high-throughput facilities. The resulting data 
should open the way to the making of large-scale databases shared 
across the Internet, as well as small-scale databases for local sur-
veillance within, for instance, a hospital setting. These require-
ments constitute one aspect of the new discipline called forensic 
microbiology. 

Although many methods have been developed to investigate 
the epidemiology of pathogens, with some described in other 
chapters of this book, only a few qualify as potentially of use in 
this context. In the present chapter, we go through multiple loci 
variable number of tandem repeat (VNTR) analysis (MLVA), 
which for a number of reasons that we illustrate is currently con-
sidered as one of the most promising technologies regarding the 
epidemiology of microorganisms with relatively large genomes, 
such as bacteria. 

It is now clear that, for many reasons, including biosafety, 
the appropriate typing technologies will target DNA. The resulting
data need to be easily storable in a digital format so that even-
tually worldwide coverage of the pathogen diversity can be 
achieved. This excludes pattern-based technologies, such as 
randomly amplified polymorphic DNA ( see Chapter 4), polymer-
ase chain reaction (PCR) amplification of multiple interspersed 
repeated elements ( see Chapter 5), pulsed-field gel electrophore-
sis ( see Chapter 6), amplified fragment length polymorphism ( see
Chapter 8), and insertion element (IS) typing by Southern blot 
hybridization ( see Chapter 14), for instance. In such techniques, 
patterns produced in different laboratories can be compared only 
if very strict quality standards are followed. The use of polymor-
phic tandem repeats to discriminate biological entities is not new 
and is not limited to microorganisms. We do not go through the 
history of tandem repeat analysis for which reviews exist (e.g., 
1, 2). The important feature of MLVA is that the analysis of a 
limited number of loci provides an overview of diversity within a 
bacterial species. 

A number of aspects specific for tandem repeats analysis must 
be kept in mind. First, tandem repeat loci can be very variable in 
terms of mutation rates, with some loci having an extreme muta-
tion rate while others are monomorphic. At present, this behavior 
cannot be predicted from the sequence itself and needs to be 
experimentally measured by eventually typing hundreds of strains, 
as was done previously for human forensics-related projects. 
The most highly polymorphic markers that usually result from a 
higher rate of mutation events will have a high homoplasy level. 
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Such markers are sometimes called “highly informative,” which 
is ambiguous and not necessarily correct. On the contrary, an 
MLVA assay that would be based solely on such markers would 
probably be unable to cluster strains according to their true 
historical proximity, as illustrated previously with  Brucella (3).

1. For some bacterial species, thermolysates can be prepared in 
water and stored at −20°C. Long-term stability needs to be 
evaluated for each species. In some instances, glass beads are 
used to break cells. 

2. Purification kit such as Qiagen DNeasy® Tissue kit. DNAs are 
stored at −20°C. 

3. ND-1000 spectrophotometer (NanoDrop®, Labtech, France). 

1. Standard  Taq polymerase (Roche, Promega, or Invitrogen) 
or Pfu polymerase when amplifying mononucleotide repeats 
(see Note 1).

2. The Qiagen kit provides the “Q solution” and corresponding 
buffer for amplification of GC-rich DNA. Alternatively, 1 M
betain (Sigma) can be used in the PCR reaction ( see Note 2).

3. Fluorescent oligonucleotides to be used with the Beckman 
sequencer are from Sigma-Aldrich Proligo ( www.proligo.com ). 

4. Deoxynucleotide 5 ¢-triphosphates (dNTPs; Eurogentec, MWG 
Biotech, or Amersham). 

5. Different thermocyclers (including PTC 200 DNA Engine 
and MyCycler, Bio-Rad) have been used efficiently. 

6. PCR amplifications are done in microcap tubes (rows of 8 or 
12 tubes) arranged in grids accommodating up to 96 tubes 
in a 96-well format compatible with multichannel electronic 
pipeting equipment (eight-channel Biohit dispensing range 
0.1 to 10 mL, 1 to 20 mL).

1. Standard agarose for gels up to 3% (w/v). 

2. TBE electrophoresis buffer: A 5X TBE buffer (1.1 M Tris-HCl, 
900 m M boric acid, 25 m M ethylenediaminetetraacetic acid 
[EDTA], pH 8.3) is prepared as a stock solution and is used at 
0.5X concentration for migration. Buffer solution can be used 
for up to three or four runs. 

3. Metaphor (FMC Bioproducts-Cambrex) is used for 4% (w/v) 
gel, either pure or mixed 1:1 with standard agarose. 
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4. 100-bp ladder or 20-bp ladder from Bio-Rad, MBI Fermentas, 
or Euromedex ( see Note 3).

5. Electrophoresis chambers compatible with 20- to 24-cm wide 
gels by 20 to 40 cm long, with 40 to 50 wells, and spacing 
compatible with multichannel pipeting ( see Note 4).

6. 10X loading buffer: 0.25% (w/v) bromophenol blue, 0.25% 
(w/v) xylene cyanol, 50% (v/v) glycerol, 50% (v/v) TE. TE is 
a 10 m M Tris-HCl, 1 m M EDTA, pH 8.0 solution. 

7. Ethidium bromide: purchase as 10 mg/mL aqueous stock 
solution; can be stored at 4°C for years. Use at 0.25  mg/mL
final concentration in 0.5X TBE buffer. 

The band size can be determined using dedicated software (e.g., 
Quantity One v. 4.2.1 of Bio-Rad) or the BioNumerics software 
(Applied Maths). 

A list of bacteria for which VNTR markers have been identified 
and tested on collections of strains is shown in Table  1. In some 
cases these assays are very preliminary since only a small number 
of strains have been analyzed, and much remains to be done to 
definitely select an informative VNTR panel and to measure their 
relative value. In other cases, such as for  Mycobacterium tubercu-
losis, many data are already available, and the assay can be consid-
ered more reliable. However, no consensus has yet been adopted 
in the corresponding scientific community ( see Note 5).

If an MLVA assay is available in the literature, genotyping will 
consist of (1) preparing DNA samples;  (2) VNTR amplification and 
estimation of repeat number; and  (3) data analysis and storage. 

Very good results have been obtained from thermolysates for 
M. tuberculosis or  Legionella pneumophila. In some instances, 
MLVA typing has even been done on crude biological samples 
with a sufficient bacterial load  (4). In other cases, and for some 
species such as Pseudomonas aeruginosa, a purification step of the 
DNA is mandatory to get reliable PCR amplifications  (5).

1. Perform the PCR reactions in a total volume of 15  mL, con-
taining 1–5 ng of DNA, 1X reaction buffer, 1.5 m M MgCl 

2,
 1 

unit of Taq DNA polymerase, 200  mM of each dNTP, 0.3  mM
of each flanking primer. 

2. Use the following conditions for amplification: Initial dena-
turation cycle for 5 min at 94°C, 35 cycles of denaturation for 
30 s at 94°C, annealing for 30 s at 55 to 60°C depending on 

 2.4. Band Size 

Determination

 3. Methods  

 3.1. Running an MLVA 

Assay

 3.1.1. The DNA Samples 

 3.1.2. PCR Amplification 
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  Table 1 

  Published MLVA Schemes    

 Bacteria 

 VNTR 

locia

 Repeat 

sizes (bp) 

 No. of 

isolates  Method  References 

Bacillus anthracis 8
24 (18) 

2–36
9–78

426
32

Sequencing gel 
Agarose 

(22)

(9)

Bartonella henselae 5 45–146 44 Agarose  (23)

Bordetella pertussis 6 5–15 198 Sequencing gel  (24)

Borrelia sp. 10 2–21 41 Sequencing gel  (25)

Brucella sp. 8
18

8
6–134

22
236

Capillary electrophoresis 
Agarose 

(3)

(26)

Burkholderia pseudomallei 32 6–15 213 Capillary electrophoresis  (12)

Candida albicans 3 4 100 Sequencing gel  (27)

Candida glabrat a 6 2–3 127 Capillary electrophoresis  (28)

Clostridium difficile 7
7

3–8
6–17

86
86

Capillary electrophoresis 
Sequencing

(29)

(30)

Clostridium perfringens 5 6–21 112 Agarose  (31)

Coxiella burnetii 17
7

6–126
6–21

42 Agarose 
Capillary electrophoresis 

(32)

(33)

Enterococcus faecalis 7 141–393 83 Agarose  (34)

Enterococcus faecium 6 121–279 392 Agarose  (35)

Escherichia coli O157 7
7

6–18
6–30

81
73

Sequencing
Capillary electrophoresis 

(36)

(37)

E. coli, Shigella 7 6–39 72 Capillary electrophoresis  (38)

Francisella tularensis 6
25

2–21
2–23

56
192

Sequencing gel 
Sequencing gel 

(39)

(40)

Hemophilus influenzae 5 3–6 20 Agarose  (41)

Lactobacillus casei 9 6–24 63  Capillary electrophoresis  (42)

Legionella pneumophila 6
13

18–45
7–125

78
99

Agarose 
Agarose 

(43)

(16)

Leptospira interrogans 7
6

34–77
36–138

51
39

Agarose 
Agarose 

(44)

(45)

Leptospira interrogans 

kirschneri

5 34–77 243 Agarose  (46)

Listeria monocytogenes 6 9–18 25 Agarose  (47)

Mycobacterium avium 6
5

53
20–70

73
50

Agarose 
Agarose 

(48)

(49)

Mycobacterium leprae 5
9

2–3
1–27

12
4

Sequencing
Sequencing gel 

(50)

(51)

(continued)
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 Bacteria 

 VNTR 

locia

 Repeat 

sizes (bp) 

 No. of 

isolates  Method  References 

Mycobacterium tuberculosis 7
12 (10) 
6
21 (8) 

15–79
53
69
9–58

25
31
100
90

Agarose 
Agarose 
Agarose 
Agarose 

(52)

(53)

(54)

(21)

Mycobacterium ulcerans 13 53–71 29 Agarose  (55)

M. ulcerans and 

M. marinum 

7 53 66 Agilent (56)

Mycoplasma mycoides 3 12–75 39 Agarose  (57)

Neisseria meningitidis 12
12

4–30
4–21

100
92

Capillary electrophoresis 
Capillary electrophoresis 

(58)

(59)

Pseudomonas aeruginosa 7
15

6–115
6–129

89
163

Agarose 
Agarose/capillary 

electrophoresis 

(60)

(5)

Salmonella typhimurium/

typhi

8
10 (7) 

6–189
3–20

102
99

Capillary electrophoresis 
Agarose 

(61)

(62)

Staphylococcus aureus 7 48–159 16 Agarose  (63)

Staphylococcus aureus 5
8

9–81
9–560

34
200

Agarose b

Capillary electrophoresisb

(64)

(65)

Streptococcus pneumoniae 16 12–60 56 Agarose  (66)

Streptococcus uberis 7 13–208 88 Agarose  (67)

Salmonella enterica 10 6–232 50 Agarose  (68)

Shigella sonnei 26 6–168 536 Capillary electrophoresis  (69)

Theileria parva (protozoa) 60 2–21 20 Agar/spreadex  (70)

Xylella fastidiosa 7 7–9 27 Agarose  (71)

Yersinia pestis 25
42 (26) 

9–60
1–45

3 + 180 
24 + 156 

Agarose 
Sequencing gel 

(9,72)

(73,74)

aIn parentheses are indicated the number of VNTR not previously published. 
bNot a bona fide MLVA assay since the five loci used are coamplified to produce a multiband pattern, 

and no analysis is done on a locus-by-locus basis. 

Table 1

(continued)

the primers, and elongation for 45 to 60 s at 72°C followed 
by a final elongation step for 10 min at 72°C. 

The length of PCR products can be estimated by different 
approaches. Importantly, the required accuracy is directly related 
to the repeat unit size of the loci to be used. Obviously, if the 
markers used for MLVA typing have a repeat unit size of more 

 3.1.3. Agarose Gel 

Electrophoresis
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than 50 bp (as is the case for some important pathogens such as 
M. tuberculosis), it is not necessary to achieve a precision of plus 
or minus 1 bp ( Fig. 1). In theory, a precision just below ±50% 
of the repeat unit size is sufficient. Accordingly, different allele-
calling methods are used. The most frequently used method, at 
least in the assay development phase, is the ordinary agarose gel. 
The approximately ±2% imprecision of this approach allows the 
typing of loci with 6-bp repeat units if the allele size does not 
exceed 150–200 bp ( see Note 6).
1. Add 2 mL of 10X loading buffer to the PCR products. Load 2 

to 3 mL of PCR products in 2 to 3% (w/v) agarose gels made 
of standard agarose for repeats 9 bp and larger. (for the analysis of 
smaller repeats, 4% (w/v) agarose gels, comprising 2% Metaphor 
plus 2% regular agarose  can be used) ( see Note 7). 

2. Perform the electrophoresis in 20- to 24-cm wide gels made in 
0.5X TBE buffer, run at 8 V/cm. For each group of five isolates, 
include a reference strain. To ensure an adequate size assign-
ment of the PCR products, reference size markers are run every 
six samples ( Fig. 1). DNA size markers routinely used are the 
100-bp ladder or 20-bp ladder (for repeats 8 bp and smaller). 

3. Stain the gels after the run in 0.5–1.0  mg/mL ethidium bromide
for 15 to 30 min. Then, rinse the gel with water and photograph
under ultraviolet illumination ( see Note 8).

The PCR product sizes can be estimated from the digital image 
of the gel using dedicated software usually provided with the 
camera. First, the position of the cursor relative to the DNA band 
is adjusted to achieve optimum size matching with the reference 
strain used as internal control, and then the cursor is similarly 
positioned for all the other strains run in the same gel. Size assign-

 3.1.4. Agarose Gel Image 

Analysis

  Fig. 1.    Agarose gel electrophoresis of VNTR amplicons. PCR products of the  M. tubercu-

losis  Mtub 39 VNTR (58-bp repeat) on the reference strain H37Rv (T) and 15 isolates. 

The size marker is loaded every six samples.       
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ment is confirmed by visual inspection of gels and comparative 
analysis of strains for each marker. For repeats of 12 bp and more, 
visual estimation of the band size is possible with the help of a 
chart in which all the known alleles are indicated ( see Note 9).

Apart from the regular agarose gel, the equipment most often used 
is capillary electrophoresis apparatus, in particular equipment ini-
tially developed for DNA sequencing purposes. The precision and 
reproducibility achieved by such machines (routinely ±0.5 bp in a 
80- to 650-bp range) enables the typing of very short repeat units, 
although the typing of long mononucleotides or even dinucleotide 
repeat tracts can be technically demanding  (6). Also the size esti-
mates provided, deduced by comparison with a size standard, can be 
wrong by a few basepairs in a very reproducible way. This has been 
illustrated by different studies  (7,8). The discrepancy for a given 
machine and for each locus and allele must be measured experi-
mentally. These machines require the use of fluorescent primers. 
Because the underlying technology was developed for DNA sequenc-
ing purposes, at least four different colors are available, one of 
which must be used for the DNA size standard. This availability of 
different colors makes it possible to pool different PCR products to 
analyze multiple loci in the same run ( see Note10) and consequently 
reduce the costs. 

Other capillary electrophoresis machines specifically developed 
for measuring the length of DNA fragments (rather than sequencing)
and that do not require the use of fluorescent primers are also very 
promising (including Agilent 2100, Caliper Labchip90, Qiagen 
QIAxcel), in spite of a slightly lower precision  (7,8).

The repeat length and number of repetitions are conveniently 
determined in sequenced genomes using the Microbial Tandem 
Repeats Database ( http://minisatellites.u-psud.fr ) (9,10).
1. Check that amplification of DNA from the strain from which 

the genome has been sequenced produces amplicons of the 
expected size. 

2. Estimate the number of repeats in new alleles by subtracting 
the invariable flanking region from the amplicon size, then 
dividing by the repeat unit length as determined for the refer-
ence strain. For example, if the size of the PCR amplification 
product for a 45-bp VNTR is 205 bp in the sequenced strain 
for two repeat units, it implies that the number of repeats 
found in amplicons of size x produced with the same primers 
is (( x − 205)/45 + 2) repeat units. 

3. The null designation is given when no amplification is repeat-
edly observed at a given locus ( see Note 11).

Intermediate-size alleles may result from intermediate-size repeat 
units or from small deletions in the flanking sequence. Sequencing

 3.1.5. Capillary Gel 

Electrophoresis

 3.1.6. Nomenclature 

and Description of MLVA 

Profiles

 3.1.7. Verification of 

Unexpected Allele Size 
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of any such allele is necessary to analyze the origin of the unex-
pected size.
1. The full-length sequences of selected PCR products are 

determined on both strands following DNA purification by 
the QIAquick PCR purification kit (Qiagen) or by polyeth-
ylene glycol (PEG) precipitation as described in  ref. 11. Data 
obtained with forward- and reverse-sequencing primers are 
combined, and sequences are manually aligned. 

2. The alleles are reported as half size to indicate the existence of 
abnormal alleles. 

Ideally, data should be stored in databases together with 
all known information on the strain (i.e., phenotypic and 
biochemical characteristics, origin, clinical or environmental 
information, etc.).
1. For each isolate, enter the VNTR size in the form of a digit 

corresponding to the number of repeats into an Excel file. 

2. Import the data matrix into data-mining tools or into more 
conventional biology-oriented clustering methods. The currently
preferred method to measure the distance between two strains 
is simple counting of the number of markers at which the 
two strains differ divided by the total number of markers and 
expressed as a percentage ( see Note 12).

3. When the amount of data is sufficient, it becomes possi-
ble to precisely estimate the mutation rate at each VNTR 
and the relative frequency of single and multiple repeat unit 
gains and losses at each locus (12–14). Using this knowl-
edge, it is possible to define individual distance coefficients 
(see Note 13). 

4. Once a good-quality data set has been produced, it is desirable to 
make it accessible via the Internet ( see Note 14). At least three 
research groups ( see Note 15) have developed sites that make 
possible the hosting of databases produced by other groups. 
For instance, using the MLVAbank at  http://mlva.u-psud.fr, 
MLVA typers can create their own account to manage personal 
databases without control from the hosting institution. Data-
bases can be made public, or be shared within a community, 
with different rights. Different panels of markers can be selected 
by users to take into account local usages. This hosting facility 
may be seen as a repository for MLVA data. It is not curated 
by the hosting institution in an approach that is reminiscent 
of DNA sequence repositories such as Genbank and European 
Molecular Biology Laboratory (EMBL) .

Once a bacterial genome has been sequenced (fully or partially), 
it is possible to search for tandem repeats to test the potential use 
of MLVA for genotyping of the species. The availability of two or 

 3.1.8. Data Storage 

and Analysis 

 3.2. Developing a New 

MLVA Assay 
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more strains of the species highly facilitates the search for poly-
morphic markers. Web-based tools have been developed to facilitate
the first steps in setting a new MLVA scheme ( see Note 16).

1. Go to the Microorganisms Tandem Repeat Database ( http://
minisatellites.u-psud.fr/) developed by Denoeud and Vergnaud 
(10) and follow the link “The Microorganisms Tandem Repeats 
Database” and then “bacteria” . Select the strain to be searched 
and choose the parameters that will define the tandem repeats 
of interest. For a first assay, it is interesting to select repeats of 
9 bp and longer, repeated at least three times and showing an 
80% internal conservation. When repeats fulfilling these criteria 
exist, they are displayed in a table as shown on  Fig. 2.

2. Click on the alignment link to see the repeat sequence and a 
500-bp sequence flanking it on both sides. 

 3.2.1. Identification of 

Tandem repeats from a 

Single Genome 

  Fig. 2.    The tandem repeats database. Snapshots of the Web-based database query and of the output. ( a ) The strain of 

interest is selected as well as the characteristics of the VNTRs to be searched. ( b ) The repeats are displayed in a table 

showing the position on the genome, the repeat size, and copy number as well as other information on its composition. 

The sequence can be retrieved using the link in the rightmost column.       



 Multiple Locus Variable Number of Tandem Repeats Analysis 151

3. Select primers in sequences flanking the VNTR, at least 40 bp 
away from the first and last repeats ( see Note 17), in such a way 
that the same annealing temperature can be used for all the PCRs. 
This is particularly important if multiplexing is to be used. 

When the genomes of two strains of a given species have been 
sequenced, it is possible to compare the size of repeated sequences 
to select those possessing a different number of repeats and there-
fore representing good VNTR candidates.
1. Access the strain comparison page  (from http://minisatellites.

u-psud.fr/, follow the link “The Microorganisms Tandem 
Repeats Database” and then “strain comparison page”) and
select the bacteria to be searched. 

2. Choose the tandem repeats characteristics. 

3. A table will show repeats that present polymorphism between 
the two strains. 

The excessive use of microsatellites (2- to 8-bp repeat units), 
some of which tend to be unstable, as reported in several studies, 
may cause difficulties because of their especially high homoplasy 
levels (3). In addition, they necessitate the use of sequencing 
gels or methods with equivalent resolution, which are usually not 
routinely used in the bacteriology laboratory. 

Standard efficacy criteria of a new MLVA scheme, including typeabil-
ity ( T), reproducibility ( R), stability ( S), epidemiological concordance 
(E), and discriminatory power (expressed as the Hunter-Gaston 
diversity index [ HGDI]), are determined as reported elsewhere 
(15,16).

The polymorphism index of individual or combined VNTR 
loci can be calculated using a selected panel of strains and HGDI
(17), an application of the Simpson’ s index of diversity (18).
Although very useful to compare the discriminatory power of 
assays, it does not measure the relevance of the discrimination 
that is achieved by a given marker or combination of markers 
(see Note 18).

MLVA typing is still an emerging domain, and the quality of 
MLVA reports is unequal. In particular, some reports neglect 
basic rules, some of which are specific for MLVA. To accelerate the 
development of MLVA, we propose here a checklist for reviewers 
of MLVA articles:

Check that the proposed markers are indeed new markers 
and have not been previously described under other names. 

Check that the MLVA typing data are made accessible and 
that the allele-calling convention is clearly described by giving 
the repeat unit size and repeat copy number in the first genome 

 3.2.2. Identification of 

VNTR by Comparison of 

Two or More Genomes 

 3.2.3. The Choice of a 

Panel of Markers 

 3.2.4. Criteria for 

Evaluation of MLVA 

 3.3. Reviewing MLVA 

Reports
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sequenced for the corresponding species. Encourage the deposition
of data into one of the existing MLVA data repositories. 

Check that the assay is an MLVA assay and not a pattern-based 
assay in which multiple loci are simultaneously revealed, but not 
analyzed to the point of deducing the repeat copy number at each 
locus individually. 

In spite of very promising progress and significant advantages, 
at least in theory, MLVA is not replacing existing technologies, 
such as pulsed-field gel electrophoresis, as fast as could have been 
expected. There are several reasons for this. One is the lack of stand-
ardization and reference databases. In this area, funding bodies 
have a major role to play by stimulating and supporting the actors 
involved to agree on international standards. Another reason is the 
lack of demand for large-scale molecular epidemiological tools. 
The United States are one exception illustrating this fact: a large 
unified market has led to requirements for genotyping systems 
covering the whole country. No such requirements exist in 
Europe, where national-scale approaches are still the rule in 
practice. Usually, a single national reference laboratory will 
organize molecular typing, and in this context, pattern-based 
approaches can be used in spite of their limitations (limited pos-
sibilities of interlaboratory exchanges). Still another reason for 
the slow emergence of MLVA is its relative cost as it requires 
multiple PCR amplifications. Once reference typing panels have 
been defined, it is hoped that multiplexing technologies will be 
developed to permit genotyping of a strain using (ideally) a 
single PCR amplification. 

1. From a technical point of view, it is convenient to classify tandem 
repeats among three classes: the “minisatellites” with repeat units 
longer than 9 bp, the microsatellites with repeat units in the 2- to 
8-bp range, and the homopolymeric repeats (often called Single 
Nucleotide Repeats or SNRs). The larger repeat unit loci can 
usually be typed on a wide range of DNA fragment-sizing equip-
ment. The microsatellites will usually require more sophisticated 
equipment, and the mononucleotide repeats with 1-bp variations 
require specific protocols, including the use of different polymer-
ases, such as Pfu(6).

2. The simple addition of betain is very effective in terms of 
priming specificity. It may help resolve multiple-band amplifi-
cations. To have its full effect, the use of a special PCR buffer 
is recommended  (19).

 3.4. Future Prospects 

 4. Notes  
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3. Size marker: Select size markers containing similar amounts 
of DNA in each band so that the fluorescence intensity of 
each band is similar. 

4. A voltage of 8–10 V/cm is usually applied (i.e., if the distance 
between the electrodes is 30 cm, voltage is 250–300 V). 
If a cover is necessary, it may be important to check for buffer 
temperature and avoid overheating by recirculating and cool-
ing the buffer. If the two electrodes are identical (i.e., plati-
num electrodes), it is recommended to revert the migration 
polarity every five runs to avoid running distortions. 

5. VNTR panel consensus: Special effort should be put to reach 
a consensus on which panel of VNTR to use for a given 
MLVA assay. This is being achieved for  Brucella, for which a 
set of different panels with increasing discriminatory power 
has been defined. 

6. Shorter repeat units or larger size ranges can be resolved using 
higher resolution, usually with precast gels, such as Biorex. 

7. Gel quality: Special attention must be given to the quality of the 
gel as this will allow precise size assignment. It is recommended 
to pour the gel at a temperature between 60 and 65°C. 

8. Ethidium bromide staining: It is mandatory to stain the gel after 
migration, especially when looking at small-size PCR product 
as the ethidium bromide in the gel will migrate backward. 

9. See, for instance, http://mlva.u-psud.fr/BRUCELLA/spip.
php?article93 .

10. The development of this equipment was driven by sequencing,
and DNA fragment size measurement is only a secondary 
application. With the advent of new sequencing technolo-
gies, it remains to be seen whether this “DNA fragment-
sizing” market will be sufficient to maintain these machines 
or if other approaches will be needed. A number of alterna-
tive equipment, such as the ones developed or distributed 
for instance by QIAGEN, Caliper, and Agilent, might then 
replace capillary apparatus aimed at DNA sequencing. 

11. In some instances, an inappropriate initial numbering may result 
in the calling of “zero-repeat” alleles as more strains are inves-
tigated (20). This is because very often a tandem repeat locus 
does not contain an integer number of repeats but rather con-
tains a partial repeat at one end. If alleles at such a locus with, for 
instance, 1.5, 2.5, 3.5 repeat units are called 1, 2, 3 rather than 2, 
3, 4, an allele containing 0.5 repeats will be coded 0. Eventually, 
normalizing bodies will be needed to avoid such ambiguities. 

12. This is a very crude similarity measure that gives the same weight 
to all markers. It also considers that alleles that differ by one 
repeat unit are not evolutionarily closer than alleles that differ 
by many repeat units. The two assumptions are often wrong, 
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but in spite of this, the resulting clustering analyses make sense. 
This is because the use of multiple markers compensates for 
variable homoplasy levels at individual markers. 

13. Brucella MLVA data, for instance, are already analyzed by 
dividing the markers into three different sets, or panels, and 
giving a different weight to each panel. 

14. An MLVA data set was made accessible in an interactive way for 
the first time in 2002 (21). Since then, a few other databases 
dedicated to one or a few pathogens have been put on line. 

15. See http://mlva.u-psud.fr;  http://www.mlva.eu;  http://www.
pasteur.fr/mlva .

16. The development of MLVA usually comprises three phases. 
In the first phase, polymorphic markers are identified. 
Usually, a few publications cover this first step. In the second 
phase, more typing data are produced, and the characteristics 
of individual markers are refined. Consensus marker panels 
progressively emerge. In the third phase, typing databases 
are produced, and consensus panels are agreed on. 

17. In this way, representative alleles can more easily be sequenced 
using the same primers. Otherwise, if the primers are located 
too close from the tandem repeat start, sequencing data will 
often miss the first basepairs of the tandem repeat. 

18. Eventually, it should make sense to consider that two strains 
that differ at one highly variable marker are more similar 
than two strains that differ at a moderately variable marker. 
More sophisticated distance coefficients can be developed 
once many strains have been typed. 

We thank the CNRS and Université Paris Sud 11. 
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Chapter 13

Comparison of Molecular Typing Methods Applied to 
Clostridium difficile

     Ed J.   Kuijper ,      Renate   J.   van den Berg   , and    Jon   S.   Brazier            

  Abstract 

Since the 1980s the epidemiology of Clostridium difficile infection (CDI) has been investigated by the 
application of many different typing or fingerprinting methods. To study the epidemiology of CDI, a 
typing method with a high discriminatory power, typeability, and reproducibility is required. Molecular 
typing methods are generally regarded as having advantages over phenotypic methods in terms of the 
stability of genomic markers and providing greater levels of typeability. A growing number of molecular 
methods have been applied to C. difficile. For the early and rapid detection of outbreak situations, meth-
ods such as restriction enzyme analysis, arbitrary primed polymerase chain reaction (PCR), and PCR 
ribotyping are commonly used. For long-term epidemiology, multilocus sequence typing, multilocus 
variable number of tandem repeats analysis, and amplified fragment length polymorphism are of interest. 
Currently, the PCR-ribotyping method and the library of PCR ribotypes in Cardiff are the benchmarks 
to which most typing studies around the world are compared. Multilocus variable number of tandem 
repeats analysis is the most discriminative typing method and will contribute significantly to our under-
standing of the epidemiology of this important nosocomial pathogen. 

Key words: Clostridium difficile, MLVA , PCR ribotyping , REA, subtyping.

Since the recognition of  Clostridium difficile as the causative 
agent of pseudomembranous colitis in 1978, this anaerobic spore-
forming bacterium has emerged as an important enteropathogen. 
Pathogenic C. difficile organisms release toxins that ultimately 
mediate diarrhea and colitis. Colonic injury and inflammation result 
from the production of two protein toxins: enterotoxin A (TcdA; 
308,000 M

r
) and cytotoxin B (TcdB; 270,000  M

r
). Genes for the 
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binary toxin are located outside the pathogenicity locus (PaLoc), 
but the role of this toxin is unclear  (1). The illness associated with 
C. difficile ( C. difficile infection, CDI) ranges from mild diarrhea 
to life-threatening colitis. 

To study the epidemiology of CDI, a typing method with 
a high discriminatory power, typeability, and reproducibility is 
required. Typing methods are also used to determine the role of 
the environment and patient-to-patient transmission in the cause 
of infection and for the investigation of outbreaks. The recurrence 
rate of C. difficile-associated disease is around 15–20%, and typing 
methods can be applied to distinguish recurrences in relapse, due 
to the same strain, or reinfection, due to a new strain  (1).

Typing methods can be classified in two large categories, con-
sisting of phenotypic and genotypic methods. Phenotypic methods 
differentiate on the basis of products of gene expression, whereas 
genotyping methods analyze the genetic profile of the strains. 
Molecular typing methods are generally regarded as having advan-
tages over phenotypic methods in terms of the stability of genomic 
markers and providing greater levels of typeability. A growing 
number of molecular methods have been applied to C. difficile,
and these are described here ( see Table  1 for an overview). 

Plasmid profiling was the first genotypic typing method applied 
to C. difficile (2). The fact that not all C. difficile strains contained
these extrachromosomal elements made the typeability of this 
method very low. In addition, strains may lose or acquire plasmids 
and thereby change plasmid profile  (2–4).

Restriction enzyme, or endonuclease, analysis (REA) uses the 
whole genomic DNA. This DNA is digested by rare-cutter 
restriction enzymes, resulting in restriction fragments readable by 
polyacrylamide gel electrophoresis (PAGE) or agarose gel elec-
trophoresis. The first applied REA was described by Kuijper et al. 
using HindIII and  XbaI for restriction and agarose gels for analy-
sis of the fragments (5). They found that the strains detected in 
two patients were indistinguishable from four samples from the 
hospital environment, thereby showing the applicability of this 
method for typing C. difficile. They also found that the method 
was stable after subculturing. Another study described the use of 
CfoI as the restriction enzyme; however,  HindIII is still mostly 
used (6,7). REA has been used as the standard typing method 
in North America because of its high discriminatory power and 
stability (7), but the interpretation of REA banding patterns is 

 2. Traditional 
Molecular Typing 
Methods for 
C. difficile

 2.1. Plasmid profiling 

 2.2. Restriction 

Enzyme Analysis and 

Restriction Fragment 

Length Polymorphism 



162 Kuijper, van den Berg, and Brazier

subjective, and comparative analysis of isolates has to be perfor med
on the same gel. REA is a highly discriminatory and reproducible 
method; it is, however, a technically demanding procedure and 
very labor intensive, especially for analyzing the complex banding 
patterns of large numbers of isolates. For these reasons, REA data 
are difficult to exchange between laboratories, which is becoming 
an increasingly important factor for evaluating typing methods. 

Restriction fragment length polymorphism (RFLP) is an alter-
native method that involves initial REA digestion and gel elec-
trophoresis followed by Southern blotting with selected labeled 
nucleic acid probes to highlight specific restriction site heteroge-
neity. The difference between REA and RFLP is very small, and 
the designations are used interchangeably in different studies. 
The first description of RFLP was by Bowman et al.; restriction 
enzyme ( HindIII) digestion was followed by gel electrophore-
sis and subsequent Southern blot transfer and hybridization 
with labeled Escherichia coli ribosomal RNA (rRNA) probes  (8).
In comparison with sodium dodecyl sulfate PAGE, immunoblotting,
and REA, RFLP with an eubacterial 16S rRNA probe provided 
simpler patterns and yielded good discrimination  (9). Another 
study compared the RFLP with enhanced chemiluminescence to 
REA, both using the HindIII enzyme for restriction  (10). REA 
was found far more discriminatory than RFLP (34 versus 6 types 
among 116 isolates). REA and RFLP methods have now generally 
been superseded by methods based on amplification of selected 
targets using the polymerase chain reaction (PCR). 

Arbitrary primed PCR (AP-PCR) and random amplified polymor-
phic DNA (RAPD) are two methods based on PCR amplification 
(see Chapter 4). The primers do not have a known homology to 
the target sequence; subsequently, a low annealing temperature 
is applied. The difference between AP-PCR and RAPD is the 
application of a single primer versus the use of two short  primers,
respectively. The first described AP-PCR used six different 
arbitrary primers of 10–11 bp and detected six different patterns 
among six isolates (11).

In an outbreak among eight acquired immunodeficiency 
syndrome (AIDS) patients, the AP-PCR was applied using one 
arbitrary primer of 10 bp, differing only one nucleotide from one 
of the primers used by McMillin et al. (12). Among the eight 
isolates, seven revealed an identical AP-PCR pattern, whereas 
four reference strains could be discriminated from each other and 
the outbreak isolates. The authors concluded that the AP-PCR is 
simple, rapid, and discriminative for typing C. difficile.

Another outbreak was investigated with nearly similar arbitrary 
primers as in the first two studies, but a lack of reproducibility of 
the AP-PCR was found (13). Compared to a phenotypic method 
such as immunoblotting, AP-PCR resulted in better typeability 
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(14), and good correlation was found between AP-PCR and 
REA data (15–17).

AP-PCR usually results in 3–12 bands between 450 and 
1,300 bp, which can simply be analyzed on agarose gels. The 
method is cost-effective but is extremely sensitive to PCR conditions. 
Therefore, AP-PCR has low reproducibility, and it is difficult to 
establish interlaboratory comparison with this method  (18).

RAPD was first applied on C. difficile by Barbut et al.  (19).
RAPD commonly uses two oligonucleotide primers that are 
short in length (ca. 10 bp) and of arbitrary sequence. Barbut 
et al. evaluated a RAPD method using two 10-bp primers in an 
investigation of CDI in AIDS patients. An identical profile was in 
15 of 25 isolates, indicating a common source. RAPD compared 
well with pulsed-field gel electrophoresis (PFGE); while easier to 
perform, the results are more difficult to analyze, however  (20).
The applicability of RAPD in the analysis of relapses versus rein-
fection in patients infected with the human immunodeficiency 
virus was shown by Alonso et al.  (21). Relapses were detected in 
64% of patients, whereas 32% had a reinfection, and 4% had both 
a relapse and a reinfection  (21).

PCR ribotyping uses specific primers complimentary to sites 
within the RNA operons and was first applied to  C. difficile by 
Gurtler, who targeted the amplification process at the spacer 
regions between the 16S and 23S rRNA genes  (22). Clostridium 
difficile was shown to possess multiple copies of the rRNA genes, 
which varied not only in number between strains but also in 
size between different copies on the same genome  (22,23). The 
method developed by Gurtler and Mayall, using radiolabeling 
and a long-running PAGE, detected 14 PCR ribotypes among 
24 strains. The approach was simplified by Cartwright et al., 
who applied PCR ribotyping to 102 isolates obtained from 73 
symptomatic patients (24). A total of 41 types was recognized, 
and five of six outbreak isolates were identical  (24). Using the 
same primers as Gürtler, the PCR fragments could be separated by 
straightforward agarose gel electrophoresis instead of  denaturing
PAGE gels. The banding patterns were not affected by the quantity
of DNA used in the reaction (a problem associated with AP-PCR 
and RAPD methods), the PCR ribotype marker was stable, and 
its expression was reproducible. In a comparison with the other 
PCR-based typing method AP-PCR, PCR ribotyping was very 
discriminatory and showed an agreement of 83% with PFGE, 
compared to 60% and 44% for AP-PCR  (25).

To obtain smaller fragments for better analysis on agarose 
gels, new primers, closer to the spacer region, were designed by 
O’Neill et al. in 1996 (26). The amplicons, ranging from 250 to 
600 bp in length, could be separated by straightforward  agarose 
gel electrophoresis. This approach was adapted for routine use 
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after simplifying the method for DNA extraction (26). The 
discriminatory power of this PCR ribotyping was compared to 
Delmee’s serogroups, and different banding patterns were dem-
onstrated for each of the 19 serogroups described at that time. 
Using these primers, at least 116 types could be discriminated 
within an isolate collection including nontoxinogenic and envi-
ronmental strains  (27).

This method has since been used routinely by the U.K. 
Anaerobe Reference Laboratory in Cardiff, which has provided 
a C. difficile typing service for the United Kingdom since 1995. 
From nearly 10,000 isolates from all sources examined, a library 
that currently consists of over 160 distinct PCR ribotypes has 
been constructed. The nomenclature of types designated by this 
method is a three-figure numeral, and the status of this PCR 
ribotype library was published in 1996 when 116 types (types 
001 to 116) were recognized  (27).

Bidet et al. further optimized PCR ribotyping using new, 
more specific primers based on known sequences of the 16S and 
23S genes of C. difficile (28). Although the method by Bidet 
shows better separation of bands, a large library has not yet been 
established as is the case with the O’Neill method, which is used 
worldwide (26–29).

PCR ribotyping has proved a robust genotyping method, 
being stable and reproducible  (24,25,29–31). Results can be used 
for interlaboratory comparison and for the generation of libraries.
PCR ribotyping is currently the preferred typing method in our 
laboratories.

Toxinotyping involves the detection of polymorphisms in the 
toxin A and B genes and surrounding regulatory genes, an area of 
the genome known collectively as the pathogenicity locus (PaLoc). 
Six regions of the PaLoc (A1–A3 and B1–B3) are amplified and 
digested by restriction enzymes, like in REA  (32). B1 and A3 are 
considered the most variable and are therefore good markers for 
detecting most toxinotypes (33). Until now, 26 toxinotypes (0–X, 
XIa, XIb, XII–XXIV) can be discriminated among C. difficile
strains (32–34); http://www.mf.uni-mb.si/mikro/tox ). Toxino-
typing has been compared to serogrouping and PCR ribotyping, 
and a good correlation was found. Some toxinotypes are strictly 
associated with certain serogroups (e.g., toxinotype VIII is always 
seen in serogroup F strains). However, toxinotyping could further 
distinguish subgroups within the serogroups  (32). A specific PCR 
ribotype was usually associated with similar patterns of the toxin 
genes, but both methods are able to subtype each other, making 
toxinotyping a good addition to typing schemes (33).

Barbut et al. applied the toxinotyping method on toxin 
A variant strains that represented 2.7% of diarrheal cases in adults 
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and children. Two variant types were identified by PCR of frag-
ment A3; one type was related to toxinotype VII, due to a dele-
tion of 600 bp in fragment A3, whereas the other type was related 
to toxinotype XIV, with an insertion of about 200 bp  (35). In a 
study of 153 clinical isolates from an American hospital, 11.1% 
of strains belonged to toxinotypes other than toxinotype 0. 
An additional toxin, the binary toxin, was found only in nine 
strains, all of which were variant toxinotypes  (36).

The reproducibility of the method is 100%, and the discrimi-
natory power is good, although, for example, PFGE and PCR 
ribotyping show more discrimination between strains. The most 
important advantage of this typing method is that a clear view of 
the toxin status of C. difficile strains can be acquired. 

An alternative PCR target for typing purposes is the flagellin gene 
flicC, described by Tasteyre et al.  (37). In a study of 47 isolates 
belonging to 11 different serogroups, three profiles could be 
recognized. When the method was expanded with RFLP analy-
sis, nine different RFLP patterns were recognized. Although 
nonflagellated strains were included, they did contain the  fliC
gene. In a study with nine toxin A−/B+ strains, only three strains 
showed flagella. However, all nine strains belonged to the same 
type using fliC PCR-RFLP (38).

Another gene studied for typing is the slpA gene, encoding an 
S-layer precursor protein of  C. difficile. Seven S types have been 
recognized, of which one type accounted for 73% of the clinical 
cases and 93% of the environmental cases  (39). Thirty-two strains 
belonging to ten serogroups were used for PCR-RFLP and 
sequencing analysis of the variable region. This RFLP-sequence 
combination led to sequences identical within a given serogroup 
and differences between serogroups and was therefore thought 
of as an alternative typing method for  C. difficile (40). The slpA
genotyping by PCR-RFLP was subsequently tested on Japanese 
outbreak strains and resulted in three subtypes. The method was 
also applied directly on fecal samples, and results were in complete
agreement with the cultured strains from these samples  (41).
Typing of  slpA is considered a reproducible method with the 
advantage of interlaboratory data exchange. The s lpA typing of 
strains of 14 different PCR ribotypes identified 9 groups; PCR 
ribotypes showed completely identical slpA sequence in two cases 
and 1- to 3-bp differences within other groups  (42).
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Amplified fragment length polymorphism (AFLP) has also been 
applied as a typing method for C. difficile (43). The AFLP method 
uses restriction, ligation, and selective amplification on the whole 
genome. Differentiation can be made due to variation per type 
in restriction site mutations, mutations in the sequences adjacent 
to the restriction sites and complementary to the selective primer 
extensions, and insertions and deletions within the amplified frag-
ments. While the reproducibility of AFLP was similar to PFGE, 
Klaassen et al. showed that the typeability of AFLP was better, espe-
cially for isolates for which some DNA degradation had occurred. 
In addition, AFLP was found to be faster and easier to perform 
on small quantities of DNA (43). Analysis of 30 clinical isolates 
encompassing all known sero(sub)groups and of 30 PCR ribotype 
017 toxin A−/B+ isolates from various countries showed that the 
discriminatory power of AFLP was similar to that of PFGE  (44).

Multilocus sequence typing (MLST) has also been tested as a 
typing method for C. difficile. MLST consists of DNA sequence 
analysis of housekeeping genes after PCR amplification and 
is mostly used to study genetic relationships and population 
structures  (45). MLST developed for C. difficile includes seven 
housekeeping genes. Among 72 isolates from various origins, 62 
PCR ribotypes and 34 sequence types (STs) could be discrimi-
nated. In a dendrogram representing the relationships between 
the STs, three divergent lineages could be recognized, of which 
one strictly contained toxin A−/B+ strains (45). The method 
was further expanded by the inclusion of ten virulence-associ-
ated genes, among which were  fliC, slpA, tcdA, tcdB, and tcdD
(46). A total of 29 isolates from various origins and represent-
ing 22 STs selected from the lineages found in their first study 
were investigated. The polymorphisms detected in the virulence-
associated genes were comparable to those of the housekeeping 
genes. However,  cwp66 and  slpA appeared highly polymorphic, 
although only 11 and 16 alleles could be detected, respectively. 
Again, toxin A−/B+ strains belonged to a homogeneous lineage, 
and a fourth lineage could be characterized in contrast to the 
method based on only housekeeping genes (46). No association 
was found between the STs and the clinical presentation or the 
source of the isolates  (45,46). It was concluded that MLST with 
the virulence-associated genes included was more discriminatory 
than the housekeeping genes alone, although this could depend 
on the genes chosen. The main advantage of the method is the 
yield of unambiguous sequence data. No comparisons with other 
techniques have been described to date. 

The analysis of the sequenced human and bacterial genomes 
revealed a high percentage of DNA that consisted of a variable 
number of tandem repeats (VNTR). The repeats vary in size, 
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location, complexity, and repeat mode and can occur clustered 
in one genomic area or dispersed throughout the entire genome. 
These repeat arrays can be targets for genomic events, such as DNA
polymerase slippage and recombination. It is the polymorphic 
property of the VNTRs that led to the application in identifica-
tion and typing of bacteria. Multilocus VNTR analysis (MLVA) 
has already been tested successfully on a number of bacterial spe-
cies due to its high reproducibility, high discriminatory power, 
and typeability (47). The availability of the complete sequence of 
the C. difficile genome of strain 630 ( http://www.sanger.ac.uk/
Projects/C_difficile/; 48) provided the opportunity to identify 
these short tandem repeats. 

The MLVA developed by Marsh et al. uses automated sequence 
detection and subsequent manual determination of the number of 
tandem repeats per locus  (49). Seven short tandem repeat loci 
were amplified from 40 isolates from two different sources, and 
REA was tested on every strain as well. The stability was good, 
although differences of one repeat could arise. This MLVA clus-
tered outbreak strains of the same REA type and discriminated 
different REA types from each other. 

For a faster and easier application of the MLVA for  C. difficile,
a new method was developed using smaller short tandem repeats 
(2–9 bp) to facilitate automated fragment analysis with multicolored 
capillary electrophoresis instead of sequencing  (50). This MLVA 
technique was compared to PCR ribotyping and tested on a set of 
56 reference strains encompassing 31 serogroups and 25 toxino-
types. In addition, clinical isolates were included from outbreaks in 
different countries due to the new emerging type 027 and the 
toxin A−/B+ strain PCR ribotype 017. Of seven VNTR, four were 
identical to those used in the study of Marsh et al. (49). MLVA was 
highly (100%) reproducible with an excellent stability of all seven 
loci. All tested PCR ribotypes could be recognized, including the 
seven subtypes of 001. In contrast to PCR ribotyping, MLVA was 
able to discriminate strains belonging to serogroups A7 from A11, 
A9 from A10, A8 from S1, H from K, and A14 from S4. Toxin A−/
B+ strains could be recognized as eight country-specific clusters. All 
strains with 100% similarity belonged to country-specific clusters. 
Interestingly, toxin A−/B+ strain could be differentiated from all 
other types using the combination of two markers. PCR ribotype 
027 strains from several outbreaks in the Netherlands were clus-
tered in 14 different groups using MLVA; the clusters were mostly 
hospital specific. All strains were completely identical to each other 
with the combination of three markers with 10, 4, and 2 repeats, 
respectively. Only the U.K. strain showed six repeats for a marker 
instead of ten, indicating a possible difference between type 027 
strains from specific countries. 

The utility of MLVA and PFGE to identify clusters of CDI was 
tested among 91 isolates of PCR ribotype 027 (NAP1, for North 
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American pulsed-field type 1) from nine hospitals in England  (51).
PFGE discriminated between ribotype 027 strains at greater than 
98% similarity, identifying five pulsovars (I to V) with 1 to 53 iso-
lates each. MLVA was markedly more discriminatory, identifying 
23 types with 1 to 15 isolates (>71% similarity). MLVA was far 
superior to PFGE for analyzing clusters of CDI both within and 
between institutions. 

In a study using isolates from laboratories in Canada, the 
Netherlands, the United Kingdom, and the United States, seven 
C. difficile typing techniques were compared: MLVA, AFLP,  slpA
sequence typing, PCR ribotyping, REA, MLST, and PFGE  (52).
All 42 isolates were typeable by all techniques, but only REA 
and MLVA showed sufficient discrimination to distinguish strains 
from different outbreaks  (52). MLVA has also been applied to 
study local outbreaks of clindamycin-resistant  C. difficile PCR 
ribotype 027 strains (53,54).

All typing methods have certain advantages and disadvantages,
but their ultimate contribution to knowledge is dictated by their 
performance according to the criteria listed by Struelens: type-
ability, reproducibility, stability, discriminatory power, and epide-
miological concordance. It should also have technical advantages, 
such as ease of performance, relative low cost, and high through-
put. In due course, as new methods come and go, one method 
will probably emerge as the most suitable. Currently, the PCR-
ribotyping method and library of PCR ribotypes in Cardiff are 
the benchmark to which most typing studies around the world 
are compared, and more important, they have probably contrib-
uted most to our current knowledge of the global epidemiology 
of C. difficile. Undoubtedly, further advances in molecular sub-
typing methods will add even further to our understanding of the 
epidemiology this important nosocomial pathogen. 

 4. Conclusions  
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  Abstract 

A number of phylogenetic studies of Mycobacterium tuberculosis have suggested a highly clonal population
structure. Despite the extreme homogeneity of  M. tuberculosis strains, the genome is punctuated by a 
number of polymorphic regions that give rise to sufficient diversity, thus forming the basis for molecular 
epidemiologic studies of tuberculosis. As such, insertion sequence (IS)  6110, which is unique to members 
of the M. tuberculosis complex and is present in variable numbers and in discrete genomic locales among 
strains, has been extensively used in molecular epidemiologic studies. Genotyping, using IS 6110-based
restriction fragment length polymorphism (RFLP), was standardized by the international community, 
and this has facilitated inter- and intralaboratory comparison, thereby serving as a model system for 
subspeciation of M. tuberculosis. When IS 6110-based RFLP was used in conjunction with conventional 
epidemiologic data, its utility was realized. In this chapter, we discuss the basic methodology for 
conducting IS 6110-based RFLP and analyzing the resulting hybridization profiles. 

Key words: IS6110 insertion sequence , molecular epidemiology , Mycobacterium tuberculosis, Southern 
blot hybridization .

Tuberculosis (TB) remains one of the world’s most prevalent 
infectious diseases, accounting for 9 million new cases and 1.7 mil-
lion deaths in 2006 alone (1). The problem is exacerbated by the 
growing number of individuals with TB coinfected with the human 
immunodeficiency virus, as well as by cases of multidrug-resistant 
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TB (MDR-TB) and extensively drug-resistant TB (XDR-TB). 
A report by the World Health Organization estimated 458,000 
individuals with MDR-TB globally (2), underlining the urgent 
need to control this disease. Although efforts are being made in 
search of new antimycobacterial compounds, various therapies, 
and vaccine development, history has proven that the most effi-
cacious means of controlling infections relies on the implemen-
tation of adequate public health measures and improvement of 
basic living conditions. 

Thus, to improve TB control efforts, a more thorough under-
standing of TB epidemiology is essential. This can be achieved 
by elucidating transmission dynamics, the contribution of recent 
versus reactive disease, as well as the nature and extent of drug 
resistance among studied populations. Due to the intrinsic char-
acteristics of TB’s etiologic agent, Mycobacterium tuberculosis,
that is, slow growth ( ~24 h doubling time), a long latency period, 
and airborne route of infection, some key epidemiologic ques-
tions remain elusive. Recently, however, our understanding of 
TB epidemiology has benefited extensively from the integration 
of molecular techniques with conventional epidemiologic data; 
which is known as molecular epidemiology. This is providing 
greater resolution to address previously unanswered questions 
relevant to TB control and prevention. With increased access to 
genomic information, a number of techniques have been developed 
to genotype or fingerprint M. tuberculosis. In some cases, these 
techniques have been implemented on a large number of clinical iso-
lates from diverse geographic and epidemiologic sources, thereby 
rendering  M. tuberculosis genotyping a model system in the nas-
cent field of molecular epidemiology. Here we discuss some of 
the characteristics and applications of insertion sequence (IS) 
6110-based fingerprinting of M. tuberculosis isolates for molecular 
epidemiological studies. The specific protocols for  M. tuberculosis
strain genotyping may vary according to the resources available 
and on approval by the institutional biosafety committees of the 
local or national laboratories. 

Mycobacterium tuberculosis is a member of group of closely 
related species, collectively known as the  M. tuberculosis complex 
(MTBC), which is comprised of seven members ( M. tuberculosis
sensu stricto , Mycobacterium africanum, Mycobacterium bovis, 
Mycobacterium canetti, Mycobacterium microti, Mycobacterium 
caprae, and  Mycobacterium pinnipedii). Among other unique 
features, such as extreme genetic homogeneity and wide host-
specific ranges, the MTBC bears a unique IS, IS 6110. IS 6110 is a 
transposable element that is a member of the IS3 family of ISs or 
mobile elements (3).

Briefly, IS 6110 is a 1,355-bp long fragment that encodes four 
enzymes required for its own transposition and insertion and is 

 1.1. Characteristics 

of the M. tuberculosis

IS 6110
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flanked by imperfect 28-bp inverted repeats  (4). On insertion, 
a 3- to 4-bp target duplication is generated, and loss is usu-
ally accompanied by deletions (genomic scars) of the flanking 
regions. IS 6110 may transpose into functional genes or regula-
tory sequences and hence can alter gene expression and sub-
sequently the protein profile, thus in some cases altering the 
phenotype (5). IS 6110 is found in virtually all  M. tuberculosis
strains (Fig. 1), with some bearing up to 24 copies, although 
there exist strains, albeit rarely, with no IS 6110 elements. 
The factors that drive IS 6110 transposition have not yet been 
fully understood, but transposition has been shown not to be 
dependent on sequence variation of the element itself as IS 6110
is highly conserved throughout  (6).

The observed diversity in IS 6110 copy number and genomic 
position between unrelated strains of  M. tuberculosis can be utilized 
to examine microevolutionary processes. In addition, phyloge-
netic studies using synonymous single-nucleotide polymorphisms 

  Fig. 1.    The schema of the principal procedures in IS 6110 -based RFLP genotyping. ( A ) Localization of five IS 6110  copies 

in the M. tuberculosis  genome (positions and orientation of IS may be different in different clinical isolates); ( B )  Pvu II 

digest of chromosomal DNA; ( C ) electrophoresis in agarose gel distributes DNA fragments according to their molecular 

weight (size); ( D ) the presence of IS 6110  3 ¢ -specific arm in chromosomal DNA fragments; ( E ) bands revealed after 

hybridization with IS 6110 -specific probe.       
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(sSNPs) have shown that IS 6110 copy number and location are 
similar within discrete lineages (or clades), underlying evolutionary 
significance, as illustrated in Fig. 2. Not surprisingly, isolates with 
distinct IS 6110 profiles seem to aggregate socially and therefore 
track to geographic locales where they may be endemic.   

One key aspect underlying the success of molecular epidemiologic 
studies of M. tuberculosis is the implementation and adoption of 
a standardized protocol for IS 6110-Southern blot hybridization. 
This standardized protocol allowed for inter- and intralabora-
tory comparative analysis and set a precedent for other bacterial 
genotyping systems. The standardization involved (i) the use of 
restriction endonuclease  PvuII for M. tuberculosis genomic DNA 
digestion, yielding a smear of PvuII-flanked fragments; (ii) 
the selection of the 3 ¢ (right-side) fragment of IS 6110 as a 

 1.2. IS  6110 -Based 

Restriction Fragment 

Length Polymorphisms 

  Fig. 2.    Example of hybridization blot in different stages of DNA analysis. ( A ) Electrophoresis of total chromosomal DNA, 

5 m L of each sample loaded. Calculation of the amount of chromosomal DNA needed for hybridization (bottom: sample 

number; under   : volume of DNA required). ( B ) Electrophoresis of  Pvu  II-digested chromosomal DNA, stained with ethidium 

bromide. ( C ) Blot after overnight hybridization with IS 6110 -specific probe and detection procedures.       
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hybridization probe; and (iii) a standardized molecular weight 
marker and technical recommendations for conducting IS 6110-
based restriction fragment length polymorphism (RFLP)  (7).
Briefly, as shown in Fig. 3, PvuII-restricted fragments of chro-
mosomal DNA are separated by electrophoresis, blotted onto a 
nitrocellulose membrane and hybridized with the 3 ¢-IS6110 frag-
ment as a hybridization probe (the IS 6110 elements contain one 
asymmetrical PvuII restriction site with 3 ¢-arm 900-bp long). The 
DNA fragment serving as the IS 6110-specific probe can be gener-
ated by polymerase chain reaction (PCR) using  M. tuberculosis chro-
mosomal DNA. Alternatively, an  Escherichia coli plasmid, such as 
pUC18, containing the cloned 3 ¢-IS6110 fragment as the target 
DNA for amplification can be used. This plasmid containing 
a 312-bp 3 ¢-IS6110 fragment (pUCIS) can be requested from 
Dr. Kurepina at PHRI (Newark, NJ). The probe can be labeled 
using radioactive 32P or with a chemiluminescence kit (ECL, GE 
Healthcare, UK; GE Healthcare Life Sciences, Piscataway, NJ). 
Following hybridization and detection, the number of bands (= 
number of IS 6110 copies per genome) and patterns of bands on 

  Fig. 3.    IS 6110 -based RFLP images of the most known and annotated clinical and 

laboratory  M. tuberculosis  strains. STD, standards, developed by the U.S. Centers for 

Disease Control and Prevention (CDC); Mt14323, strain used as standard for  M. tuber-

culosis  comparison. H37Ra, H37Rv7, and H37Rv9 are laboratory strains; CDC1551, C 

strain, “Erdman” and “Haarlem” (strains completely sequenced); W strain, W148, and 

F11 (sequencing in progress).       
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the blot (size of PvuII-flanked chromosomal fragment containing 
the right-side IS 6110 band) form the fingerprint of the strain.   

The main objective of molecular epidemiology is to associate 
particular epidemiologic data with strain relatedness, for example,
to identify chains of transmission. In general, IS 6110 RFLP anal-
ysis has been a highly valuable tool when analyzing populations 
of M. tuberculosis isolates. The stability of IS 6110 has proven 
to be sufficient to identify the same strains spreading from one 
patient to another, thus, implicating transmission. Yet, IS 6110 is 
sufficiently mobile to show diversity within a given population. 
The two criteria, stability and diversification over the time (bio-
logical clock), are fulfilled by IS 6110, making it a suitable epide-
miological marker. The exception lies in  M. tuberculosis isolates 
comprising fewer than six copies of IS 6110; thus, by convention, 
it has been agreed that RFLP pattern discrimination is reliable 
for samples possessing six or more IS 6110 copies. This limitation 
does not represent a problem in cosmopolitan cities, where strain 
diversity is extensive. However, in some geographical regions, 
such as southern India, isolates carrying one or two insertions are 
predominant, hence rendering this analytical tool futile. 

IS6110 RFLP has proven to be highly significant in the analysis
of samples harboring multiple IS 6110 copy number isolates. For 
example, the W-Beijing strains (with more than eight IS 6110
elements) that are predominant in China, Southeast Asia, and 
Eurasia can be sufficiently discriminated by IS 6110 RFLP analysis.
The relatedness and frequency of certain strain types in the popu-
lations can be determined, as is the case with other groups of 
related strains (e.g., Harleem strains). 

In general, it can be assumed that isolates with more than five 
IS6110 copies displaying different IS 6110 RFLP profiles may be 
cases of reactive disease, while clusters (i.e., identical IS 6110 pro-
files) may represent a transmission event. Isolates with fewer than 
six bands need to be analyzed by other unrelated molecular tech-
niques to draw proper inference on chains of transmission. Other 
molecular markers can be spoligotyping, mycobacterial inter-
spersed repetitive unit variable number tandem repeat (MIRU-
VNTR) analysis, deligotyping, SNPs, or any particular characteristics 
of the isolates in question, including unique sequences, duplica-
tions, deletions, insertions, or drug resistance phenotypes  (8). In 
addition, coupling IS 6110 fingerprinting with other molecular 
markers can be useful in identifying clonal strains and substrain 
families or following the microevolution of a given strain in a 
population. Such specific markers have been used to determine 
the clonal nature of the W-Beijing strain family  (9), to identify 
substrain families of epidemiologically related W-Beijing pheno-
types (10–12), and to follow the microevolution of isolates with 

 1.3. Applications of 

IS 6110  RFLP in TB 

Epidemiology 
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few IS 6110 elements  (13). Deletion of spacers within the direct 
repeat locus ( see Chapter 10) can be in some cases associated 
with an IS 6110 band shift, as shown in Fig. 4 for strains BW90 
and BW900 or strain W14 (12).

  Fig. 4.    Dendrogram of clinical  M. tuberculosis  strains (Bionumerics, Applied Math, Belgium). These three groups of iso-

lates correspond to the spoligofamilies identified by spoligotyping technique ( see Chapter 10). Strains W and W1 differ by 

one band and were part of the same outbreak in New York City in the 1990s.       
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1. Preferred choice is Lowenstein Jensen (LJ) (Difco or home-
made) slants. 

2. Alternatively, use Middlebrook 7H11 agar (Difco). Dissolve 
21 g in 900 mL deionized water, supplement with 10 mL of 
50% glycerol (sterile stock 50/50 glycerol/deionized water). 
Melt the agar at 100°C and autoclave at 121°C for 15 min. 
Cool to 55°C and add 100 mL of prewarmed (37°C) Mid-
dlebrook OADC supplement (Difco). Mix and pour plates. 

1. Proteinase K (Boehringer Mannheim): Stock aliquots of 10 
mg/mL at −20°C. 

2. Lysozyme (Boehringer Mannheim): Stock aliquots of 10 
mg/mL at −20°C. 

3. Ribonuclease (RNase) A (Boehringer Mannheim). 

4. 10X TE buffer: 100 m M Tris-HCL, pH 8.0, and 10 m M
ethylenediaminetetraacetic acid (EDTA) in distilled water. 
For 1X TE, dilute in a ratio of 1:10 with distilled water. 

5. 10% sodium dodecyl sulfate (SDS): Dissolve 10 g of SDS in 
100 mL distilled water at 65°C. 

6. 10%N-acetyl-N
3
-trimethyl ammonium bromide (CTAB) (Merck) 

in 0.7 M NaCl: Slowly add 10 g of CTAB to 4.1 g NaCl in 
100 mL distilled water at 65°C. Adjust volume to 100 mL. 

7. Chloroform/isoamyl alcohol (24:1): Mix 24 volumes of 
chloroform with 1 volume of isoamyl alcohol. 

8. 5M NaCl: Dissolve 29.2 g NaCl (Fisher) in 100 mL distilled 
water. 

9. 70% ethanol. 

10. Water bath (80°C) and thermomixer (up to 60°C). 

11. Centrifuge for 1.5-mL Eppendorf tubes. 

12. Speed Vac (Savant Speed Vac Systems, GMI Inc., MN). 

1. Electrophoretic-grade agarose (FMC). 

2. 10X TBE buffer: Dissolve 108 g Tris-base and 55 g boric 
acid in 700 mL distilled water and 40 mL of 0.5 M EDTA at 
pH 8.0. Adjust to 1 L and autoclave. For use, dilute to 1X in 
distilled water. 

3. Horizontal electrophoretic chamber, 20 cm in length. Bio-
Rad DNA Sub Cell chamber for membranes 20 × 15 cm 
(Bio-Rad Laboratories). 

4. Electrical power supply (e.g., EC-103, E-C Apparatus Corp., 
Pittsburg, PA; EB103, Fisher Biotech, Pittsburgh, PA). 

 2. Materials  

 2.1. Media for 

M. tuberculosis  Culture 

 2.2. DNA Isolation 

 2.3. Electrophoresis 
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5. Loading dye: 5 mL 10X TBE, 25 mL glycerol, 15 mL H 
2
O, 5 

mL 1% (w/v) double dye (1% bromophenol blue and xylene 
cyanol in H 

2
O).

6. DNA fragment size standards. Several size standards have 
been used. The most commonly used standard is Mt14323, 
which consists of chromosomal DNA isolated from clinical 
strain 14323, digested with PvuII and loaded on each agarose 
gel ( see Note 1).

1. Hybond-N+ (Nytron) membrane 20 × 15 cm (Amersham 
Biosciences, UK) or Zeta-Probe Blotting membranes (Bio-
Rad Laboratories, USA). 

2. 20X SSC stock solution: 3 M NaCl, 0.3 M Na 
3
-citrate, pH 7.0. 

Dilute 10X SSC in a ratio of 1:2 with distilled water. 

3. 1M HCl (hydrogen chloride): Dilute 85.5 mL of concentrated 
HCl in 914.5 mL distilled water. For 0.25 M HCl, dilute 1 M
HCl in a ratio of 1:4 with distilled water or 5 mL of concen-
trated HCl diluted to 500 mL in distilled water. 

4. 4M NaOH (sodium hydroxide): Dissolve 160 g NaOH in 800 
mL distilled water. Adjust to 1 L. For 0.4 M NaOH, dilute 4 M
NaOH in a ratio of 1:10 with distilled water. 

5. Soak I: 0.5 M NaOH and 1.5 M NaCl (dissolve 60 g NaOH 
and 262.98 g NaCl in 3 L of water). 

6. Soak II: 0.5 M Tris –HCl and 1.5 M NaCl (dissolve 125.2 g 
Tris and 175.33 g NaCl in 2 L of water, adjust to pH 7.2 with 
80 mL of HCl). 

7. Vacuum blotter (VacuGene XL, Farmacia) ( see Note 2).

8. UV crosslinker (FB-UV XL-100, Fisher Scientific, Fisher Biotech). 

1. The primers RIS3, 5 ¢-CGTCGAACGGCTGATGACCA; 
6110-R, 5 ¢-GGCGGGTCCAGATGGCTTGC are used for 
the amplification of the IS 6110 probe from chromosomal 
M. tuberculosis DNA. T7 universal primers can be used for the 
amplification of the IS 6110 fragment from pUCIS. 

2. A 50mL reaction mixture should contain 10 pmol of each primer, 
1 ng of genomic DNA, 200 mM deoxyribonucleoside triphos-
phates, 1X PCR buffer (pH 8.3), 1.5 m M MgCl 

2
, and 1–2 units 

of Taq polymerase. The PCR conditions include 95°C at 4 min 
for initial denaturation followed by 35 cycles of denaturation at 
95°C for 30 s, annealing at 62°C for 30 s, and extension at 72°C 
for 30 s followed by a single 2-min extension at 72°C. 

1. Enhanced Chemiluminescense Direct Nucleic Acid Labeling 
and Detection Kit (ECL kit, Amersham). The ECL kit includes 
labeling reagent, glutaraldehyde, double-distilled water for 
probe dilution, hybridization buffer, and blocking agent. 

 2.4. Vacuum Blotting 

 2.5. Preparation of 

Probe from Genomic 

DNA or Plasmid 

 2.6. Hybridization, 

Washing, and Detection 
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2. Pro-Blot hybridization oven (Labnet International Inc.) and 
roller bottles (Robbins Scientific or Labnet International Inc.). 

3. Primary wash buffer: Mix 360 g urea and 4 g SDS (or 20 mL of 
20% SDS) in 25 mL 20X SSC; adjust to 1 L with distilled water. 

4. Secondary wash buffer: 2X SSC. Dilute 20X SSC stock solution 
at a ratio of 1:10 with distilled water. 

5. Hyperfilm™ MP (Amersham Bioscience, UK) or Blue Lite 
Autorad Film 8 × 10 in. (ISC BioExpress, USA) or any appro-
priate sensitive films. 

6. Film developing: Any appropriate equipment for X-ray film 
developing (alternatively, use manually mixed reagents for 
developing and fixation). 

1. Scanner. 

2. Sun Sparc5 Workstation (Sun Microsystems) with Whole 
Band Analyzer software, version 3.4 (BioImage)  (13).

3. BioNumerics (Applied Math, Belgium, latest version 5.1), Gel-
Compare (Applied Math, Belgium). Instructions are included 
in manual, or for more details  see ref.14.

1. Incubate LJ cultures for 5–8 wk at 37°C with caps slightly 
opened.

2. Collect bacteria before the color of LJ media turns yellow. 

3. For 7H11 (7H10) agar cultures, place Petri dishes in ziplock 
bags to avoid drying ( see Note 3).

1. Collect a loop-full of M. tuberculosis colonies from LJ slant or 
Middlebrook 7H11 agar plate ( see Note 4) and suspend in 
500 mL H 

2
O in a 1.5-mL Eppendorf tube. 

2. For heat kill, incubate tubes immersed in a water bath for 30 
min at 80°C. 

3. Samples can be frozen at this stage at −20 or −70°C and 
stored, if necessary. 

4. Place sample tubes on Eppendorf thermomixer adjusted to 
60°C. Add 70 mL 10% SDS and 50 mL proteinase K (stock 
solution); mix for 1 h at 60°C in low mode with shaking. 

5. Preheat 5 M NaCl and 10% CTAB to 60°C. 

6. While the samples are still at 60°C, add 100  mL 5 M NaCl. Mix 
thoroughly by inverting by hand. 

 2.7. Data Analysis 

     3. Methods   

 3.1. Bacterial Cultures 

 3.2.  Mycobacterium

tuberculosis  DNA 

Isolation Procedure 

and Quantification 
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7. Add 100 mL 10% CTAB; mix thoroughly by inverting by hand. 

8. Incubate further for 15 min at 60°C in the thermomixer. 
Freeze for 15 min at −70°C. Samples can be stored at that 
stage if necessary. 

9. Defrost samples at 60°C in the thermomixer. 

10. Add 700 mL chloroform/isoamyl alcohol (24:1); invert care-
fully by hand 20–25 times (do not shake). A white homoge-
neous solution should appear. 

11. Centrifuge for 10 min at 16,000 g.

12. Transfer the upper (aqueous) phase (~700  mL) to a new tube 
with 500 mL cold isopropanol; mix by tilting the tube up 
and down several times. DNA precipitate may be visible at 
this point. 

13. Set at −20°C for at least 30 min or at 4°C overnight. 

14. Centrifuge for 10 min at 16,000 g.

15. Decant and wash the pellet with 70% ethanol. Centrifuge for 
5–10 min at 16,000 g.

16. Decant, dry in Speed Vac centrifuge for less than 10 min at 
low drying rate. 

17. Add 55–100 mL H 
2
O (or 1X TE) depending on the size of 

DNA pellet. Run 5 mL on a 1% (w/v) agarose gel in TBE buffer 
for 1 h at approx 100 V with a 1-kb DNA ladder; stain gel in 
ethidium bromide solution for a few hours for better results. 

18. The quantification of isolated chromosomal DNA can be 
achieved by visual evaluation of DNA concentration loaded 
on the gel (for example, see Fig. 5).

1. PvuII restriction of genomic DNA: Add 2.5  mL buffer and 
1.5 mL PvuII to 21 mL of a total volume of DNA and water. 
Incubate in water bath for 4 h at 37°C. 

2. Prepare 200–250 mL 1% agarose in 1X TBE buffer and pour 
gel (15 × 20 cm; 20-tooth comb for 18 samples and two 
flanking standards). 

3. Following restriction, add 5  mL of loading dye to each sample,
mix, and load gel. Load molecular weight markers or stand-
ards (STDs) in lanes 1 and 19 (if a second gel is run the same 
day, load STD in lanes 1 and 18 on the second gel to avoid 
confusion).

4. Run at 90 V until dye front has run approx 1 cm into the gel, 
then run overnight at 36 V at room temperature. 

5. Stop gel when the dye front nears the end of the gel (approxi-
mately 16 h) and stain gel with ethidium bromide. Photograph 
the stained gel. 

 3.3. DNA Digestion 

and Electrophoresis 
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1. Rinse the Hybond-N+ membrane in water, followed by sub-
mersion in 10X SSC for 5 min. 

2. Place the membrane on a porous support, cover with plastic 
mask, clamp unit, and place gel on top of the membrane. The 
size of the gel should be 0.5–1 cm larger than the window in 
the mask to create a vacuum in the transfer unit. 

3. Attach to vacuum and adjust the suction unit to pull 50 mbar. 

4. Flood the gel with 0.25 M HCl for 20 min. Remove the fluid 
by vacuum aspiration using a pipet. 

5. Flood the gel with soak I buffer for 20 min. Remove the fluid 
by vacuum aspiration using a pipet. 

6. Flood the gel with soak II buffer for 20 min. Remove the fluid 
by vacuum aspiration using a pipet. 

7. Flood the gel with 10X SSC for 1.5 h. Remove the fluid by 
vacuum aspiration using a pipet. 

 3.4. Southern Blot 

  Fig. 5.    Representative IS 6110  profiles superimposed on single-nucleotide polymorphism (SNP)-derived phylogenetic 

framework of M. tuberculosis . Based on SNP analysis of  M. tuberculosis  clinical isolates (including 1,743 strains from 

the Public Health Research Institute Tuberculosis Center strain collection), a phylogenetic tree with the nine clusters of 

M. tuberculosis  isolates was used to illustrate common IS 6110  profiles. Some IS 6110  patterns are characteristic of given 

genetic cluster groups. (Adapted from  ref. 8.)       



 Genotyping of Mycobacterium tuberculosis Clinical Isolates Using IS6110-Based 185

8. Without turning off the vacuum, remove the gel from the 
vacuum blotter, transfer the membrane to paper towels, and 
let the membrane air-dry for 10 min. 

9. Irradiate the membrane twice to crosslink DNA fragments to 
membrane.

1. Prehybridize the membrane in 30 mL of hybridization buffer 
(ECL kit buffer with blocking agent, prepared in advance, as 
recommended by the manufacturer), rotating at approx 2.3 rcf 
and 42°C for 30 min in roller tube in the hybridization oven. 

2. For each membrane, combine 10 mL of IS 6110-specific probe 
and 10 mL of the provided water in an Eppendorf tube ( see Note
5). Boil for 5 min in water and then place on ice for 10 min. Add 
an equal volume of labeling reagent (20  mL) and glutaraldehyde 
(ECL kit) (20 mL) ( see Note 6), total volume of 60 mL per 
membrane. Incubate at 37°C in a water bath for 10–15 min. 

3. Remove hybridization buffer from the tube, add the labeled 
probe into the buffer, and return to the tube containing the 
membrane.

4. Hybridize the membrane overnight, rotating at 3.3 rcf  and 40°C. 

1. Remove the hybridization buffer, which can be reused once 
without adding additional probe if frozen at −20°C. Rinse the 
membrane in the roller bottle with approx 40 mL of primary 
wash buffer; discard the solution. 

2. Add fresh primary wash buffer and set rotation of roller bottle 
for 30 min at approx 2.3 rcf  at 40°C; discard the solution. 

3. Rinse membrane with secondary wash buffer (2X SSC); discard 
solution. Add approx 30 mL secondary buffer and rotate the 
bottle for 10 min. 

4. Remove the membrane from the bottle using 2X SSC buffer 
and soak in 2X SSC in a wide container on a shaking platform 
for 5–10 min. 

5. Discard solution and repeat soaking as in  step 4 (the membrane 
should not be incubated in secondary wash buffer for more 
than 30 min). 

1. Mix 10 mL of solution 1 with 10 mL of solution 2 (ECL 
detection kit). This amount is sufficient for one membrane; 
when detecting more than one membrane, increase the total 
volume to 15 + 15 mL. 

2. Incubate each membrane for 1 min at room temperature, 
carefully rotating the container. At this stage it is not required 
to work in darkness. 

3. Wrap the membrane in plastic wrap, remove additional liquid 
with paper towels, and in a dark room place a film in the cas-
sette (appropriate for X-ray-sensitive films). 

 3.5. Hybridization 

 3.6. Washing the 

Membrane After 

Hybridization

 3.7. Detection of 

Chemoluminescent-

Labeled DNA 

Fragments
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4. Expose for approximately 10 min, replace film in dark room, 
and determine length of next exposure according to intensity 
of hybridization bands on the first film; increase time of expo-
sure if bands are weak, and decrease exposure if bands are very 
dark. The time of exposure varies from 1 to 30 min, depend-
ing on the amount of chromosomal DNA loaded, quality of 
the hybridization probe, and ECL kit. 

The membrane used for IS 6110 RFLP can be reused for hybridi-
zation with other probes, such as the 5 ¢-IS6110 fragment or 
any other region of interest ( see refs. 9 and  12 for examples). 
When the ECL kit is used, no additional stripping procedure is 
required. Simply expose the membrane to daylight for 20–24 h 
and prepare a new labeled probe as indicated. Prehybridization 
is not needed for the second probe. The same membrane can be 
rehybridized with different DNA probes up to six times without 
losing the quality of images. 

All software programs available for RFLP image analysis need the
hybridization blot scanned and transformed into TIFF or JPEG 
file formats. The details of the RFLP analysis procedure are 
described by the software manufacturers and are not the subject 
of this chapter. In general, the image of the new isolate is com-
pared to previously analyzed images in the collection, and the 
level of strain similarity (typically expressed as a percentage) is 
determined using statistical methods. Two images are considered 
identical if the number of hybridization bands and their loca-
tion on the blots match 100%. Strains with ( n + 1) hybridiza-
tion bands may represent related strains, possibly from the same 
transmission chain, but further analysis using different biomar-
kers might be required for confirmation. Strains that differ by 
more than one hybridization band or strains showing a shift of 
some bands on the blot (different molecular weight of fragments) 
may still represent isolates from the same strain families but with 
a lower index of similarity.  Figure 4 represents selected images 
of three  M. tuberculosis families: Haarlem, W-Beijing, and Latin 
America Mediterranean (LAM). Identical strains with IS 6110
copy number equal to or less than six require additional analyses 
(e.g., spoligotyping or MIRU-VNTR analysis). 

1. The advantages of Mt14323 are easy amplification, wide size 
range of PvuII-fragments (from 0.9 to 14 kb), and ability 
for direct interlaboratory strain comparisons ( Fig. 1, lane 2). 

 3.8. Rehybridization 

of the Membrane with 

Other Probes 

 3.9. Digitalization 

of Image 

 4. Notes  
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The Centers for Disease Control and Prevention have devel-
oped a standard set of cloned IS 6110-3¢-fragments, ranging in 
size from 0.7 to 15 kb with 1-kb increments ( Fig. 1, lane 1). 
This IS 6110 standard is used by all participating laboratories 
of the National Tuberculosis Genotyping and Surveillance 
Network, USA. 

2. Alternative equipment for the capillary transfer can be used. 

3. Fresh cultures of clinical  M. tuberculosis isolates provide the 
best results for IS 6110-based RFLP genotyping. LJ media 
are preferable for culture of  M. tuberculosis strains as chro-
mosomal DNA is less degraded, and hybridization bands are 
more distinguishable. 

4. Use of prewetted cotton swabs makes this procedure more 
effective. 

5. Depending on the probe concentration, 15  mL of the probe 
may be combined with 5 mL H 

2
O.

6. Thoroughly mix labeling reagent and DNA prior to addition 
of the glutaraldehyde. 
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Chapter 15 

spa Typing for Epidemiological Surveillance 
of Staphylococcus aureus

     Marie   Hallin   ,    Alexander   W.   Friedrich   , and    Marc   J.   Struelens   

  Abstract 

The spa typing method is based on sequencing of the polymorphic X region of the protein A gene ( spa),
present in all strains of  Staphylococcus aureus. The X region is constituted of a variable number of 24-bp 
repeats flanked by well-conserved regions. This single-locus sequence-based typing method combines a 
number of technical advantages, such as rapidity, reproducibility, and portability. Moreover, due to its 
repeat structure, the  spa locus simultaneously indexes micro- and macrovariations, enabling the use of  spa

typing in both local and global epidemiological studies. These studies are facilitated by the establishment 
of standardized  spa type nomenclature and Internet shared databases. 

Key words: Epidemiology; methicillin resistance ; phylogeny; S. aureus; sequence analysis ; software ;
staphylococcal protein A ; typing methods .

Staphylococcus aureus is a leading human pathogen responsible for 
a wide range of diseases, from superficial skin infections to life-
threatening conditions, such as bacteremia, endocarditis, pneu-
monia, or toxic shock syndrome  (1). Since the early 1960s, when 
they first emerged  (2), strains of S. aureus resistant to methicillin 
and other b-lactams (MRSA) have spread worldwide and caused 
outbreaks in the hospital setting as well as in the community, 
thereby becoming a major public health threat  (3). During the 
last decades, diverse typing methods, first phenotypic, then genotypic,

1. Introduction

1.1. Typing Methods 

Available for Staphy-

lococcus aureus
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have been used for monitoring S. aureus spread. Among these, 
pulsed-field gel electrophoresis (PFGE) of genomic macror-
estriction fragments is considered the gold-standard method  (4).
However, PFGE is a technically demanding and labor-intensive 
method. Moreover, its interpretation leaves room to subjectivity 
(5), and interlaboratory results comparison remains difficult and 
subject to strict adherence to standardized protocols and inter-
pretation criteria  (6–8).

Multilocus sequence typing (MLST), based on the 
sequence polymorphism of approx 500-bp long fragments of 
seven housekeeping genes was designed to study the S. aureus
population genetic structure. This technique, applied to large 
S. aureus strain collections, revealed that the population struc-
ture is essentially clonal, and that the large majority of epidemic 
MRSA clones belong to a few phylogenetically distinct lineages 
or clonal complexes (CCs) (9).

MLST has also proved to be adequate for long-term global 
epidemiology and the study of recent evolution of  S. aureus 
(9,10). However, MLST typing remains too expensive and labor 
intensive for its application to outbreak investigations and routine 
surveillance  (10,11).

In recent years, more focused sequence-based methods have 
been developed to provide fast, unambiguous, and exportable 
typing data. Among these, the sequence determination of the 
polymorphic X region of  spa gene, called  spa typing, is gaining 
favor as a reliable tool for typing  S. aureus. Frenay et al. were, in 
1994, the first team to target the polymorphic X region of  spa
gene as an epidemiological marker. At that time, the X region was 
amplified and its size estimated by electrophoresis  (12). In 1996, 
the same team improved the technique by performing sequence 
analysis of the X region  (13). Since then, many studies have evalu-
ated the usefulness of this technique for diverse epidemiological 
purposes and confirmed its ease of use and speed. Initially, two 
limitations hampered use of  spa typing for surveillance: the lack 
of software capable of identifying and clustering repeat units and 
profiles and the lack of consensus nomenclature allowing inter-
laboratory exchange of results. These limits have been recently 
overcome, making  spa typing a prime alternative to PFGE for 
typing S. aureus. In this chapter, we outline the biological basis of 
spa locus polymorphism and performance of  spa sequence typing 
and describe the methods of analysis and data interpretation as 
well as international  spa typing networks. 

Protein A is a cell-wall component bound to the peptidoglycan 
of S. aureus by its COOH-terminal part. It interacts with the 
Fc-fragment of immunoglobulins by its NH 

2
-terminal part and 

thereby inhibits phagocytosis by polymorphonuclear leucocytes. 
The spa gene is composed of an N-terminal region encoding four 

1.2. Structural 

Specificity of the spa

Gene Hypervariable 

X Region
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to five homologous immunoglobulin G (IgG) binding units, 
while its C-terminal sequence, called the X region, exhibits a 
variable number of short (24-bp) repeated units flanked by well-
conserved regions (Fig. 1) (14).

The origin of the so-called variable number of tandem repeats 
(VNTR) structure of the X region is explained by the slipped 
strand mispairing model. Basically, illegitimate basepairing due to 
stretches and loops in short repeated unit motifs occurs during 
DNA replication, leading the DNA polymerase to delete or insert 
repeat units  (15).

This VNTR structure is specific to neither the  spa gene nor 
S. aureus. These hypervariable regions have been identified in 
many bacterial species and are frequently used as epidemiological 
markers. For example, the spa gene is one of the targets used by 
several multilocus VNTR analysis (MLVA) typing systems devel-
oped for S. aureus, together with sdrC, D, and E, sspA, ClfA and 
B, cna, or fnBP genes (16).

Two  spa type designations have been used in the last years, one 
developed by Harmsen et al.  (17) and one developed by Kre-
iswirth et al.  (18). The latter has been changed recently, and com-
parison between the old designation and the new designation as 
well as a comparison between the Harmsen and the Kreiswirth 
nomenclature is only possible via computerized tools. The general

1.3. spa Typing 

Nomenclature

S E A D B C Xr Xc

AAA GAA GAC AAC AAC AAG CCT GGC

Y1
11

H1
19

G1
12

a

b

F1
21

M1
17

B1
34

Q1
24

B1
34

L1
22

O1
25

variable length from 21 to 24 bp

c

variable length from 2 to 16 repeats

  Fig. 1.    (a) Schematic map of the  spa  gene. (Adapted from refs.  18, 20, 41 .) S is a signal sequence; A to D are IgG-binding

domains; X is the C-terminal part, divided in two regions, the VNTR region (Xr) and a constant region coding for cell wall 

attachment (Xc). Arrows indicate the primers’ localization. (b) The repeat structure of the Xr region. The  spa  type illus-

trated is t008 (Ridom-Harmsen et al. nomenclature) or YHGFMBQBLO (Kreiswirth nomenclature). (c) The DNA sequence 

of the spa  repeat 21 (Ridom) or -F 
1
  (Kreiswrirth) repeat.       
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approach is, however, similar for both nomenclatures: Each repeat 
identified is associated to a code (numerical for the Harmsen 
et al. and alphanumerical for the Kreiswirth et al. nomenclature). 
Each n-long repeat profile corresponds to an n-long code consti-
tuted by the succession of the repeat’s codes, as illustrated in 
Fig. 1B. In addition, in the Harmsen et al. nomenclature, a 
“type” number preceded by the letter t is then assigned to every 
distinct repeat profile (see Note 1). Due to its broader interna-
tional use, we focus in the following section on the Harmsen et al. 
(Ridom) spa type designation. 

As a sequence-based method, spa typing possesses many obvious 
advantages, such as rapidity, ease of use, suitability for computerized
analysis, storage, and (ex)portability of results  (19).

Typeability is virtually 100%, although mutations in the flanking 
conserved regions of the X region, used for primer design, have 
occasionally been described (20), leading to amplification problems. 
However, a limitation of the clustering analysis may occasionally 
occur with isolates presenting short repeat profiles. Indeed, the 
epidemiological information contained by these profiles may be 
insufficient to permit reliable clustering ( see Note 2). 

Reproducibility is excellent (100%) both intra- and interlabo-
ratory  (18,21). The spa typing has been proved stable in vitro  (18)
and to a lesser extent in vivo (13). However, the longitudinal study 
of ten persistent infections of cystic fibrosis (CF) patients by a sin-
gle S. aureus clone (as determined by PFGE) demonstrated occa-
sional mutational events (deletions, point mutation, or duplication 
of spa repeats) in 10% of the sequential isolates studied  (22). This 
finding could also be explained by the existence of closely related 
co-colonizing isolates, as described later by the same team (23),
and cannot be generalized given the peculiarity of the ecological 
niche and selective pressure present in the airways of CF patients. 

The use of spa typing for outbreak investigation was validated 
by Shopsin et al. (18) on a well-documented strain collection 
containing 29 isolates belonging to four distinct outbreaks. Dis-
criminatory power of  spa typing, evaluated on several large strain 
collections, was found to be similar to PFGE, with a Simpson 
Index of diversity ranging from 0.97 to 0.98  (4,20,24).

Besides a high discriminatory power, spa typing is usually in good 
concordance with PFGE (using the Tenover criteria  (25)), either 
at the type level (from 96% to 98%)  (20,24) or between clusters 
(93%, using BURP (based upon repeat patterns) algorithm; see
Subheading 3.4.2.) (4,24,26). Furthermore, concordance with 
MLST and BURST (based upon related sequences) clustering 
also proved to be very high (97% to 99%)  (4,24).

1.4. spa Typing 

Performance and 

Application Field

1.4.1. Typeability, Repro-

ducibility, and Stability

1.4.2. Epidemiological 

Concordance and Dis-

criminatory Power

1.4.3. Concordance with 

 Gold Standard  Methods 

and Phylogenetic Inference
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This ability of spa typing to combine a high discriminatory 
power with a high concordance with MLST as a single-locus marker 
resides in its repeat composition and organization. Point mutations 
(occurring at a low rate and subject to purifying selection) permit a 
reliable lineage assignment, while additions or deletions of repeats 
(fast-occurring) index intralineage variations, enabling the use of 
spa typing for both long- and short-term epidemiology  (19).

However, when assuming that an isolate belongs to an MLST 
lineage based on its spa type, one should be aware of possible mis-
classification problems, as identified for a few lineages by several 
authors (4,24,27,28). Indeed, strains belonging to distant MLST 
CCs can present identical or similar  spa profiles and cluster (using 
the BURP algorithm) together in a unique spa group. This still 
unexplained phenomenon could possibly be in certain cases due 
to recombination events involving the  spa locus  (27). Other cases 
can be caused by large chromosomal replacement encompass-
ing the spa gene, such as described by Robinson and Enright for 
ST239 and ST34 (28).

The materials listed are only suggestions as many excellent alter-
natives exist. 

1. Columbia agar plates with 5% sheep blood (Biomérieux, 
Marcy l’Etoile, France). 

2. Lysostaphin solution (1 mg/mL) (AMBI Products LLC, 
New York). 

3. Proteinase K solution (1 mg/mL) (Sigma). 

4. DNase (deoxyribonuclease)-free water. 

5. Tris-HCl, 0.1 M, pH 8.0 solution. 

6. Water baths or heater blocks (37, 60, 100°C). 

7. Vortex. 

1. AmpliTaq DNA polymerase (Applied Biosystems, Foster City, 
CA).

2. Deoxynucleotide 5 ¢-triphosphates (dNTPs; Promega, Madi-
son, WI). 

3. High-performance liquid chromatographic-cleaned primers 
(spa-1113f, spa-1514r; for complete sequence, see Subhead-
ing 3.2.) (MWG-Biotech, Ebersberg, Germany). 

4. PCR buffer II (Applied Biosystems). 

2. Materials

2.1. DNA Extraction

2.2. Polymerase Chain 

Reaction (PCR)
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5. End-point thermocycler: GeneAmp PCR System 9700 
(Applied Biosystems). 

6. Elution spin column: Kit Quantum prep PCR Kleen Spin 
Columns (Bio-Rad). 

1. ABI Prism BigDye Terminator V3.1 Sequencing Kit (Applied 
Biosystems).

2. ABI prism 4100 sequencing machine (Applied Biosystems). 

3. Microplates: MultiScreen HV, clear plate 45UL (Millipore, 
Billerica, MA). 

4. Sephadex G 50 (Amersham Biosciences, Freiburg, Germany). 

5. Microplate centrifuge, up to 2100 g , rotor 11123 (Sigma). 

1. StaphType software (Ridom GmbH, Würzburg, Germany) or 
Bionumerics (Applied Maths, Ghent, Belgium). 

2. Internet connection. 

Multiple extraction protocols ranging from a simple boiling step 
(29) to commercial tissue or blood extraction kits  (27) or glass 
bead mechanical lysis have been described to be suitable for spa
typing (see Note 3). A rapid extraction protocol can be used as 
follows:
1. Suspend one colony of S. aureus cultured for 24 h on Colum-

bia agar with 5% sheep blood in 45 mL of DNase-free water 
and 5 mL of lysostaphin (1 mg/mL), vortex, and incubate for 
10 min at 37°C. 

2. Add 45 mL of DNase-free water, 5  mL of proteinase K 2 mg/
mL and 150 mL of Tris-HCl 0.1 M, pH 8.0; vortex and incu-
bate 10 min at 60°C and then 5 min at 100°C. 

3. Of this lysate, 5 mL is used as the DNA template in the PCR 
reaction. 

Several pairs of primers have been described, numbered from 
the forward strand of  S. aureus DNA (GenBank accession no. 
J01786), for example:
spa-1113f [1092–1113] (5 ¢-TAA AGA CGA TCC TTC GGT 

GAG C) and spa-1514r [1534–1514] (5 ¢-CAG CAG TAG 
TGC CGT TTG CT-3 ¢) (30).

spa-1095f [1095–1113] (5 ¢- AGA CGA TCC TTC GGT GAG 
C) and spa-1517r [1517–1496] (5 ¢-GCT TTT GCA ATG 
TCA TTT ACT G-3 ¢) (17,18).

2.3. DNA Sequencing

2.4. Data Analysis

3. Methods

3.1. DNA Extraction

3.2. DNA Amplification
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The DNA amplification protocol (recommended by the 
Ridom software supplier,  www.ridom.de ) is the following:
1. Add genomic staphylococcal DNA in a PCR mixture to 

achieve 50 mL of final volume containing 1.25 units of Taq
polymerase, 1.5 m M MgCl 

2
, 200 mM dNTPs, 0.2  mM of each 

primer (spa-1113f, spa-1514r) and 5 mL of 10X PCR buffer. 

2. Cycling conditions consist of an initial denaturation step of 5 
min at 80°C, followed by 35 cycles of 45 s of denaturation at 
94°C, 45 s of annealing at 60°C, 90 s of extension at 72°C, and 
a final extension step of 10 min at 72°C ( see Notes 4–6). 

3. The PCR product is then purified, either by an enzymatic 
method or by elution spin column, and can be stored at 4°C. 

1. Use the following reaction mix: 20 to 30 ng of amplified and 
purified DNA in a final reaction volume of 10  mL containing 
2 mL of premix and 1  mL of buffer from the kit and 0.5 m M
of each primer (use the same primers as for the amplification 
step).

2. Amplification parameters are the following: An initial dena-
turation step of 2 min at 96°C, followed by 25 cycles of 30 s 
of denaturation at 96°C, 15 s of annealing at 50°C, and 60 s 
of extension at 60°C. 

3. The products are then purified and concentrated prior to 
sequencing, either by ethanol precipitation or by commercial 
elution spin columns (Dye-ex, Quiagen, Hilden, Germany) or 
microplates loaded with Sephadex G 50. 

The VNTR structure of the  spa locus makes the traditional 
sequence alignment (using the substitutions, insertions, and 
deletions [indel] of a single-position model) improper to accu-
rately identify spa repeat units and assess how these units are 
organized. Several programs, both “in-house” and commercial, 
have been described and can be successfully used for this purpose 
(17,18,31). Among those, the StaphType software (Ridom) is 
the most widely used. Other bioinformatic tools, such as Bionu-
merics (Applied Maths) also allow spa analysis and  spa type des-
ignation using the Ridom nomenclature. Submissions from the 
Bionumerics software to the  spa server will be possible in the near 
future via the online SeqNet gatekeeper interface ( www.seqnet.
org ; see Subheading 3.4.3.). Both software include internal qual-
ity control systems that ensure that extrapolation of repeat and 
repeat organization are made on sequence data (chromatograms) 
of sufficient quality ( see Note 7).

Until recently, the only way to cluster or classify  spa types was 
to visually estimate the similarity of their repeat profiles. This 
method, although feasible with limited size strain collections and 
found to concordantly classify strains as compared with MLST 

3.3. DNA Sequencing

3.4. Data Interpretation

3.4.1. spa Type Assignment

3.4.2. Grouping of Related 

spa Types
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results  (20,29,32,33), is difficult to apply to large collections. The 
BURP algorithm is an automated algorithm—implemented in the 
StaphType software—that can cluster ( spa-CC) spa types  (17,34).
Repeat duplication and excision are taken into account (in addi-
tion to single-position substitution and indel events) when the 
relatedness of different  spa types is calculated. A “cost” accounting 
for the “steps” of evolution between each examined pair of spa
types is calculated, whereas the algorithm tries to minimize these 
steps (parsimony assumption) (34). BURP offers two user-defined 
parameters that influence clustering: exclusion of spa types that 
are shorter than  x repeats and the maximum number of costs  y for 
clustering spa types into the same group. Using these parameters, 
short  spa types (presenting limited evolutionary information) can 
be excluded from further analysis ( see Note 2), and maximum 
costs can be adapted to the size of the strain collection studied 
and the question asked in terms of space and time evolutionary 
scale (small versus large outbreak investigation versus long-term 
epidemiological surveillance studies) ( see Note 8).

The StaphType software combines three modules: a sequence 
editor, a database, and a report generator. For each  spa sequence 
downloaded by the software, epidemiological information con-
cerning the isolate typed can be recorded in the database module. 

The sequence analysis starts with the download of both forward 
and reverse sequences files (FASTA format or preferably ABI and 
SCF chromatograms). The software searches then automatically 
for the 5 ¢ and 3 ¢ signature sequences (conserved flanking regions), 
constructs a consensus sequence, and detects the  spa repeats suc-
cession (17). In case of already known  spa repeat succession, the 
spa type designation is automatically downloaded from the  spa
server Web site. New  spa repeats and  spa types detected by one 
laboratory using the StaphType software are automatically given a 
preliminary name in the local database (e.g., txAA or txAB). The 
laboratory typing data can then be synchronized via the Internet; 
the new sequences are then matched automatically with  spa types
found by other participants. If the repeat succession is revealed 
as new, a new type number is assigned for all future detection of 
this spa repeat profile, ensuring a continuously updated common 
nomenclature. Type numbers are assigned by the order of sub-
mission; no relatedness can be deduced from the closeness of two 
t-numbers. If the repeat succession has already been described 
and synchronized by another laboratory, the preliminary name 
in the local database of the inquiring laboratory is automatically 
changed to the preexisting denomination. 

As the spa server receives more than 1,000 submissions per 
month, a major goal is the maintenance of excellence of the data 

3.4.3. The StaphType 

Software

3.4.3.1. Sequence Analysis 

and spa Type Designation

3.4.3.2. Automated Quality 

Control of spa Typing Data
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quality. Therefore, the curator of the SeqNet.org database ( see
Subheading 3.4.5.) has set up rules for procedure and internal 
and external quality control schemes:
1. An internal quality control system is integrated in the StaphType 

software: To each downloaded sequence is attached a quality 
index, which corresponds to a sequence error probability. The 
spa typing sequences with low reliability cannot be synchro-
nized via the server and are rejected by the SeqNet curator ( see
Note 9).

2. The external quality control consists of the performance of 
a certification for all new SeqNet.org members and a regu-
lar proficiency test, based on known ring trials. This external 
quality certificate is sent out to the laboratory when capacities 
for high-quality sequence typing has been established. During 
the certification process, the curators assist the new SeqNet.
org aspirants in the development of sequence capacity, often 
accompanied by a 3-d stay at the sequencing facilities of the 
coordinators or participating in one of the hands-on labora-
tory workshops. 

Data ownership  on the  spa server is ruled by the SeqNet.org ini-
tiative, which curates the data for all submitters. It is important to 
mention that all data on the spa server are strictly incrementally 
synchronized. This means that all synchronized data, after pass-
ing quality control and assignment of the  spa type, are stored 
with a single laboratory identifier. Every submitter using direct 
submission can choose which epidemiological data should be 
shared on the Web site (s ee Note 10). International study groups 
or regional and national networks can opt for not making visible 
their data submission on the public home page as long as wished 
by the interested group. In this way, intellectual data property of 
each single submitter is protected. 

The Harmsen et al. nomenclature for the designation of  spa
types has been made universally accessible by establishing the 
central spa server. It allows the automated quality control of 
submitted sequence data, and the central synchronization 
rends the submitted data publicly available on the online Web 
site ( www.SpaServer.ridom.de ). Users of other spa analyzing 
software tools than StaphType are able to synchronize with 
the spa server via an online uploading interface while fulfill-
ing all given quality criteria checked by the SeqNet.org cura-
tors. Until now, agreements between SeqNet.org and two 
developers of spa analyzing software (Ridom at  www.ridom.
de and Applied Maths at  www.applied-maths.com ) have been 
achieved. SeqNet.org will serve as gatekeeper for quality for 
the synchronization of  spa sequences from submitters using 
one of the spa analyzing tools. 

3.4.3.3. Data Ownership

3.4.4. The Central  spa

Server
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The central spa server (which has been developed by Ridom) is 
curated by the SeqNet.org initiative  (35) on behalf of all users. 
SeqNet.org currently is an initiative of 45 laboratories from 25 
European countries (1 laboratory from Lebanon) founded in 
2004 at the University of Münster in Germany ( http://www.
SeqNet.org ). Its main objective is to establish a European network 
of excellence for sequence-based typing of microbial pathogens, 
having its main focus on S. aureus. SeqNet.org comprises a large 
number of national reference laboratories as well as university and 
some veterinary laboratories. The principle goal of SeqNet.org is 
to create unambiguous, electronic, portable, easily comparable 
typing data of excellent quality for local infection control and 
national and European surveillance of sentinel microorganisms, 
such as MRSA. 

Currently, parallel to the SeqNet.org laboratories, more than 
140 other submitting laboratories have synchronized their  spa
types with the database. Although, the spa database in its current 
form essentially is used as a  spa type dictionary, ensuring a common 
nomenclature, providing molecular typing data in real time, and 
maintaining typing data quality, its data entries on frequencies of 
spa types and country of submission can already provide valuable 
information regarding geographical dissemination and occurrence 
of the spa types by country  (36).

Furthermore, the  spa server can be used by regional, national, 
or international public health or research networks to filter  spa
data from the network’s participating laboratories, hospitals, and 
medical practices. Important examples are the Dutch-German cross-
border networks EUREGIO MRSA-net Twente/Münsterland 
(37,38) and the MRSA network of the EUREGIO Maas-Rhein 
(39) In both cases,  spa typing ensures not only the intrahospital but 
also the cross-border comparability and Euregional data ownership 
of the typing data. 

1. A translating tool from one nomenclature to the other can be 
downloaded from the  spa server Web site ( www.  SpaServer.
ridom.de).

2. Isolates presenting short  spa profile, although technically typa-
ble, should be excluded from clustering analysis. Five has been 
proposed  (34) as the minimum number of repeats necessary 
to infer relatedness. 

3. An initial “staphylococcal-specific” lysis step using lysostaphin 
(24,27) is however recommended to ensure sufficient bacte-
rial lysis. 

3.4.5. The SeqNet.org spa

Typing Network

4. Notes
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4. Several other amplification protocols have been described 
and proved to be efficient  (18,40).

 5.  Visualization of the amplified DNA by conventional electro-
phoresis in 1 or 2% agarose gel is recommended prior to the 
sequencing step. The average amplified product size should 
be between 300 and 600 bp but varies following the number 
of spa repeats. 

 6.  For isolates that are nontypable using the primers cited, 
SeqNet.org recommends using the following primers (A. 
Mellmann, personal communication 2007 ).

(a) spa-239f (5 ¢-ACTAGGTGTAGGTATTGCATCTGT-3 ¢)

(b) spa-1717r (5 ¢-TCCAGCTAATAACGCTGCACCTAA-3 ¢)

(c) spa-1084f (5 ¢-ACAACGTAACGGCTTCATCC-3 ¢)

(d) spa-1618r (5 ¢-TTAGCATCTGCATGGTTTGC-3 ¢)

However, 1 of 1,000 isolates remains nontypable. The rea-
son might be that some S. aureus isolates present large dele-
tions in the spa gene that can affect the primer binding sites. 

 7.  Manual editing of spa sequence data should be avoided as 
much as possible because it can easily lead to misidentifi-
cation of repeats and subsequently to the attribution of an 
incorrect  spa type. 

 8.  This parameter is by default set to four by the Ridom soft-
ware. However, this was calibrated to suit long-term evolu-
tion characterization (i.e., maximal concordance with MLST 
data) (34). For small outbreak investigation, this parameter 
can be lowered. 

 9.  If the 5 ¢/3¢ signatures are found, the repeats are correct, and 
the sequence is traced correctly, the reliability value given is 
100 (good). If 5 ¢/3¢ signatures are found, the repeat succes-
sion contains no low-quality basis, and there is a consensus 
of traces, then the reliability value for quality given is 110 
(very good)  (12). Last, if the criteria for 110 are fulfilled and 
there are fewer than five editing steps of the sequence, the 
reliability value for quality given is 120 (excellent). In the 
case that the 5 ¢/3¢ signatures are not correctly found, signa-
ture positions are shifted, or base quality is low, the reliability 
values are between 90 and 40 (sufficient) or between 30 and 
0 (poor) (33). Each spa typing sequence with a reliability 
value lower than 100 cannot be synchronized via the server 
and is rejected by the SeqNet curators. 

10. The submitter is also able to withdraw his or her data at any 
time by resynchronizing with the server and indicating the 
deletion of its submission. In such case, only the spa type and 
the information on the sequence quality will remain on the 
server. 
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Chapter 16 

Sequencing of Viral Genes 

     Carol   Holm-Hansen  and      Kirsti   Vainio   

  Abstract 

The use of molecular techniques in epidemiology gives a better understanding of viral transmission and 

diversity, and helps to define and characterizc  outbreaks. By elucidating transmission patterns and defin-

ing outbreak parameters, appropriate preventive measures can be implemented in a timely fashion. Previ-

ously, the understanding of viral classification and phylogeny was difficult due to the challenges inherent 

in studying viruses. Automated cycle sequencing that uses fluorescently labeled nucleotides has revolu-

tionized epidemiological studies of viruses at the molecular level. Sequencing of viral genes enables the 

identification and characterization of viruses, and sequence data are essential when investigating the etiology, 

dissemination, and transmission of viral infections as well as for disease surveillance and prevention. 

The present chapter focuses on the use of sequence analyses in epidemiological investigations. 

Key words: Automated cycle sequencing , BigDye Terminator chemistry , PCR amplicon , phyloge-

netic analysis , virus diversity. 

The field of molecular epidemiology has emerged from the inte-
gration of molecular data into traditional epidemiologic research. 
Molecular techniques enable the characterization and compari-
son of different virus strains at the genomic level and are impor-
tant tools for investigating the epidemiology of viral infections, 
at an individual or global level, and in retrospective investiga-
tions or surveillance. Sequence data have made it possible to 
distinguish and characterize local outbreaks, to detect dispersed 
international outbreaks, and to identify transmission chains by 
tracing the source of environmentally transmitted viruses  (1) or 
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the dissemination routes of person-to-person  (2) and zoonotic 
viral infections (3). Sequence data have also enabled the study of 
the origin and relatedness of viral strains, the detection of new 
strains and variants, and the emergence of drug resistance across 
strain generations. In addition, monitoring the diversity of viral 
agents in clinical virology contributes to better diagnostics, treat-
ment, and prophylaxis  (4). Combined molecular and epidemio-
logical data have been used to improve prevention and control of 
infectious viral diseases and thus provide clear benefits for public 
health. Some examples for which sequence data have been used 
to complement epidemiological investigations are given below. 

The application of sequence data has been essential for the 
surveillance of measles in the World Health Organization (WHO) 
European region. While the WHO European Region has targeted 
the elimination of measles by 2010, this goal may not be fully real-
ized. Several measles genotypes imported from other continents 
have caused prolonged circulation and large outbreaks among 
unvaccinated and highly mobile communities in several European 
countries. In Norway, with only a few cases of measles per year, 
molecular typing has shown that all cases have been associated 
with import from endemic regions or specific reservoirs  (5–7).
As shown in Fig. 1, all sequences obtained from measles cases 
in Norway were identical to virus types circulating in countries 
where the patients came from or had recently traveled.

Combined sequence and epidemiological data have also given 
information on transmission, dissemination, and drift of norovirus 
strains in Europe (DIVINE-NET:  http://www.eufoodbornevi-
ruses.co.uk/ ). In addition, sequence data have been used for the 
rapid detection of international norovirus outbreaks (e.g., caused 
by raspberries or on cruise ships) and the emergence of new glo-
bal variants within the dominating genotype (8,9). In outbreak 
investigation, sequence data have been the most important tool 
used to link norovirus cases. 

Viral genomes exist in different forms: DNA or RNA, single 
or double stranded, segmented or not segmented, plus or minus 
polarity, circular or linear. Viral genomes vary both in size (from 
3,200 nucleotides to 1.2 million basepairs) and in complexity. 
Despite this diversity, a single method can be used to characterize 
and compare viral genes. Nucleotide sequencing provides the best 
differentiation between viral strains, and the polymerase chain 
reaction (PCR) is the favored technique for generating templates 
for nucleotide sequencing. The choice of PCR primers is crucial 
for generating the correct PCR product (gene or region) to be 
sequenced. Sequencing regions with high variability will usu-
ally yield the most appropriate information when closely related 
strains are to be compared, whereas more conserved regions 
should be sequenced when comparing distantly related strains. 
The genes coding for viral structural proteins are usually the most 



 Sequencing of Viral Genes 205

variable. Sequencing of variable genomic regions can be used to 
differentiate viruses into types, groups, subtypes, and strains, for 
example, human immunodeficiency virus (HIV) 1 and HIV-2; 
HIV-1 groups M, N, and O; the nine genetically distinct sub-
types of HIV-1 group M; and various strains known as circulating 
or unique recombinant forms. It is also important to sequence 
regions that have been investigated in previous studies to have at 
disposition comparable data from a large number of other strains 
in nucleic acid databases. 

The first step in nucleotide sequencing is template preparation 
by extraction of nucleic acids from samples likely to contain virus. 
There are many commercially available kits for manual viral nucleic 
acid extraction, as well as instruments that perform the extraction 
process automatically. In the case of DNA viruses the next step is 
PCR, whereas in the case of RNA viruses the genome has to be 
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  Fig. 1.    Relationship between measles viruses from Norwegian cases and measles viruses detected in regions/countries
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reverse transcribed from RNA to complementary DNA (cDNA) 
before the PCR step. 

DNA sequencing methods were developed in the mid-1970s. 
The two original DNA sequencing techniques are, however, very 
different in principle. In the enzymatic or dideoxy chain termina-
tion method of Sanger (10), a new DNA strand is synthesized 
from a template using a DNA polymerase, while in the chemical 
degradation method of Maxam and Gilbert  (11) the original DNA 
is degraded. The dideoxy chain termination method is currently 
the most widely used technique for sequencing of viral genes and 
in the past decade has become an invaluable tool for molecular 
epidemiological investigations. In addition, the concepts of PCR 
technology have been utilized to enable the sequencing reaction 
to be cycled. A “cycled” dideoxy chain termination method, now 
known as cycle sequencing (12), forms the basis of sequencing 
reactions used in automated DNA sequencers. Automated meth-
ods have revolutionized the use of DNA sequences in molecular 
epidemiological investigations. Viral gene sequences are used to 
illustrate phylogenetic relationships visualized as “family trees” 
between viruses that elucidate viral evolution and possible routes 
of dissemination. The rapid evolution of viral genes is a signifi-
cant advantage for studying relatedness and enables virus lineages 
to be differentiated even within an outbreak. 

The purpose of this chapter is to provide a detailed protocol 
for the direct nucleic acid sequencing of PCR products generated 
from viral genes. Recommendations for protocols addressing the 
extraction of nucleic acids from sample material containing virus, 
reverse transcription of RNA genomes, and nucleic acid ampli-
fication by PCR are also included in this chapter. The method 
described is optimized for the ABI Prism® 310 Genetic Analyzer 
or ABI 3730 DNA Analyzer. While there are several other com-
mercially available automated DNA sequencers, the biochemistry 
is common for all: dideoxy chain termination cycle sequencing 
using fluorescently labeled terminators. 

1. Any kits for isolation of viral nucleic acids may be used, and 
the kits include all required reagents and spin columns for 
isolation, for example, QIAamp Viral RNA Mini Kit for man-
ual RNA isolation, QIAamp DNA Mini Kit for manual DNA 
isolation (Qiagen, Hilden, Germany) and MagNa Pure LC 
Total Nucleic Acid Isolation Kit for automated isolation of 
viral RNA or DNA (Roche, Mannheim, Germany). 

2. MagNA Pure LC Instrument for automated nucleic acid isolation 
and equipment: tubes, trays, and pipets (Roche). 

 2. Materials  

 2.1. Extraction of Viral 

Nucleic Acids 
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3. Microcentrifuge (e.g., Eppendorf centrifuge 5415D) for 0.5-
mL microcentrifuge tubes. 

4. Microcentrifuge tubes (e.g., Eppendorf polypropylene 0.5 mL 
with locking caps and Microamp PCR 0.2-mL tubes). 

5. Automatic pipets capable of dispensing 0.5–20 mL and 10–100 mL. 

The isolated nucleic acid can be used in PCR or reverse-
transcriptase (RT)-PCR on different instruments/platforms and 
on standard thermal block cyclers.
1. Any kits for amplification of nucleic acids may be used, and 

the kits include all required reagents for amplification, such as, 
OneStep RT-PCR Kit for amplification of RNA viruses, Taq 
PCR Core Kit for amplification of DNA viruses, or QuantiTect 
Virus Kits for amplification of both RNA and DNA viruses 
(Qiagen).

2. Thermal cyclers (GeneAmp® 9700 or 2700, Perkin Elmer 2400, 
or Eppendorf Master Gradient) for cycle-sequencing reactions. 

3. A temperature-cycling incubator capable of executing two 
consecutive programs over a temperature range of 45–95°C 
with an incubator chamber for 0.5-mL microcentrifuge tubes. 

4. ExoSAP-IT® for PCR product cleanup; store at −20°C (USB 
Corp., OH). Eventually, use QIAquick-spin PCR purification 
kit (Qiagen). 

5. Microcentrifuge (e.g., Eppendorf centrifuge 5415D) for 0.5-mL 
microcentrifuge tubes. 

6. Microcentrifuge tubes (e.g., Eppendorf polypropylene 0.5 
mL with locking caps and Microamp PCR 0.2-mL tubes). 

7. Automatic pipets capable of dispensing 0.5–20 mL and 10–100 mL. 

1. Automatic sequencers with capillary electrophoresis technology:
ABI Prism 310 Genetic Analyzer or Applied Biosystems 3730 
DNA Analyzer (Applied Biosystems Inc., Foster City, CA) 
suitable for fluorescent sequencing using BigDye® Terminator 
chemistry and any primer. 

2. Applied Biosystems 3730 DNA Analyzer equipment: 3130 
and 3100 Series Plate Base 96-Wells, 3130 and 3100 series 
Plate Retainer 96-Wells, and plate Septa 96-Wells. 

3. ABI Prism 310 Genetic Analyzer equipment: tubes and caps. 

4. BigDye Terminator v1.1 Cycle Sequencing Kit, Applied 
Biosystems. The kit provides the required reagents for the 
sequencing reaction in a premixed, ready-to-use format. Single-
or double-stranded DNA, PCR fragments, and large templates 
may be sequenced. 

5. Sequencing primers. Any primer may be used. The PCR 
primer may also be used as the sequencing primer, although 
at a different concentration. 

 2.2. Polymerase Chain 

Reaction and Tem-

plate Preparation 

 2.3. Cycle-Sequencing 

Reaction
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6. 3M sodium acetate, pH 4.6. 

7. Ethanol, molecular biology grade and 70%. 

8. 125 m M ethylenediaminetetraacetic acid (EDTA), pH 8.0. 

9. Heater blocks or water baths capable of temperatures up to 
95°C.

10. Hi-Di formamide, genetic analysis grade (Applied Biosystems). 

11. POP7™ Performance Optimized Polymer and 10X buffer 
with EDTA (Applied Biosystems). 

PCR is currently the favored technique for generating templates 
for sequencing of viral genes. This chapter therefore focuses on 
sequencing PCR amplicons. A few suggestions for isolation of 
viral RNA and DNA as well as preparation of PCR template are 
provided. For detailed procedures on nucleic acid purification 
and PCR template preparation, refer to manufacturers’ protocols 
that are continuously improved and updated. 

Viruses contain either RNA or DNA genomes. There are several 
commercially available manual nucleic acid isolation kits for the 
isolation of viral RNA, viral DNA, or total viral nucleic acids. 
Many of the kits may be used for isolation of viral nucleic acids 
from a variety of specimens (serum, plasma, whole blood, urine, 
cerebrospinal fluid, cell culture supernatant, stool, tissue, cell-free 
body fluid). There are also several kits for isolation of viral nucleic 
acids with automated nucleic acid extractors (e.g., ManNA Pure, 
Roche). Any manual or automated protocol should work well. In 
our laboratory we use Qiagen kits (e.g., QIAamp Viral RNA Mini 
Kit and QIAamp DNA Mini Kit) for manual nucleic acid isola-
tion and MagNA Pure LC Total Nucleic Acid Isolation Kit for 
automated nucleic acid isolation from clinical specimens. These 
kits provide nucleic acid free of PCR inhibitors. 

There are several kits for PCR amplification of isolated nucleic 
acids, and the PCR amplicons are used as templates for the 
sequencing reaction. The isolated DNA from DNA viruses may 
be amplified directly (e.g., Taq PCR Core Kit, Qiagen), whereas 
isolated RNA from RNA viruses must be reverse transcribed to 
cDNA before the PCR amplification step. One-step RT-PCR kits 
(e.g., OneStep RT-PCR Kit, Qiagen) provide a fast and successful 
alternative to performing a separate reverse-transcriptase and PCR 
reaction. Any primers may be used with these kits (specific prim-
ers, random primers, etc.). 

 3. Methods  

 3.1. Extraction of Viral 

Nucleic Acids 

 3.2. PCR Template 

Preparation
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The most important factor for obtaining good sequence data 
with dye terminators is a clean, unique target with a single bind-
ing site for the primer (see Notes 1–4). There are many protocols 
for purification of PCR products prior to sequencing, and any 
protocol to remove deoxynucleotide 5 ¢-triphosphates (dNTPs) 
and primers should work. 

ExoSAP-IT (shrimp alkaline phosphatase [SAP] and exo-
nuclease I [Exo I]) purification is a simple, fast, and efficient 
method for the purification of PCR products for sequencing. 
The ExoSAP-IT degrades nucleotides and single-stranded DNA 
(primers) and is particularly useful when limiting concentrations 
of primers and nucleotides cannot be used in PCR.
1. Set up a reaction with ExoSAP-IT (one tube for each reaction/

template) by mixing 7 mL of PCR product and 2  mL of ExoSAP-
IT. Vortex briefly. 

2. Run on thermocycler as follows: One cycle at 37°C for 15 min, 
80°C for 15 min, and 4°C indefinitely. 

3. The samples may be kept at 4–8°C until cycle sequencing is 
performed. Long-term storage should be at −20°C. 

4. PCR product purification with QIAquick PCR Purification kit 
(Qiagen) is also compatible with BigDye chemistry. This method 
is suitable for PCR fragments ranging from 100 to 1,000 bp. 
See the manufacturer’s manual for a detailed protocol. 

Cycle sequencing using BigDye Terminator chemistry provides 
reproducible results for sequencing of PCR fragments ( see Notes
1–5). The method is quick, convenient, and commonly used. 
It is important to sequence the template in both directions 
to minimize sequencing errors and to include a control DNA 
template in each set of sequencing reactions. Control DNA is 
included in the kit. 

The BigDye Terminator protocol recommends the use of 
8 mL of the Big Dye v1.1 Terminator Ready Reaction mix in 
a final reaction volume of 20  mL. Good results are, however, 
obtained with half of the recommended volume when purified 
PCR fragments are sequenced.
1. For each reaction (total volume 10  mL), add the following 

reagents to a separate tube:

a. 4 mL Big Dye v1.1 Terminator Ready Reaction mix. 

b. 1 mL 3.2 mM primer (final concentration 3.2 pmol). 

c. 1–5 mL template (2–10 ng purified PCR product/ mL).

d. 0–4 mL distilled H 
2
O.

2. Mix well, spin briefly, and run on thermocycler as follows:

Step 1: 96°C 1 min .

Step 2: 96°C 10 s .

 3.3. PCR Product 

(Template) Purification 

 3.4. Cycle-Sequencing 

Reaction
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Step 3: 50°C 5 s .

Step 4: 60°C 1 min .

Step 5: Repeat steps 2–4, 25 times .

Step 6: 4°C, indefinitely .

3. Hold at 4°C until ready to purify. 

The unincorporated dye terminators must be removed prior 
to capillary electrophoresis ( see Note 6). The ethanol/EDTA/
sodium acetate precipitation protocol works well and is known 
to be suitable for generating clean sequences using BigDye Ter-
minator v1.1 Cycle Sequencing Kits. Other methods may also be 
used.
1. For each sequencing reaction, prepare a separate 1.5-mL 

microcentrifuge tube with the following:

a. 1 mL 3 M sodium acetate, pH 4.6. 

b. 25 mL 96% ethanol. 

c. 1 mL 125 m M EDTA, pH 8.0. 

d. 10 mL sequencing product. 

2. Mix briefly. 

3. Keep on ice for 10 min. 

4. Spin in a microcentrifuge at maximum speed for 15–30 min 
at 4°C. 

5. Carefully remove the supernatant completely with a pipet 
and discard. 

6. Add 80 mL 70% ethanol to the pellet. 

7. Keep at room temperature for 2–3 min (may be stored over-
night at −20°C). 

8. Remove the supernatant completely. 

9. Dry the pellet on a thermocycler (or heat block) with caps 
open for 3 min at 60°C. It is important that the pellet is 
completely dried. The dried pellet may be stored at −20°C 
until being prepared for automatic sequencing. 

10. Dissolve the dried pellet in 15 mL Hi-Di formamide immedi-
ately before preparing the samples for automatic sequencing. 
Samples with Hi-Di formamide should not be kept at room 
temperature for more than 2–3 d. Long-term storage should 
be at −20°C. 

11. Heat the tubes with closed caps for 2 min at 94°C on a ther-
mocycler (heat block). 

12. Remove the tubes immediately and place on ice for 1–2 min. 

13. Spin the tubes in a microcentrifuge at maximum speed for 2 s. 

14. Load the samples for capillary gel electrophoresis as follows:

 3.5. Purification of 

Extension Products 
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a. ABI Prism 310 Genetic Analyzer: Load 15 mL of reconsti-
tuted sample to the tubes belonging to the instrument. 

b. ABI 3730 DNA Analyzer: Dilute each reconstituted 
sample 10X in Hi-Di formamide. Load 10  mL of this 
1:10 dilution to microtiter plate wells belonging to the 
instrument. 

15. All of the empty wells in the microtiter plate must be filled 
with Hi-Di formamide. 

Prepare the automatic sequencer according to the manual provided
with the equipment, and use POP7™ polymer and 10X buffer 
with EDTA from Applied Biosystems to fill the capillaries. After 
preparation, load the samples (tubes or tray), set up the data 
collection software, and start the sequencer according to the 
manual. Make sure that the thin capillary is aligned properly with 
the sample in the tray/tube to take up the entire DNA sample to 
be sequenced. The sequencing products are subsequently sepa-
rated and read by the automatic sequencers ( see Notes 6–8).

The BigDye Terminator chemistry uses four different fluo-
rescent labels, allowing the reaction to be analyzed in a single 
lane. Briefly, the fluorescently labeled DNA fragments (the ter-
minated extension products) are separated and identified using 
capillary gel electrophoresis. A laser at the end of the capillary 
excites the ddNTP  (dedioxynucleotides) dyes, causing the incor-
porated labeled dideoxynucleotides to illuminate different colors. 
The colors are analyzed by the computer, and the user is provided 
with a chromatogram and the suggested DNA sequence. 

Automatic sequencers compile and deliver a computer file with 
a chromatogram and a suggested sequence. In most cases the 
chromatograms and sequences delivered by the sequencer should 
be carefully interpreted and manually edited before using the 
sequence data. The automatic analysis of the chromatogram peaks 
may be incorrect, especially early in the sequence (the first 40–50 
bases from the primer binding sites) or at the end when the 
resolution of large fragments is not optimal ( see Notes 7–9). 
There are several programs for comparing and editing sequences 
(e.g., Sequencher 4.5 and Bioedit). The edited sequences should 
then be compared with sequences from different databases 
(EMBL or GenBank) to gain as much information about the 
sequences as possible. The databases are available through the 
Internet, and information may be obtained using different search 
tools (e.g., FASTA and BLAST). 

Phylogenetic analysis provides important molecular epidemiolog-
ical information. The aim of phylogenetic analysis is to compare seq-
uences,analyze gene families, and estimate evolutionary relationships. 

 3.6. Capillary Gel 

Electrophoresis and 

Data Collection 

 3.7. Sequence Analysis 

and Assessment 

 3.8. Phylogenetic 

Analysis
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The result of molecular phylogenetic analysis is visualized as a 
phylogenetic “tree” or dendrogram. DNA or RNA of closely 
related organisms usually exhibits a high degree of sequence simi-
larity. Molecular phylogeny uses such sequence heterogeneity to 
build a “relationship tree” that illustrates the probable evolution of 
various organisms. There are numerous software programs that 
estimate phylogenies, and many are free of charge via the Internet. 

The quality of phylogenetic analysis largely depends on the 
quality of the sequence alignment. Interactive software programs 
generate both multiple-sequence alignments (e.g., ClustalW, 
Pileup) and phylogenetic trees. The MEGA (Molecular Evolu-
tionary Genetics Analysis) 4.5 software is a user-friendly interac-
tive program that constructs multiple alignments and phylogenetic 
trees. For example, when using MEGA to generate a phylogenetic 
tree, sequences are automatically aligned using ClustalW. 

1. Template concentration and purity are the two most common 
causes of poor or no sequence data. The amount of template 
used in a sequencing reaction can affect the quality of sequence 
data, and there is a “threshold” amount that must be used to 
generate any sequence data. The recommended amount of 
PCR product is 1–3 ng for 100- to 200-bp fragments, 3–10 
ng for 200- to 500-bp fragments, and 2–20 ng for 500- to 
1,000-bp fragments (13). In general, the optimal concentra-
tion of template may be determined by multiplying the length 
of the template in kilobases by 25 ng. Too much DNA may 
cause premature termination of signal. This occurs when the 
dNTPs in the cycle-sequencing reaction are distributed among 
too many extending chains. The dNTPs will be depleted early 
in the reaction and thus yield an excessive amount of short frag-
ments. Quantification of template may be determined by gel 
electrophoresis. Fluorescent sequencing is very sensitive to cer-
tain contaminants in the DNA sample, including dNTPs, prim-
ers, and salts. It is critical to remove excess PCR primers from 
the sequencing reaction. PCR primers will act as sequencing 
primers and lead to extra bands that correspond to the comple-
mentary strands from opposite orientations. Thus, incomplete 
removal of PCR primers prior to sequencing may yield ambigu-
ous results that are visualized as sequences with numerous 
double peaks at single positions. Excess dNTPs will disturb the 
specific ratios of dNTPs/ddNTPs in the sequencing reaction. 

2. It is imperative to ensure that the PCR product to be sequenced 
is the correct fragment. Multiple PCR products in a single 

 4. Notes  
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sequencing reaction will yield ambiguous sequences. Visual-
izing PCR products on an agarose gel will give a good indi-
cation of the quality of the product. In the case of multiple 
products (bands), gel purification of the desired product is 
necessary. Gel separation of PCR products may, however, be 
difficult if the products are similar in size (e.g., amplifying 
related DNA). In this case, optimization of the PCR reac-
tion may be necessary, or new PCR primers may need to be 
designed to use a more specific priming site. Restriction sites 
in PCR fragments may also be used to identify the correct 
product bands. Alternatively, nested primers may be employed 
to reamplify the desired product. Nested primers will verify 
the identity of the product and simultaneously eliminate any 
unwanted products. 

3. PCR primers that are used as sequencing primers must be 
suitable for the cycle sequencing conditions. While inefficient 
primers are sometimes acceptable for PCR, the same primers may 
fail in sequencing (which is a linear amplification). The melt-
ing temperature  T

m
 of sequencing primers should be between 

50 and 60°C. In addition, the primers must not form primer-
dimers as this will deplete the availability of primers needed 
for the sequencing reaction. Sequencing primers should be 
18–24 nucleotides in length and approximately 50% in GC 
content (14). High GC content or long primers may increase 
the formation of secondary structures that influence the 
melting temperature. It is preferable to choose primers with a 
low melting temperature. 

4. Removal of components that may inhibit the sequencing 
reaction is necessary. Nuclease contamination in a template 
preparation, as well as repeatedly thawing/freezing samples, 
can degrade DNA over time. High concentrations of impure 
DNA may also contain a larger proportion of contaminants 
(excess primers, dNTPs, salts) that may reduce the quality of 
the DNA sequence generated. Generally, reisolation and puri-
fication of the template DNA are necessary to obtain good 
DNA sequences. It is wise to limit the time and intensity of 
UV illumination to a minimum when extracting PCR products 
from gels to reduce DNA degradation. Prepare fresh stocks of 
commonly used reagents, such as buffers, using high-quality 
distilled water. 

5. Several factors may result in early termination of sequence data 
throughout the sequencing reaction, including template con-
centration, deoxyribonuclease (DNase) contamination, and 
secondary structures. Secondary structures that do not melt 
during cycle sequencing can cause premature termination of 
sequences. Addition of DNA denaturants (e.g., formamide or 
dimethyl sulfoxide [DMSO]) to the sequencing reaction may 
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reduce early termination. Denaturants may melt duplex for-
mation and enable optimal polymerase activity. Changing the 
cycle-sequencing parameters to include a higher denaturation 
temperature (98 vs. 96°C) and eliminating the 50°C annealing 
step may be useful. The 60°C cycle will in this case function as 
both the annealing and extension steps. High salt concentra-
tions may also result in premature termination. Sequencing 
the opposite strand will sometimes yield better results. 

6. Purification of sequencing reactions is important to gain good 
sequence data. Purification using ethanol/EDTA/sodium 
acetate precipitation is recommended when a good signal 
from the first base is required ( see the BigDye kit manual). 
However, it is important to use the correct ethanol concen-
tration (14). Too high ethanol concentrations will result in 
precipitation of residual terminators along with the sequenc-
ing products, whereas too low concentrations will result in 
no signal due to a failed reaction. Ethanol precipitation also 
removes excess salts. Ethanol contamination may also occur 
when the sample is insufficiently dried after precipitation and 
may inhibit sequencing reactions. 

7. Multiple peaks under the primary sequence peak and many 
“N”s within the sequence may indicate the presence of two 
nucleotides at the same position (polymorphisms), high back-
ground, or the presence of multiple products. High back-
ground may also be a problem if contaminated reagents are 
used for either template preparation or sequencing reactions. 
When background poses a problem, it is necessary to view the 
average signal strength and edit the sequences manually. 

8. Low signal strength may be the result of too little or degraded 
DNA or primer, inhibitory components, contaminated rea-
gents, or poor primer binding. A correct primer concentration 
and annealing temperature are critical. 

9. Difficulties with the sequencer may be due to improper capillary 
filling when fresh polymer is being pumped through the array. 
See the manual for guidelines addressing instrument-related 
problems. 

  References 

1. Powell, S. C. , and Attwell, R. (1999). The
use of epidemiological data in the control of 
foodborne viruses . Rev. Environ. Health 14,
31–37.

2. Holmes, E. C. , Nee, S., Rambaut, A., Garnett ,
G. P. , and Harvey , P. H. (1995). Revealing the 
history of infectious disease epidemics through 

phylogenetic trees . Philos. Trans. R. Soc. Lond. 
B Biol. Sci. 349, 33–40.

3. Suss, J., Beziat, P. , and Schrader , C. (1997).
Viral zoonosis from the viewpoint of their epi-
demiological surveillance: tick-borne encepha-
litis as a model . Arch. Virol. 13, (Suppl.)
229–243.



 Sequencing of Viral Genes 215

4. Hu, D. J. , Dondero , T. J. , Rayfield, M. A. ,
George , J. R. , Schochetman, G., Jaffe , H. W. ,
et al. (1996). The emerging genetic diversity 
of HIV. The importance of global surveillance 
for diagnostics, research, and prevention .
JAMA 275, 210–216.

5. Løvoll, Ø., Vainio , K., and Skutlaberg , D. H. 
(2004). Measles outbreak in Norway in chil-
dren adopted from China . Euro Surveill. 8, 21.

6. Løvoll, Ø., Vonen , L. , Nordbo , S. A. , Vevatne ,
T. , Sagvik, E. , Vainio , K., et al. (2007).
Outbreak of measles among Irish travellers 
in Norway: an update . Euro Surveill . 12,
E070614.2

7. Schmid, D., Holzmann, H., Abele, S.,
Kasper , S., König, S., Meusburger , S., et al. 
(2008). An ongoing multi-state outbreak of 
measles linked to non-immune anthropo-
sophic communities in Austria, Germany, and 
Norway, March–April 2008. Euro Surveill .
13, 16.

8. Lopman, B., Vennema , H., Kohli, E., Pothier ,
P. , Sanchez, A., Negredo , A., et al. (2004).
Increase in viral gastroenteritis outbreaks in 

Europe and epidemic spread of new norovirus 
variant. Lancet 363, 682–688.

9. Siebenga, J. J. , Vennema , H., Duizer , E., and 
Koopmans, M. P. (2007). Gastroenteritis 
caused by norovirus GGII.4, The Netherlands, 
1944–2005. Emerg. Infect. Dis . 13, 144–146.

10. Sanger , F. , Nicklen, S., and Coulson, A. R. 
(1977). DNA sequencing with chain-termi-
nating inhibitors . Proc. Natl. Acad. Sci. U S A 
74, 5463–5467.

11. Maxam, A. M. , and Gilbert , W. (1977). A new 
method for sequencing DNA . Proc. Natl. Acad. 
Sci. U S A 74, 560–564.

12. Murray , V. (1989). Improved double-stranded 
DNA sequencing using the linear polymerase 
chain reaction . Nucleic Acids Res . 17, 8889.

13. BigDye® Terminator v1.1 Cycle Sequencing 
Kit Protocol. Part Number 4337036 Rev. A 
09/2002. Applied Biosystems. 

14. Roswell Park Cancer Institute. Sequencing 
Basics. Available at:  http://www.roswellpark.
org/Research/Shared_Resources/Biopoly-
mer_Resource/DNA_Sequencing/Sequenc-
ing_Basics. Accessed January 24, 2008. 



Chapter 17 

Full Sequencing of Viral Genomes: Practical Strategies
Used for the Amplification and Characterization 
of Foot-and-Mouth Disease Virus 
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  Abstract 

Nucleic acid sequencing is now commonplace in most research and diagnostic virology laboratories. 
The data generated can be used to compare novel strains with other viruses and allow the genetic 
basis of important phenotypic characteristics, such as antigenic determinants, to be elucidated. 
Furthermore, virus sequence data can also be used to address more fundamental questions relating to 
the evolution of viruses. Recent advances in laboratory methodologies allow rapid sequencing of virus 
genomes. For the first time, this opens up the potential for using genome sequencing to reconstruct 
virus transmission trees with extremely high resolution and to quickly reveal and identify the origin of 
unresolved transmission events within discrete infection clusters. Using foot-and-mouth disease virus as 
an example, this chapter describes strategies that can be successfully used to amplify and sequence the 
full genomes of RNA viruses. Practical considerations for protocol design and optimization are dis-
cussed, with particular emphasis on the software programs used to assemble large contigs and analyze 
the sequence data for high-resolution epidemiology. 

Key words: Complete genome , foot-and-mouth disease virus , nucleotide sequence , virus. 

During the past 15 years, a number of incremental improve-
ments have been made to methods used to generate nucleotide 
sequence data. The principle underpinning the mostly widely 
used sequencing approaches is based on the dideoxynucleotide 
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chain-termination method initially devised by Fred Sanger in 
the 1970s (1). The throughput and robustness of these methods 
have been improved by the use of fluorescent dyes and capillary 
separation technologies, such that the routine assembly of large 
fragments of genomic DNA (>10 kb) is now achievable by many 
modestly equipped laboratories. For the large part, protocols 
developed to sequence large fragments of nucleic acid can also 
be adapted to characterize the genomes of RNA viruses, which 
typically are 15 kb or less. Full-genome sequences of viruses can 
be used to address fundamental questions relating to evolution, 
identification of critical antigenic determinants, and viral molecular
epidemiology. Although sequencing small numbers of some viral 
genomes can be straightforward, specific protocols and work flows 
are required to effectively manage projects that aim to characterize 
the molecular epidemiology of viral transmission. 

Using foot-and-mouth disease virus (FMDV) as an example, 
this chapter describes strategies that can be successfully used to 
amplify and sequence the complete genomes of RNA viruses. 
Foot-and-mouth disease (FMD) is a highly contagious disease 
affecting cloven-hoofed livestock (cattle, sheep, pigs, goats, and 
water buffalo). The causative agent is a virus belonging to the genus
Aphthovirus (family: Picornaviridae) that exists as seven antigenically 
distinct serotypes, each comprising numerous and constantly evolving
variants (2). The genome of FMDV is approximately 8,300 nucle-
otides in length. It comprises a polyadenylated positive-sense 
RNA that encodes a single polyprotein, which is posttranslationally
cleaved into constituent capsid proteins and nonstructural proteins
involved in viral replication. 

In common with most other RNA viruses, the enzyme (RNA-
dependent RNA polymerase) responsible for replication of the 
FMDV genome has poor fidelity, such that changes to the nucle-
otide sequence frequently occur and are inherited to progeny 
viruses. This rapid evolution rate of FMDV allows virus trans-
mission trees to be reconstructed with extremely high resolution,
opening up the possibility of using these data to retrospectively 
reveal and identify the origin of unresolved transmission events 
(3,4). In addition to forensic molecular epidemiology, full-ge-
nome sequence data have also recently contributed to our under-
standing of a number of aspects of FMDV evolution, including (i)
evolutionary rates  (5); (ii) sites and importance of recombination 
(6,7); (iii) identification of ordered RNA structures  (8); and  (iv)
contribution and significance of the quasi-species phenomenon 
to evolution (9). Sequence data from a wide variety of FMDV 
isolates also play an important role in the reiterative design of 
oligonucleotide primers used for molecular assays for routine 
diagnostic use in reference laboratories (for pan-reactive and 
serotype-specific detection and strain characterization). 
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The extent of the run length obtained by capillary sequencers places 
a limit on the maximum distance between oligonucleotide primers 
(either in the polymerase chain reaction [PCR] amplification or 
cycle sequencing setup stages). In contrast to DNA targets, which 
are relatively stable, researchers who study RNA viruses, such as 
picornaviruses, are familiar with the plasticity of viral genomes. 
This high variability poses particular challenges for the design of 
pan-reactive oligonucleotide primers to reliably amplify complete 
viral complementary DNAs (cDNAs). For viruses such as FMDV, 
the existence of multiple serotypes (whose nucleotide sequences 
may vary by as much as 50% in some genome regions) can further 
complicate the identification of suitable target sequences. 

As a consequence, the two extremes of the sequencing strate-
gies used for FMDV are illustrated in Fig. 1 ( see Fig. 1a,b) and 
shown by representative agarose gels in Fig. 2. In both of these 
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  Fig. 1.    Outline of RT-PCR strategies that have been used to amplify the complete genome sequences of FMDV. ( a ) Long 

overlapping products ( ~ 3 kb) are generated by PCR using full-length cDNA as a template. Sequences are obtained using a 

panel of specific sequencing primers ( see   ref. 3). ( b ) Short products ( ~ 700 bp) are generated using FMDV-specific prim-

ers, which also incorporate regions (labelled F and R  ) targeted by the sequencing primers  (  10  ) . ( c ) Long-range RT-PCR 

is used to amplify a product comprising the complete L fragment of FMDV. This may either be sequenced using many 

specific primers  (  11  )  or can be fragmented by restriction digest and cloned into a bacterial plasmid vector (pilot studies 

using this method have been undertaken by IAH in collaboration with the Wellcome Trust Sanger Institute, Cambridge).       
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approaches (adopted for the characterization of FMD outbreaks 
in the United Kingdom in 2001 and 2007), a large number of 
specific primers were required. Furthermore, these oligonucle-
otides are specific for defined lineages of FMDV, limiting their 
use for study of other genotypes of FMDV. Other FMD labora-
tories have used similar approaches also requiring large numbers 
of primers (11–15). Additional protocols, such as rapid amplifica-
tion of cDNA ends (RACE), can be used to generate sequence 
data for the terminal ends of the genome and regions close to 
the poly (C) tract of FMDV. To reduce the complexity of the 
cycle-sequencing reactions, recognition sequences for universal
sequencing primers (such as M13) can be incorporated into the 
5¢ ends of the primers used for PCR ( see Fig. 1a).

   Fig. 2. Amplification of full-FMDV genomes by RT-PCR. Agarose gel electrophoresis shows RT-PCR fragments represent-

ing amplification of the entire FMDV genome. ( a ) amplification of O/UKG/2001 genome using 5 RT-PCR fragments and 

(b ) amplification of O/UKG/2007 genomes using 24 RT-PCR fragments.       
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Alternative approaches, such as shotgun cloning (for 
example, Fig. 1c) are also being considered for full-genome 
sequencing. Initially, these use long-range PCR to amplify 
large fragments of the virus genome (possibly even encompass-
ing entire genomic sequences). These PCR products are sub-
sequently fragmented and cloned into plasmid vectors prior to 
sequencing and reconstruction of the viral sequence. Since this 
approach uses only two viral-specific primers (which can be tar-
geted to highly conserved regions) and is not reliant on internal 
virus-specific primers, this method may provide a more suitable 
approach that has a broader sensitivity to different viral variants. 
However, these methods need to balance the advantages in diag-
nostic sensitivity that are gained from using a smaller number 
of primers with the drawback of lower analytical sensitivity that 
may arise from amplifying large PCR products (in comparison to 
shorter fragments). 

In this chapter, a guide protocol that has been successfully used 
to sequence FMDV is presented. Although some of the finer 
details are specific to FMDV, the general approaches described are 
broadly applicable to other RNA viruses. Indeed, similar meth-
ods have been described recently to characterize the genomes of 
other viruses that infect humans, livestock, and plants  (16–23).

1. 0.04M phosphate -buffered saline: 35 m M Na 
2
HPO

4
, 5.7 m M

KH
2
PO

4
, pH 7.6. Store at room temperature. 

2. Sterile sand (Fine Sifted, BDH). Small aliquots ( ~3 g) are pre-
pared and autoclaved prior to use. Store at room temperature. 

3. Sterile pestle and mortar (Fisher) ; a utoclave prior to use. 

4. TRIzol Reagent (Invitrogen). Store at +2 to 8°C. This solu-
tion contains phenol and guanidine isothiocyanate; care should 
be taken to minimize skin contact and inhalation. 

5. Chloroform (AnalaR Grade, BDH) ( toxic and probable car-
cinogen; care should be taken to minimi ze inhalation and 
ingestion).

6. 0.2M glycogen (Roche). 

7. Isopropanol  (propan-2-ol ) (AnalaR Grade, BDH). 

8. Ethanol (AnalaR Grade, BDH). Store at +2 to 8°C. 

9. Nuclease-free water ( deoxyribonuclease [ DNase] and  ribonu-
clease [ RNase] free) (Invitrogen). Store at room temperature. 

 1.2. Overview of 
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FMDV Sequencing 

 2. Materials  

 2.1. RNA Extraction 
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1. Random hexamers (Promega). Store at  −20°C.

2. Deoxynucleotide 5 ¢-triphosphate ( dNTP) mixture (Promega). 
The dNTP mix is a premixed solution containing sodium salts 
of dATP  (deoxyadenosine 5 ¢-triphosphate), dCTP (deoxycyto-
sine 5 ¢-triphosphate), dGTP (deoxyguanosine 5 ¢-triphosphate), 
and dTTP (deoxythymidine 5 ¢-triphosphate), each at 10 m M in 
water. Store at  −20°C. 

3. Oligonucleotide primers (Sigma-Aldrich). Complete list of 
primers used for PCR amplification of FMDV are  described 
elsewhere  (2,3,10).

4. Reverse transcription kit: SuperScript ™ III RT (Invitrogen). 
Enzyme is supplied with a vial of 5X first-strand buffer (250 
mM Tris-HCl , pH 8.3, 375 m M KCl, 15 m M MgCl 

2
) and a 

vial of 100 m M dithiothreitol  (DTT). Store at  −20°C.

5. RNaseOUT (Invitrogen) ; store at  −20°C.

6. GFX™ PCR DNA and Gel Band Purification Kit (GE Healthcare). 

1. Agarose (UltraPure ™, Invitrogen). Store at room temperature. 

2. Tris-borate-ethylenediaminetetraacetic acid (EDTA) buffer 
(National Diagnostics). 10X solution: When diluted, the 1X 
solution contains 89 m M Tris -base, 89 m M boric acid (pH 
8.3), and 2 m M Na 

2
EDTA. Store at room temperature. 

3. Ethidium bromide (UltraPure).  Of a 10 mg/m L stock solu-
tion, added  2 mL to 100 mL gels to visuali ze PCR bands. 
Ethidium bromide is a potent mutagen. Therefore, care 
should be taken to minimi ze exposure and to ensure correct 
disposal of material (solutions and gels) containing ethidium 
bromide. Store at room temperature. 

4. 6X loading buffer for samples to be tested by agarose gel 
electrophoresis (Invitrogen). 

5. DNA standards, if required (Invitrogen). 

1. Using sterile sand and a pestle and mortar, prepare a 10% (w/v) 
suspension of the tissue sample in phosphate -buffered saline. 
Liquid samples (such as serum) can be processed straight to 
step 3 . Depending on application and nature of the sample to 
be tested ( see Note 3), alternative RNA extraction protocols 
can also be used (such as commercially available silica-based 
spin columns). 

2. Centrifuge at 300g for 10 min. 

 2.2. Reverse 

Transcription and PCR 

Amplification

 2.3. PCR Cleanup 

Prior to Setting  U p 

Sequencing Reactions 

 3. Methods  

 3.1. RNA Extraction 

( see  Notes  1  and  2 ) 



 Full Sequencing of Viral Genomes: Practical Strategies Used for the Amplification 223

3. Add 200 mL of the sample supernatant to 1 mL of TRIzol 
reagent in a microfuge tube ( see Note 4 ).

4. Add 240 mL of chloroform directly to the tube. 

5. Mix the tube by inversion and centrifuge for 15 min at 
10,000g at 2–8°C. 

6. Transfer the top phase to a fresh microfuge tube and add 
1mL of 0.2M glycogen. 

7. Add an equivalent volume of isopropanol. 

8. Mix the tube by inversion and centrifuge for 15 min at 
10,000g at 2–8 °C. 

9. Carefully wash the pellet (containing the RNA) with ice-cold 
70% ethanol and recentrifuge for 15 min (10,000g at 2–8 °C). 

10. Air -dry the pellet and resuspend RNA in nuclease -free water. 

1. Prepare primer mix (9  µL) containing 30 pmol reverse 
primer [5 ¢-GGC GGC CGC TTT TTT TTT TTT TTT-3 ¢],
50 ng random hexamers, and 30 nmol of each dNTP (3 µL
of a 10 m M solution). 

2. Add to 12 µL prepared RNA. 

3. Denature the RNA by incubating the RNA/primer mix at 
70°C for 3 min and place on ice for 3 min. 

4. Add 17 µL of reverse-transcription  (RT)  mix containing 8  µL
first-strand buffer, 2  µL 0.1 mM DTT, 2  µL RNaseOUT ,
5 µL nuclease -free water. 

5. Add 2 µL Superscript III Reverse Transcriptase. 

6. Incubate at 42°C for 1–4 h followed by 85°C for 5 min. A spe-
cific PCR amplifying the 5 ¢ end of the genome can be used to 
test that complete first -strand cDNAs have been generated. 

7. Cleanup cDNA using GFX PCR DNA and Gel Band Purifi-
cation kit according to manufacture rs’ instructions and elute 
in 50 µL. This step removes unincorporated primers and 
dNTPs from the RT reaction. 

8. Set up a PCR master mix in a clean room using the primer 
sets required for amplification of the genomic fragments. 

9. Add 2.5 mL cDNA to each reaction in a separate area away 
from the PCR clean room ( see Note 5).

10. Run thermocycling program (as described in refs. 2, 3, 10;
see Note 6 ).

1. Run 2 mL of PCR product on 1.2% (w/v) agarose gel at 105 
V for 30 min to check reaction has worked. 

2. Clean up cDNA using GFX PCR DNA and Gel Band Puri-
fication kit according to manufacture rs’ instructions. 

 3.2. Reverse 

Transcription and PCR 

Amplification

 3.3. PCR Cleanup 

Prior to Setting Up 

Sequencing Reactions 
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3. Quantify DNA concentration in purified PCR product. This can 
be done using a spectrophotometer (e.g., Nanodrop, Thermo 
Fisher Scientific) or by agarose gel electrophoresis using DNA 
standards ( see Subheading 2.3 .). 

4. Dilute products to give appropriate concentrations for sequencing. 

5. Prepare sequencing reaction using diluted PCR product. 

Sequencing viral genomes can quickly accumulate a large amount 
of data ( see Note 7). Software programs (such as Lasergene, 
http://www.dnastar.com/ ) can be used to simplify the alignment 
of individual sequences and to rapidly assemble large contigs. 
The minimum criterion for acceptance of a final sequence is that 
each nucleotide position should be determined by sequencing 
reactions in either direction (forward and reverse). 

Currently, the genetic evolution and relationships of viruses are 
studied by analyzing their genetic sequence data by phylogenetic 
methods. Phylogenetic trees are constructed and used to deduce 
the genetic relatedness of the viruses. There are different methods 
for constructing phylogenetic trees; the first approach developed 
was the maximum parsimony methodology, but more recently 
maximum likelihood (24) and Bayesian methods  (25) are the pre-
ferred techniques for tree construction. Other methods based on 
distance matrixes, such as neighbor-joining  (26) or unweighted 
pair-group method with arithmetic mean (UPGMA)  (27), which 
calculate genetic distance from multiple sequence alignments, are 
simpler to implement but do not invoke an evolutionary model. 

Maximum parsimony determines the most parsimonious tree 
requiring the least evolutionary steps. This method is simple and 
as such makes very few assumptions about the evolutionary proc-
ess. However, certain features of genetic evolution of organisms 
present problems when using this method of tree construction. 
First, inaccuracies can occur as a result of the existence of homo-
plasy. Homoplasy describes processes, such as convergent evolu-
tion, by which a single mutation can occur twice on independent 
branches of a tree. Hence, it implies that two sequences sharing 
a mutation were not necessarily derived from a common ancestor 
that also contained this mutation. Another hurdle to overcome is 
back-mutation, by which a mutation reverts to its original geno-
type. This can cause the specific sequence to appear more ances-
tral than is necessarily the case. A further drawback to the method 
of maximum parsimony is that it takes no account of the rate at 
which mutations arise and the varying probabilities of different 
mutations occurring (i.e., transversions vs. transitions). 

For these reasons, the parametric method of maximum likeli-
hood is usually preferred as it provides the most probable tree that 
suits a specific determined evolutionary model. Providing that 
the model employed is a reasonable approximation of the evo-
lutionary processes that gave rise to the observed genetic data, 

 3.4. Analysis of 

Sequence Data 
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this analysis is potentially more powerful than other methods. The 
evolutionary model may include a large number of parameters 
accounting for differences in the probabilities of various character 
states, differences in the occurrence of particular substitutions/
mutations, and differences in the probabilities of change among 
characters. With the sophisticated models such as the Hasegawa-
Kishino-Yano (HKY) model  (28) and the general time reversible 
(GTR) model (29), an improved idea of phylogeny is achieved, 
although fitting an incorrect model can give incorrect results. 
The suitability of models can be tested using a program such as 
model test (30).

Maximum likelihood estimation of tree phylogeny is generally
preferable to maximum parsimony because it is statistically con-
sistent with a better statistical foundation, and it allows complex 
modeling of evolutionary processes. However, the maximum 
likelihood method has a computing limitation for large numbers 
of sequences. To infer statistical confidence in either maximum 
parsimony or maximum likelihood, constructed phylogenies 
bootstrap analyses (31) are performed. A further method to 
infer phylogenies is that of Bayesian inference, which generates 
a posterior distribution for a parameter based on the prior for 
that parameter and the likelihood of the data (represented by the 
sequence alignment). In other words, whereas maximum likeli-
hood analysis investigates the probability of the observed data 
given a specific evolutionary model, Bayesian inference looks at 
the probability that a model is correct given the observed data 
set. With the availability of Markov chain Monte Carlo methods 
(32), Bayesian inference can be a preferred choice for tree estima-
tion because it can be faster than maximum likelihood, and no 
bootstrapping is required as the posterior probabilities determine 
the statistical confidence in the tree. 

Although in the majority of incidences maximum likelihood 
or Bayesian inference is preferable for tree construction, in certain 
situations maximum parsimony can be a viable alternative. When 
studying closely related sequences over a short time period the 
likelihood of back-mutation is relatively low, and hence maximum 
parsimony tree construction is likely to give an accurate estima-
tion of tree phylogeny. Phylogenetic analysis of virus sequences is 
often performed with the aim of tracing specific virus history, and 
in these cases the method of statistical parsimony can be used. The 
distances depicted by parsimony trees represent the actual number 
of differences between sequences, whereas for a maximum likeli-
hood tree the probability of change is shown ( Fig. 3 ).

Often when studying viruses, closely related sequences are 
being investigated, with a focus on the accumulation of changes, 
and in this case a simpler representation of the raw data as depicted 
by parsimony is desirable. The TCS statistical parsimony program 
(34) can position sequences internally on a branch, which assists in 
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depicting directly ancestral sequences ( see Fig. 3b). Although the 
statistical parsimony trees drawn by TCS are not bootstrapped, if 
the data comprise the complete genome sequences of the sam-
pled viruses, then the tree is as accurate and as representative as it 
can be: It is not sensitive to the choice of a single arbitrary locus 
because there are no further genetic data retrievable. A useful 
Web site that lists available phylogenetic programs for analyz-
ing sequence data is http://evolution.genetics.washington.edu/
phylip/software.html .

Newer technologies are currently being developed that offer the 
potential to eliminate the use of capillary electrophoresis and 
even greater throughput. Resequencing microarrays have been 
developed and used to determine the sequence of the severe 
acute respiratory syndrome (SARS) coronavirus  (35,36). How-
ever, development of specific arrays is heavily resource dependent 
and currently likely to be deployed only in niche markets. Of the 
newer technologies, sequential ligation systems (SOLiD), solid-
phase primer amplification (Solexa), and bead-and-well-based 
pyrosequencing methods (such as the 454 platform) have the 

 3.5. Future 

Technologies 

   Fig. 3. Phylogenetic analysis of FMDV genomes from the 2001 outbreak in the United Kingdom. ( a ) Maximum likelihood phy-

logenetic tree representing 14 FMDV complete genomes rooted to sequence “1,” constructed using PhyloWIN95  (  33  ) , incor-

porating the HKY model of nucleotide substitution with gamma distributed rate heterogeneity. Bootstrap values from 1,000 

replicates are shown. ( b ) Statistical parsimony representation of the same 14 complete FMDV sequences, constructed using 

TCS (Version 1.21;  34 ). Each line represents a nucleotide substitution and each dot a putative ancestor virus.       
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capacity to generate reads of 4–20 Mb in a single run. Although 
this might be considered excessive for characterization of indi-
vidual viral genomes, these approaches may allow infrequent 
mutations within a viral population to be detected. Thus, these 
methods may be ideal for dissecting the genetic variability within 
viral populations. 

1. In addition to ensuring that all solutions used for RNA extrac-
tion are RNase free, pipets and work surfaces should be cleaned 
using 10% bleach followed by DNAzap (Ambion) prior to and 
between each sample processed. 

2. A logical work flow for processing the samples for sequencing 
projects is highly recommended ( see Fig. 4 for an example). 
This is particularly important for high-resolution molecular 
epidemiological studies since the discrimination of samples 
may be dependent on the accurate determination of only a 

 4. Notes  

Original Sample Suspension

Primary Lab

RNA Extraction

RNA extraction room hood

Reverse Transcription

PCR assembly room

cDNA Clean-up

PCR assembly room

PCR set-up

PCR assembly room

PCR Product Clean-up

Post PCR room

Sequencing Reaction

Post PCR room 

PCR Primers/reagents

PCR clean room

   Fig. 4. Physical separation of the laboratory activities: outline of the separate steps 

required for the amplification and sequencing of FMDV genomes.       
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few nucleotide differences in the complete genome length 
(3). Therefore, it is important that care is taken to minimize 
cross-contamination between samples (particularly post-PCR 
products). If possible, samples should be processed independ-
ently (including suitable negative control material), and the 
study should be organized to attempt to maximize the differ-
ences between successive samples tested.

3. A variety of sample types (including blood, tissues, esophageal-
pharyngeal fluid, and cell culture supernatant) can be tested; 
however, it is usually preferable to test primary material (such 
as clinical samples) since it is possible that cell culture pas-
sage or molecular cloning of viruses can introduce nucleotide 
changes that can influence the interpretation of results. 

4. Once placed in TRIzol reagent, samples can be stored for extended 
periods (at a wide range of temperatures, −70 to +4°C). 

5. The requirement to perform a high number of downstream 
sequencing reactions may necessitate that a relatively large 
volume of PCR product is generated requiring pooling of 
RNA, cDNA, or post-PCR products. An additional practical 
consideration is the fidelity of the DNA polymerase used for 
the PCR amplification step; if possible proofreading enzymes 
that are widely available should be used. 

6. In common with other long PCR methods, the parameters of 
the protocol used for amplification of viral genomes should be 
optimized prior to routine use. Steps to be considered include 
the components of the RT or PCR mixes and the cycling times 
used for amplification. In initial experiments, a PCR targeting 
a fragment of the 5 ¢ end of the genome can be used to confirm 
that full-length cDNA has been produced in the RT reaction. 

7. In general, these methods provide an accurate estima-
tion of the viral consensus sequence. However, it is impor-
tant to recognize that this sequence will be a composite of 
the component variability that, to a greater or lesser extent, 
may be present. In spite of concerns that it is theoretically 
possible that the sequence generated will not represent 
an actual virus species present in the sample, studies with 
FMDV indicated that the majority of molecular clones have 
identical sequences to the consensus (37). Testing of dupli-
cate samples can generate identical results  (4), demonstrat-
ing that these methods are accurate, and as long as the viral 
concentrations are relatively high, consensus sequences 
obtained will mask any individual proofreading errors that 
might arise due to low fidelity of reverse transcriptase and 
polymerase enzymes. These aspects relating to accurate deter-
mination of the sequences of specific viral genomes (rather than 
consensus sequences) will be of particular concern in studies 
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that aim to characterize the genetic population structure 
within samples (i.e., the quasi-species nature of a virus). New 
technologies and approaches ( see Subheading 3.5.) may be 
utilized to address these important questions that underpin 
our understanding of viral evolution. 
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Bacterial Genome Sequencing 

     Hervé   Tettelin    and    Tamara   Feldblyum   

  Abstract 

For over 30 yr, the Sanger method has been the standard for DNA sequencing. Instruments have been 
developed and improved over time to increase throughput, but they always relied on the same technol-
ogy. Today, we are facing a revolution in DNA sequencing with many drastically different platforms that 
have become or will soon become available on the market. We review a number of sequencing technolo-
gies and provide examples of applications. We also discuss the impact genomics and new DNA sequenc-
ing approaches have had on various fields of biological research. 

Key words: Bacteria, diversity , genome, pathogen, sequencing technology. 

Until the completion of the genome sequence of Haemophilus
influenzae Rd  (1) by the whole-genome shotgun approach, 
genome sequencing projects relied on the availability of a  physical
map of the organism of interest  (2). Such a map is a set of par-
tially overlapping clones from a genomic library, usually with large 
inserts like cosmids (ca. 40 kb) or bacterial artificial chromosomes 
(BACs) (ca. 100 kb), which are ordered along the genome. The 
construction of physical maps typically involves fingerprinting of 
a large number of clones and assembly of the map based on fin-
gerprint overlaps. Once the map is assembled, a subset of individ-
ual clones tiling the genome is selected and used for sequencing. 
Although physical maps or derivatives thereof are still currently 
used to increase the accuracy of eukaryotic genome sequencing 
projects that involve complex repeats, most of the whole-genome 
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sequencing now is cond ucted using the shotgun approach. This 
technique involves the sequencing of a large number of clones 
chosen randomly from a whole-genome library. Such clones typi-
cally have small-to-medium-size inserts (2–10 kb) and are often 
sequenced from both ends of the insert (paired ends) to provide 
scaffolding of repeats. Random sequences are then aligned and 
assembled together into contigs to reconstruct the structure of 
the genome. Resulting assemblies typically consist of a number of 
contigs separated by gaps in which sequence information is miss-
ing, most often due to complex repeats that are hard to assemble, 
DNA regions that are difficult to sequence (e.g., secondary struc-
tures), or fragments missing from the genomic library (unclona-
ble regions). Gap closure is usually laborious because it inevitably 
tackles the most difficult regions of the genome to sequence, and 
it involves a variety of molecular biology techniques, depending 
on the case at hand (3).

Whether a whole bacterial genome sequence obtained is 
complete (gap free) or a draft (a set of contigs separated by gaps), 
the genes it harbors can be systematically predicted using tools 
such as Glimmer (4) or GeneMark  (5). The function of the 
proteins encoded by those genes can be predicted in 60 to 90% 
of the cases by homology to characterized proteins available in 
the ever-growing public databases. Predicted coding regions are 
typically searched against public databases with BlastP  (6) and 
assigned an annotation as well as a functional role category  (7)

or Gene Ontology (GO) terms  (8). To further enhance function 
assignment, the proteins are also searched against databases of 
hidden Markov models (HMMs) built on protein family/super-
family multiple-sequence alignments (9,10). In addition to ab
initio prediction of coding regions, comparative genomics is used 
to drive and improve annotation as well as to make it more homo-
geneous across strains or species. These steps are just some of the 
basic aspects of a full-blown genome annotation pipeline whose 
description is beyond the scope of this chapter. 

The genomics field is now increasingly turning towards 
metagenomics that applies genomics techniques to the study 
of complex communities of microbial organisms directly in 
their natural environments and without the need of laboratory 
isolation and cultivation. It aims to capture the total microbial 
gene diversity in an environment, shedding light on the biologi-
cal processes found there. Examples of metagenomics projects 
include environmental studies as those of seawater  (11) or soil 
(12), and medical applications, such as the human microbiome 
project  (13).

As of February 2009, the Genomes Online Database (GOLD; 
www.genomesonline.org ) reports 792 complete published bac-
terial genomes and another 2,392 ongoing bacterial genome 
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projects. These include all the major human pathogens, a grow-
ing number of other pathogens, and bacteria of environmental 
and industrial relevance. Such a flood of genomics data requires 
the design and access to databases that enable interrogation of 
the information in a biological context. Some databases like the 
Comprehensive Microbial Resource (cmr.jcvi.org) aim at provid-
ing comparative power across a comprehensive list of completely 
sequenced species. Other databases target a subset of species like 
the Bioinformatics Resource Centers ( www.brc-central.org ). The 
Bioinformatics Links Directory (bioinformatics.ca/links_direc-
tory) features a long list of links to molecular resources, tools, 
and databases (14). This directory provides an excellent starting 
point for users to get acquainted with the most useful and power-
ful publicly available tools for genomic data mining and analysis. 

Ever since whole-genome shotgun sequencing became the stand-
ard, the intrinsic sequencing approach did not change until recently. 
Although several generations of improved automated sequencers 
were developed and the speed of shotgun sequencing increased 25 
times between 1986, when the first automated DNA sequencer 
(Applied Biosystems model 370A) was commercialized, and 2005, 
when the AB 3730xl capillary sequencer dominated the laborato-
ries, the steps in the high-throughput shotgun sequencing process 
did not evolve. Genomic DNA was fragmented into pieces of 2–40 
kb and genomic libraries constructed by cloning the fragments into 
plasmid or fosmid vectors and transforming the constructs into 
Escherichia coli  for replication and propagation. The plasmid or 
fosmid DNA was then isolated and used as the sequencing tem-
plate for dideoxy-mediated chain termination sequencing reactions. 
The dideoxy-mediated chain termination sequencing chemistry has 
been the standard in the field since its discovery and publication in 
1975 by Fred Sanger  (15,16).

The way DNA sequence information is generated was revo-
lutionized in 2005 by 454 Life Sciences with the release of a 
sequencing platform, the Genome Sequencer 20 ( www.roche-
applied-science.com) that is based on totally different chem-
istry and technology  (17) (see Table  1 for a summary of the 
sequencing technologies described in this section). It does not 
require cloning of the shotgun fragments and therefore elimi-
nates the cloning bias for fragments that were unstable or could 
not be propagated in  E. coli .

The 454 sequencing sample preparation steps include DNA 
fragmentation, end repair, capture of the fragments on beads, 

2. Sequencing 
Technologies

2.1. Existing 

Technologies
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polymerase chain reaction (PCR) clonal amplification of the cap-
tured fragments in aqueous-oil emulsion microreactors, breaking 
of the microreactors, and enrichment for beads with amplified 
DNA (Fig. 1). The beads are then loaded into wells on a pico-
titer plate that is placed on the surface of a charge-coupled device 
(CCD). The sequencing is performed by synthesis using a modi-
fied pyrosequencing  (18) procedure on solid support (Fig. 2).
Nucleotides are sequentially passed through the flow chamber, 
and complementary nucleotides are incorporated in the wells 
containing the template-carrying beads. Inorganic pyrophos-
phate and photons are generated during the synthesis, and the 
signal from the individual wells is captured by the CCD, enabling 
reading of the template sequence.

The initial read length for each template was about 100 bases, 
which is much shorter than the average 800 bases read length 
routinely achieved by Sanger sequencing. It was improved to 
an average of 250 bases with the introduction of a second-
generation 454 FLX sequencer and has reached over 400 bases 
for a total of 1–2 Gb in 24 hours with further improved con-
sumables and software upgrades (Titanium series). Paired-end 

  Fig. 1.    The 454 sequencing steps: ligation of adapters, capture of DNA fragments on beads, and clonal amplification by 

PCR in emulsion microreactors.       
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sequencing protocol that generates 110 base-pair tags separated 
by 3000 bp genomic distance and that mimics the Sanger dou-
ble-strand sequencing was released in 2008.  This approach will 
improve the  de novo  sequence assembly and may overcome one 
of the drawbacks of the technology, namely, the inability to cor-
rectly assemble large repeats. The other main drawback relates 
to homopolymeric tracts, especially in monomers longer than 
three or four bases, for which the quantitation of the signal is 
not always accurate because all the bases in the tract are added in 
one nucleotide flow (e.g., six A’s in a row) and generate a single 
signal of higher intensity. This problem is partially overcome by 
the generation of a much deeper sequence coverage of each base 
than is traditionally achieved with Sanger sequencing. Each base 
is sequenced approx 30 times, instead of only 5–8 times, in a 
single 454 run for an average bacterial genome. 

Another popular sequencing instrument is the Illumina 
Genome Analyzer ( www.illumina.com ), released in June 2006. 
It employs the Solexa technology that is based on sequencing 
by synthesis, reversible terminator chemistry, and clonal single-
molecule array technology. A DNA sample of 100 ng/ mg is frag-
mented, and approximately 40 million random DNA fragments 
are immobilized on the optically transparent planar surface of a 
flow cell at a density of up to 10 million/cm2. The fragments 
are amplified (solid-phase amplification) to create close to 1,000 
local copies of each fragment. All four fluorescently labeled modi-
fied nucleotides possessing the reverse termination property 
and a polymerase are added to the array for sequencing. A laser 
light of a specific wavelength for each base excites the label on 
the incorporated nucleotides, and fluorescence is detected by a 
CCD. The fluorophore and the reversible terminator are then 
removed, and the cycle of incorporation, detection, and iden-
tification is repeated. A sequencing run generates up to 1 Gb 

  Fig. 2.    The 454 sequencing steps: loading of picotiter plate, pyrosequencing, and reading of the flowgram.       
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in random short sequence reads of 30–50 bases, producing an 
evenly distributed high coverage of reads that can be aligned with 
a reference genome sequence. The scalable nature of this plat-
form allows for a paired-end run on a single flow cell generating
up to 2 billion bases in a 6-day run. The presence of all four 
reversible-terminator deoxynucleotide 5 ¢-triphosphates (dNTPs) 
during each sequencing cycle minimizes the incorporation bias 
and increases the accuracy of base calls. The quality of each base 
call is determined independently; therefore, sequencing through 
homopolymeric regions poses no additional challenge. 

The ABI SOLiD system, which is based on sequencing by 
sequential ligation, was released by Applied Biosystems in October 
2007 ( www.appliedbiosystems.com ). The technology combines 
massively parallel clonally amplified sample preparation, sequenc-
ing by ligation, and fluorescently tagged nucleotide detection. 
Up to 10 mg of starting material is fragmented, the 60–90 base 
DNA pieces are linked to magnetic beads and clonally amplified 
in emulsion PCR microreactors (similar to the 454 protocol). 
The beads containing amplified DNA are covalently bound to 
glass slides and loaded onto the SOLiD Analyzer. The sequence 
of the fragments is generated by ligation with four-color dye-
labeled probes. Every fourth and fifth base is interrogated; the 
probe with exact matching bases ligates to the bound fragment, 
the color signal is detected and recorded at the fifth base, and 
the fluorescent tag is cleaved. After seven cycles of ligation, the 
original primer is stripped from the template, and a new primer 
offset by one base is hybridized to begin the next series of liga-
tions. Sequences of the first 25–35 bases are determined after 
five rounds of primer resets. The technology is also developed 
for paired-end sequencing across a range of library insert sizes 
from 0.6 to 10 kb. Interrogating two adjacent bases simultane-
ously during the sequencing process improves the base call accu-
racy and may allow distinction between sequencing errors and 
single-nucleotide polymorphisms (SNPs). Currently the SOLiD 
Analyzer generates about 2 Gb of data per run for a fragmented 
library and about 4 Gb for a paired-end library sequenced on two 
slides.

The HeliScope instrument from Helicos Biosciences ( www.
helicosbio.com) is the first commercialized single-molecule 
sequencing platform that does not require DNA amplification. 
The technology is based on the work of Steven Quake (19), who 
developed a novel surface chemistry that anchored DNA mol-
ecules to microchannels and demonstrated the proof of principle 
that the sequence of a template can be revealed by sequential 
addition of one type of labeled nucleotide and DNA polymerase. 
The Helicos sequencing by synthesis is performed in two flow 
cells in which single-stranded DNA molecules are captured on a 
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chemically treated surface at a density of 100 million/cm2. The 
DNA polymerase and fluorescently labeled bases are sequentially 
added, and if the base is complementary to the template, it is 
incorporated into the synthesized strand. Unincorporated bases 
are removed, the positions of the fluorescent bases are captured, 
and the fluorescent tag is cleaved. While a base is added in one cell 
the image is captured in the other cell. The first-generation Heli-
Scope systems released in early 2008 produce 25–55 base reads 
with <5% raw error rate for a total capacity of the instrument esti-
mated to be about 1–3 Gb/d. The instrument has the potential 
to generate up to 109 bases per hour with future improvements in 
chemistries and the flow cell. Single-molecule sequencing without 
DNA template amplification eliminates the risk of introducing 
errors during the amplification step but increases the probability 
of a wrong base call with a single-molecule template because of 
base misincorporations by the polymerase. This technology has the 
potential to considerably reduce the sequencing costs because of 
its massively parallel nature and minimal use of reagents if the 
data generated prove to be highly accurate. 

The combination of different technologies produces the most 
complete genome sequences. Disadvantages of one platform are 
complemented by the ability to resolve these features with 
a different technology. For example, sequences that cannot be 
propagated in  E. coli  are not represented in the cloned libraries, 
resulting in sequence gaps in shotgun assemblies. The steps of 
cloning and propagation in the bacterial host are absent in the 
454 sample preparation work flow. The fragmented genomic 
DNA is amplified on beads in emulsion PCR; therefore no host 
biases affect the composition of the amplified library. On the other 
hand, the pyrosequencing chemistry utilized on the 454 platform 
exhibits limited capability in accurately resolving homopolymers 
longer than three or four bases, whereas the Sanger dideoxy-
terminator sequencing produces the accurate number of con-
secutively repeated bases. The hybrid assembly of shotgun reads 
generated by these two platforms results in an accurate and 
almost complete microbial genome sequence, reducing, and in 
some cases eliminating, the need for manual genome finishing 
(20). The 454 platform is also an effective tool for sequencing 
through areas of secondary structures (hard stops) that are often 
prevalent in genomes with high G + C content (>60% G + C). 

The important factors are not only the total bases pro-
duced by a sequencer, but also the read length obtained from 
each sequenced fragment. It is especially significant in the case of 
de novo  sequencing and assembly of the shotgun reads. Addition 
of a large number of relatively short pyrosequencing reads did 
not result in significant reduction in gaps in genomes containing 
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a large number of repetitive areas or in the number of physical 
(unlinked) gaps (20). The use of paired ends is therefore necessary 
in this kind of genome. 

McCutcheon and Moran (21) demonstrated that a com-
plete and accurate genome sequence of Sulcia muelleri  can be 
obtained by combining two of the new higher-throughput tech-
nologies. They mapped short accurate reads (33 bases) from a 
partial Solexa Genome Analyzer run onto assembled 454 data. In 
doing so, they successfully corrected the 454 sequencing errors 
in the homopolymeric regions and eliminated the majority of the 
frameshifts in coding regions. 

In addition to the sequencing platforms released in the last 2–3 
years, numerous other companies and academic groups continue 
their quest for a technology that will yield a $1,000 human genome 
(22) and bring sequencing closer to clinical applications. 

Intelligent Bio-Systems ( www.intelligentbiosystems.com ) is 
developing a Pinpoint sequencer with predicted capacity of sev-
eral gigabasepairs per da y. It is based on sequencing by synthesis 
of PCR-amplified DNA fragments captured on a high-density 
glass chip. The modified nucleotides, containing an end cap and 
labeled with a base-specific removable fluorescent dye, are incor-
porated during the DNA strand synthesis. The array is scanned; 
the fluorescent label on the terminal base is detected, recorded, 
and then cleaved along with the end cap. 

The VisiGen Biotechnologies sequencing chemistry ( www.
visigenbio.com) is based on real-time single-molecule fluores-
cence detection in a massive parallel array. The DNA polymer-
ase is modified with a fluorescent donor, and each nucleotide 
is color coded with an acceptor fluorescent tag. During the 
extension reaction, when a nucleotide is incorporated into the 
growing DNA strand, energy transfers from the polymerase 
to the nucleotide (fluorescence resonance energy transfer, 
FRET), and a base-specific signal is emitted and detected in 
real time. The goal of VisiGen is to achieve a sequencing rate 
of 1 Mb/s per machine and generate read lengths of about 
1,000 bases. 

Mobious ( www.mobious.com ) is combining biological molec-
ular systems and artificial nanostructures to create novel single-
molecule sequencing and array-based sequencing-by-synthesis 
platforms. Mobious’s approach circumvents the use of labeled 
nucleotides and secondary enzymes. Known as polykinetic sequenc-
ing, it takes advantage of the selective mechanisms occurring 
during the polymerase reaction, discriminating between the time 
the DNA polymerase takes to add a complementary base to a 
growing strand and the time it takes to reject a noncomplemen-
tary base. By labeling the polymerase with a fluorescent tag 

2.3. Future Technologies
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and adding a single nucleotide at a time, the sequence is derived 
by measuring the amount of time the polymerase attaches to the 
growing strand. 

NABsys ( www.nabsys.com ) in partnership with Brown 
University is developing the hybridization-assisted nanopore 
sequencing (HANS) platform. The genomic DNA is fragmented 
in 100-kb pieces and made single stranded. Oligonucleotides 
representing all possible permutations of six bases are attached to 
the fragments one at a time. The fragments with annealed oligo-
nucleotides are then passed through nanopores, and the current 
flow through the pore is recorded. A drop in current indicates 
the presence of an oligonucleotide. The profiles of 6-mer posi-
tions along each fragment are then assembled into the 6-mer map 
of the entire genome. Finally, the profiles of each possible 6-mer 
are aligned, and the whole-genome sequence is derived. 

Pacific Biosciences ( www.pacificbiosciences.com ) is exploring 
a different approach to sequencing a single native DNA mole-
cule in real time. The SMRT™ sequencer utilizes a zero-mode 
waveguide based on Harold Craighead’s and Stephen Turner’s 
work at Cornell University  (23,24). The zero-mode waveguides 
are nanometer-scale holes in a very thin metal film in which a 
single DNA polymerase molecule is captured. The sequence 
is determined during the DNA replication in real time as the 
DNA polymerase adds nucleotides, each tagged with a different 
fluorescent dye, to the growing complementary DNA (cDNA) 
strand. Because light can penetrate only a very short distance past 
the hole, the imaging equipment illuminates just the base added. 
The sensor can detect only that spotlight, but not all other free-
floating fluorescent bases. The current reported throughput of 
the SMRT system is about 10 kb/s or 36 Mb/h, but projected 
improvements could bring the sequencing speed to 100 Gb/h. 
If the promise of this technology is realized, the human genome 
could be sequenced in about 4 min for less than $1,000. 

The goal of Reveo ( www.reveo.com/vision ), developers of 
the OmniMoRA (omni molecular recognizer application), is to 
sequence a human genome in less than 1 min. They rely on phys-
ical electrooptic methods and nanotechnology rather than the 
traditional chemical methods. Sequencing is performed by scan-
ning stretched immobilized single-strand DNA using an array of 
nano-knife-edge blades as detectors. Accelerated electrons excite 
the bases, which vibrate with specific frequencies, and the molec-
ular vibration characteristics are measured and recorded for each 
of the nucleotides. The same device could sequence amino acids 
in a protein. It has the potential to achieve improvements over 
existing sequencing instruments that may lead to 100% error-free 
reads and 100% coverage of the human genome in minutes for 
pennies per genome. 
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Until future technologies become readily available, the increase 
in sequencing throughput will come with shorter read lengths 
or other varying drawbacks. Although the combination of dif-
ferent technologies in a single project can alleviate some of the 
drawbacks and improve sequencing results ( see Subheading 2.2 ),
newer technologies can be used individually in applications that 
go beyond genome de novo  sequencing. 

The most obvious use of a very large number of short reads 
is to align them onto a reference complete genome to identify 
differences, in particular small local ones like SNPs. The ability to 
reliably distinguish valid SNPs from sequencing errors depends 
on the average quality of the reads generated by the technology 
as well as its throughput and ability to perform several runs 
easily, which directly correlates to the average number of indi-
vidual reads that will span any given SNP. 

If paired ends are combined with very high-throughput 
sequencing technologies, the rapid mapping of an extremely large 
number of sequence pairs onto a reference genome enables the 
identification and characterization of rearrangements, such as 
deletions, insertions, and inversions, that happened between the 
pairs. For instance, the 454 technology was used to detect and 
map more than 1,000 structural variations, 3 kb or larger, between 
two humans using the human genome as a reference  (25).

The higher throughput of new sequencing platforms 
also positions them favorably for the detection of rare entities 
or events. For instance, 454 sequencing was used to generate 
expressed sequence tags (ESTs) from RNA captured by laser 
microdissection from the shoot apical meristem of maize. In a 
single run, over 25,000 genes were tagged, and 30% of the 454 
ESTs did not align with ESTs previously generated for this tissue. 
The 454 ESTs included rare transcripts that had not yet been 
captured  (26). Sequencing cDNA from RNA samples using these 
technologies also provides for accurate determination of the rela-
tive abundance of individual RNAs within the sample simply 
by comparing the relative abundance of sequences obtained for 
each gene/transcript. A study indicated that this approach com-
bines the high-throughput advantage of serial analysis of gene 
expression (SAGE) with the mapping accuracy of EST sequenc-
ing that provides longer reads than the short SAGE tags  (27).
The study also determined that short and long transcripts (<80 
bases or >300–400 bases, respectively) are underrepresented in 
454 sequencing reads. However, the limitation with longer tran-
scripts can easily be overcome by shearing the starting material, 
for instance, by nebulization. Nevertheless, in another study 454 

3. Applications
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was used in conjunction with Solexa to detect small regulatory 
RNAs (20–30 bases), including microRNAs  (28). It is foreseeable 
that new sequencing technologies will make microarray-based 
comparative genomic hybridizations (CGHs) and transcriptional 
profiling obsolete in the near future given their higher accuracy 
than microarray hybridization results and broader dynamic range 
of detection. The Solexa technology has also been used for ChIP-
Seq (29) to study protein-DNA interactions, for instance, to 
characterize promoter-binding sites; the identification of DNA 
methylation patterns in Arabidospsis  (30); and the mapping of 
nucleosome positions in humans (31). The list of applications is 
as diverse as it is long, and it will continue to grow as additional 
technologies come online. 

It should be noted that the use of these new technologies 
comes with significant challenges that are sometimes overlooked 
by interested users. First, the sheer throughput of the new 
platforms generates amounts of data that can rapidly become 
extremely difficult to handle, from the very basic aspect of stor-
age on digital media to the need for robust software applications 
to process and analyze the data. Second, the disparity in sequenc-
ing accuracy, read length, and read type (e.g., Sanger electroph-
erograms vs. 454 flowgrams) renders the assembly of reads from 
individual platforms or combinations thereof quite challenging. 
Tools are currently being developed to address this issue  (32),
and it is hoped that they will enable users to select technologies 
that best suit their needs and generate reliable assemblies for 
further analysis. 

The availability of genome sequence information and tools 
to mine it has revolutionized the way researchers in many 
fields design their experiments. Molecular biology is prob-
ably the most affected discipline as manipulation of genes has 
become so powerful with the knowledge of their sequence. 
Despite the large number of species sequenced, genomics 
continues to unravel genes that had not been seen before and 
whose function is unknown. One of the goals of the genomic 
art is to point experts toward a set of new genes that are of 
interest to their research. For instance, the context of these 
genes—operons, distribution across species or strains thereof 
(comparative genomics), or phylogenetic trees—can help 
gain insights into their potential role and open avenues for 
research. Subsequently, the identification of novel gene func-
tions will lead to new research applications. 

4. Impact of 
Whole-Genome
Sequencing
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Genomics has shed light on many aspects of evolution (33):
genome reduction as seen in the case of obligate intracellular 
bacteria; genome plasticity (rearrangements, mobile elements); 
gene duplication and diversification of protein function; lateral 
gene transfer and acquisition of new functions; adaptation to 
environments; virulence; and so on. It has also had an impact 
on industrial processes, bioremediation, and biotransformation, 
as well as medicine with the accelerated development of vaccines 
(see Subheading 5 .), drugs, and diagnostics. Epidemiology is of 
course intimately connected to genomics. The latter provides a 
whole-genome perspective to the classifications derived from the 
subsets of markers measured by molecular epidemiology tech-
niques. On the other hand, epidemiology is excellent at identify-
ing strains that should be selected for whole-genome sequencing 
to encompass and thoroughly characterize the breadth of diver-
sity at hand. 

Many new disciplines have also emerged or significantly 
expanded in the postgenomic era, including
1. Functional genomics that tackles the function of genes at the 

whole-genome level. Transcriptomics, using microarrays or 
cDNA sequencing techniques, identifies the transcriptional 
level of the entire gene repertoire under various conditions. 
For example, Grifantini et al. identified the genes expressed 
on interaction of Neisseria meningitidis  with epithelial cells 
(34). Proteomics achieves a similar goal but by looking at the 
protein level rather than the messenger RNA (mRNA) level. 
For instance, Pieper et al. studied the resistance of  Staphy-
lococcus aureus  to vancomycin using comparative proteomics 
approaches  (35). Metabolomics tackles yet another level of 
the cell biology: the profile of all metabolites, the small mol-
ecules that are the end product of specific cellular processes 
(36). Interactomics investigates the protein-protein interac-
tions within the bacterial cell or between the bacterial pro-
teins and their host, for instance, using two-hybrid techniques 
(37). The difficult task of reconciling the knowledge gained 
from all these approaches belongs to the rising field of systems 
biology, in which studies are conducted at the level of whole 
cells or communities (38).

2. Synthetic biology: Given the sequence of an entire genome, 
it is possible to synthesize genes de novo , usually starting from 
long synthetic oligonucleotides that are assembled together 
sequentially. A common application is the optimization of 
codon usage within a gene of interest for more efficient heterolo-
gous expression, for instance, for the production of a specific 
compound. More recently, investigators have attempted to 
identify the minimal genome, the smallest set of genes that 
enables life, and synthesized the minimal genome of Mycoplasma
genitalium (39,40).
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3. Structural genomics: Obtaining the three-dimensional struc-
ture of proteins is the ultimate step toward characterizing their 
function and understanding their interaction with their environ-
ment. Comparative genomics facilitates the comprehensive iden-
tification of protein families representative of particular protein 
functions. Ongoing projects aim at systematically crystallizing a 
representative member of each of those families and deciphering 
their three-dimensional structure  (41). Given the high degree 
of diversity among some protein families, subsequent efforts will 
likely be aimed at crystallizing multiple members of the more 
diverse families to shed light into the evolution of function. 

One of the main goals of sequencing the genome of many strains 
and species of bacterial pathogens is to identify novel tools to help 
combat disease. Reverse vaccinology (42) makes use of genomic 
sequence information to identify novel and better-suited protein 
candidates for vaccine development. Knowing the genome pro-
vides access to all the proteins it encodes and an understanding of 
their diversity, thus enabling a more informed selection of vaccine 
candidates.

Reverse vaccinology was pioneered in 2000 on serogroup B 
Neisseria meningitidis (43,44). Based on the genomic data, all 
proteins predicted to be surface exposed and therefore likely to 
be accessible to antibodies were identified  in silico . Criteria for 
prediction included proteins known to carry out functions at the 
surface of the cell; exclusion of proteins known to be cytoplasmic; 
exclusion of proteins likely to be embedded in the cell’s membrane 
and inaccessible to antibodies; and amino acid motifs character-
istic of targeting to the membrane (signal peptides), anchoring 
in the lipid bilayer (lipoproteins), anchoring in the outer mem-
brane of gram-negative bacteria or the cell wall of gram-positive 
bacteria, and interaction with host proteins or structures (e.g., 
integrin-binding domain) (45). This resulted in a list of approx 
600 genes that were systematically cloned in  E. coli  for expression 
of recombinant proteins. About 350 proteins that were success-
fully expressed and purified were used for characterization of their 
antigenicity and accessibility on the cell surface. Of these, 85 were 
positive in one or more of the following assays: Western blot (spe-
cificity), flow cytometry or immunoprecipitation (accessibility), 
and bactericidal activity (ability of the antisera to kill the bacteria in 
vitro when combined with human complement)  (46). The last is a 
good indicator that the antigen is a promising vaccine candidate. 
The seven best candidates that satisfied all criteria were selected 

5. Reverse Vacci-
nology and Bacte-
rial Diversity
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and sequenced across a panel of diverse strains of  N. meningitidis 
representing all serotypes and spanning the phylogeny of the 
species (44). Five of the seven candidates were completely con-
served across the entire panel of strains. Thus, for the first time 
in decades of classical vaccinology, five extremely strong vaccine 
candidates likely to confer general protection against serogroup B 
strains of N. meningitidis  were identified. These were combined 
and tested in infant rats challenged intraperitoneally with lethal 
doses of N. meningitidis . The cocktail, when formulated with 
adjuvants suitable for human use, conferred protection in rats 
against 90% of a panel of 85 N. meningitidis  strains representative 
of the global population diversity (47). The cocktail is currently 
being tested in human clinical trials (47).

Since then, the reverse vaccinology approach has been 
applied to numerous microbial species. Another striking example 
of its importance is the case of group B  Streptococcus (Streptococ-
cus agalactiae) . The first genome sequence of this species did 
not provide antigens able to confer general protection against 
the diversity of strains encountered in the clinic. The generation 
of eight complete genome sequences encompassing the major 
disease-causing serotypes indicated that  S. agalactiae  is a very 
diverse species. Indeed, each new genome sequence provided an 
average of 33 new genes, and mathematical extrapolation of the 
trend indicated that a very large number of genomes would have 
to be sequenced before the entire gene repertoire of group  B
Streptococcus  could be determined  (48,49). This led to the con-
cept of the bacterial pan-genome, composed of the core genome: 
the genes present in all sequenced strains and the dispensable 
genome made of genes present in a subset of the strains. The 
latter contributes to the diversity of the species and provides the 
tools for evolution and adaptation. In the case of S. agalactiae ,
the pan-genome is described as open, meaning that the size of the 
pan-genome is undetermined and is likely to be very large. Other 
species, such as Bacillus anthracis , exhibit a closed pan-genome 
because only four genome sequences are sufficient to describe 
their entire gene repertoire  (49). The pan-genome concept has 
deep implications for the diversity of the species and the discov-
ery of vaccine candidates. In the case of  S. agalactiae , a cocktail 
of four antigens, only one of which was part of the core genome, 
had to be used to confer broad protection  (50).

Reverse vaccinology is only one example of the power of 
bacterial genome sequencing in the modern era of genomics. In 
the near future, a remarkably large number of bacterial species 
will have one or several genome sequences available (complete or 
draft), including unculturable species, thanks to metagenomics 
and other approaches. This wealth of data will continue to alter 
the way we conduct research and warrants an exciting future in 
our respective fields. 
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Chapter 19 

DNA Microarray for Molecular Epidemiology of Salmonella

     Stephan   Huehn       and Burkhard   Malorny   

Salmonella is a major zoonotic food-borne pathogen that causes 
outbreaks and sporadic cases of gastroenteritis worldwide in 
humans (1). Currently, two species are recognized in the genus 
Salmonella: Salmonella enterica and  Salmonella bongori. Salmo-
nella enterica has been subdivided into six subspecies:  S. enterica
subsp. enterica (designated subspecies I),  S. enterica subsp. 
salamae (subspecies II),  S. enterica subsp . arizonae (subspecies 
IIIa), S. enterica subsp.  diarizonae (subspecies IIIb),  S. enterica

1. Introduction

  Abstract 

Salmonellosis is a common infection estimated to affect 3 billion people and to cause 200,000 deaths 
every year. Infections can appear as enteric fever, gastroenteritis, bacteremia, or extraintestinal focal infection.
The course of the disease depends on a variety of factors, including infective dose, immune status of the 
host, and the genetic background of both the host and the pathogen. It has been recognized that certain 
Salmonella types play a major role in the epidemiology of  Salmonella. Here we describe a DNA microar-
ray comprised of 282 sixty-mer oligonucleotide probes to study the epidemiology of  Salmonella enterica

subsp. enterica isolates at the genotypic level. The probes detect targets encoding genes associated with 
pathogenicity, antibiotic resistance, fimbriae, prophages, flagella (H antigens), lipopolysaccharides 
(O antigens), plasmids, insertion sequence elements, and metabolism. The probes are printed on glass 
slides, and whole-genomic fluorescence-labeled  Salmonella DNA is hybridized to the substrate. For quality
assurance, a number of controls are included on the microarray. 

Key words: Characterization, epidemiology , microarray , Salmonella spp , typing.

D.A. Caugant (ed.), Molecular Epidemiology of Microorganisms, Methods in Molecular Biology, Vol. 551
DOI: 10.1007/978-1-60327-999-4_19, © Humana Press, a part of Springer Science + Business Media, LLC 2009

249



250 Huehn and Malorny

subsp. houtenae (subspecies IV), and  S. enterica subsp . indica
(subspecies VI). Subspecies I strains are usually isolated from 
humans and warm-blooded animals, while the other subspecies 
are usually recovered from cold-blooded animals and the envi-
ronment. According to the Kauffmann-White scheme, subspecies 
are further divided into serotypes, which are widely used as an 
epidemiological standardized typing method. Serotyping is based 
on the antigenic variability of the lipopolysaccharide moieties 
(O antigens), flagellar proteins (H1 and H2 antigens), and  capsular
polysaccharides (Vi antigens). 

In general, Salmonella enterica from human infections can be 
subdivided into two groups: the enteric fever (typhoidal) group 
and the nontyphoidal salmonellae, which typically cause gastro-
enteritis but occasionally, under certain conditions, can cause 
invasive disease. Mainly, five serotypes are involved in enteric 
fever: Typhi, Paratyphi A, Paratyphi B, Paratyphi C and related 
serotypes (Choleraesusis), and Sendai  (2). The other approx 
2,500 known serotypes belong to the nontyphoidal salmonellae. 
Although rare, nontyphoidal salmonellae can cause systemic dis-
ease, typically when the host’s defense is compromised. Specific 
nontyphoidal serotypes appear to be associated with rather high 
ratios of invasiveness compared to other serotypes, for example, 
Dublin, Heidelberg, Brandenburg, and Virchow  (3). Salmonella
Enteritidis and S. Typhimurium are the most epidemiological 
important serotypes because they are responsible for more than 
80% of all human infections worldwide (4).

A number of virulence factors and virulence mechanisms 
have been identified in Salmonella. Among those are the type 
III secretion system, the lipopolysaccharide, and intracellular sur-
vival and pathogenicity islands (SPIs) that play a major role in the 
pathogenicity and epidemiology of Salmonella. The various Sal-
monella genomes contain horizontally acquired genetic elements 
that might play a role in infection, host adaptation, disease devel-
opment, and spread of antibiotic resistance determinants. Lateral 
gene transfer is a major contributor to Salmonella evolution (5).

A recently identified region that is associated with enhanced 
virulence is the  Salmonella Genomic Island 1 (SGI 1),  encoding
multidrug resistance. SGI 1 is a chromosomally encoded gene 
cluster, with a size of 43 kb, originally found in a Canadian 
S. Typhimurium phage type DT104 isolate. Recently, SGI 1 was 
also detected in other, epidemic  Salmonella serotypes (e.g., Agona, 
Albany, Newport, Paratyphi dT+)  (6). DT104 is associated with 
enhanced virulence and multidrug resistance. SGI 1 apparently 
spreads horizontally and represents a public health concern in 
regard to the future treatment of  Salmonella infections. 

We describe here a protocol to produce a DNA microarray 
comprised of 282 oligonucleotide probes to study the epidemi-
ology of  Salmonella. Furthermore, a protocol for the hybridization
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and an example to analyze the results are provided. With this 
DNA microarray it is possible to analyze the presence or absence 
of a defined gene set of a few hundred specific  Salmonella target 
sequences within one experiment ( see Appendix).

All buffers and double-distilled water must be sterilized by either 
autoclaving or filtration. 

1. Microcentrifuge (Eppendorf, Hamburg, Germany). 

2. Vortex mixer. 

3. Thermal block (thermomixer 5436, Eppendorf) or water 
bath, capable of being heated to 95°C. 

4. DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany). 

5. Proteinase K (>600 mAU/mL) solution (Qiagen). 

6. Ribonuclease (RNase) A (100 mg/mL) (Qiagen). 

1. Microarrayer (QArray Mini, Genetix, UK). 

2. Thermal block. 

3. 384-well polypropylene microarray plate with cover (e.g., 
Genetix, UK). 

4. Pretreated glass slides (CodeLink Activated Slides, GE 
Healthcare). 

5. Desiccator. 

6. Slide holder tube (AdvaTube, Advalytix, Munich, Germany). 

7. C6 amino-linked oligonucleotides, synthesis scale 0.04 mM,
100 pmol/ mL concentration (Metabion, Munich, Germany). 

8. 2X print buffer: 300 m M sodium phosphate. Dissolve 0.41 
g NaH 

2
PO

4
, 3.79 g Na 

2
HPO

4
 in 100 mL distilled water, 

adjust to pH 8.5. 

9. Blocking solution: 100 m M Tris-HCl, 50 m M ethanolamine, 
pH 9.0 ( see Note 1).

10. Glass chamber with slide rack (e.g., staining dish with tray, 
Schiefferdecker type, Duran, Mainz, Germany). 

1. Thermal block or water bath capable of being heated to 95°C. 

2. Water bath. 

3. Microcentrifuge. 

4. Concentrator. 

2. Materials

2.1. Salmonella DNA

Purification

2.2. Microarray 

Production

2.3. DNA Labeling and 

Purification
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5. Exo-Klenow fragment (5 U/ mL, Klenow fragment of DNA 
polymerase I, GE Healthcare). 

 6.  10X nucleotide mix with 5-aminohexylacrylamido-dCTP 
in 10 m M Tris-HCl and 1 m M ethylenediaminetetraacetic 
acid (EDTA), pH 8.0 (Bio Prime Plus Array CGH Genomic 
Labelling System, Invitrogen). 

 7.  Panomer 9 solution covalently labeled at 5 ¢-end with fluoro-
phore AlexaFluor 555 or AlexaFluor 647 (Bio Prime Plus 
Array CGH Genomic Labelling System, Invitrogen). 

 8.  Reaction buffer 2.5X: 125 m M Tris-HCl, 12.5 m M MgCl 
2
,

pH 7.5. 

 9.  Stop buffer: 0.5 M EDTA, adjust to pH 8.0. 

10. Binding buffer B2: 40% (v/v) 2-propanol, supplied with 
Labelling System (Bio Prime Plus Array CGH Genomic 
Labelling System, Invitrogen). 

11. Washing buffer W1: 80% (v/v) ethanol, supplied with Label-
ling System (Bio Prime Plus Array CGH Genomic Labelling 
System, Invitrogen). 

12. Elution buffer E1: 10 m M Tris-HCl, pH 8.5. 

13. DNA purification spin columns with collection tubes (Bio Prime 
Plus Array CGH Genomic Labelling System, Invitrogen). 

14. 1.5-mL amber reaction tubes (Eppendorf). 

1. Hybridization chamber (sciHYBCHAMBER, Scienion, Ber-
lin, Germany). 

 2.  BfR hybridization buffer: 400  mL formamide, 100  mL Den-
hardt’s solution (Fluka), 100  mL 10% (w/v) sodium dodecyl 
sulfate (SDS), 150 mL 20X SSC (3 M NaCl, 0.3 M sodium 
citrate, pH 7.0), 250 mL 20% (w/v) dextrane sulfate. 

 3.  Water bath heated to 42°C. 

 4.  Lifter slips (MSeries 22 × 26.5 mm Erie Scientific Company, 
Portsmouth, NH). 

 5.  Wash solution I (1X SSC + 0.3% w/v SDS): 150 m M NaCl, 
15 m M sodium citrate, and 1 m M SDS in double-distilled 
water. 

 6.  Wash solution II (0.2X SSC): 30 m M NaCl, 3.0 m M sodium 
citrate in double-distilled water. 

 7.  Wash solution III (0.05X SSC): 7.5 m M NaCl, 0.75 m M
sodium citrate in double-distilled water. 

1. Two-color laser scanner (excitation by 532 and 635 nm), 
including analysis software (e.g., GenePix 4000B scanner, 
Gene Pix Pro 6.0 software, Axon Instruments, CA). 

2.4. Hybridization

2.5. Scanning and 

Data Analysis
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2. Table calculation software (e.g., Microsoft Excel, Redmond, 
WA). 

3. Visualization and analysis software (e.g., BioNumerics 5.0, 
Applied Maths, Ghent, Belgium). 

The microarray protocol described consists of the following steps: 
(1) Salmonella DNA purification from pure cultures; (2) produc-
tion of the microarray; (3) genomic DNA labeling; (4) microarray 
hybridization of labeled genomic DNA; and (5) scanning and 
data analysis. 

For the purification of Salmonella DNA, the DNeasy Blood and 
Tissue Kit from Qiagen is used.
 1.  Transfer 1.6 mL  Salmonella overnight culture (16–18 h 

incubated at 37°C) into a clean 2.0-mL reaction tube. 
Centrifuge at 10,000 g for 4 min ( see Note 2).

 2.  Discard the supernatant carefully. 

 3.  Resuspend the pellet completely in 180 mL ATL buffer by 
vortexing. 

 4.  Add 25 mL proteinase K; mix by vortexing briefly. 

 5.  Incubate the suspension at 56°C for 3 h using a thermo-
mixer at 750 rpm. 

 6.  Centrifuge the tube for 10 s. 

 7.  Let the tube cool at room temperature to approx 40°C. 

8. Add 5 mL RNase A (100 mg/mL), mix by vortexing, and 
incubate for 5 min at room temperature. 

 9.  Mix by vortexing for 15 s. Add 210  mL AL buffer and mix 
thoroughly by vortexing. 

10. Add 210 mL 96–100% ethanol and mix by vortexing imme-
diately to yield a homogeneous solution. 

11. Pipet the mixture into the DNeasy Mini spin column placed 
in a 2-mL collection tube. 

12. Centrifuge at 10,000 g for 1 min. Discard the collection tube 
and place the column in a new collection tube. 

13. Add 500 mL AW1 buffer and centrifuge at 10,000 g for 1 min. 
Discard the flowthrough and collection tube and place the 
column in a new collection tube. 

14. Add 500 mL AW2 buffer and centrifuge at 10,000 g for 1 min. 

3. Methods

3.1. Salmonella DNA 

Purification
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15. To dry the DNeasy membrane, centrifuge for 3 min at 
17,500g. Discard the flowthrough and the collection 
tube.  

16. Place the DNeasy Mini spin column in a 1.5-mL microcen-
trifuge tube and pipet 50 mL AE directly onto the DNeasy 
membrane.

17. Incubate at room temperature for 5 min, then centrifuge at 
10,000g for 1 min to elute DNA. 

18. Repeat elution step and centrifuge at 17,500 g for 2 min. 

19. Store the DNA at 4°C until fluorescence labeling. 

The source plate should be prepared in a room free of  Salmonella
DNA ( see Note 2).
 1.  Dilute 6 mL of print buffer with 2.4 mL double-distilled 

water. Fill the 384-well microarray plate with 21  mL per well 
using a multichannel pipet. Add 9 mL of each 100 m M oli-
gonucleotide probe using a multichannel pipet ( see Note 3
and Appendix).

 2.  Add 9 mL of double-distilled water in the wells that do not 
contain oligonucleotide probes. 

Here we describe the printing conditions and application of a 
QArray Mini microarrayer (Genetix) for the array production. 
For other microarrayers, the printing conditions should be 
adapted.
 1.  Place the slides onto the slide holder. The activated surface 

must be placed on top ( see Note 4).

 2.  Place eight pins in the print head and adjust the head for 
approx 0.5-mm inking depth. The source inking order is set 
by rows. 

 3.  For slide design, select 8-pins/7-fields order and arraying by 
fields. For field layout, use fields 1, 2, 5, and 6 ( see Note 5
and Fig. 1a).

 4.  Set the pattern dimension to 160  mm estimated spot size, 
row count 6, column count 8, row pitch 750  mm, column 
pitch 500 mm.

 5.  Set the number of blots required before printing on the sample 
slides to 5 and the blot pitch to 650 mm.

 6.  Set the washing program between oligonucleotide inking 
to 3,000 ms washing using distilled water, 500 ms waiting. 
Repeat washing step six times. The final step is 3,000 ms 
washing, 35,000 ms drying with compressed air, and 5,000 
ms waiting ( see Note 6).

3.2. DNA Microarray 

Production

3.2.1. Preparation of the 

Source Plate

3.2.2. Print Process
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 7.  Print the slides using 24 stamps per inking. Set the stamp 
time to 10 ms and inking time to 2 s. 

8. After printing, place the slides immediately in a sealed 
chamber (e.g., glass chamber with slide rack) containing 
saturated sodium chloride solution at the bottom. Close the 

  Fig. 1.     Salmonella  DNA microarray. ( a ) Scheme of the array showing the segmenta-

tion into 16 blocks. All blocks contain a control row including positive control spots 

(diamond), print buffer (contamination) control spots (black circle), and negative con-

trol spots (square). The oligonucleotide probes are positioned within the upper 5 rows 

of each block (white circle). Each probe is printed as replicate. ( b ) Hybridized  Salmo-

nella  DNA labeled with AlexaFluor 555. A gray spot indicates the presence of a target 

sequence within the genome.       
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chamber with a lid and seal the chamber with parafilm. Keep 
the chamber overnight at room temperature. 

1. Block residual reactive groups using preheated blocking 
solution at 50°C for 30 min with gentle shaking in a sealed 
chamber. 

2. Rinse the slides in distilled water and afterward in postprint 
washing solution. 

3. Wash the slides using preheated postprint washing solution at 
50°C for 30 min with gentle shaking in a sealed chamber. 

4. Rinse the slides in distilled water. 

5. Wash the slides using preheated distilled water at 50°C for 
30 min with gentle shaking in a sealed chamber. 

6. Place four slides each in a slide holder tube and spin the tube 
in a centrifuge for 3 min at 5,000 g.

7. Store the slides until use at room temperature, protected from 
light and humidity. 

For the labeling of the genomic Salmonella DNA, the BioPrime 
Plus Array CGH Genomic Labeling System is used. General 
requirements for the labeling according to standard laboratory 
praxis have to be considered ( see Notes 2 and 7).

1. Pipet approx 4  mg Salmonella genomic DNA in a maximum 
volume of 24 mL in an amber 1.5-mL microcentrifuge tube and 
adjust the volume to 24 mL with sterile water ( see Note 8). 

2. Add 20 mL fluorophore-random oligonucleotide mix (Panomer
9 resuspended in reaction buffer), mix by vortexing  gently, 
and briefly centrifuge to the collect the contents. 

3. Incubate the tube at 95°C for 10 min, immediately cool on 
ice, protected from light, for 5 min. 

4. On ice, add 5 mL 10X fluorophore nucleotide mix with Alex-
aFluor 555-aha-dCTP or AlexaFluor 647-aha-dCTP and 1.5 
mL exo-Klenow fragment ( see Note 9). Mix gently briefly by 
vortexing and centrifuge to collect the contents. 

5. Incubate the tube at 37°C for 3.5 h in a water bath protected 
from light. 

6. Add 5 mL stop buffer to the tube and place on ice. 

1. Add 200 mL binding buffer B2 to the labeled DNA and briefly 
mix by vortexing. 

3.2.3. Postcoupling 

Processing

3.3. Labeling of 

Genomic DNA

3.3.1. DNA Labeling

3.3.2. Purification of 

Labeled DNA
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2. Load the sample onto the PureLink Spin Column placed in 
a 2-mL collection tube. 

3. Centrifuge at 10,000 g for 1 min. Discard the flowthrough 
and place the column in a new collection tube. 

4. Add 650 mL of wash buffer W1 onto the column. 

5. Centrifuge at 10,000 g for 1 min. Discard the flowthrough 
and place the column in a new collection tube. 

6. Centrifuge the column at 17,500 g for 3 min to remove any 
residual wash buffer. 

7. Place the column in a new sterile amber 1.5-mL collection 
tube. 

 8.  Add 55 mL elution buffer E1 to the center of the column and 
incubate at room temperature for 5 min. 

 9.  Centrifuge the column at 17,500 g for 2 min. The flow-
through contains the purified labeled DNA. 

10. Dry the eluate in a vacuum concentrator at 60°C for 
25 min.  

Protect the labeled DNA from light as much as possible at all 
steps ( see Note 2).

1. Place the slide containing the printed probes into the hybrid-
ization chamber. Place one lifter slip per array field onto the 
slide. Fill 30 mL of sterile water into humidity wells and pre-
warm the closed chamber at 42°C for 10 min. 

 2.  Add 30 mL of hybridization buffer to the labeled and dried 
DNA and resuspend the DNA by careful pipeting. Avoid air 
bubbles.

 3.  Incubate the sample at 95°C for 2 min. 

 4.  Centrifuge briefly to collect the content and to avoid liquid 
at the tube walls. 

 5.  Open the prepared hybridization chamber. 

 6.  Load the sample carefully under the lifter slip. Avoid air 
bubbles.

 7.  Close the hybridization chamber and incubate at 42°C for 
approx 18 h in a water bath. 

1. After incubation, open the hybridization chamber and remove 
the slide from the chamber with tweezers. Immediately rinse 

3.4. Microarray 

Hybridization of the 

Labeled DNA

3.4.1. Hybridization

3.4.2. Washing
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the slides in 300 mL wash solution I, preheated at 34°C, to 
remove the lifter slips. 

 2  Place the slide in a slide holder and wash it at 34°C for 3 min 
in wash solution I with gentle shaking. 

 3.  Rinse the slide with wash solution II, preheated at 34°C. 

 4.  Wash the slide at 34°C for 3 min in wash solution II with 
gentle shaking. 

 5.  Rinse the slide with wash solution III, preheated at 34°C. 

 6.  Wash the slide at 34°C for 3 min in wash solution III with 
gentle shaking. 

 7.  Rinse the slide in sterile water at room temperature. 

 8.  Place the slide in a holder tube and centrifuge the tube at 
5,000g for 3 min. 

 9.  Store the slides until scanning, dry and protected from light, 
at room temperature. 

1. Prescan the slide using a microarray scanner according to the 
manufacturer’s instructions. Select the green laser light chan-
nel for the DNA, if labeled with AlexaFluor 555 and the red 
laser light for the DNA, if labeled with AlexaFluor 647. Adjust 
the PMT gain ( see Note 10).

2. Define the array field and perform a full scan with high resolu-
tion (10 mm pixel resolution). 

3. Save the scanned array in TIFF format ( see Fig. 1b).

4. Automatically align signals for identifying and analyzing 
individual features using a GAL (GenePix Array List) file ( see
Note 11) and quantify feature intensities using the GenePix 
Pro software. Subtract the local background intensity from 
each feature intensity. Save the raw feature intensities as a 
text file and import the file in a table calculation program 
(e.g., Excel) for normalization. 

1. Calculate the signal intensity average of the two positive control 
spots (ttrC probe) of each block. Calculate a ratio between the 
ttrC intensity and each feature intensity of the  corresponding 
block. Based on the ratio the presence, absence, or uncertainty 
of the target will be defined. Using CodeLink Activated slides 
the cutoff ratio is set to 0.25. A normalized ratio over 0.25 
is considered as target sequence presence. A normalized ratio 
between 0.25 and 0.15 is considered an uncertain result. In 
this case, an individual decision has to be made ( see Note 12).
A normalized ratio below 0.15 is considered as target sequence 
absent.

3.5. Scanning and 

Data Analysis

3.5.1 .  Normalization
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2. Import a table indicating the presence or absence of each 
individual target from one strain to BioNumerics 5.1. 
Select certain target marker groups (e.g., pathogenicity) 
and perform a maximum parsimony tree to visualize the 
differences in the gene set between the strains tested ( see
Fig. 2).         

1. Prepare the solution without adding ethanolamine; adjust to 
pH 9. Add ethanolamine directly before use. 

2. Use pipet tips with filters only. Carefully avoid cross-
contamination of the samples. The reagents, especially the 
enzymes, should be kept on ice during pipeting. To avoid 
fluids on the reaction tube wall, spin the tubes shortly in a 
microcentrifuge before use. 

4. Notes

  Fig. 2.    Maximum parsimony tree calculated by BioNumerics 5.1. The tree exemplarily shows the differences of various 

Salmonella  isolates tested based on 75 pathogenicity genes. Strains belonging to a certain serovar cluster together. The 

small numbers indicate the number of genes different between the branches.       
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3. To be able to use multichannel pipets, order oligonucleotide 
probes in a 96-deep well microtiter plate. 

4. The print chamber and slide surfaces should be free of dust. 
The humidity should be between 25 and 50%. 

5. One field is divided into eight blocks (eight columns, six rows) 
representing a full set of probes ( see Fig. 1a ). All fields have 
the same probe assignment. Consequently, one slide contains 
two arrays; fields 1 and 2 form the first array, fields 5 and 6 the 
second array. 

 6.  The compressed air should be totally clean. Avoid propellants 
and oil aerosols. Especially, propellants influence the surface 
tension, which influences the spot size and may generate 
extremely large spots. 

 7.  After adding the fluorophores carefully protect the solutions 
from light for the whole process. Especially, UV light will bleach 
and lower the signal intensity. Use amber reaction tubes. 

 8.  At least 4 mg of genomic DNA should be used, but not more 
than 10 mg.

 9.  Generally, AlexaFluor 555-aha-dCTP can be used for labeling. 
We have observed that this fluorophore labels DNA more effi-
ciently, resulting in stronger signal intensities, than using Alex-
aFluor 647-aha-dCTP. There is no difference in the specificity 
of the fluorophores. 

10. Positive control spots (ttrC probe) should be used for defin-
ing optimal signal intensity. Pixels with intensities out of 
the range (e.g., over 65,000 raw intensity) shall be strongly 
avoided since it is not an accurate measurement of the pixel 
intensity. 

11. A GAL (GenePix Array List) file defines an array of blocks 
to match the size and positioning of printed features and to 
apply substance names to the features. The file can be usually 
generated by the microarrayer software. 

12. The signal intensity depends on the DNA quality, the hybrid-
ization reaction, as well as the labeling reaction. Moreover, 
the cutoff value may differ between different chips with dif-
ferent surfaces and fluorophores. 

We thank Cornelia Bunge-Croissant and Ernst Junker for technical 
assistance. 
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Chapter 20 

Methods for Data Analysis 

     William Paul   Hanage  and      David Michael   Aanensen   

  Abstract 

The molecular epidemiology of infectious diseases uses a variety of techniques to assay the relatedness 
of disease-causing organisms to identify strains responsible for outbreaks or associated with particular 
phenotypes of interest (such as antibiotic resistance) and, it is hoped, provide insights into where and 
how these strains have emerged. The correct analysis of such data requires that we understand how the 
assayed variation accumulates. We discuss this with specific reference to three classes of methods: those 
based on gel electrophoresis of fragments generated by restriction enzymes or polymerase chain reaction 
(PCR), those based on microsatellites and other repeat elements, and raw sequence data from protein-
coding genes. We also provide a simple example of how the likely origin of an apparently novel antibiotic-
resistant strain may be identified and conclude with a discussion of some popular analysis packages and 
the more interesting prospects for the future in this rapidly developing field. 

Key words: Analysis software , clustering, eBURST , homoplasy , molecular epidemiology , molecular
typing, phylogenetics, population biology .

The precise way in which molecular data are analyzed will obvi-
ously depend on the technique used. There are, however, some 
general features and considerations that we briefly discuss, along 
with some potential pitfalls. 

Here are some typical questions in molecular epidemiology:
Is a case of disease due to an outbreak strain or an unrelated 

infection?
Is a case of tuberculosis, in a patient previously thought to be 

cured of the disease, due to reinfection with a new strain or due to 
a failure to clear the original infection? 

 1. Introduction  

D.A. Caugant (ed.), Molecular Epidemiology of Microorganisms, Methods in Molecular Biology, Vol. 551
DOI: 10.1007/978-1-60327-999-4_20, © Humana Press, a part of Springer Science + Business Media, LLC 2009
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How is an antibiotic-resistant strain of a pathogen related to 
those previously known? Is it a result of  de novo acquisition of 
resistance? 

Can we identify lineages associated with traits such as virulence? 

The key to all of these questions is the relatedness of the isolates 
in the data set under study. Having used some methods (amply 
covered in the previous chapters) to assay genetic variation in the 
population of a pathogen, the next step is to cluster the organisms 
by relatedness. Analysis of molecular epidemiology data is mainly 
concerned with this. Depending on the type of variation assayed 
and the nature of the pathogen under study, there are several 
options available. One should be particularly aware of evolutionary 
processes that may make two isolates appear more related than they 
really are, such as recombination or convergent evolution. These 
processes will both lead to homoplasy—character states that are 
similar for reasons other than descent from a common ancestor. 

To begin, consider two extreme outcomes of an investigation. 
At one end, all isolates are indistinguishable by the method used, 
while at the other end all are different and, moreover, equally differ-
ent from each other. If either of these results is obtained, it is likely 
that the technique applied is not appropriate, offering in one case 
insufficient discrimination and in the other too much. While this 
may seem like a mere thought experiment, examples very like these 
two hypothetical data sets are to be found in the literature  (1,2).

In a more successful study, some isolates will be indistinguish-
able, some will be very similar to them, and others will be very 
different. The processes by which we cluster these isolates require 
that we understand the way in which the assayed variation is 
generated so we can translate it into a genetic distance. Three 
types of variation are discussed next: ( i) banding patterns pro-
duced by methods such as restriction fragment length polymor-
phisms (RFLPs) and amplified fragment length polymorphisms 
(AFLPs); ( ii) microsatellites and other repeat elements; and ( ii)
raw DNA/RNA sequences. 

Techniques such as pulsed-field gel electrophoresis (PFGE) and 
AFLP assay the presence of unique recognition sequences (sites 
where restriction enzymes cut or where polymerase chain reaction
[PCR] primers bind) in the genome of a microorganism. The 
distances between these recognition sequences vary among 
strains, leading to DNA fragments of varying size produced by 
restriction digests or PCR with appropriate primers. These DNA 
fragments may be readily compared by electrophoresis, and the 
resulting banding patterns are the final data. Inherent to all these 
techniques is the ability to “bar code” the genomes of isolates of 
interest and the subsequent comparison of the bar codes provides 
the distance measure utilized for clustering. 

 2. The Importance 
of Clustering 

 2.1. Banding Patterns 
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The variation in this case is in the length of the DNA sepa-
rating the recognition sequences. These sequences may be lost 
or gained by mutation, or indeed by recombination with related 
strains, and by other events, such as insertions, deletions, or 
large-scale genomic rearrangements that can alter the distances 
between recognition sequences. All of these mechanisms will 
alter the banding pattern. 

As a result, these techniques offer very little information 
about the deep relatedness between strains with no recent com-
mon ancestor; unless two banding patterns are very similar, it 
is impossible to know how many events separate them or what 
those events might be. Moreover, the genes in which the assayed 
sequences lie are usually unknown; consequently some of the 
observed changes may be more likely to occur than others as a 
result of selection. For purposes such as outbreak analysis, this is 
not generally a problem as one is only attempting to identify the 
outbreak strain and any arising from it over the period of the out-
break. Therefore, one needs to assay variation that accumulates 
rapidly enough so that these can be distinguished from other 
unrelated infections, and consequently, one is looking for identical
or very similar banding patterns. Interpretive criteria for how 
similar banding patterns should be for strains to be considered 
part of the same cluster vary between methods, but generally the 
banding patterns are required to show very high similarity. For an 
example, see the work of Tenover et al.  (3).

By comparing the number of bands in common between 
profiles (inherently a somewhat subjective process that is in part 
automated in programs such as BioNumerics), it is possible to 
produce a distance matrix and from this a dendrogram ( see, for 
example, ref. 4 ). This should be avoided because it suggests more 
confidence about deep relationships than is appropriate given the 
considerations discussed. 

For organisms with limited sequence variation, including many 
eukaryotes, the existence of repeat elements in the genome offers 
an attractive source of variation for a typing method. In particular, 
the rates with which changes in these repeats occur are typically 
several orders of magnitude greater than mutations in protein-
coding genes. As a result, organisms that are otherwise difficult 
to type because they are almost identical may be readily resolved. 
An example in bacteria is spoligotyping of Mycobacterium tuber-
culosis (5) and in several fungal species multilocus microsatellite 
typing (MLMT) (6). When analyzing data from such methods, it 
is important as ever to consider the mechanisms by which varia-
tion arises. For example, variation at a single microsatellite is con-
strained to a minimum and maximum number of repeats. Given 
the high rate of mutation, it is not at all unlikely that at a single 
locus, an identical allele (i.e., same number of repeats) could arise 

 2.2. Repeat Sequences 
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by chance. This will produce homoplasy ( see Subheading 2.) and 
has an effect similar to recombination in that it can make two 
distantly related isolates appear more closely related than they 
actually are. Adding more loci may improve the resolution, and 
this is the rationale underlying the inclusion of multiple micro-
satellites in MLMT. The limits of the size of the microsatellite 
array also mean that genetic distances at microsatellites become 
saturated more quickly than variation in coding sequences. For 
example, estimates of the divergence time between the two fungal 
species Coccidioides immitis and  Coccidioides posadasii obtained 
from microsatellites, on one hand, and their flanking regions, on 
the other hand, differed by an order of magnitude (7.6 × 10 5 and 
12.8 × 10 6 yr, respectively). As expected, this discrepancy was not 
found when considering more closely related populations  (7).

In the case of other target sequences, such as the variable direct 
repeats assayed by spoligotyping, it is thought that variation arises 
through deletion. Therefore, theoretically, one should be able 
to compare closely related sequences and not only cluster them 
but also infer the direction of change (because those with fewer 
direct repeats must be derived from those with more). However, 
in this and similar cases, phylogenies cannot be created because 
the repeats violate the assumption of independence among the 
variable sites: Adjoining repeats may be lost together  (8). A final 
general comment about repeat regions of this kind and others 
is that their function is rarely understood. Hence, the selective 
consequences of variation at these loci are an open question. 

With the increasing availability and decreasing expense of DNA 
sequencing, the direct determination of sequence data is becoming
more and more prominent as a method for epidemiological typing.
It might be thought that this makes data analysis easier than the 
examples given, but this is not necessarily so. 

It is now known that many bacteria undergo frequent hori-
zontal transfer of homologous genes (9). As a result, if we examine 
a single locus and find two isolates that are identical at that locus, 
this may be no reflection of the overall relatedness of these isolates 
because the relevant genetic material could have been imported 
relatively recently. This (and other reasons) has led to the devel-
opment of multilocus sequence typing (MLST) (10), by which 
sequences are determined for multiple loci. This buffers against 
the distorting effect of horizontal gene transfer: Even if one locus 
changes through recombination, then the others do not and 
remain to give a better account of the relationship between the 
isolate in question and the rest of the population. 

If the recombination rate is high enough, it is again very diffi-
cult to draw conclusions about deep branches in the tree. For many 
species, a dendrogram produced from the pairwise differences 
between MLST profiles contains minimal phylogenetic informa-
tion beyond relatively close linkage distances. While it is possible 

 2.3. Sequence Data 
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to produce a tree from concatenates of the sequences at the MLST 
loci, this has the problem that a single recombinational import 
can introduce many nucleotide changes. As a result, in addition to 
problems with the branching order or topology of the tree  (11),
branch lengths can be artificially inflated as many polymorphisms 
are introduced by a single event. Two approaches to this problem 
are the programs eBURST  (12) and CLONALFRAME  (13). The 
former focuses on changes at the very tips of the tree, and the latter 
attempts to identify and account for recombinational imports. 

eBURST is discussed in detail elsewhere  (14–16) and in the 
example given in Subheading 3.3. It handles recombination by 
focusing on single-allele changes and weighting them equally 
whether they introduce a single base change or many (the latter 
is likely to be recombination). In contrast, CLONALFRAME 
attempts to identify recombination events and account for them 
by simply excluding them from the analysis. The sequence which 
remains is the ‘clonal frame’. In simulations it performs well, but it 
makes the assumption that recombination imports arise from  outside
the sample. Its performance in a situation when most recombinant 
alleles are present in the sample is not clear. Both programs become 
less reliable with very high recombination rates  (13,16).

No investigator should overlook recombination when inter-
preting data and deciding on a method of analysis. However, in 
some species, such as Staphylococcus aureus, it appears to be suffi-
ciently rare that conventional phylogenies can be constructed with 
few qualms (although, as usual, care should be taken to select and 
deploy an appropriate model of nucleotide substitution). Such 
organisms may also show considerable stability in terms of clonal 
structure. Thus, the same clones can be recognized over a long 
period of time, and band-based methods produce similar results 
to MLST (17). In very rapidly mutating and highly recombino-
genic organisms, such as  Helicobacter pylori, this is not possible, 
and every epidemiologically unconnected strain is different. 

Similar considerations apply to viruses for which recombination
can also be frequent and confuse matters. RNA viruses require 
particular attention when reconstructing phylogenies. In contrast 
to many of the problems faced by phylogeneticists, in molecular 
epidemiology we usually consider closely related members of the 
same species. This means that for bacteria, for example, one can 
be more relaxed about problems that arise when considering very 
distantly related taxa (such as long-branch attraction;  18,19).
RNA viruses, however, are the most rapidly evolving organisms 
known: Substantial viral diversity arises in a single human immu-
nodeficiency virus (HIV) 1 patient. Properly accounting for 
different rates of substitution and selection is of great impor-
tance in this field and is far beyond the scope of this chapter. 
A useful start point for interested readers is  ref. 20, and investing in 
a phylogenetics textbook (e.g., ref. 19) is recommended if such 
techniques form a large part of future plans. 
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Streptococcus pneumoniae (the pneumococcus) is a major child-
hood pathogen. A vaccine has recently been devised that is 
highly effective at preventing disease due to 7 of its more than 
90 serotypes (4, 6B, 9V, 14, 18C, 19F, 23F). Vaccination has 
almost totally removed the vaccine serotypes from the popula-
tion, including many important antibiotic-resistant clones, which 
expressed vaccine serotypes  (21).

Pneumococcal clones can change their serotypes by recom-
bination events that insert the relevant serotype loci from other 
clones, a process known as  serotype switching (22). As a result, simply 
recording serotype is insufficient to tell us how a given isolate 
is related to others. While vaccination initially has a marked and 
beneficial effect on the prevalence of antibiotic resistance (because 
vaccine serotypes were more likely to be associated with resistance) 
(23), investigators are beginning to record increased resistance to 
antimicrobials among serotypes not included in the vaccine. 

In 2007, Pichichero et al. reported a pneumococcal isolate 
retrieved from a case of ear infection that was resistant to all classes 
of antibiotics licensed for pediatric use in the United States. The 
serotype of the isolate was 19A, a nonvaccine serotype  (24). This 
finding raised the following question: Has resistance been acquired 
de novo, or does this clone arise from serotype switching allowing a 
vaccine-serotype-resistant clone to acquire a new, nonvaccine sero-
type (in this case 19A)? 

Techniques such as PFGE are unlikely to enable us to say what 
this strain has derived from because, in the pneumococcus, vari-
ation assayed by this method accumulates very quickly. Instead, 
MLST, which assays sequence variation at multiple sites around 
the genome and assigns an allelic profile ( see Chapter 11 ), is the 
method of choice. Variation at these sites accumulates relatively 
slowly, so it should be informative regarding the relationship 
over the longer term. The MLST database also contains a large 
number of strains with which the results can be compared. 

Subjecting the isolate in question to MLST, it was found to 
have the allelic profile 7, 11, 10, 15, 6, 8, 1, corresponding to 
sequence type (ST) 2722. To find whether there are any other 
records of this ST, we can go to the MLST database at  http://
spneumoniae.mlst.net/ and enter this ST via the advanced query 
page ( http://spneumoniae.mlst.net/advanced/). Doing so reveals 
no additional records from strains with that ST isolated prior to 
the time of writing (January 15, 2008). This means that this is 
the first time an ST 2722 strain has been reported. If there was 
another strain in the database with a vaccine serotype and a similar 
resistance profile, it could have suggested that ST 2722 had been 
derived from it by serotype switching. 

 3. Example: Origin 
of Resistant Clones 
of Streptococcus 
pneumoniae   

 3.1. Background 

 3.2. Choice of Method 

and Results 
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However, to conclude with certainty that serotype switching 
has not been involved, we must consider how ST 2722 is related 
to the rest of the pneumococcal population and consider whether 
there are any other likely parent strains. 

eBURST groups genotypes defined by MLST or similar methods 
into “clonal complexes” through a simple parsimony-based method. 
Briefly, clonal complexes are defined on the basis of genetic similarity: 
All members of a clonal complex must share genetic information to 
a specified degree of similarity (which may be specified by the user) 
with at least one other member. Within clonal complexes, the geno-
type with the largest number of minor variants is assigned as the 
most likely ancestor, and the patterns of descent from this ancestor 
are defined according to specified rules. 

To find whether eBURST can predict a putative ancestor for ST 
2722, simply visit http://spneumoniae.mlst.net/eburst/ and select 
the option to run eBURST on the whole  S. pneumoniae MLST 
database. Once the program has opened, select the analysis window 
and click “compute” using the default parameters. The group or 
clonal complex into which ST 2722 falls is then simply located using 
the “Find ST” feature illustrated in  Fig. 1 . At the time of writing, ST 
2722 falls within group 1 ( see Subheading 3.5.). 

 3.3. Clustering: 

eBURST

  Fig. 1.    Textual output from eBURST analysis of the entire pneumococcal MLST database. The “Find ST” function is at 

bottom right of the window.       
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To produce a graphical representation of the group containing 
ST 2722, select the Diagram window, enter the group number in 
the dialogue box at the bottom of the page, and click draw. The 
results should resemble  Fig. 2 . Again, ST 2722 may be located 
using the Find ST feature as shown. 

The blue  circle in the center represents ST 156, and those 
arranged around it are the STs differing from ST 156 at one of 
the seven MLST loci. The nature of the difference (single-base 
change or many) is not taken into consideration. Hence, this 
method is refractory to distortion by recombination. 

eBURST implies that the most likely ancestor of this clonal 
complex, and therefore of ST 2722, is ST 156. This is interesting 
because this is the ST of one of the major multiresistant clones 
circulating prior to introduction of the vaccine  (25). Specifically, 
it is the Spain 9V-3 clone. As implied in its name, the serotype of 
the majority of the strains with this ST is 9V, one of the targeted 
vaccine serotypes. 

By clicking on ST 156 and selecting “database” from the 
diagram pull-down menu as shown, we may link to the MLST 

 3.4. Graphical 

Representation

  Fig. 2.    Screenshot showing Group 1, the largest clonal complex in the pneumococcal MLST database at the time of writing. 

The predicted overall ancestor of the clonal complex ST 156 and its single-locus variant ST 2722 are both indicated. The 

pull-down menu at top left shows how the MLST database may be accessed within eBURST.       
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database. The results retrieved are those that have been submit-
ted to the MLST database by sources worldwide. As can be seen, 
to date these do not include 19A strains. We can therefore sug-
gest that the multiresistant phenotype of ST 2722 was inherited 
from its ancestor, ST 156, but that it has acquired a new capsule 
suited to the postvaccine era. 

While it is almost certainly true that ST 2722 is derived from 
an ST 156 strain, there are several caveats that should be men-
tioned. At present no isolates of ST 2722 prior to that reported 
by Pichichero et al.  (24) have been recorded, but they may be 
in the future and then provide a more accurate picture of how, 
where, and when this lineage acquired a new capsule. At the time 
of writing, ST 2722 fell within the largest clonal complex in the 
MLST database. As more records are entered, the composition of 
this group will change, and in time it may surrender its position 
as the largest clonal complex. It should also be appreciated that 
considerable variation could be present within ST 156 (all we 
know for sure is that all ST 156 strains have identical sequences 
at seven gene fragments). 

Finally, the clonal complex in question illustrates how sam-
pling can bias analyses. Because ST 156 is highly resistant, it has 
been frequently reported to the MLST database, along with 
numerous minor variants, like ST 2722, which are also resistant. 
This inflates the number of resistant strains in the database and 
the number of minor variants of ST 156. As a result, eBURST 
identifies ST 156 as the ancestor of this clonal complex. How-
ever, the true overall ancestor, which gave rise to ST 156, is ST 
162. This ST is not, however, a multiresistant clone, so it and its 
susceptible variants are underrepresented in the database. For a 
more thorough discussion of this issue,  see ref. 15.

A survey of this kind is inevitably destined to be obsolete in a 
few years as new analysis methods and opportunities arise and 
become widespread. Here, we summarize some of the methods 
that seem particularly interesting. 

The genetic data that are collected for molecular epidemiology 
are suitable, in fact ideal, for approaches that aim to identify 
discrete populations within a species. From the point of view of 
epidemiology, and when combined with data on the infected 
hosts, this can conceivably define groups within which contact is 
more likely. The proof of principle for this is a study of  H. pylori

 3.5. Caveats    

 4. Looking Forward  

 4.1. Population Analysis 
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in which a close concordance was found between the strains 
colonizing human hosts and the ethnic origin of those human 
hosts (26). The reason for this relation is that  H. pylori is nor-
mally acquired from only very close contacts, often vertically, and 
hence can be used to recapitulate human population movements. 
Popular programs for this sort of analysis include STRUCTURE 
(27) and BAPS (28,29). An excellent review of these and others, 
together with a discussion of what a population identified by such 
methods actually is, may be found in ref. 30.

For many infections, one may identify certain strains or lineages 
of the pathogen that are endemic to a particular region. In some 
cases, this may be the result of clear phylogeographic structure, 
while in other cases it may be due to seeding of an epidemic 
from elsewhere. In both circumstances, it is helpful to be able to 
visualize the spatial location of the cases and the associated geno-
types of the disease-causing organisms. This is becoming possi-
ble through several initiatives that link epidemiological data with 
mapping and other data (e.g., GENELAND; 31). One possible 
limitation of such analyses is concern over linking disease data to 
a specific location (e.g., methicillin-resistant  S. aureus within a 
particular hospital), which may limit their applications; compro-
mises will have to be negotiated. 

Trees can tell us more than how closely taxa are related. They 
can also be used to estimate the time at which two lineages 
diverged, given assumptions about the rate with which substitu-
tions accumulate. Moreover, the distribution of mutations on the 
tree (which relate to the lengths of the branches in question) will 
vary depending on the selective and demographic history of the 
population. What can we learn from examining the shape of the 
genealogy?

As a first step, some statistical description of the shape of 
the genealogy is needed. This is offered by the coalescent. This 
approach, developed by Kingman  (32), describes the distribu-
tion of “coalescent events” going back in time from the present. 
Coalescent events are where two lineages coalesce, for instance, 
internal nodes in a genealogy. These represent the point at which 
two lineages shared a common ancestor. The way the rate of 
coalescence relates to variation in the population size is illustrated 
in Fig. 3 . In the case of sequences from a population that expe-
rienced a severe bottleneck ( Fig. 3a ), the part of the genealogy 
that corresponds to this time will have a higher number of coa-
lescent events because the chance of two lineages sharing a com-
mon ancestor becomes higher in the smaller population during 
the bottleneck. In the case of a rapidly expanding population, the 
tree will resemble  Fig. 3b , with long terminal branches and short 
internal ones. 

 4.2. Spatial Analysis 

 4.3. Inferring 

Evolutionary History 

from Trees 
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A fertile field in modern epidemiology is using these insights 
to explore the history of a set of sequences and to produce “sky-
line plots” (33), which track the population size over the history 
of the tree (for some nice examples of this approach,  see refs. 34
and 35). In a particularly exciting development, it has become 
possible to incorporate information about the time at which a 
sample was collected and to study what are sometimes called 
“measurably evolving populations,” such as HIV-1 infecting an 
individual host (36). A comprehensive discussion of coalescent 
theory is far beyond the scope of this chapter, but interested read-
ers are referred to one of the several books (e.g.,  37,38) becom-
ing available on this exciting topic. 

It is becoming ever easier to sequence a genome, especially if 
at least one genome of the species in question has already been 
sequenced. While whole-genome comparisons, as a matter of 
routine for epidemiology, are still some way off, these studies do 
furnish us with a comprehensive catalogue of the sites at which 
the reference genomes differ. Single-nucleotide polymorphisms 
(SNPs) so identified may be targeted and used as the basis of a 
typing scheme. When considering SNP data one should, as ever, 
consider the evolutionary forces generating the assayed differ-
ences (is there evidence of homoplasy or selection, for instance? 
Are the assayed SNPs at synonymous sites?). A further, very 
important consideration in SNP analysis is phylogenetic discovery 

 4.4. Population 

Genomics and 

Single-Nucleotide 

Polymorphisms 

  Fig. 3.    Two examples of how changing population size can affect the shape of the genealogy of a set of sequences. 

Time is depicted on the  x  axis. (a) The consequences of a population bottleneck. The majority of the coalescent events 

take place in the part of the genealogy corresponding to the period of the bottleneck, shown here directly below it. 

(b) A population growing in exponential fashion. Again, the smaller population is associated with an increased rate of 

coalescence, leading to a genealogy in which the majority of terminal branches are quite long.       
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bias. Under the approach outlined, our typing scheme will seek 
out only those SNPs that differ between the sequenced strains, 
that is, those that occurred on the evolutionary path separating 
the reference strains. Just as a microarray based on one or a few 
genomes cannot, by definition, be used to detect or study genes 
that are not present in those genomes, this approach cannot 
identify diversity that is present within branches leading to unse-
quenced strains. This problem is less acute for organisms in which 
recombination is common because here the genomic variation 
present in the rest of the species will have been sampled along 
the evolutionary path separating the reference strains. Of course, 
recombination leads to other problems, as discussed in  Subhead-
ing 2.3. Discovery bias has been demonstrated in both real and 
theoretical situations  (39, 40) and may be combated by a poly-
morphism discovery approach in which many genes are sampled 
in diverse isolates (for an example, see ref. 41).

Programmatic interfaces for many common bioinformatics pro-
cedures, such as BLAST and CLUSTAL, are located on Web 
servers across the globe (e.g., the National Center for Biotech-
nology Information [NCBI] has Web services for accessing data-
base searches under the EFetch facility). This allows software 
developers to build tools that utilize these procedures without 
the need to program such functions themselves. Data are simply 
sent to the service provider and the results returned in an appro-
priate format. This method of reusable functionality is similar in 
concept to the approach utilized at the repository of modules 
for the freely distributed R statistics software found at CRAN 
(http://cran.r-project.org/ ). However, rather than downloading 
and using modules on a single computer, Web services allow the 
development of truly distributed software. A Web service can be 
described at its most basic as a set of three parts: ( i) a definition of 
inputs (e.g., a FASTA file containing a set of sequences); ( ii) the 
algorithms utilized on the inputs (e.g., a CLUSTAL alignment); 
and ( iii) the outputs produced from step ii (e.g., an alignment file 
and tree definition file). 

To allow less programmatically inclined users to access such 
facilities, programs have been developed that provide graphical 
interfaces to the wealth of Web services available. One of the 
more promising examples is Taverna  (42), developed by the 
European Bioinformatics Institute (EBI). Taverna allows multiple 
Web services to be chained together into a work flow, using a 
graphical interface to define a series of steps that are undertaken 
on an initial input set of data. A work flow is built up as a flow-
chart with the inputs for each step defined and the outputs passed 
into the next step of the work flow. The resulting work flow is 
viewed as a flowchart, and the work flow “definition” can be 
saved as a text file, allowing reuse. 

 4.5. Work Flows 

and Web Services 
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More usefully, the work flow can be uploaded to a Web site 
that allows others to take advantage, test, and amend the original 
user’s experimental steps (see http://www.myexperiment.org ).
Many standard procedures involved in molecular epidemiological 
studies could be developed in such a fashion, with the advantage 
of user amendments, review, and testing. An example of such 
a work flow can be seen at http://www.myexperiment.org/
workflows/124. This allows a single novel sequence to be entered 
along with a list of EMBL  accession numbers for sequences on 
which a homology search is to be performed. Sequences are 
retrieved from GenBANK, translated into protein sequences, 
followed by an all-versus-all BLAST to identify homology. Sub-
sequently, a CLUSTAL alignment is undertaken on a nonredun-
dant set of BLAST matches and, finally, a neighbor-joining (NJ) 
tree or unweighted pair group method with arithmetic means 
(UPGMA) tree is produced along with the alignment files as final 
output. Should anyone wish to run this work flow, they can simply 
paste a URL into Taverna, and the work flow is imported. Access 
to the hundreds of Web services available means work flows are 
only limited by the users’ questions. Combined with peer review 
of submitted work flows, this offers a very powerful complement 
to current software development methodologies. 

A multitude of options exists when it comes to programs for data 
analysis. Some are summarized in  Table 1 , which presents a list 
that is by no means exhaustive; it focuses on those mentioned 
in this chapter. Most of the commonly utilized software pack-
ages have overlapping functionality, and very similar analyses 
can be undertaken using more than one package. As mentioned, 
interpretation, particularly when inferring relationships between 
strains and population-level analysis, is dependent on under-
standing the algorithms used. Some of the criticisms directed 
at published results are more likely due to inappropriate use of 
methodology rather than at the programs themselves. 

One distinctive feature of many molecular epidemiology 
laboratories is high throughput of samples, with a require-
ment that experiments be conducted and results recorded in 
a standardized fashion. Some packages contain additional fea-
tures to help in project management. These are generally the 
proprietorial packages, which may be quite expensive. However, 
many free alternatives are available for the majority of analyses. 
The advantages of the former, in addition to the inclusion of 
laboratory information management software (LIMS), is clear 

 5. Packages 
for Analysis 
of Molecular 
Epidemiological
Data  
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  Table 1 

  Programs Mentioned in the Text    

 Name  Web site  Functions  Cost  Comments 

BioNumerics http://www.applied-maths.
com/bionumerics/
bionumerics.htm

LIMS and numerous 
bioinformatics modules 
including MST and 1 and 
2D gel analysis 

$$$ Includes script-
ing language 

CLCBio http://www.clcbio.com/ LIMS-MLST module available 
for additional fee 

$$$

Geneious http://www.clcbio.com/ LIMS $$ Includes script-
ing language 

Phineus http://www.phineus.org/ LIMS and MLST analysis  In development 

eBURST http://eburst.mlst.net/ Patterns of recent descent  

CLONALFRAME http://www2.warwick.
ac.uk/fac/sci/statistics/
staff/research/didelot/
clonalframe/

Accounting for recombina-
tion in genealogies 

BAPS http://web.abo.fi/fak/
mnf//mate/jc/
software/baps.html 

Identifying populations and 
admixture between them 
using genetic data 

STRUCTURE http://pritch.bsd.uchi-
cago.edu/structure.
html

Identifying populations and 
admixture between them 
using genetic data 

MEGA http://www.megasoftware.
net/

Phylogenetics

PAUP*  http://paup.csit.fsu.edu/ Phylogenetics $

PAML  http://abacus.gene.ucl.
ac.uk/software/paml.
html

Phylogenetics

MrBayes http://mrbayes.csit.fsu.
edu/

Phylogenetics

PHYLIP http://evolution.genetics.
washington.edu/phylip.
html

Phylogenetics

BEAST http://beast.bio.ed.ac.uk/ 

SPLITSTREE http://www.splitstree.org Production of reticulate 
phylogenies that display 
conflict in the data 

Includes 
Neighbor-net 

Note: This is not an exhaustive list, and new options are continually becoming available. 
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documentation and user support, which in the case of free pack-
ages is inevitably limited by how much time the developer has 
available to devote to it. 

In terms of proprietorial packages, the industry leader is 
BioNumerics. A tool for bioinformatics applications in general, 
BioNumerics has several modules specifically tailored to epi-
demiological investigations (including MLST and spa typing). 
SQL databases are used to store results from a remarkable variety 
of tests, including sequences, 1D and 2D gels, metabolic tests, 
microarray data, and more. Furthermore, BioNumerics includes 
a scripting language that allows users to manipulate core features 
of the software programmatically. While undoubtedly powerful, 
most laboratories will probably struggle to make use of many 
of its features. Alternative packages include CLCBio, which is 
again focused on general bioinformatics applications. However, 
plug-ins for epidemiological applications are becoming available 
(e.g., MLST).

Of stand-alone phylogenetics programs, the best known 
is probably MEGA  (43), with PAML  (44), MrBayes (45,46),
PAUP*  (47), and PHYLIP (48) also popular for certain specific 
purposes and within some user communities. The most recent 
version of MEGA (43), still free to download, contains an inte-
grated trace file editor and alignment tools. It uses a relatively 
intuitive interface with dialogue boxes and pull-down menus. In 
contrast, most other packages are operated via the command line, 
which can nevertheless be useful (e.g., if preparing batch analysis 
procedures, obviating the need for repeated clicking). A com-
mon feature of all these is that while they can take sequences or 
distance matrices as input, results from gel-based methods must 
be converted to a distance matrix beforehand. The BEAST  (49)
package (with related programs) is a well-supported, easy-to-use 
program for the sorts of analyses briefly discussed in  Subhead-
ing 4.3. A recent and excellent review has surveyed the popula-
tion genetics packages available together with their strengths and 
weaknesses (50). While not all of these will be useful to research-
ers in this field, those who are interested in population genetic 
questions will find them invaluable. 

In representing sequences where recombination is known or 
suspected, methods such as CLONALFRAME (13) or eBURST 
(12) should be used, but the drawbacks of each of these should 
be appreciated. CLONALFRAME, in detecting anomalous 
DNA, must assume that it arises from outside the sample, 
which may produce problems when both donor and recipient 
are present in the sample. eBURST, in contrast, tells you noth-
ing about the relatively deep branches that separate the clonal 
complexes identified. Both programs perform poorly under 
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conditions of very high recombination. BioNumerics allows the 
construction of minimum-spanning trees (MSTs), which build 
on eBURST results to link clonal complexes via hypothetical 
unsampled intermediates. How secure this assumption is and 
whether it introduces an additional source of error into such 
analyses remain to be tested. Finally, programs such as Splitstree 
or Neighbor-net  (51,52) find a reticulate phylogeny for the data 
and so represent recombinant genealogies better than a bifur-
cating tree. However, it should be noted that the signal that 
these programs detect may be produced by processes other than 
recombination, and that they are on their own not an acceptable 
test for recombination. 

The analysis of data is as important as their collection, and it is 
important that the correct tools are used and their underlying 
assumptions made plain. The discussion in this chapter focuses 
on clustering because this is the most important aspect in the 
majority of epidemiological questions. The degree to which 
microorganisms can be clustered and the appropriate tools to do 
it depend on the type of variation assayed, the rate of recombi-
nation, and so on. It is increasingly common for data collected 
as part of epidemiological investigations to be used for popula-
tion genetic purposes, that is, to investigate hypotheses regarding 
the evolution of pathogens. In the opposite direction, insights 
derived from population genetics may be used to study pathogen 
spread. 

Whichever technique is applied and however the data are ana-
lyzed, one should remember that a program of laboratory work 
should not be undertaken without a thorough understanding of 
the procedures that are to be used. This applies just as much to 
the tools that are used to interpret the data. 
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Chapter 21 

Internet-Based Sequence-Typing Databases 
for Bacterial Molecular Epidemiology 

     Keith   A.   Jolley   

  Abstract 

As the use of nucleotide sequence-based typing has become more widespread in the investigation of 
microbial epidemiology, there has been a natural requirement for curated Internet-based databases that 
can act as central authorities for nomenclature and type definitions. These facilitate the sharing and com-
parison of data between laboratories without the need for reference samples. Here, the use of the most 
common multilocus sequence typing (MLST) and antigen sequence databases are described. In particular, 
for MLST, the steps required for allele sequence and profile identification are explained along with a 
detailed overview of searching and matching isolate records. BLAST searching of antigen sequence 
databases is also described. 

Key words: Bacterial typing , databases, Internet , MLST , nucleotide sequencing. 

The genotyping of strains is a central requisite of global molecular 
epidemiology and is required for the detailed study of transmis-
sion dynamics. In an outbreak situation, strain identification of 
the etiological agent is useful for determining treatment regimens 
and prophylactic measures, but sometimes the overriding require-
ment is to determine whether two isolates are either identical 
or clonally related to each other. For this, many highly discrimi-
natory comparative techniques with continuous values may be 
used, such as pulsed-field gel electrophoresis (PFGE), restriction 
fragment length polymorphism, or random amplification of poly-
morphic DNA. Continuous values, such as the measurement of 
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electrophoretic mobility of proteins or DNA in a gel, suffer from 
potential ambiguity resulting from the level of precision that the 
measurement can be made. Measurements can be affected by 
extraneous factors, so their use requires standard markers to cali-
brate the experiment if comparisons are to be made with existing 
data. This is problematic for long-term epidemiology and port-
ability of data, particularly the use of online databases. 

In contrast, epidemiological surveillance requires that the 
same biological markers are used routinely so that results are 
reproducible over time and between laboratories. Such library 
typing techniques preferably make use of markers with catego-
rized values, for example, DNA sequences in multi- or single-
gene sequence typing or integers representing the number of 
repeats in variable-number tandem repeat analysis. Databases 
that use continuous values of data do exist for molecular epide-
miology; PulseNet (1), utilizing PFGE data for enteric bacteria, 
is perhaps the best-known example, although its use is compu-
tationally intensive, and the uploading of large image files for 
processing is required to make comparisons. 

Increasingly, the use of nucleotide sequence technology is 
becoming predominant in surveillance as it offers significant 
advantages over competing methodologies, namely, in reproduc-
ibility, portability of data, and resolution. Nucleotide sequences 
are highly amenable to electronic transmission and storage in 
databases, while a range of freely available software is available 
to facilitate its comparison. With near-ubiquitous access to the 
Internet, the use of online sequence databases for rapid identifi-
cation and comparison of microorganisms has increased rapidly. 

A distinction should be made between archival and actively 
curated databases. Archival databases, such as GenBank, often accept
direct submissions without oversight of data quality and store 
data for publication and general identification purposes. These 
are invaluable for identifying genes and species but have little to 
offer for epidemiological purposes. Actively curated databases 
that have been set up specifically for strain typing, however, such 
as those for multilocus sequence typing (MLST) or for specific 
antigen genes, are essential for accurate microbial identification 
required for surveillance. 

MLST indexes the neutral variation in sequences of house-
keeping gene fragments (2,3; see also Chapter 11  for practi-
cal details). The use of multiple loci provides a robust method 
of typing organisms that undergo frequent recombination that 

 2. Methods  
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would otherwise invalidate phylogenetic methods using a single 
locus. As with any method that relies on nucleotide sequence 
data, results are unambiguous and portable, making them ame-
nable to electronic storage. MLST databases are now available 
for at least 40 organisms, mainly bacteria, ensuring a uniform 
nomenclature. More than half of these are hosted at the Univer-
sity of Oxford in the United Kingdom ( http://pubmlst.org ) (4),
with other schemes hosted at the United Kingdom’s Imperial 
College ( http://www.mlst.net ) (5); the Environmental Research 
Institute, Cork, Ireland (http://mlst.ucc.ie); and the Pasteur 
Institute, Paris ( http://www.pasteur.fr/mlst/ ).

There are three main types of query that MLST databases 
address: (i) allele sequence identification and comparison; (ii) 
allelic profile or sequence type (ST) identification and compari-
son; and (iii) matching of isolates. All MLST Web databases offer 
these functions, but the exact steps required and additional func-
tions available vary. Here, the steps used on the PubMLST and 
Pasteur sites that use the mlstdbNet software  (4) and the mlst.net 
site are specifically described. 

After trace files have been assembled, they are generally trimmed so 
that the sequence starts and finishes at the endpoints of the defined 
MLST locus under consideration. This can be done manually ( see 
Note 1) or by using automated tools such as STARS (http://sara.
molbiol.ox.ac.uk/userweb/mchan/stars/) or Phineus ( http://
www.phineus.org ). Identification of the allele can then be deter-
mined as described next. 

1. Select “Single locus query” within the profiles database. 

2. Choose the appropriate locus, paste the sequence into the 
Web form, and click the “Submit Query” button. 

3. If the sequence has been defined previously, the identity of the 
matching allele will be displayed along with a “Find similar” 
link to discover similar alleles and the nucleotides at which 
they vary. If the sequence has not been defined, the Web site 
will display the name of the allele to which it is most similar, 
along with a list of the nucleotides that vary so they can be 
confirmed ( see also Note 2).

1. Select “Single Locus” from the “Locus Query” drop-down 
list box on the database front page. 

2. Choose the appropriate locus, paste the sequence into the 
Web form, and click the “Submit” button. 

3. If the sequence has been defined previously, the identity of 
the matching allele will be displayed. If the sequence is new, a 
message will inform you of the most similar allele along with 
its percentage identity. 

 2.1.1. Allele Sequence 

Identification 

 2.1.1.1. PubMLST Site 

 2.1.1.2. mlst.net Site 
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4. To determine the nucleotide differences between the query 
sequence and the nearest match, click the “Sequence analysis”
button. This opens a Java applet window with the query sequence
aligned with known alleles. Visual inspection of this alignment 
will identify where the sequences vary ( see Note 3).

5. Confirmed new sequences should be submitted to the data-
base curator for inclusion. 

Once alleles have been identified for each of the loci, the ST can 
be determined. 

The batch profile function of the profiles database provides the 
easiest method for profile determination (even if you are only 
determining the ST for one profile).
1. Select “Batch profile query” within the profile database. 

2. Copy and paste the sample identifier and allelic profile directly 
from a spreadsheet into the Web form. You can copy as many 
samples as you wish together; each sample should be on a sepa-
rate row with columns separated by any amount of white space. 

3. Click “Submit.” A table displaying the sample identifier, allelic 
profile, ST, and clonal complex, if appropriate, will be returned 
(see Note 4).

1. Select “Allelic” from the “Profile Query” drop-down list box 
on the database front page. 

2. Enter the allele numbers for each locus of your profile in the 
appropriate boxes of the form. 

3. Ensure that the query type is set for “Exact or nearest match.” 

4. Click “Query list of distinct STs.” A table will be displayed 
showing either an exact match, if available, or the nearest 
matching profiles otherwise. 

The MLST isolate databases offers various search capabilities to 
find isolates that match any criteria of interest. 

1. Click “Search database” from the isolate database front page. 

2. The search form allows values to be selected from a number 
of fields that can be combined so that either all or any (and/
or) are matched. The values can be specified to match exactly, 
match partially, to be greater or less than, to be not, or to not 
contain the selected value ( see Note 5). Results can be ordered 
by any field, and the number of records per page can be set. 
To search for an empty field, the value “<blank>” can be spec-
ified. Click “Submit” once search criteria have been entered 
(see Note 6).

3. A page of results is returned. To navigate to the next set of 
results, click the “>” button on the page bar at the bottom of 

 2.1.2. Allelic Profile Identi-

fication and Comparison 

 2.1.2.1. PubMLST Site 

 2.1.2.2. mlst.net Site 

 2.1.3. Searching the 

Isolate Databases 
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the page. Further information about any particular isolate can 
be found by clicking its hyperlinked ID number. 

4. The results can be broken down by individual fields by click-
ing the “Breakdown dataset” button. This generates charts for 
each field showing the frequency for each field value. More 
detailed analyses can be performed by clicking the “Advanced 
breakdown” button. This provides options to break the data set 
down against any two fields, so, for example, the frequency of 
strain type fields can be determined by country. The frequency 
of field combinations can also be shown where any selection of 
fields can be chosen. This can be particularly useful, for instance, 
in determining the surface antigen repertoire of a collection 
of isolates. 

1. Select “Database query” from the “Profile Query” drop-down 
list box on the database front page. 

2. The search form allows values to be selected from a number 
of fields that can be combined so that either all or any are 
matched. The values can be specified to match exactly (not 
case sensitive), to be greater or less than, or to be not. Click 
“Submit” ( see Note 7).

3. The query results will be displayed in a table ( see Note 8).
More detailed information about each isolate can be found by 
clicking the hyperlinked ID number. 

Sequencing of antigen genes is being used increasingly in place of 
serological characterization of isolates in bacterial typing schemes. 
Nucleotide sequencing has the advantage that every variant can 
be identified, whereas many isolates can be nontypable using 
monoclonal antibody panels. Curated Web databases for specific 
antigens, such as the Neisseria meningitidis serotyping (PorB) 
(6), serosubtyping (PorA)  (7) and FetA  (8) proteins,  Campy-
lobacter jejuni FlaA  (9) and MOMP,  Streptococcus zooepidemicus
seM (10), and Wolbachia Wsp  (11) proteins are available. These 
databases make use of the agdbNet software  (12), which offers 
BLAST (13) querying of nucleotide or peptide variants and linking
to isolate data. 

The sequence query page of these databases allows either a 
nucleotide or a peptide sequence to be entered and compared 
to all known alleles or variants using the BLAST algorithm. 
This works whether the variants are defined by their nucleotide 
or peptide sequence. In some databases, multiple loci may be 
defined, and these can all be queried at the same time, or the user 
can specifically select the locus to search against. Depending on 
the database, isolates with a matching antigen variant can also be 
retrieved.
1. Select “Single sequence query” (or in some databases “Identify

variable region”). 

 2.1.3.2. mlst.net Site 

 2.2. Antigen Sequence 

Typing 
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2. Select the locus of interest if the database contains multiple 
loci. Alternatively, a value of “all” will search all loci together. 

3. Copy and paste either a nucleotide or a peptide sequence into 
the Web form and click “Submit Query.” 

4. If identical matches are found, these will be listed ( see Note 9)
along with a link to the BLAST results output. If no exact 
matches are found, a list of partial matches will be displayed 
along with their percentage identity, the number of mismatches, 
the number of gaps, and the length of the alignment. 

5. Results are hyperlinked, so clicking these will navigate to fur-
ther information about the particular sequence or variant. 
This may include GenBank accession numbers, publications in 
which the sequence is described, or links to matching isolates. 

1. The “locus explorer—polymorphic site analysis” function of a 
PubMLST profiles database shows a schematic of a particular 
MLST locus, clearly identifying start and end points and show-
ing all known mutations within the gene fragment, colored by 
their relative abundance within defined alleles. This information 
can be very useful when trimming allele sequences manually. 

2. On the PubMLST site, MLST sequences can also be queried 
against all known alleles using BLAST, available within the pro-
files database. This has the advantage that sequence trimming is 
not required, and it is not necessary to specify the locus. This is 
important if the start point cannot be identified and confirma-
tion is needed that the sequence obtained from the sequencer 
is the correct locus and not something else due to a mix-up of 
samples. The disadvantage is that one does not get a simple list 
of nucleotide differences to the nearest known allele. 

3. In three of the databases on  www.mlst.net  ( Enterococcus faecalis,
Staphylococcus epidermidis, Streptococcus pneumoniae), the single-
locus query offers choices of “Simple results” or “View DNA 
mismatches.” The first simply states the nearest allele and its 
percentage identity in the case of an unknown allele sequence. 
The latter displays a list of the defined alleles along with the 
positions of nucleotides that vary. If available, the latter display 
makes confirming nucleotide differences easier than using the 
“Sequence analysis” applet. 

4. Using the batch profile function of a PubMLST database to 
identify STs from profiles has a major advantage over the standard 
“allelic profile query” in that allele numbers do not need to be 

 3. Notes  
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manually transcribed into the Web form. The standard allelic 
profile query does, however, allow partial matching of profiles 
to be performed to identify related STs. 

5. In a PubMLST isolate database, if combinations of four fields 
are not sufficient, the interface can be customized by going to 
the options page and changing the number of fields to include 
(up to 20 fields can be used). If a field is of particular interest, 
the interface can be customized further to include a drop-
down box of that field’s values to be selected. These options 
are remembered between sessions, so the interface can be cus-
tomized to a user’s preferences. 

6. Isolate data sets can also be retrieved from a PubMLST data-
base by using a list query. Here a long list of attributes, usually 
ID numbers or isolate names, can be pasted into a Web form. 
This makes it particularly easy to retrieve specific records, 
especially if a list has already been prepared. 

7. In a database on mlst.net there is no documented way to 
search for an empty field. 

8. On larger databases on mlst.net, exercise restraint in making que-
ries that are likely to return a large proportion of the database. 
The system does not offer a way to break the results into mul-
tiple pages, and you may find your Web browser locks up when 
attempting to display hundreds or thousands of rows of data. 

9. BLAST searches of antigen databases can sometimes return 
multiple exact matches. This occurs if variants have been 
defined that are identical to preexisting sequences with the 
exception of missing end motifs, sometimes seen in variants 
defined by a variable-loop sequence. The software uses the 
BLAST algorithm to simply identify the presence of an exact 
sequence and does not have a definition of the start or end 
points of the variant or allele. In cases such as these, the long-
est matched sequence is usually the correct one, but the user 
should check by trimming the sequence back to the defined 
end points of the allele and then query again. The correct vari-
ant will be an exact match and the same length as the query 
sequence.
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