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Abstract

In this brief report, we provide a portrait of the CEM-NET initiatives regarding molecular
epidemiological studies and review how they have contributed to a better knowledge of the nature
of drug-resistant Staphylococcus aureus and Streptococcus pneumoniae clones, as well as their
routes and modes of geographic expansion.
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Introduction

The introduction of vast quantities of antibiotics into the environment — beginning around
the middle of the last century — has triggered an “accelerated evolution” of drug-resistant
bacterial lineages — propelled by the extensive use of antibacterial agents in clinical practice
and prophylaxis both in the human and veterinarian environments and in agriculture as well.
Characterization of these novel bacterial clones and tracking their geographic spread
required the use of molecular biology techniques which underwent a parallel evolution in
time — beginning with phage typing and serotyping through pulsed-field gel electrophoresis
(PFGE) all the way to full genome sequencing (Oliveira et al., 2011).

In this brief report, we shall provide a portrait of the CEM-NET initiative that probably
represents the chronologically first organized international effort in molecular epidemiology
of drug-resistant staphylococci and pneumococci. CEM-NET (for Centro de Epidemiologia
Molecular) had its first international meeting in 1995. CEM-NET combined the interests and
scientific skills of two university-based centers: the Laboratory of Microbiology and
Infectious Disease at Rockefeller University in New York, USA (headed by Dr. Alexander
Tomasz) and the Laboratory of Molecular Genetics at Instituto de Tecnologia Quimica e
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Bioldgica (ITQB), affiliated with the Universidade Nova de Lishoa in Portugal (headed by
Dr. Herminia de Lencastre). The informal structure and mode of operation of CEM-NET is
shown in Figure 1.

Studies on the molecular epidemiology of Streptococcus pneumoniae

An international meeting organized by CEM-NET in 1996 at the Laboratory of Molecular
Genetics, ITQB was attended by 96 colleagues from 25 different countries and produced an
update on the molecular biology of pneumococci and its diseases (Tomasz, 2000). This
meeting also catalyzed the birth of ISPPD (International Symposium on Pneumococci and
Pneumococcal Disease) (http://www?2.kenes.com/isppd2012/Pages/home.aspx) — an
international group of scientists and medical practitioners who have been gathering every
2"d year, with each time a different country serving as host. ISPPD has become an
international forum for update and information exchange on pneumococcal diseases and
their control — with specific emphasis on efforts to control these devastating diseases which
account for over a million annual mortalities mostly in preschool age children. The last
meeting of ISPPD in Tel Aviv (ISPPD 7) drew an attendance of over 2,000 participants
(http://www?2.kenes.com/isppd/Pages/Home.aspx).

Lisbon Day Care Center Initiative

The main — if not the only — ecological reservoir of S. pneumoniae on this planet is the
human nasopharynx, primarily in preschool age children, a very large proportion of whom
are recruited into Day Care Centers in the developed world. A systematic — annual —
screening of S. pneumoniae carried by children attending Day Care Centers in Lisbon,
Portugal began in 1996 by the European arm of CEM-NET (laboratory of Molecular
Genetics, Lisbon). This ongoing surveillance — supported by the European community and
Fundacé@opara a Ciéncia e a Tecnologia (FCT) (de Lencastre et al., 1999) has produced
numerous important insights into evolutionary changes in the natural flora of pneumococci
in response to such global interventions as use of antimicrobial agents (Sa-Leao et al., 2009)
or the introduction of conjugate anti-pneumococcal vaccine (Frazao et al., 2005). A website
containing an enormous body of invaluable information on the epidemiology and molecular
types of these pneumococcal isolates has been produced (Silva et al., 2003).

The CEM-NET fellowship program

The CEM-NET fellowship program funded by the Gulbenkian Foundation and FCT allowed
working visits to the Laboratory of Molecular Genetics, Lisbon, by interested colleagues
from different European and South American countries and Turkey and North Africa. The
purpose of these visits was to provide a hands-on laboratory experience in a tutorial type of
environment to learn molecular typing techniques and characterize staphylococcal isolates
brought along by the visitors from their countries. The visiting colleagues worked in close
collaboration with members of the Laboratory of Molecular Genetics and most of these
visits resulted in collaborative publications.

Collaborative studies with the Pan American Health Organization (PAHO)

Colleagues from Brazil, Argentina, Mexico, Colombia, Uruguay, brought along a large
collection of penicillin-resistant S. pneumoniae isolates to a workshop of CEM-NET
organized at the Rockefeller University. The isolates were recovered from pediatric disease
through the South American network of Regional Vaccines Systems (SIREVA). The isolates
were characterized by molecular typing techniques. Part of the purpose of this collaborative
workshop was to teach molecular typing techniques to our South American colleagues. A
major conclusion of this study was recognition of the dominance of a few pandemic
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penicillin-resistant S. pneumoniae clones which were responsible for the overwhelming
majority of antibiotic-resistant pediatric disease in these countries (Tomasz et al., 1998).

The aim of a second collaborative study with PAHO — also organized at the USA branch of
CEM-NET, was to teach multilocus sequence typing (MLST) and also examine the nature of
penicillin-susceptible S. pneumoniae isolates causing pediatric disease in South America —
in the same areas where the former study with resistant isolates was performed (Zemlickova
et al., 2005). In contrast to the penicillin-resistant isolates, the susceptible strains showed
enormous genetic variation in sequence type (Figs. 2, 3).

The CEM-NET laboratories in Lisbon and New York provided some of the S. pneumoniae
isolates for a recent collaborative study with colleagues at the Sanger Institute, the aim of
which was to reconstruct stages in the pathway of evolution of one of the multidrug-resistant
clones of S. pneumoniae through the use of full genome sequencing (Croucher et al., 2011).
The disease-causing potential of the PMEN-1 clone was compared to the disease potential
by penicillin-susceptible pneumococcal strains of the same serotype — 23F — in a small case
control study conducted in several New York hospitals (Roberts et al., 2001).

Studies on methicillin-resistant Staphylococcus aureus (MRSA)

“RESIST” — an acronym for the first international surveillance of MRSA that used
molecular typing techniques — was conducted by the CEM-NET laboratories. Over 4,500
MRSA isolates recovered from 84 hospitals in 20 countries were typed by molecular
techniques (Santos Sanches et al., 2000) (Table 1). A major finding of this study was the
recognition that as few as 5-6 globally spread MRSA clones were responsible for over 80%
of MRSA disease in hospitals in each of the participating countries (Oliveira et al., 2002,
Aires de Sousa and de Lencastre, 2004) (Fig. 4).

A sentinel system of hospitals in Portugal

A sentinel system of hospitals in Portugal was organized by the European branch of CEM-
NET. Periodic surveillance of MRSA clones over a several years period has allowed
documentation of the “ebb and flow” of major epidemic clones over time (Aires-de-Sousa et
al., 2008).

Tracking MRSA clones in 12 major hospitals in New York City and in hospitals in the Tri-
State Area of New Jersey, Pennsylvania and Connecticut

This molecular epidemiological study documented the wide-spread dominance of the New
York/Japan MRSA clone (sequence type 5) as a major cause of hospital-borne MRSA
disease (Roberts et al., 1998, 2000) (Fig. 5).

Carriage of MRSA among healthy individuals in the community

A study of major epidemiological importance was carried out by the European branch of
CEM-NET in 1998. The study addressed the important question of exactly where the
ecological reservoirs of MRSA are in a country, Portugal, where the frequency of hospital-
associated MRSA disease was as high as 50%. A carefully selected cohort of young healthy
individuals (air force recruits, high school students and university students) was selected for
the study. Participants had no physical contact with hospitals and never used antibiotics.
Screening of colonization sites (nostrils and armpits) of over 1,009 individuals identified —
as expected — about 30% as carriers of S. aureus but the carriage rate of MRSA was as low
as 5/5010 isolates (Sa-Leao et al., 2001). Low carriage rate of MRSA among healthy
individuals was subsequently confirmed by a study in 2010 (Tavares et al., 2010). A study
by the CDC in 2003/2004 found carriage rate of 1.5% in a general population sample from
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the USA (Gorwitz et al., 2008). These observations really indicate that before the
appearance of community-acquired MRSA in the early 2000s, MRSA clones were restricted
to the hospital environment.

Molecular epidemiology of S. aureus disease in Africa

Two studies conducted by the European branch of CEM-NET examined the nature of S.
aureus carriage in a former Portuguese colony in Africa: Cape Verde islands. Most
interestingly, the frequency of S. aureus was extremely high in the two hospitals screened,
but no MRSA could be identified (Aires De Sousa et al., 2000) probably reflecting the lack
of availability of antimicrobial agents. On the other hand, the carriage of the PVL toxin was
unusually high among these MSSA isolates (Aires-de-Sousa et al., 2006).

Update of MRSA clones in Europe for Year 2006

The CEM-NET laboratory participated in a major molecular epidemiological study in which
25 European countries and over 500 hospitals provided MRSA isolates for a typing effort
that used spa typing to identify the distribution and dominance of MRSA clones in Europe
(Grundmann et al., 2010).

“Cosmopolitan” MRSA clones

“Cosmopolitan” MRSA clones that can exist both in hospitals and in the community and the
likely route of transmission between these two environments have recently been identified
by sampling handrails in public bus lines through which visitors travel to and from hospitals
in Oporto (Simoes et al., 2011).

Evolutionary history of the “Brazilian” clone of MRSA

Evolutionary history of the “Brazilian” clone of MRSA was deciphered in a collaborative
study between the Laboratory of Molecular Genetics, a hospital in Thailand and the Sanger
Institute. Complete genome sequencing was performed on chronologically and
geographically characterized isolates leading to the identification of the most likely
“birthplace” as well as routes of travel of this important MRSA clone (Fig. 6) (Harris et al.,
2010).

Micro evolution of an MRSA lineage in a patient undergoing antibiotic therapy

Consecutive isolates of an MRSA — belonging to New York/Japan clone — were recovered
from the blood stream of a patient during various times after the onset of extensive
chemotherapy with the antibiotic vancomycin. The isolates included the fully susceptible
first isolate recovered from the blood stream at the time of hospital admission and the
vancomycin-resistant isolate recovered from the patient at the end of chemotherapy. All
isolates were shown to be isogenic which prompted us to determine the full genome
sequence of the initial and final isolates. The point mutations in 33 chromosomal genes
identified in the ultimate vancomycin-resistant isolate were shown to appear in a sequential
manner in isolates with intermediate resistance level during earlier times of chemotherapy.
Using PCR sequencing it was possible to construct a genetic pathway through which this
particular MRSA clone had evolved (Mwangi et al., 2007). While the precise contributions
of the 33 mutations to stages of antibiotic resistance remains to be determined, this study
appears to have identified steps in the evolution of a single drug-resistant MRSA lineage —
in vivo — in the realistic setting of a patient undergoing chemotherapy.
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Conclusion and outlook

Molecular epidemiology studies have already produced a vast amount of important
information about the nature of drug-resistant clones, their routes and modes of geographic
expansion, clearly documenting the importance of close collaboration between
epidemiologists, who can provide bacterial isolates with well-documented information
concerning dates and place of isolation, and molecular biologists, who can characterize these
isolates by full-genome sequencing to reconstruct with even more precision the pathways
through which a particular pathogenic clone has evolved.

A special database containing all molecular, microbiological and demographic information
about the S. aureus isolates in the CEM-NET collection is currently under development (Fig.
7) (Deus et al., 2008).
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CEM/NET

Global surveillance of S. aureus and S. pneumoniae
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Fig. 1.
The structure and mode of operation of CEM-NET.

Int J Med Microbiol. Author manuscript; available in PMC 2012 December 1.

e center
4



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

de Lencastre and Tomasz Page 9

2.9%
(Clone D from
Chile)
16.3%
(20 different
PFGE types)

(25.6%
(Clone A)
SP-1

Fig. 2.

Molecular typing of penicillin-resistant S. pneumoniae isolates from South America. Of the
172 penicillin resistant isolates collected in 5 South American countries in the SIREVA
initiative and typed by molecular typing techniques 137 (80%) of the isolates belonged to
two dominant sequence types represented by the epidemic clones SP-1 and SP-3.
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Fig. 3.

Molecular typing of penicillin-susceptible S. pneumoniae isolates from South America. 185
penicillin-susceptible S. pneumoniae isolates recovered from pediatric disease in 5 South
American countries were typed for serotype and for sequence type. In contrast to the
penicillin-resistant isolates (see Fig. 2), the susceptible strains showed a high degree of
genetic diversity.
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Fig. 4.
International spread of a few pandemic clones of MRSA.
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Fig. 5.

Spread of the New York/Japan MRSA clone (ST-5) in New York City Hospitals. Location
of participating hospitals in the various boroughs of New York City and the presence of the
ST-5 MRSA clone (X) is indicated. The locations of Rockefeller University (RU) and the
Public Health Research Institute (PHRI, participating in the study) are also indicated (grey
squares).
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Fig. 6.

“Birthplace” and migrations of the Brazilian MRSA clone ST239. Figure drawn by S.
Gardete and H. de Lencastre from data in described by Harris et al., 2010. Red, Europe;
Green, South America; Black, North America; Blue, Asia; Yellow, Australia.
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Fig. 7.
The structure of a Semantic Web management model (S3DB) for integrative biomedical
informatics. Figure was drawn by Jonas Almeidato to illustrate the structure of the model.
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