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Summary
A large number of methods are available to type microbial pathogens. These methods
provide a phenotypic or genotypic characterization about the strains under study and
may allow, together with collected epidemiological data, the inference of clonal
relationships between isolates. This collected information about the strains makes
possible studies on different subjects: bacterial population genetics, pathogenesis and
natural history of infection, surveillance of infectious diseases and outbreak
investigation and control.
Nowadays, databases of strains characterized with a plethora of typing methods are
appearing all over the world, providing researchers with material to conduct the
aforementioned studies. The novel challenge resides in the combined data analysis of
such large numbers of typing and epidemiological data, since the conventional
methods of analysis were developed for studies with fewer than one hundred strains.
In this thesis we present a series of articles in which we address this novel challenge of
large scale epidemiological data storage and the development of new methods for the
analysis of those data.
This thesis is organized in the following structure:
Chapter I – Introduction – Presents background information on microbial typing
methods and related data analysis techniques.
Chapter II - EURISWEB: Web-based epidemiological surveillance of antibiotic-resistant
pneumococci in Day Care Centers – this article presents an online database developed
for the 5th Framework European project EURIS (European Resistance Intervention
Study), demonstrating a multi-national and multi-centric database where strains are
included with demographic information about their carriers as well as typing data. This
database was constructed as a prototype for a fully-fledged Epidemiological
Information System.
Chapter III – New developments on EURISWEB – in this chapter we present the latest
developments on the EURISWEB online database and its expansion for the 6 th
Framework project PREVIS (Pneumococcal Resistance Epidemicity and Virulence - An
International Study).
Chapter IV - Assessment of band-based similarity coefficients for automatic
Type/Subtype classification of microbial isolates analyzed by Pulsed-Field Gel
Electrophoresis – In this article we present a methodology based on receiver operating
characteristic (ROC) curves for assessment of commonly used band-based similarity
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Summary
coefficients for type classification using an accepted criteria applied to a large PulsedField Gel Electrophoresis band patterns collection.
Chapter V - A common framework for relating multiple typing methods illustrated using
macrolide- resistant Streptococcus pyogenes – in this article, we demonstrated the
usefulness of a framework of measures that quantitatively addresses two important
questions namely, 1) could the results of a given typing method have been predicted
from the results of another? and 2) how does a novel typing method relate to previously
used typing schemes?
Chapter VI – Final discussion – In this final chapter we bring together the conclusions
of the previous chapters and discuss further uses of the novel methodology presented
here. Also future developments in the area are discussed.

This thesis presents work described in the following publications:
Silva, S., et al., EURISWEB--Web-based epidemiological surveillance of
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Chapter I - Introduction

Chapter I
1. Introduction
The Merriam-Webster online dictionary defines “classification” as the “systematic
arrangement in groups or categories according to established criteria”. When
associated with biology a definition commonly found is “the systematic grouping of
organisms into categories on the basis of evolutionary or structural relationships
between them”. The ability to classify microorganisms at strain level is as paramount
for molecular epidemiology studies as it is for population genetics studies. Microbial
typing methods are the tools that provide researchers with criteria to do that
classification. In this chapter, we provide some definitions important to the field and
describe briefly some of the most common typing and data analysis methods used to
recognize a type.

1.1. From isolates to clones

Tenover et al (44), proposed a series of definitions for terms commonly used in
epidemiological typing, that were recommended and adapted by the European Study
Group on Epidemiological Markers (42). Of these definitions, four are of major
importance for this report:
•

Isolate - Population of microbial cells in pure culture derived from a single
colony on an isolation plate and characterized by identification to the species
level.

•

Strain – Isolate or group of isolates exhibiting phenotypic and/or genotypic
traits which are distinctive from those of other isolates of the same species.

•

Type - A specific pattern, or set of marker scores, displayed by a strain on
application of a particular typing system.

•

Clone - An isolate or group of isolates presumed to descend from a common
precursor strain by nonsexual reproduction exhibiting phenotypic or genotypic
traits characterized by one or more strain-typing method to belong to the same
group.(Adapted from (34) and (44))

The relationships derived from these definitions are represented in Figure 1. The
definition of clone aggregates all the other definitions but it based on the assumption
that an isolate characterized at strain level by one or more typing methods is capturing
a phylogenetic signal, allowing the inference of clonality. So the definition of clone can
vary depending on the typing method used and how the data analysis is performed.
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This is especially true when the assignment to a given type depends on a decision of a
cut-off at a given similarity level (such as the threshold selection for type definition in
Pulsed-Field Gel Electrophoresis (PFGE) based on the number of band differences or
on a dendrogram).

Figure 1- Data Model describing relationships between Isolate, Strain, Type and Clone
definitions. The letters and numbers represent the cardinality of the relationships, i.e, a
Strain can define a group of one or more Isolates (cardinality n) while each isolate can
be assigned only to a single Strain (cardinality 1).

This flexibility for defining clone creates the need of standardization of the data analysis
of microbial typing methods, if inter-study comparisons are to be performed.
Ideally, to achieve maximum ease of interpretation of results, there should be a direct
equivalence from a clone to a single strain defined by a selection of typing methods.

1.2. Microbial typing methods
To achieve classification at strain level a plethora of microbial typing methods are
available to the researchers. The ultimate goal when applying those methods is to
discriminate epidemiological unrelated isolates and trying to quantify relatedness
between those assumed to be clonally related.
Advances in the ability to discriminate and classify isolates at strain level, were always
driven by technological developments. The first typing methods used were based on
the phenotypic characteristics of the isolates, such as antimicrobial resistance, phage
lysis of isolates (phage typing), biochemical tests (biotyping) or antigenic determinants
(serotyping). Advances on molecular biology techniques, allowed new methodologies
that probe for characteristics at the level of the bacterial chromosome. Methods like
restriction fragment length polymorphisms (RFLP) (12) and pulsed-field gel
electrophoresis (PFGE) (36) provided more discriminatory power than the classical
2
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phenotypic methods, and become standards for epidemiological studies all over the
world. With the increasing availability of affordable sequencing methods, another shift
occurred towards the use of sequence based typing methods such as multilocus
sequence typing (MLST) (25) and emm sequence typing (2), among others.
The sequence based methods have a large appeal since they provide unambiguous
data and are intrinsically portable, allowing the creation of databases that, if publicly
available through the internet, enable the comparison of local data with that of previous
studies in different geographical locations.
Although complete description of all the typing methods in use is behind the scope of
this report, we now present a description of the most currently used methods from
phenotypic, genotypic and sequence based methods, which are also discussed in the
next chapters.
1.2.1. Serotyping
Together with antimicrobial resistance profiles, serotyping is currently the most
commonly used of the phenotypic typing methods. It is based on the fact that
organisms belonging to the same species can express different antigenic determinants
on the surface of the bacterial cell. These antigenic determinants include proteins,
polysaccharides and lipopolysaccharides. The isolates are tested in an agglutination
assay against a pool of known sera. The strain is given a serotype number following a
key representing which combination of sera produced cell agglutination.
It remains an essential method for typing isolates of Salmonella, Shigella and
pneumococci.
For the typing of Streptococcus pneumoniae, serotyping has demonstrated good
discriminatory power (although significantly less than PFGE). Some serotypes were
shown to be associated preferentially with invasive disease, and has been proposed
that the capsule may have more importance that the genotype in the ability to cause
invasive disease(4). Also, an association between certain Salmonella serotypes and
food-borne disease has been demonstrated (6, 47). This association between
serotypes and disease provide a fast way to detect possible outbreaks.
There are several limitations to this technique: different strains from the same species,
or even strains for different species, may present cross-reacting antigens on their
bacterial cell wall, yielding a false-positive result to more than one serum; some strains
do not express antigens on the bacterial cell surface, being classified as non-typable
and, maintaining a stock of sera.

3
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1.2.2. Pulsed-field Gel Electrophoresis
The first described application of PFGE was the separation of yeast chromosomes by
Schwartz in 1984 (36). The ability to separate DNA fragments of sizes from 10 to 800
Kb, allowed this technique to become the genotypic method of choice for many
different bacterial species (e.g. Streptococcus pneumoniae(22), Staphylococcus
aureus (31))
In this microbial typing method, total genomic DNA (ranging from 1.8 - 5 MB), is
digested with a rare cutter endonuclease, generating typically 10 to 30 DNA fragments
(depends on the endonuclease and on the microorganism). Since this technique is
based on chromosomal DNA, it can be applied to all the species for which its isolation
is possible. These fragments are resolved by a variation to conventional
electrophoresis, where three pairs of electrodes form an hexagon around the gel. This
allows periodically changing the orientation of the electric field across the gel, which
causes the migration of the DNA to occur in three diferent directions, effectively
increasing the distance migrated by each fragment, greatly improving the resolution of
this technique. An example of an image of a PFGE gel is presented on Figure 2.

Figure 2 – PFGE gel image for isolates of Staphylococcus epidermidis (Adapted from
Miragaia et al (30)

For each bacterial species, an enormous variety of band patterns has been found with
type classification being achieved by the widely used criteria of counting the number of
band differences between two lanes proposed by Tenover et al (44): if two strains differ
up to 6 bands, counted in both lanes, they are considered in the same type and an
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arbitrary name is assigned to that type. However, these authors pointed out that this
method of classification should be used in outbreak studies only and should be backed
up with other relevant typing data, such as antibiotic resistance or other
epidemiological relevant data that supports the type assignment. This type
classification usually corresponds to clusters generated at a cut-off value at 80%
similarity in a Dice(13) /UPGMA(39) dendrogram1 (19, 29, 37). The ability to measure a
similarity for all the strains in a study can be use to classify them by degree of
relatedness. In general, the small pattern changes that can be detected by PFGE
reflect genetic events (recombination, insertion, mutation or deletion) that occur over a
relatively short evolutionary time scale. This fact contributes for its high discriminatory
power, and together with its high reproducibility when properly executed, makes this
technique very appealing in epidemiological studies.
The limitations of PFGE are all of technical nature: it requires well trained personnel,
specialized and expensive electrophoresis apparatus and incomplete restriction of
chromosomal DNA can result in misclassification of band patterns. Although these
technical problems can arise, high inter-laboratory reproducibility has been reported (7,
31), when standardization protocols are achieved.

1.2.3. Multi Locus Sequence Typing
Multi Locus Sequence Typing (40) is a microbial typing method based upon
sequencing ~450-500 base pairs internal fragments of 7 housekeeping genes of a
given strain and then assigning to each unique allele a number, by comparing the
sequence to an online database (5). The seven number code obtained, designated
Sequence Type (ST), is also compared with the online database to obtain the ST
assignment .
Since the accurate determination of the sequence of the internal fragments can be
reliably done with automated DNA sequencers, MLST has the inter-laboratory
portability and accuracy, desired in typing methods used for tracking bacterial
populations, while retaining discriminating power.
Because of its characteristics, MLST has become widely used in molecular
epidemiology surveillance and microbial population studies. In those fields, the typing
method must have the ability to determine the relationship between strains. For MLST,
the eBURST algorithm (14) is commonly used, being preferred to dendrogram analysis,

1

A dendrogram constructed using Dice coefficient for measuring similarity based on band
differences and using Unweighted Pair-Group Mean Average (UPGMA) as the criteria creating
the clusters.
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which provide poor representations of clonal emergence and diversification. The first
step of eBURST algorithm is the group creation. Every ST within an eBURST group
has a user-defined minimum number of identical alleles (n) (typically n=6, creating the
most exclusive group definition) in common with at least one other ST in the group.
Group assignment of STs is mutually exclusive: a ST belongs only to a single group.
Using this partition method, several groups are created and some have only one ST.
These are called singletons, since they share only n-1 or less alleles with other ST in
the data set. The second step in the algorithm is the primary group founder
determination. The primary founder is predicted on the basis of parsimony as the ST
that has the largest number of Single Locus Variants (SLVs: a single allele difference).
In case two STs share the same number of SLVs, the one with more Double Locus
Variants (DLVs) is considered the founder SLV. The next step in the algorithm is
assigning a statistical significance for each of the group founders. This is performed
using a bootstrap resampling procedure, where for each group, resampling with
replacement is performed a user-defined number of times (typically 1000 times), and
then primary founders are re-assigned for each group as previously described. A
bootstrap value of 100% would be assigned to a ST considered group founder for all
the resamplings.The typical results of eBURST can be visualized on Figure 3.

Figure 3 – eBURST diagram for Streptococcus pneumoniae clonal complex/group 1.
Group founder is represented as a blue dot and subgroup founders as yellow dots. The
lines represent a SLV link
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These results produce a working hypothesis about the way each clonal complex may
have diverged and diversified, but to validate the hypothesis further, phenotypic,
genotypic and epidemiological data must be considered.
The relative drawbacks of MLST are the high cost, time, and expertise required for
processing each sample. Although the sequencing costs are decreasing they are still
often prohibitive for routine application to case isolates.

1.3. Typing methods comparison
Struelens et al (42) proposed a series of criteria for the evaluation of the typing
methods, such as, discriminatory power (proposed by Hunter(21) as the average
probability that a given typing method will assign a different type to two unrelated
strains randomly sampled from the population), reproducibility (ability to assign the
same type to a strain tested on independent and separated assays), typeability
(proportion of the strains assigned to a type by the typing method), and epidemiological
concordance (probability that epidemiologically related strains derived from a
presumably single-clone outbreak are determined to be similar enough to be inferred to
be the same clone).
A survey of these characteristics for several typing methods is presented on Table 1 ,
(adapted from Maslow et al (27) and vanBelkum et a l(45)). As described it shows that
genotypic methods generally have better typeability, reproducibility and discriminatory
power, while phenotypic methods have lower cost and better ease of performance and
general availability. DNA sequencing methods still have the major drawback of the
difficult performance but this greatly improved in recent years.
The suitability of a typing method for a given study depends also on other criteria such
as the scale of the study and of the epidemiological markers to be studied. Studies
involving a large number of strains to be typed will need large financial resources if
genotypic typing methods are to be used. The epidemiological markers depend on the
type of study the microbial typing method will be used and is discussed in the next
section of this chapter.
Several molecular epidemiology studies of clinically relevant microorganisms provide a
characterization of isolates based on different typing methods (9, 12, 26, 33). These
studies focus on a comparison between the assigned types of different typing methods,
from a qualitative point of view, i.e., indicating correspondences between the types of
the different methods. Although this may be useful for the comparison of the genetic
backgrounds of the particular set of isolates under study, it does not allow for a broader
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view of how the results of the different typing methods are related. Chapter V presents
a framework to address the global comparison of typing methods results.

Cost
Low

Availability

Low

Excellent

General

Excellent

Excellent

Interpretation

Excellent

Excellent

Ease of

Excellent

Poor

Performance

Poor

Poor

Ease of

Good

Power

Reproducibility

Good
Good

Discriminatory

Typeability

method

Typing

a

Table 1 – Characteristics of several currently used microbial typing methods (Adapted
from (27) and (45))

Phenotypic
Antimicrobial

susceptibility

Manual biotyping
Automated biotyping

Good

Good

Poor

Good

Good

Variable

Medium

Serotyping

Variable

Good

Variable

Good

Good

Variable

Medium

Phage Typing

Variable

Fair

Variable

Poor

Poor

Excelent

Medium

MLEE

Excellent

Excellent

Good

Good

Excellent

Variable

High

Chromosomal REA

Excellent

Variable

Variable

Good

Fair

Variable

Medium

Ribotyping

Excellent

Excellent

Good

Good

Good

Variable

High

PFGE

Excellent

Excellent

Excellent

Good

Good

Variable

High

Genotypic

PCR

Excellent

Fair

Excellent

Good

Fair

Good

Medium

AFLP

Excellent

Good

Excellent

Good

Fair

Low

High

DNA Sequencing

Optimal

Excellent

Excellent

Poor

Excellent

Low

High

a

MLEE, multi locus enzyme electrophoresis; REA, restriction endonuclease analysis; PFGE, pulsed-field gel
electrophoresis; PCR, polymerase chain reaction; AFLP, amplification fragment length polymorphism; DNA sequencing
encompasses all the typing methods based on DNA sequencing such as MLST or emm typing (2)

1.4. Applications of microbial typing
The inference of clonal relationships between isolates through typing information is
used for the study of bacterial population dynamics, from single hosts to entire
ecosystems. These studies are divided in the following specific subjects. The frontiers
between these subjects are sometimes very subtle as most of the studies aim for a
combination of them to achieve their goals.
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1.4.1. Bacterial population genetics
Large samples of isolates can be analyzed by typing methods in order to determine
intraspecies population structure, and derive phylogenetic hypothesis from the
determined structure (14, 41) together with theoretical models of bacterial
evolution(17). Also studies of recombination and mutation rates for a species can be
performed based on the new sequence based methods, such as MLST (15). Typing
methods results can be calibrated with phylogenetic classification obtained from
phenotypic markers or nucleic acid hybridization analysis (20) for assessing the validity
of the phylogenetic information inferred. The results of these studies provide the
knowledge for the definition of clones.
1.4.2. Pathogenesis and natural history of infection
Clinical studies typically use typing methods results for the identification of sources of
transmission and patterns of colonization for carriage or invasive disease, (10, 11, 28,
35). These results have great impact in understanding the bacterial epidemiology and
are used to design prevention strategies such as vaccines and standard operation
protocols.
1.4.3. Surveillance of infectious diseases
Nowadays, the increasingly global nature of economic activity allows a speed of
transportation of persons and goods all over the planet that comes with a
correspondingly more awareness of the global nature of infectious diseases. The
surveillance of infectious diseases can only be achieved by a series of processes,
ranging from the initial data collection, its subsequent analysis and interpretation and
its dissemination, in order to follow disease frequencies, and identify risk factors in the
target population. Surveillance programs can be setup at various levels (regional,
national or multi-national). These programs usually target the surveillance of markers
associated with pathogenicity like the case of PulseNet, the molecular subtyping
network for foodborne bacterial diseases in the United States (43),

or drug

resistance(3). This can lead to “early warning” systems for potential outbreak detection.
These surveillance projects highlighted the need for the standardization of the methods
of sample collection, sample processing, and typing methods protocols (1, 7, 31) as
well as data storage and analysis (38, 43) .
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1.4.4. Outbreak investigation and control.
Outbreaks are the occurrence of a large increase in the frequency of colonization by a
given microorganism, over a short period of period of time, with or without increase in
morbidity. This is usually caused by an increased rate of transmission of a given
pathogen. Microbial typing systems are used in this setting to test a series of
hypothesis, ranging from the identification of the clones and the sources of
contamination causing the outbreak, to the evaluation of the control measures used to
contain the spread of the epidemic clone. In outbreak detection, there is a need of
microbial typing methods that provide rapid results, given the need for fast intervention
to stop the spread of the outbreak. Further confirmation can be obtained by typing
methods with greater discriminatory power if a refinement of results or additional
confirmation is needed.

1.5. Recent developments in typing methods
The advances in DNA sequencing technology, led to the availability of complete
genomes of several strains of microbial pathogens. Currently, at the National Center for
Biotechnology Information (NCBI) website, three hundred and thirty three complete
genomes are publicly available(32). With this information accessible, new sequence
typing methods (or variations of current ones) that are specific for a single
microorganism, such as spa typing (18) and emm typing (2), can be developed and
tailored to the needs of specific study subjects. Also a new discipline, comparative
genomics, is arising, that involves the whole-genome sequence comparison. Although
the cost and time demands of sequencing whole genomes still makes this technique
unsuitable for epidemiological studies on clinical settings, as more genomes are made
available, it is becoming evident that some previous assumptions about phylogenetic
relationships between strains were not accurate (16). In those cases, the choice of
target sequences for sequence-typing methods were genes found to be recently
acquired, therefore the inferences made on those results may not reflect the
phylogenetic relationships of the strains under study.
Currently microarray technology (23, 24) is one of the tools of comparative genomics.
Microarray chips, composed of thousands of DNA fragments of known sequences
(probes), are hybridized against whole genomes, and the resulting hybridization
profiles are analyzed. Correlations between gene sequences and the epidemiological
data can provide new data and the patterns could even be used as epidemiological
markers to successfully predict disease outcomes, like it as been used to predict the
survival in breast cancer (46). One of the major drawbacks of this technique lies in the
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reproducibility of results. The simultaneous analysis of thousands of DNA probes is
subject to technical difficulty and results based on a single microarray are not usually
considered reliable. So the study design and data analysis strategies of these
techniques need to be carefully planned to avoid misleading conclusions.
Another important point is also raised when these new methods generate such an
enormous amount of data: How can this data be stored for further analysis? With the
availability of high speed internet connections, online databases are becoming widely
available for typing data in a multitude of studies (5). This allows the multi-centric
comparison of studies where data collection is standardized.

1.6. Thesis structure
As previously mentioned the technological advances in typing methods provided the
researchers with the increased capability to generate data. This necessitates extended
capacity to store and manage the data and new data analysis methodologies to deal
with it. The work presented on this thesis is based on those new concerns.
In chapter II we present the WEBEURIS database originally developed as part of the
graduate research on epidemiological information systems described in this thesis. In
Chapter III, we report the extensions implemented on WEBEURIS, to further
accommodate data from 6th framework project PREVIS (Pneumococcal Resistance
Epidemicity and Virulence - An International Study), add some extended data query
capabilities

and

to

exchange

data with

the

commercial

software

package

Bionumerics(tm).
In terms of data analysis of large collections of isolates, with the goal of determining the
best PFGE gel analysis parameters for type assignment, we propose a methodology
based on receiver operating characteristic curves in Chapter IV, applied to a collection
of Streptococcus pneumoniae but extensible to any other bacteria. Finally in Chapter V,
we present a framework of methods for the quantitative comparison of different typing
methods type assignments and, as the first step, for mapping type assignments
equivalences between different typing methods.
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Chapter III
3. New developments on EURISWEB

3.1. Summary
The aim of this chapter is to present the new functionalities implemented in
EURISWEB, in order to receive data from participants of VIth Framework PREVIS
project (Pneumococcal Resistance Epidemicity and Virulence - An International Study),
which goal is the study of the molecular mechanisms of resistance, virulence and
epidemicity in Streptococcus pneumoniae. The new developments presented in this
chapter are the first step for implementing data analysis algorithms that will allow
automated data mining and reporting. Our ultimate goal is to provide the complete
infrastructure as an Open Source Epidemiological Information System, which can be
easily adapted for different epidemiological studies.

3.2. Introduction
The EURISWEB database (5) is an web-based information system that allow data
storage and advanced querying capabilities, such as automatic statistics and report
building. Its modular structure was built bearing in mind the necessity to quickly adapt it
to new data types that inherently became available as a study progresses and new
methodologies and techniques are applied. It was built to allow multi-national data
storage and analysis for EURIS project, preserving data security and privacy for the
different partners.
PREVIS project (8), also focusing on the study of Streptococcus pneumoniae, provided
new challenges for EURISWEB, since although the data collection and microbiological
testing were similar in many aspects, new questionnaires needed to be implemented
and data integration with the previously collected data in EURIS was considered
fundamental for the study. EURISWEB had to evolve to a multi-project database while
retaining all the data querying and facilities.
The requirements of stability, scalability, security, user-friendly access, low cost
portability, and transparent implementation for subsequent independent development,
which EURISWEB had, also had to be maintained for this new version.
Presently, the online database is being used by the Laboratory of Molecular Genetics
of Instituto de Tecnologia Química and Biológica (ITQB), for the study of the

30

Chapter III – New developments on EURISWEB
transmission of antibiotic resistant and susceptible pneumococcal clones among
nasopharyngeal carriers(3).
After the data analysis algorithms are implemented and tested using the Streptococcus
pneumoniae data collected from EURIS and PREVIS projects, we aim to provide the
database and data analysis infrastructure as a Open Source Epidemiological
Information System (EIS), capable of being adapted by third-parties for different
epidemiological studies carried on various infectious agents. Becoming an Open
Source project can attract different contributors willing to improve different aspects of
the EIS and/or developing new algorithms for data analysis.

3.3. Materials and Methods
3.3.1. Hardware and Software
PREVIS Database setup installed on a a Dual CPU P4 Xeon @ 3.2 Ghz (512 kb of
cache), with 4 Gb of SDRAM.
In the migration process, Operative System and software environment majority were
also upgraded from the old EURIS infrastructure: Linux server based on Slackware 10,
kernel version 2.4.28; Apache Web-Server (version 1.3.33 stable) and PHP 5.1.1
installed as scripting language to generate de HTML code, allowing for improved
security as well as the capability for using new features, like simple XML import/export,
statistical analysis, or image processing.
These improvements and the way that some new version of PHP functions work,
required us to fine tune and sometimes completely remake about 50% of the existing
code.
SSL (Secure Socket Layer) 1.55 is also installed, to encrypt and secure web based
communications.
The Database Management System infrastructure is now based on PostgreSQL 8.0.3.,
allowing us to take advantage of some performance tuning, and increased array of
features. Shell Scripts that handle the Data Retrieval for the Query System are
essentially the same.
The XML data exchange was tested with Bionumerics version 4.5 from Applied Maths,
Gent, Belgium, using the Bionumerics scripting language scripts available online from
Applied Maths website.
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3.4. Results

3.4.1. Database and Interface design
The new data available from PREVIS questionnaires did not require the expansion of
the main data model of EURISWEB. The new fields were added to the existing tables
on the database.
A new Layout file was created for inserting data on and displaying PREVIS
questionnaires. This layout file included the new fields for the PREVIS data not present
in EURIS forms. The decision on which layout is used is made on which sampling
period is being used to insert data.
Interface design was improved by the use of Cascading Style Sheets (CSS 1.0), to
facilitate future design changes required by different projects. Applying different
webpage designs to different projects allows quick and accurate identification on which
project the data is being inserted.

3.4.2. New Querying capabilities: Crosstab Queries
Since the new data types were inserted in the already built data model of EURISWEB,
the use of the User Friendly Query System (UFQS) was maintained and allowed
simultaneous querying capability for both EURIS and PREVIS data.
Furthermore, we have implemented in PHP a system of performing queries that
emulates the OLAP (OnLine Analytical Processing) (term coined in white paper by
Codd et al(1)) capabilities of a series of commercial relational database management
systems such as MS SQL Server, Oracle or SAP. The relational structure of a
database can impose a difficulty for building multidimensional reports, e.g., displaying
the serotype distribution over the years, in a table. The Crosstab Query System (CQS)
was created to allow the user the creation of such reports. It translates the query built
with the interface displayed on Figure 1, to SQL commands that are sent to the
database through some shellscripts as previously reported for EURISWEB and
produces reports like the ones in Figure 2. Similarly to the UFQS Queries, users can
save their queries for posterior use. This results format greatly speeds data analysis,
avoiding the time-consuming process of rearranging the data.
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Figure 1 – Crosstab Query System Interface. Here is exemplified the design of a query
that gives a report of the number of vaccinated children per age group.
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Figure 2 – Crosstab Query results together with relative frequency statistics. The results
can also be exported in XML format and CSV (comma separated values), which can be
easily read by a majority of available software such as MS Excel ™ and Bionumerics™. In
this example we present the Serotype distribution over the years of study

3.4.3. Data exchange
Although data analysis algorithms are being implemented in EURISWEB, they wouldn’t
be able to cover all the range of possible data analysis, so the capability of exporting
data in a universal format that could be read for the majority of software was
implemented. The query system was adapted to export the query results in CSV
(comma separated values) and XML (eXtensible Markup Language), that can be
imported and manipulated by the majority of the software available.
Also data importing capabilities were implemented in this new version of EURISWEB.
Bionumerics (BN) from Applied Maths is the image analysis software of choice of
many studies ((2, 4, 6, 7). BN database fields and experiments such as Pulsed-Field
Gel Electrophoresis (PFGE) lane images and band allocation can be exported in XML
format using the BN scripts. By adding an extra table and using the XML manipulation
of PHP, the EURISWEB database is able to accommodate the BN data submitted by a
user and link it to the original microbiology sample allowing the visualization of the gel
lane and band pattern identified in BN (Figure 3). This new data could be exported
back to BN XML format allowing using EURISWEB as a backup for BN data.
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Figure 3 – Pulsed-field gel electrophoresis lanes for diferent isolates of Streptococcus
pneumoniae, imported from BN XML format to EURISWEB

3.5. Conclusion and future work
EURISWEB design flexibility proved being able to cope with the changes needed to
accommodate new data types and new features for data analysis. With the
implementation of the Crosstab Query System, the first step was taken for
implementing simple measure of association statistics such as Chi-square tests,
directly on the database interface: the user could execute a query and automatically a
p-value for a chi-square test of independence between the fields chosen to do the
crosstab query could be displayed. Also automatic search for correlations between
database fields is to be implemented and corresponding reports generated and
automatically sent to user.
This ability to integrate data and data analysis is fundamental in the present studies as
the technological advances allow researchers to generate much larger quantities of
data than ever before. The capacity to quickly provide insights on the data as soon as it
is collected and catalogued on the database can free the researcher to pursuit more
complex hypothesis or to redesign experiments as they are made.
After these new features are implemented, the whole infrastructure will be made
available as an Open Source project, available to anyone who which to adapt it or
further develop it for their one studies.
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Chapter IV

4. Assessment of band-based similarity coefficients for automatic
Type/Subtype classification of microbial isolates analyzed by Pulsed-Field
Gel Electrophoresis
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Chapter V

5. Illustration of a Common Framework for Relating Multiple Typing
Methods by Application to Macrolide-Resistant Streptococcus pyogenes
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(A)

(C)

(B)

(D)

Figure 2- Panel A - Adjusted Rand values for all possible cut-off values in each of SmaI/Cfr9I and SfiI dendrograms (in panels B and
C). Panel B – Dice/UPGMA dendrogram for SfiI band patterns of the 325 isolates. Panel C – Dice/UPGMA dendrogram for SmaI/Cfr9I
band patterns of the 325 isolates. Panel D – Visual representation of cluster congruence between SmaI/Cfr9I and SfiI clusters at the
cut-off levels indicated in panels B and C.
56

Chapter V – A common framework for relating multiple typing methods

Supplemental Material

Table A1 - Adjusted Rand coefficients calculated for the 41 macrolide resistant GAS
with MLST information

T
typing

emm
typing

T+emm
typing

T typing
1.000
emm typing
0.607 1.000
T+emm typing 0.676 0.895
1.000
MRPa
0.162 0.338
0.283
SmaI/Cfr9I
0.407 0.721
0.637
80%
SfiI 68%
0.287 0.354
0.318
MLST
0.661
0.417 0.725
a
MRP – Macrolide Resistance Phenotype

a

MRP

SmaI/Cfr9I
80%

SfiI
68%

MLST

1.000
0.290

1.000

0.188
0.287

0.396
0.873

1.000
0.387

1.000

Table A2 - Wallace coefficient calculated for the 41 macrolide resistant GAS with MLST
information
T
typing

emm
typing

T+emm
typing

T typing
1.000 0.577
0.577
emm typing
0.836 1.000
0.836
T+emm typing 1.000 1.000
1.000
MRPa
0.318 0.333
0.279
SmaI/Cfr9I
80%
0.687 0.826
0.678
SfiI 68%
0.590 0.520
0.430
MLST
0.702 0.833
0.702
a
MRP – Macrolide Resistance Phenotype

a

MRP

SmaI/Cfr9I
80%

SfiI
68%

MLST

0.660
1.000
1.000
1.000

0.407
0.709
0.696
0.286

0.304
0.388
0.384
0.216

0.412
0.709
0.714
0.284

1.000
0.870
1.000

1.000
0.510
0.895

0.443
1.000
0.439

0.887
0.500
1.000
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Figure A1 – Relation between PFGE SmaI/Cfr9I clusters (80% similarity cut-off
DICE/UPGMA) and emm sequence types for the 325 strains.
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Figure A2 – Relationship between MLST sequence type and emm sequence
type for the 795 strains that had unambiguous information about both ST and
emm type in the S. pyogenes MLST database (http://spyogenes.mlst.netpresently with a total of 847 total strains). The horizontal and vertical lines limit
the clusters with more than 4 elements. For each typing method, the five
clusters with more elements have the corresponding type identified on the
appropriate axis.
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(1)

(2)

Figure A3 – Relations between emm types and ST for 795 isolates referenced in
the online spyogenes.mslt.net database: (1) distribution of emm sequence type
per MLST ST; (2) distribution of MLST ST per emm sequence type
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(1)

(2)

Figure A4 – Probability matrices for the concordance between emm sequence
type and MLST ST assignments for 41 strains. The color scale represents the
probability of the event in our data set of 41 strains (1) probability of a strain
with a given emm sequence type having a ST type (2) probability of a strain
with a given ST type having an emm sequence type.
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Chapter VI
6.1. Final discussion

The technological advances in molecular biology and sequencing technology lead to
the development of the new sequence based typing methods. However the ability to
compared the obtained sequences to a central database and automatically assign a
type based on the sequence was fundamental for these new microbial typing
methodologies success. Behind such an apparently trivial procedure of submitting a
sequence and, almost instantly, a type being assigned, a considerable computational
power is needed to correctly store and compare the sequences, together with all
other information that is available for the isolate. The comparisons algorithms that
now take a matter of seconds or minutes to run, only 5 years ago have taken days or
weeks. Therefore the advances in computation, algorithm development and internet
technologies are also a major driving force in our capacity to analyze epidemiological
data in a global manner, since we now can compare thousands of strains present in
a database to our isolate of interest. Since this is a relatively new ability, methods of
organizing this data and analyzing are needed to cope with these novel challenges.

In chapters II and III, we presented an online information system, where the flexibility
of design allowed a multi-centric international study. The ultimate goal of this
information system is the integration of data analysis and automated reporting to
become a fully fledged Open Source Epidemiological Information System where a
multi-centric approach is needed and data privacy of each centre can be enforced
while allowing the pooling of data for integrative analyses. These Epidemiological
Information Systems can be adapted for a multitude of studies and, since open
source code is provided, algorithms can be easily developed, implemented and tuned
for a multitude of studies from outbreak detection to population genetics studies. The
data model for the EURISWEB database can also be used as the first step to
construct an ontology of terms and concepts related to microbial typing and
epidemiological data. This could guide the construction of new databases and
facilitate the exchange of data between existing ones, which will prove he next
challenge for this information technology. The ability to query multiple databases
simultaneously pooling together information at different levels (phenotypic, genomic,
proteomic or metabolic levels) from a single microorganism or even strain, could
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provide us with new hypothesis and more refined details about the population
structure of microbial pathogens and whose factors are important for the virulence
and pathogenecity of some strains, providing us with new ways to circumvent the
morbidity and mortality caused by infectious agents.

In Chapter IV, we propose the use of receiver operating characteristic curves, to
assess the goodness of classification of several commonly used band-based
similarity metrics for type and subtype classification of microbial isolates analyzed by
Pulsed-Field Gel Electrophoresis (PFGE). The methodology used allowed the
determination of a similarity threshold where a minimum misclassification error was
observed when compared to the commonly used criteria for assigning types
proposed by Tenover et al (1). It also provides a way to fine tune gel analysis
parameters such as band position tolerance. New similarity metrics (either bandbased or correlation measures) can also be tested to a visually classified collection
to determine if they provide better classification when compared to the ones
commonly used and presented in the article. Another possible use of the
methodology, instead of using known criteria for generic type/subtype classification,
is choosing some a group of strains with certain characteristics (i.e. increased
pathogenecity or virulence) and determine which set of parameters (band position
tolerance and cut-off value for group assignment) will provide best classification to
that group, fine tuning those parameters for the desired ratio between false positives
and false negatives: if we want to be sure to classify an unknown strain to the group
of selected strains we can allow for more false positives results, that can be latter
excluded to belong to the group of interest, than false negatives; Conversely if we are
searching a database for strains with particular characteristics to further study them
using some expensive method, we can allow for more false negative results and
fewer false positive ones, since analyzing a false positive result would involve an
unnecessary expense. Finally this methodology can be extended to any typing
method where a quantitative similarity level between isolates can be measured.
The image analysis procedures required by methods like PFGE, involve dedicated
commercial software such as Bionumerics, and their implementation as an online tool
is still difficult, given the bandwidth requirements for sending the gel images and the
computational power that would be required to do image analysis for several
concurrent users. But one of the unavoidable features of these commercial software
packages is exporting the data in a multitude of formats that can be submitted to the
online database and used for further studies. For instance the similarity matrixes for
all isolates obtained in gel analysis software can be uploaded to the database and
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algorithms such as the ones described in Chapter IV can be implemented and their
results made available to all the users. Also the raw image can be displayed on the
database, as described in Chapter III, allowing a visual confirmation of results.

In Chapter V, we describe a framework for relating multiple typing methods results
and illustrated its use using a collection of macrolide-resistant Streptococcus
pyogenes characterized by PFGE, T typing, emm typing and MLST. The aim of the
framework was to provide a quantitative answer to the question if a typing method
results could have been predicted by the results of another method. This is
particularly useful to determine if new typing methods are providing new information
or are redundant when compared with other typing methods or combination of typing
methods.
The application of this framework to large collections of isolates characterized by
different typing methods can also map type equivalences for different methods,
allowing the inference of results for a given method when results of other methods
are known. For that the indexes used could be expanded for allowing the
simultaneous evaluation of several methods. This methodology could also be further
adapted to provide a measure of strength of the phylogenetic signal that is recovered
by different typing methods: If a group of isolates always have similar type
assignments in different typing methods that can be interpreted as evidence of a
clonal relationship between isolates. Since the proposed measures can be applied to
any microorganism and typing method, another way to measure clonality in different
bacterial species could be how this mapping of typing results equivalences evolves
over time. Newly found type equivalences or diversification of types could indicate
exchanges of genetic material or phenotypic adaptations that could be further
investigated.
Another very useful extension of these measures could be the comparison of
different data analysis methods for the same typing method results. Recently, we
proposed the use of an information-theoretic similarity metric that takes into account
the relative frequency of alleles of each gene in the sample of the population present
in the MLST database to determine the distance between Sequence Types (See
Appendix), and the groups(putative Clonal Complexes) formed by the proposed
algorithm can be evaluated by the measures proposed in Chapter V.
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6.2. New solutions and New Problems
The paradigm shift that high-throughput methods and computational advances are
imposing on Biology in general is also being reflected in microbial typing: The huge
amount of data that is fast becoming available necessitates the use of integrative
approaches for the analysis of data and data-driven approaches are needed in
conjunction to the classical hypothesis driven theories. This is the new Systems
Biology, which is already assumed as the Biology of the XXI century.
Naturally, new ethical problems arise with these new approaches: Should all the
information in databases be made freely available? How can the privacy of the
subjects from whom the original samples where taken be preserved? How can we
trust the data submitted by third-parties? These questions can only be solved by
consortia responsible for validating the data available on these databases, and
enforcing the privacy issues.
Also, the capacity to store huge quantities of data can provide the studies with a new
level of quality control. Together with the data generated the complete experimental
protocol can be stored: information from which reagents where used to the lab
equipment can be stored and algorithms can mine the data in search for correlations.
This could determine if results are being biased from reagent batches and
equipment.
The new challenge will be how to store, exchange, analyze and interpret the evergrowing wave of data without loosing perspective of the details.
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Abstract
Multi-locus Sequence Typing (MLST) is a microbial typing method
based upon sequencing internal fragments of 7 housekeeping genes
of a given strain and then assigning to each unique allele a number.
The final Sequence Type (ST) of a strain is a unique 7 number code
that characterizes the isolate. The algorithm used to calculate
relationships between strain types is eBURST (enhanced Based
Upon Related Sequence Types). Here we propose the use of an
information-theoretic similarity metric that takes into account the
relative frequency of alleles of each gene in the sample of the
population present in the MLST database to determine the distance
between STs. This metric can extend the eBURST algorithm,
providing further insight to phylogenetic relations between STs, since
the allele frequency for each gene varies widely in the majority of
microorganisms to which MLST has been applied.
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Introduction
Multi Locus Sequence Typing (MLST)(4) is a microbial typing method
based upon sequencing ~450-500 base pairs internal fragments of 7
housekeeping genes of a given strain and then assigning to each
unique allele a number, after comparing the sequence in an online
database(1). The seven number code obtained, designated
Sequence Type (ST), is also compared with the online database to
determine if the ST was previously encountered.
Determining accurately the double strand sequence of internal
fragments with automated DNA sequencers, allows MLST to have
the inter-laboratory portability and accuracy, desired in typing
methods used for tracking bacterial populations, while retaining
discriminating power.
Because of its characteristics, MLST has become widely used in
molecular epidemiology surveillance and microbial population
studies. In those fields, the typing method must have the ability to
determine the relationship between strains. For MLST, the
eBURST(2) algorithm is commonly used, being preferred to
dendrogram representations, which provide poor representations of
clonal emergence and diversification. The first step of eBURST
algorithm is the group creation. Every ST within an eBURST group
has a user-defined minimum number of identical alleles (n) (typically
n=6, creating the most exclusive group definition) in common with at
least one other ST in the group. Group assignment of STs is mutually
exclusive: a ST belongs only to a group. Using this group partition
method, several groups are created and some have only an ST.
These are called singletons, since they share only n-1 or less alleles
with other ST in the data set. The second step in the algorithm is the
primary group founder determination. The primary founder is
predicted on the basis of parsimony as the ST that has the largest
number of Single Locus Variants (SLVs: a single allele difference). In
case of two ST sharing the same number of SLVs, the one with
more Double Locus Variants (DLVs) is considered the founder. The
next step in the algorithm is assigning a statistical significance for
each of the group founders. This is performed using a bootstrap
resampling procedure, where for each group, resampling with
replacement is performed a user-defined number of times (typically
1000 times), and then the primary founders are re-assigned for each
group as previously described . A bootstrap value of 100% would be
assigned to a ST considered group founder for all the resamplings.
Using the eBURST algorithm, will also produce subgroups and
subgroup founders. These are STs connected with the group founder
and already have more than two SLVs of their own. Finally a
topology optimization procedure always maximizes the SLVs to the
primary group founder. The typical graphical output of eBURST
algorithm is presented in Fig 1.
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Figure 1 –
eBURST
graphical
output for
group 1
determined
from the entire
ST database of
Streptococcus
pneumoniae. In
blue is the
primary group
founder (ST
156) and in grey
are the
subgroup
founders

Observing the allele frequencies for the microorganisms in the MLST
databases, it strikes out the fact that they differ from locus to locus
and, at each locus, there is a predominant allele. In Figure 2, we
represent the allele frequency for gene aroe in Streptococcus
pneumoniae MLST database. In this study, we propose a similarity
metric that reflects the different allele frequency, and allows greater
flexibility in measuring ST relationships than simply counting the
number of differences between two alleles. This similarity metric,
proposed by Lin(3), derives of a definition of similarity using
Information Theory concepts.
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In this definition , the similarity between A and B is measured by the
ratio between the amount of information needed to state the
commonality of A and B and the information needed to fully describe
what A and B are. We defined the information needed to fully
describe an ST as the logarithm of the product of the frequencies of
the observed alleles on that ST, resulting on the following formula for
similarity between STs:
m

sim(ST 1, ST 2) =

2 log ∏ fi
i =1

t

t

j =1

j =1

log ∏ f jST 1 + log ∏ f jST 2

Equation 1 – Similarity
between STs sharing m
alleles of a total t alleles.

Results
One of the characteristics of the information-theoretic similarity
metric used, is the capability to distinguish between SLVs. Since the
metric is based upon the frequency of the alleles, 3 STs , SLVs of
each other, have different similarity values between them if the nonshared allele frequency varies. A comparison between SLVs with the
non-shared allele having low frequency in both, would yield a lower
similarity value than with one (or both) non-shared alleles with high
frequency. Also the frequency of the shared alleles plays a part on
the similarity metric. Lower frequency in the shared alleles yields
higher similarity values than higher frequency. This nicely translates
the fact that STs with rarer (lower frequency) alleles shared must be
more related than STs with common (high frequency) alleles.
Calculating the similarity using this metric for the Streptococcus
pneumoniae MLST database, we also found out that the lowest
similarity value for SLVs in the database was 0.58 and, at those
similarity similarity values, DLVs and Three Locus Variants (TLVs)
were also found. The biological meaning of this finding is still under
study, but it indicates that sometimes is more probable changing 2 or
3 higher frequency alleles in the population than a single lower
frequency allele.
Using the 0.58 similarity value as a cut-off value for group formation
(all STs with similarity greater than 0.58 where considered belonging
to the same group) and comparing with eBURST group 1 for
Streptococcus pneumoniae we also found that 17 STs found in
eBURST Group 1 where not connected to ST 156 (i.e. had similarity
values lower than 0.58) using our method and that 5 eBURST
singletons were considered connected to ST 156.
Further studies are in progress to access this similarity in different
microorganisms that have different recombination rates in the
population for the genes used in their MLST schemas.
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Conclusions
The information-theoretical definition of similarity used in this study is
an ‘evolutive’ metric since as new alleles are added to the database,
their frequencies change and the distances change reflecting the
new allele distribution. This can effectively enhance the eBURST
algorithm, opening new possibilities when exploring strains
relatedness and studying microbial population biology.
References

1.

2.

3.
4.

Chan, M. S., M. C. Maiden, and B. G. Spratt. 2001.
Database-driven Multi Locus Sequence Typing (MLST) of
bacterial pathogens. Bioinformatics 17:1077-83.
Feil, E. J., B. C. Li, D. M. Aanensen, W. P. Hanage, and B.
G. Spratt. 2004. eBURST: inferring patterns of evolutionary
descent among clusters of related bacterial genotypes from
multilocus sequence typing data. J Bacteriol 186:1518-30.
Lin, D. 1998. Presented at the Proceedings of International
Conference on Machine Learning, Wiscosin.
Spratt, B. G. 1999. Multilocus sequence typing: molecular
typing of bacterial pathogens in an era of rapid DNA
sequencing and the internet. Curr Opin Microbiol 2:312-6.

71

Curriculum Vitae

Curriculum Vitae
João André Nogueira Custódio Carriço was born in 24 September
1976, in Amadora, Portugal. From 1994 to 2000 he frequented the
Faculdade de Ciências e Tecnologia, Universidade Nova de Lisboa,
where he obtained the degree in Applied Chemistry, Biotechnology
branch. During his degree he did a research training in
Epidemiological Data Analysis and Management under the
supervision of Prof Dr. Jonas Almeida and Prof. Dra. Herminia de
Lencastre, that he followed to his PhD project.
During his PhD training , he was responsible for the computer–
assisted gel analysis module of Pulsed-Field Gel Electrophoresis
EURIS workshop, held at The Rockefeller University, New York USA,
from 15 February 2001 to 15 March 2001.
In 4-7 June 2002 he presented a talk on “Design of an
Epidemiological System: A proposal based on the CRISTAL kernel”
on the IEEE Computer Based Medical Systems 2002 in Maribor,
Slovenia, as a result of a collaboration with the Centre for Complex
Cooperative Systems, Faculty of Computing, Engineering and
Mathematical Sciences, University of West of England, Bristol, UK
and the ETT-IPR Group at CERN, Genève, Switzerland.
In 23 November 2002 he presented “The project EURIS online
database at the ENEMTI (ESF Network for Exchange of Microbial
Typing Information) workshop “Latest Advances in Molecular
Fingerprinting Methods for Bacteria and the Construction of
Computer Databases”, in Barcelona, Spain.
In 17 June 2005 his work “fBURST: Enhancing eBURST with an
information-theoretic similarity metric” was selected for a talk in
BKDB2005 - Bioinformatics: Knowledge Discovery in Biology,
Lisboa, Portugal
During is PhD training he participated in also had several short (1-2
months) visits to the Department of Biometry, Medical University of
South Carolina, Charleston, SC, USA, and had an active
participation on two European union projects: 5th Framework project
EURIS - European Resistance Intervention Study - QLK2-CT-200001020 (http://euris.itqb.unl.pt) and 6th Framework project PREVIS Pneumococcal Resistance Epidemicity and Virulence An
International Study - LSHM-CT-2003-503413(http://previs.itqb.unl.pt).
Publications in international scientific periodicals with referees
Almeida, J.S., C. Chen, R. Gorlitsky, R. Stanislaus, M. Aires-deSousa, P.Eleutério, J. Carriço, A. Maretzek, A. Bohn, A. Chang, F.
Zhang, R. Mitra,G.B. Mills, X. Wang, and H.F. Deus. 2006. Data
integration gets “Sloppy”.Nature Biotechnology. 24:6-7.

72

Curriculum Vitae
Carriço, J.A.; C. Silva-Costa; J. Melo-Cristino; F. R. Pinto; H. de
Lencastre; J.S.Almeida; M.Ramirez, Illustration of a Common
Framework for Relating Multiple Typing Methods by Application to
Macrolide-Resistant Streptococcus pyogenes, J Clin Microbiol. 2006
Jul;44(7):2524-32
Mato R, Sanches IS, Simas C, Nunes S, Carrico JA, Sousa NG,
Frazao N, Saldanha J, Brito-Avo A, Almeida JS, Lencastre
HD.Natural History of Drug-Resistant Clones of Streptococcus
pneumoniae Colonizing Healthy Children in Portugal.Microb Drug
Resist. 2005 Winter;11(4):309-22
Carriço, J.A. , F.R. Pinto, C. Simas, S. Nunes, N. G. Sousa, N.
Frazão, H. de Lencastre, and J.S. Almeida. 2005. Assessment of
band-based similarity coefficients for automatic Type/Subtype
classification ofmicrobial isolates analyzed by Pulsed-Field Gel
Electrophoresis. J Clin Microbiol. 2005 Nov;43(11):5483-90
Sousa N. G., R. Sá-Leão, M.I. Crisóstomo, C. Simas, S. Nunes, N.
Frazão, J. Carriço, R. Mato, I. Santos-Sanches, and H. de Lencastre.
2005. Properties of novel international drug-resistant pneumococcal
clones identified in day-care centers (DCCs) of Lisbon, Portugal. J
Clin Microbiol. 2005 Sep;43(9):4696-703
I. Serrano, J. Melo-Cristino, J. Carriço and M. Ramirez,
Characterization of the genetic lineages responsible for
pneumococcal invasive disease in Portugal, J Clinical
Microbiology,2005 Apr;43(4):1706-15
Nelson Frazão; António Brito-Avô; Carla Simas; Joana Saldanha;
Rosario Mato; Sónia Nunes; Natacha Gonçalves Sousa; João
Carriço; Jonas Almeida; Ilda Santos-Sanches; Hermínia de
Lencastre, Effect of the 7-valent conjugate pneumococcal vaccine on
carriage and drug resistance of Streptococcus pneumoniae in
healthy children attending day-care centers in Lisbon Pediatr Infect
Dis J. 2005 Mar;24(3):243-52.
Nunes S, R Sá-Leão, J Carriço, CR Alves, R Mato, A Brito Avô, J
Saldanha, JS Almeida, I Santos Sanches, and H de Lencastre
(2005) Trends in drug resistance, serotypes and molecular types of
Streptococcus pneumoniae colonizing pre-school age children
attending day care centers in Lisbon, Portugal – a summary of four
years of annual surveillance.J. Clin. Microbiol. 2005;43 1285-1293
Sara Silva, Rodrigo Gouveia-Oliveira, Antonio Maretzek, Joao
Carrico,Thorolfur Gudnason, Karl G Kristinsson, Karl Ekdahl, Antonio
Brito-Avo, Alexander Tomasz, Ilda S Sanches, Herminia de
Lencastre and Jonas S Almeida.Web-based epidemiological

73

Curriculum Vitae
surveillance of antibiotic-resistant pneumococci in Day Care Centers
BMC Medical Informatics and Decision Making 2003, 3:9
Maria Miragaia, Isabel Couto, Sandro F. F. Pereira, Karl G.
Kristinsson, Henrik Westh, Jens O. Jarløv, João Carriço, Jonas
Almeida, Ilda Santos Sanches and Hermínia de Lencastre.Molecular
Characterization of Methicillin Resistant Staphylococcus epidermidis
(MRSE) Clones: Evidence of Geographic Dissemination J Clin
Microbiol 2002 Feb;40(2):430-8
Santos Sanches, I., R. Mato, H. de Lencastre, A. Tomasz, CEM/NET
collaborators: S. Nunes, C. R. Alves, M. Miragaia, J. Carriço,I. Couto,
I. Bonfim, M. A. de Sousa, D. Oliveira, A. Gomes, M. Vaz,
S.Fernandes, S. C. Verde, S. Ávila, F. Antunes, R. Sá-Leão, J.
Almeida,and International collaborators: O. Melter, M. Chung, M.
C.Brandileone, E. Castañeda, I. Heitmann, M. Hortal, W. Hryniewicz,
F.Jia, K. Kikuchi, K. G. Kristinsson, J. Liñares, A. Rossi, E. Z.
Savov,J. Schindler, F. Solorzano-Santos, K. Totsuka, M. Venditti, P.
Villari,H. Westh, J. S. Wu, and R. C. Zanella. 2000. Patterns of
multidrug resistance among methicillin-resistant hospital isolates of
coagulase-positive and coagulase-negative staphylococci collected
in the international multicenter study RESIST in 1997 and 1998.
Microb. Drug Resist. 6:199-211
Papers in conference proceedings
Tony Solomonides, Mohammed Odeh, Richard McClatchey,JeanMarie Le Goff, Joao Carrico,Jonas Almeida.Conceptual Modelling of
an Epidemiological Information System, IADIS International
Conference e-Society 2003, ISBN:972-98947-0-1
João Carriço, Francisco Pinto, Mário Ramirez , Jonas Almeida,
fBURST: Enhancing eBURST with an information-theoretic similarity
metric , BKDB2005 - Bioinformatics: Knowledge Discovery in Biology
2005, ISBN:972-9348-12-10

74

