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Welcome Address of the German Academy  
of Sciences Leopoldina

 Hubert E. Blum ML (Freiburg)

 Member of the Academy Presidium

Dear Colleagues,
Ladies and Gentlemen,

I would like to welcome you on behalf of the German Academy of Sciences Leopoldina, 
co-sponsor of this symposium, and its president Professor Volker ter meulen who unfortu-
nately is not able to be here today. He conveys his best regards and wishes for an interest-
ing and successful meeting.

The history of the German Academy of Sciences Leopoldina goes back to January 1, 1652 
when it was founded by four medical doctors and was named Academia Naturae Curiosorum.

Its chief mission is the promotion of science, the interdisciplinary discussion of scien-
tific issues and their presentation in the context of a biannual assembly of its members, a bi-
annual conference as well as numerous meetings and symposia, such as yours. During the 
last years the Academy has developed interactions with numerous academies world-wide, 
most importantly the Royal Society in London, the Académie des Sciences in Paris and 
more recently the National Academies of China, India and the USA.

The German Academy of Sciences Leopoldina has a maximum of 1,000 members under 
the age of 75. About 70 % come from German Speaking countries, Germany, Austria and 
Switzerland; about 30 % from countries all over the world. The Academy is organized in 
28 sections, one of which – section 13 – is your section “Microbiology and Immunology”, 
headed by Professor Hacker whom you all know.

Many famous microbiologists are or were members of the Academy:

– For example Jacob Henle (1809 – 1885, L1 1858), who discovered that living organisms 
are the cause of infectious diseases. He was the teacher of Robert kocH and co-authored 
the Koch-Henle postulates for proving the infectious nature of an agent.

– Ferdinand Julius coHn (1828 – 1898, L 1849), founder of the experimental scientific 
bacteriology with among others the introduction of sterilized growth media.

– Albert neisser (1855 – 1916, L 1886), who discovered gonococci as cause of gonorrhea.
– Anton WeicHselBaum (1845 – 1920, L 1888), who discovered meningococci as cause of 

meningococcal meningitis.

1 L = Member of the Leopoldina since.
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– Kiyoshi sHiga (1870 – 1957, L 1927), who discovered Shigella dysenteriae.
– Erich Hoffmann (1868 – 1959, L 1933), who discovered Treponema pallidum as cause of 

syphilis.

Also, several basic scientists in the field of microbiology and cell biology were members of 
the Academy and received the Nobel Prize.

– Max DelBrück (1906 – 1981, L 1963), who opened the field of bacteria genetics, Nobel 
Prize 1969.

– Jacques monoD (1910 – 1976, L 1964), who described the operon model of gene expres-
sion, Nobel Prize 1965.

– Arthur kornBerg (*1918, L 1964) who discovered the DNA polymerase and character-
ized DNA replication and repair, Nobel Prize 1959.

– André Michel lWoff (1902 – 1994, L 1970), who defined the details of the lysogeny of 
bacteria, Nobel Prize 1965.

In recent years, the Academy, largely promoted through its President Professor Volker ter 
meulen, has shown a strong interest in infectious diseases and has issued or greatly contrib-
uted to several written statements on infectious diseases, such as:

– In 2005 a Recommendation to Combat Infectious Diseases and a Report of the European 
Academies Science Advisory Council (EASAC) on Infectious diseases – importance of 
coordinated activity in Europe.

– In 2006 an EASAC report on Vaccines: innovation and human health and a Joint Acad-
emy statement on Avian influenza and infectious diseases.

– And in 2007 an EASAC report on Tackling antibacterial resistance in Europe as well as 
the active participation in an InterAcademies Medical Panel (IAMP) Working Group in 
Shanghai on Combating the threat of new emerging infections.

Demonstrating its long-standing and strong interest in infectious diseases the Academy is 
happy to co-organize and co-sponsor your symposium on the occasion of the 150th birthday 
of Theodor escHericH.

Apart from scientific advances you will have the opportunity to get to know the nat-
ural beauty and some historic places of the region, including the birth place of Theodor 
 escHericH.

On behalf of Professor ter meulen and the Presidium of the Academy I wish you a suc-
cessful meeting, with a lively exchange of new information related to the molecular biology of 
E. coli, the pathogenesis of E. coli associated diseases as well as clinical aspects.

I wish you a splendid symposium and a time to remember. Thank you for your attention.

 Prof. Dr. Dr. h. c. mult. Hubert E. Blum

 Medizinische Universitätsklinik
 Abteilung Innere Medizin II
 Hugstetter Straße 55
 79106 Freiburg (Br.)
 Germany
 Phone: +49 7 61 2 70 34 03
 Fax:  +49 7 61 2 70 36 10
 E-Mail: hubert.blum@uniklinik-freiburg.de
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Welcome Address of the Julius-Maximilians 
University of Würzburg

 Axel Haase (Würzburg)

 President of the University of Würzburg

Dear colleagues,
Ladies and gentlemen,

On behalf of the Julius-Maximilians University of Würzburg, I should like to extend a 
warm welcome to all of you. It is a great honor for us that experts on Escherichia coli not 
only from many different neighboring countries of Europe and the United Kingdom, but 
also from the United States, Canada, and even from the Near and the Far East are attending 
the EMBO-FEMS-Leopoldina Symposium.

Ladies and gentlemen, we are proud to have you here. And we are also proud that the 
man who gave the name to the microbe – and thus to the symposium as well – is among 
those famous scientists who had studied and worked at our university respectively our 
university hospital. Theodor escHericH did part of his studies at the Julius-Maximilians 
University, and, after qualifying in Munich in 1881, he came back to Würzburg to become 
the first assistant to the internist Karl Christian Adolf Jakob GerHardt, in our univer-
sity clinic, the Julius-Spital, and there he made some of his first discoveries more than a 
 century ago.

The 150th birthday of Theodor escHericH thus is a most welcome occasion for gathering 
a great number of internationally recognized authorities in this field, as well as many young 
scientists, who are engaged in the research on Escherichia coli. We all know how impor-
tant this direct communication is in modern science and research – especially in the fields of 
medicine and molecular biology, areas where scientific discoveries are expected to lead to 
new ways of medical treatment and thus to improve the situation of ill persons. And this is 
even more the case, when the issue is of such a great interest for the researchers as Escheri-
chia coli – a microbe which causes various grave infections, but which is used as a “work-
ing horse” in many scientific laboratories as well. The research on this microbe thus covers 
a very wide range of topics to be discussed during your symposium – including “Genom-
ics and Physiology” as well as “Commensalism and Pathogenesis”, “Virulence Factors” as 
well as “Host-Pathogen Interactions”.

The preparation of an important meeting like this symposium demands a lot of planning 
and preliminary work, and I would therefore like to express my very hearty thanks to the 
colleagues and members of the local and international organizing committee. One look at 
your time-table shows that a busy week with a very interesting scientific program is ahead 
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of you, but it also shows that those who have organized it, made sure that you will be re-
warded in the end: on Friday, excursions are planned to the small town of Ansbach, where 
escHericH was born, as well as to Würzburg, and especially to our university hospital, the 
Julius-Spital, where he worked.

Both, the Julius-Maximilians University and the hospital, have part of their name in com-
mon, because both were founded by the same man, prince bishop Julius ecHter of Mespel­
brunn: the Julius-Spital in 1579, and the university three years later in 1582 – the university, it 
should be added, for the second time then, its first foundation goes back to 1402 . . . Both have 
thus a long tradition in common, and both have produced numerous well-known scientists and 
researchers, not least because medicine always played a very important role at our university: 
Already since the invitation to the medical chair of Prof. Carl Caspar siebold in 1769 the fac-
ulty of medicine had been continuously increased and reinforced by outstanding researchers 
and doctors. And in the second half of the 19th century – that is at the time of Theodor escHer­
icH’s stay here – the “Würzburg School” of Medicine and Science was famous throughout the 
nation and abroad. Among its representatives, the faculty of Medicine counted as members 
the leading physicians of the time, especially in the physiological and anatomical field, as for 
example döllinGer, scHoenlein, KoelliKer, VircHow and rindfleiscH, to mention only the 
most important. At that time, almost half of all students of our university studied medicine. 
Together with medicine natural sciences, too, prospered enormously at our Alma mater and 
 attracted crowds of students because of men like the zoologist seMper, the botanist sacHs, the 
chemist wislicenus, or the biologist Theodor boVeri, and later on the chemists and Nobel-
Prize winners Emil fiscHer and Eduard bucHner. And, in this context, I should also mention 
another outstanding son of our Alma mater, who was not a physician but a physicist, but whose 
research has proved to be very important for medicine, too. I’m talking of Wilhelm Conrad 
röntGen, of course, who got the first Nobel Prize in 1901 (and was thus the first of meanwhile 
13 Nobel-prize winners who, during the last century, have been working at our university).

During the last decades, Würzburg has again given special regard to the activities in the 
medical and scientific field, so that today we are among the top research universities in these 
fields in Germany, providing our professors as well as our students with excellent working 
conditions. I might mention here: the interdisciplinary Center of Clinical Research (estab-
lished in 1966), the Center for Experimental and Molecular Medicine (founded in 2003), 
and the Center for Operative Medicine (which followed in 2004). By 2009 a new Center for 
Internal Medicine will be completed too.

Besides, there are several biomedical centers, so that meanwhile a real cluster for medi-
cine and bio-sciences has evolved at our university, ranging from molecular biology to clin-
ical application and encompassing basic research in physics and chemistry as well as highly 
modern technologies.

Among our latest achievements there is the Biocentre, which was especially designed 
for interdisciplinary research and under which roof since 1993 scientists from three differ-
ent faculties have been cooperating fruitfully. There is also the “Rudolf-Virchow-Centre 
for Experimental Biomedicine”, a new centre of excellence that was started in 2002. It has 
 excellent equipment, a modern infrastructure, a high amount of current funding, and, above 
all, excellent specialists. And there is, last but not least, of course, our Research Center for 
Infectious Diseases, which has been the local organizer of your symposium. It was founded 
in 1991 and unites research interests and activities in the field of microbiology and infec-
tious diseases from four faculties.



Welcome Address of the Julius-Maximilians University of Würzburg

Nova Acta Leopoldina NF 98, Nr. 359, 13–15 (2008) 15

Interdisciplinary research – as it is practized in these different centers – is of prime impor-
tance nowadays, because it is an essential prerequisite for the continuous advancement of 
science, which we so urgently need, especially in the field of infectious diseases, which con-
tinue to be a major problem throughout the world. Some years ago, a commission reporting 
to the World Health Organization performed a penetrating study on what the most urgent 
health needs of the developing countries were, and reached the conclusion that infectious 
diseases – in addition to nutritional deficiencies – are still the most important.

Therefore, ladies and gentlemen, once again thank you very much for coming and pre-
senting your latest findings in the important field of Escherichia coli. We are glad to be your 
hosts, and I wish you a scientifically satisfying as well as personally enjoyable stay here 
in Bad Staffelstein, in Würzburg and in the surrounding country of Franconia. I hope that, 
when you leave at the end of the symposium, you will do so with the firm intention of com-
ing back as soon as possible.

 Prof. Dr. Axel Haase

 Präsident
 Julius-Maximilians-Universität Würzburg
 Sanderring 2
 97070 Würzburg
 Germany
 Phone: +49 9 31 31 22 41
 Fax: +49 9 31 31 60 01
 E-Mail: praesident@zv.uni-wuerzburg.de
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Welcome Address of the German Society for Hygiene 
and Microbiology and of the Medical Faculty of the 
University of Würzburg

 Matthias Frosch (Würzburg)

 Dean of the Medical Faculty of the University of Würzburg

Magnifizenz Professor haase,
Dear Jörg hacker,
Dear colleagues,

It is a pleasure and distinguished honor for me to welcome you to the conference on Escher-
ichia coli, which is devoted to the 150th anniversary of Theodor escherich’s birthday. I am 
pleased to give this welcome address on behalf of both, the German Society for Hygiene 
and Microbiology and the Medical Faculty of the University of Würzburg.

The German Society for Hygiene and Microbiology is the oldest society for micro­
biology in Germany and one of the oldest in that field worldwide. The society was founded 
more than 100 years ago at a time, when microbiology experienced the first heyday and at 
the end of the 19th century became a leading discipline in biomedical research. It was the 
time when bacterial species were recognized as the causative agents of contagious diseases 
and the great plagues threatening mankind, like tuberculosis, cholera, diphtheria and many 
others. The fact I found highly remarkable and impressive, was that already in these very 
early days of infectious disease research, the first concepts on the physiological role of bac­
teria were developed, and it was Theodor escherich, who described the complex compo­
sition of the gut flora and who came up with the idea that intestinal bacteria play a pivotal 
role in the gut physiology and digestion. It is that themes about symbiosis, mutualism, com­
mensalisms on the one hand and pathogenicity on the other, that determines and drives to a 
large extent microbiological research even today. And Escherichia coli has become a para­
digm and a perfect model organism to study and to understand commensalisms and the evo­
lution of bacterial pathogenicity.

For a couple of years Theodor escherich lived in Würzburg and worked here in the Ju­
liusspital. The Juliusspital was founded in 1576 as charity institution and hospital for poor, 
hungry and homeless people by Prince-Bishop Julius echter von Mespelbrunn. This hospi­
tal also became the worldwide first university hospital as the physicians of the hospital were 
members of the Medical Faculty and the medical students were trained and taught here at 
the bedside – a completely new concept in medical education at that time. And the Juliusspi­
tal remained the University Hospital until the 1920s. Another important historical episode 
of the Juliusspital was, when – again worldwide for the first time – a Department for Paedi­
atrics was founded in the Juliusspital in the 1840s. In this at that time highly innovative in­



Matthias Frosch

18 Nova Acta Leopoldina NF 98, Nr. 359, 17–18 (2008)

stitution Theodor escherich received his first training in paediatrics and here his interest on 
the intestinal bacterial flora in infants emerged.

Obviously, there are strong links between the Medical Faculty of the University of 
Würzburg and Theodor escherich and his major research interest; the Bacterium coli com-
mune detected and described by escherich is still a major research topic in Würzburg to­
day. It were Werner Goebel, Jörg hacker, also Helge karch at his Würzburg time, who de­
voted their scientific interests and efforts to this bacterium and who made major contribu­
tions to our understanding about E. coli as a commensal and as a pathogen. Therefore it is 
only a consequence to celebrate the 150th anniversary of Theodor escherich’s birthday in 
the area where he originated and received his education and training as physician, and it is 
also a consequence that the Würzburg E. coli scientists brought together the internationally 
leading scientists working on this bacterium for a conference on the occasion of this anni­
versary.

Dear Jörg, I thank you for all these efforts in putting together such a great scientific pro­
gram. In particular I would like to thank the local organizing committee from your group, 
especially Gabriele bluM-oehler, Claudia borde and Hilde Merkert, for the enormous 
work in organizing this conference and highly promising social events of the next days. All 
participants I wish great success, brilliant talks, stimulating discussions, warm friendship, 
and a pleasant time in this special environment of Kloster Banz.

 Prof. Dr. Matthias Frosch

 Institut für Hygiene und Mikrobiologie
 Julius­Maximilians­Universität Würzburg
 Josef­Schneider­Straße 2/E1
 97080 Würzburg
 Germany
 Phone: +49 9 31 2 014 61 60
 Fax: +49 9 31 2 014 64 45
 E-Mail: mfrosch@hygiene.uni-wuerzburg.de
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Welcome Address of the “Research Center for 
Infectious Diseases” of the University of Würzburg

 Jörg Hacker ML (Würzburg)

 Speaker of the “Research Center for Infectious Diseases” of the University of Würzburg

Magnifizenz, Spektabilis,
Dear Presidents,
Ladies and Gentlemen,

As the speaker of the “Research Center for Infectious Diseases” of the University of Würz-
burg, I would like to welcome you to our meeting „Escherichia coli – Facets of a Versatile 
Pathogen“ here at Kloster Banz.

We were listening to the excellent piano music offered by Werner GoebeL ML. He se-
lected a master piece of Franz Liszt who lived and worked in Weimar (Thuringia) not far 
from Kloster Banz. The landscape in Thuringia and Franconia always stimulated compos-
ers, artists, scientists and writers to create master pieces in arts, music, but also literature 
and science. Thus, Johann Wolfgang von GoetHe lived in this area and he described in a 
dialogue with eckerMann the development of research in his age with the following sen-
tence: “Modern Research cannot be done alone, you need a group of people with similar 
ideas and spirit.”

This is exactly, what we are doing here at Kloster Banz with our meeting on Escherichia 
coli. We bring together basic scientists, scientists working in the field of medical microbiol-
ogy as well as clinicians. Furthermore, there are different institutions involved in the orga-
nization and support of our symposium. First, I would like to thank EMBO, the European 
Molecular Biology Organization, for the support of this meeting. Furthermore, the Federa-
tion of European Microbiological Societies (FEMS) is acting as one of the organizers, and 
we are very proud that the president of FEMS, Eliora ron (Tel Aviv/Israel), is here with us. 
Furthermore, the University of Würzburg is represented by the president, Prof. Haase, and 
the Dean of the Medical Faculty, Prof. FroscH. The University of Würzburg with its “Re-
search Center for Infectious Diseases” is very instrumental regarding the organization of 
the meeting. Furthermore, the German Academy of Sciences Leopoldina, which is repre-
sented by the board member, Prof. bLuM ML (Freiburg), was actively involved in the orga-
nization of the meeting. The microbiological societies of Germany, especially the Deutsche 
Gesellschaft für Hygiene und Mikrobiologie (DGHM) and the Vereinigung für Allgemeine 
und Angewandte Mikrobiologie (VAAM) are represented by the former president, Prof. 
FroscH, and the president of the DGHM, Prof. HeeseMann ML. Furthermore, a number of 
companies support our meeting and we are very grateful for their help. In addition, I would 
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like to welcome all the speakers and participants, and I would especially like to welcome 
Julian Davies and Agnes uLLMann, who together with James kaper will give the welcome 
speeches. Julian Davies from Vancouver, a worldwide-known scientist, is the former pres-
ident of the American Society for Microbiology (ASM) and the International Union of 
 Microbiological Societies (IUMS). Agnes uLLMann, who contributed to the molecular biol-
ogy of Escherichia coli, is the former scientific director of the Institut Pasteur, Paris.

The idea to organize the meeting was born on the basis of the fact that the discoverer of 
Escherichia coli, Theodor escHericH, was born in Ansbach, which is not far from Kloster 
Banz, 150 years ago. He initiated research on Escherichia coli. Furthermore, our EU-pro-
gram “COLIRISK”, which was running from 2002 to 2006, represents an umbrella for 
the meeting as well as the EU-Network of Excellence “EuroPathoGenomics”. The current 
knowledge of Escherichia coli will be summarized by 31 lectures and 69 poster presenta-
tions. More than 180 participants from 22 countries including scientists from a number of 
non-European countries will discuss the current knowledge and future developments in the 
world of Escherichia coli.

I would like to thank especially Gabriele bLuM-oeHLer, Claudia borDe and Hilde Mer-
kert, who are in charge of the organization of the meeting. Furthermore, I would like to 
thank the staff of the “Bildungszentrum Kloster Banz”, which represents an exceptional 
place to stay. As a former monastery, it was developed into a conventional center run by the 
“Hanns-Seidel-Foundation”. I guess, the spirit of Kloster Banz will support the exchange 
of knowledge and ideas. Therefore, I wish all of you a nice time, a successful meeting and 
fruitful discussions at Kloster Banz.

Thank you for your attention.

 Prof. Dr. Dr. h. c. mult. Jörg Hacker

 Institut für Molekulare Infektionsbiologie
 Zentrum für Infektionsforschung
 Röntgenring 11
 97070 Würzburg
 Germany
 Phone: +49 9 31 31 25 75
 Fax: +49 9 31 31 25 78
 E-Mail: j.hacker@mail.uni-wuerzburg.de

 Robert Koch-Institut
 Nordufer 20
 13353 Berlin
 Germany
 Phone: +49 30 1 87 54 20 00
 Fax.: +49 30 1 87 54 26 10
 E-Mail: HackerJ@rki.de
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Welcome Address of the Federation of European 
Microbiological Societies

 Eliora Z. Ron (Tel Aviv, Israel)

 President of the Federation of European Microbiological Societies

Dear Professor HackeR,
Professor Blum,
Professor Haase,
Professor FRoscH,
Ladies and gentlemen,

I wish to thank the organizers of this meeting for an excellent program and an outstanding 
administration. I would also like to extend my thanks for the support from the Leopoldina 
Academy and EMBO.

It is an honor to represent FEMS in this exciting birthday party. FEMS is the Federation 
of European Microbiological Societies and links 47 microbiology societies in 36  European 
countries with approximately 30 000 Microbiologists. The main activities of FEMS are pub­
lications – the society published 5 journals – and support of microbiologists, with special 
emphasis on the support of young scientists.

I am glad to tell you that in its last Council meeting FEMS approved two important ini­
tiatives

– European Microbiology Council – to strengthen the impact of microbiology in the pub­
lic opinion and European Community institutes.

– The establishment of a European Academy of Microbiology which will be a leadership 
group of European microbiologists that will increase the academic impact of microbiol­
ogy in Europe.

I believe that these two new initiatives will improve our visibility and significance both aca­
demically and politically.

I wish us all an interesting and productive meeting.

 Prof. Dr. Eliora Z. Ron

 Department of Molecular Microbiology and Biotechnology
 George S. Wise Faculty of Life Sciences
 Tel Aviv University
 Tel Aviv 69978
 Israel

 Phone: +9 72 3 6 40 93 79
 Fax: +9 72 3 6 41 41 38
 E­Mail: eliora@post.tau.ac.il
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Theodor Escherich, the Bacteriologist

 Tobias A. Oelschlaeger (Würzburg)

Abstract
Theodor escherich (1857 – 1911) was born in Ansbach and studied medicine at the University of Würzburg. He 
became medical assistant at the Julius Spital in Würzburg in 1883. Here he became interested in pediatrics and 
started his first bacteriological studies (1884) at the pathology in Vienna during a three month study visit. Back 
in Bavaria, escherich continued his studies on the microorganisms of stool of infants. He summarized the results 
in his postdoctoral thesis (Habilitation), published 1886, where he reported in detail the properties also of “Bac-
terium coli commune”. In 1894 he demonstrated E. coli to be a causative agent for cystitis.

ESCHERICH not only identified E. coli but also was the first to describe Campylobacter in a publication (1884) after 
his study visit in Naples aimed to monitor the cholera epidemic. Unfortunately, ESCHERICH never fully realized the 
importance of Campylobacter as a pathogen.

Zusammenfassung
Theodor escherich (1857 – 1911) wurde in Ansbach geboren und studierte an der Universität Würzburg Medizin. 
Er wurde 1883 medizinischer Assistent am Julius-Spital. Dort wurde sein Interesse an der Pädiatrie geweckt, und 
er begann während eines dreimonatigen Studienaufenthalts in der Pathologie in Wien seine ersten bakteriolo-
gischen Studien (1884). Zurück in Bayern setzte escherich seine Arbeiten mit Mikroorganismen im Stuhl von 
Kleinkindern fort. Er fasste die Ergebnisse dieser Studien in seiner Habilitationsschrift 1886 zusammen. Darin 
berichtete er auch detailliert über die Eigenschaften von „Bacterium coli commune“. Im Jahre 1894 gelang es 
ihm, E. coli als einen Verursacher von Cystitis zu identifizieren.

ESCHERICH identifizierte nicht nur E. coli, sondern war auch der erste, der im Nachgang zu einer Reise nach Neapel, 
die eigentlich dem Monitoring einer Choleraepidemie diente, Campylobacter beschrieb (1884). Unglücklicherweise 
erkannte ESCHERICH die Bedeutung von Campylobacter als Krankheitserreger nicht.

Theodor escherich was born in Ansbach in 1857 as the first child of “Medizinalrat” Ferdi-
nand escherich and his third wife Maria. Five years later in 1862 Theodors mother died 
shortly after the birth of her second son Ferdinand. Another five years later the family 
moved to Würzburg. There Theodor’s father got the position as a “Kreismedizinalrat”. 
In summer 1876 Theodor finished the humanistic high school in Würzburg with the gen-
eral qualification for university entrance (“Abitur”). After a 6 month military service in 
Strassburg, escherich started his academic and medical education at the University of 
Würzburg in winter semester 1876. At the beginning of his 5th semester he passed the pre- 
degree examination and went for one semester to Kiel and later on to Berlin. The three last 
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semesters he was back in Würzburg where he passed the final exam and got the license to 
practice medicine at 16th December 1881. After finishing the second part of his military 
service as physician at the garrison hospital in München-Oberwiesenfeld he was appointed 
second assistant of Karl gerhard, head of the medical department at the Julius Spital in 
Würzburg. gerhard as cofounder of pediatrics initiated escherich’s interest in this new 
discipline. In 1883 he graduated with gerhard as his supervisor and became a first assist-
ant. However, already in Mai 1883 escherich quitted this position in order to specialize in 
pediatrics. For that purpose he traveled to Vienna to attend the lectures of the pediatrician 
Hermann vOn WiderhOfer. WiderhOfer was the chief of the St. Anna-Kinderspital, the 
oldest children hospital in Vienna. Most likely at that time escherich finally decided to be-
come a pediatrician. escherich introduced himself to Heinrich vOn BamBerger with a let-
ter of recommendation from gerhard. In the Institute of Pathology, headed by BamBerger, 
escherich started his bacteriological work in Vienna. Among others he performed bacte-
riological analysis of breast milk samples. He discovered that breast milk is sterile except 
if the mother is febrile. In the milk of febrile mothers he found “certain cocci”. escherich 
even succeeded to identify yellow and white colonies of such cocci: these were most likely 
Staphylococcus aureus and S. epidermidis colonies. Astonishingly, he did not elaborate on 
effects on the puerperal process.

After a short trip to Naples (1884) in order to study a cholera outbreak escherich moved 
from Würzburg to Munich. He had chosen Munich, because there pediatrics had been ac-
cepted as a separate discipline. At the University of Munich escherich continued his bac-
teriological studies. Of great advantage was the presence of Wilhelm frOBenius at the Mu-
nich Institute of Pathology, because frOBenius was a student of the famous bacteriologist 
KOch and taught escherich the technique of pure culture and how to characterize bacteria. 
In a talk in 1885 he presented first results of his bacteriological studies on the impact of gut 
bacteria on physiology and pathology. In December of the same year escherich developed 
a new technique for bacteriological analysis of juvenile stool. Using this he was able to iso-
late “10 bacilli species, 5 cocci, several sarcina and yeast.” He also found meconium to be 
sterile, and the first bacteria in the newborns gut he detected after 4 to 7 h post partum. In 
1886 escherich published the results of his research regarding the microflora of the juve-
nile gut indicating that he has started this work already in Würzburg. In this publication he 
described in detail 19 different bacterial species regarding their morphology and cultivation 
conditions. Specifically he elaborated on what he termed Bacterium coli commune. He had 
found this species in almost pure culture in the faeces of breast fed infants. This was due 
to the lack of cultivating obligate anaerobes although he showed this species to be able to 
replicate under anaerobic conditions. Later on escherich was able to detect Bacterium coli 
commune also in the faeces of adults. castellani and chalmers proposed already in 1919 
to rename this species in honor of T. escherich as Escherichia coli. This was finally offi-
cially acknowledged in 1958.

However, escherich was also the first to describe what we know nowadays as the genus 
Campylobacter. This work started during his trip to Naples in 1884. He mentioned already 
in a talk that year this helical bacterial genus as part of the stool flora from patients which 
had come down with cholera. The term he used for these bacteria was “Zahnspirochäten”. 
Later in the same year he even identified Campylobacter in the deeper mucus layers of the 
colon in 16 out of 17 children which had died of gastrointestinal diseases. However, he be-
lieved Campylobacter not to be involved in the etiology of the observed intestinal diseases. 
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Instead he interpreted their presence in the gut of the dead children as an overgrowth phe-
nomenon resulting from a pathological alteration of the gut.

escherich’s research and the resulting publications made him well known, and there-
fore, he was offered already at the age of 33 the position of professor extraordinary of pe-
diatrics at the St. Anna-Kinderklinik in Graz, Austria. From 1890 to 1902 he transformed 
this unknown provincial hospital into a modern, internationally recognized one by greatly 
improving the hygiene standard, acquiring an X-ray machine for diagnosis in 1897 (the x-
rays were discovered by Wilhelm Conrad rOentgen 1895 in Würzburg ) and by employing 
“Serum Therapy” to treat diphtheria. The high hygiene standard was most prominent in the 
1899 founded baby ward. There, healthy infants were separated from the diseased ones. The 
commodities of each child were placed in its own small box above the bed. These measures 
aimed to prevent infections were rather modern at this time. It should not be concealed that 
escherich was not only an excellent bacteriologist and pediatrician but also a talented and 
successful organizer. This was the prerequisite to get enough funding for the updating of 
the St. Anna-Kinderklinik.

Of special interest in the context of the symposium is escherich’s report about what he 
called colicystitis. He reported in 1894 about seven girls with cystitis and the isolation of 
Bacterium coli commune from the urine of these girls. He concluded that Bacterium coli 
commune was the causative agent of cystitis. He supported this conclusion by the observa-
tion, that these bacteria were only detectable as long as there were symptoms. This clearly 
shows that escherich was already aware, that besides commensal E. coli strains there are 
also pathogenic strains.

After the death of WiderhOfer, escherich was offered the chair in pediatrics at the Uni-
versity of Vienna. The St. Anna-Kinderspital of Vienna was the third oldest pediatric clinic 
founded in 1837. escherich accepted this offer in 1902 only after the officials in Vienna had 
agreed to renovate the old building and to plan construction of a new hospital. He himself 
made detailed plans for a modern new building with quarantine wards, an x-ray diagnostic 
unit and a chemical and – most importantly – a bacteriological laboratory.

escherich spend also a lot of effort and time to bring the problem of the high infant 
 mortality into public awareness. His clever and charming persuasiveness was the basis for 
many projects aimed on preventive measures. For that purpose he founded in 1904 the as-
sociation for infant protection (“Verein Säuglingsschutz”). This association supported ef-
forts to promote breast feeding, educate mothers of the underclass and establish a distribu-
tion system for milk. Furthermore, this association enabled escherich to open the first in-
fant ward of all seven pediatric hospitals in Vienna. Usually infants were not hospitalized 
due to the high mortality rate (> 80 %!) and the fact that only for children from the age of 
4 the hospitals received financial support. In his infant ward the principles cleanliness and 
asepsis resulted in a dramatic reduction of the death rate. Of equal importance were for 
 escherich well educated nurses. Therefore he also founded a training school for nurses as-
sociated with the infant ward.

At February 15th in 1911, his new hospital was just the shell of building, escherich died 
at the age of 54 of an apoplectic shock. He was buried two days later at the Hernalser cem-
etery in Vienna. His death left behind a serious gap in the field of bacteriology as well as in 
the line of those who were fighting for the health of juveniles and their mothers.
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Theodor Escherich and the Emergence 
of Molecular Biology

 Agnes Ullmann (Paris)

 With 1 Figure

Abstract
Discovered in 1885, Escherichia coli played an important role in the emergence and development of modern 
molecular biology. It originated in the creation of the “Phage Group” in 1940 by A. D. HersHey, S. E. lUria, 
and M. Delbrück at Cold Spring Harbor. E. coli and its viruses became the basis of genetic studies, leading be-
tween 1943 and 1946 to seminal discoveries, such as the spontaneous nature of bacterial mutations by lUria and 
Delbrück, bacteriophage recombination by Delbrück and HersHey and bacterial sexuality by leDerberg and 
TaTUm. Molecular biology in Europe started to develop after World War II: by the end of the 1950s the mecha-
nism of the genetic control of enzyme and virus synthesis was elucidated by lwoff, monoD and Jacob.

Zusammenfassung
Escherichia coli, ein Bakterium das 1885 entdeckt wurde, spielte eine wichtige Rolle in der Entstehung und 
der Entwicklung der modernen Molekularbiologie. Die Anfänge gehen auf die 1940 von M. Delbrück, S. E. 
 lUria und A. D. HersHey in Cold Spring Harbor gegründete „Phage Group“ zurück. Damals wurden E. coli und 
seine Viren zur Basis genetischer Studien, die dann zwischen 1943 und 1946 zu bahnbrechenden Entdeckun-
gen führten: lUria and Delbrück erkannten die spontane Natur bakterieller Mutationen, Delbrück und HersHey 
entdeckten die Bakteriophagenrekombination und leDerberg und TaTUm die bakterielle Sexualität. In Europa 
entwickelte sich die Molekularbiologie nach dem Zweiten Weltkrieg: Ende der 1950er Jahre wurden der Mecha-
nismus und die genetische Kontrolle der Enzym- und Virussynthese von lwoff, monoD und Jacob aufgeklärt.

Theodor escHericH, at the age of 28, published two papers on the colonization of the intes-
tines of neonates by bacteria. He isolated and obtained practically pure cultures of “slim, 
occasionally slightly curved, short rods” that were Gram-negative, slightly motile and grew 
well on many of the artificial media available at the time (escHericH 1885a,b). escHericH 
named these organisms Bacterium coli commune, known since 1919 as Escherichia coli. In 
1907, Rudolf massini described an organism, named Bacterium coli mutabile, that he ob-
tained from a strain which, lactose-negative on primary isolation, developed papillae that 
did ferment lactose (massini 1907). This finding was probably the basis of many subsequent 
studies on the molecular biology of E. coli.

The development of what we call nowadays molecular biology originated in the creation 
of the “Phage group” in 1940 by Max Delbrück, Salvador E. lUria and Alfred D. HersHey 
at Cold Spring Harbor. At the same time, Escherichia coli and its viruses became the mate-
rials of choice for basic studies in molecular genetics.
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Delbrück, a German quantum physicist, arrived in the United States as a Rockefeller fellow 
and went to Caltech to work on phage genetics with Emory L. ellis. In 1939 they published 
the first quantitative description of phage multiplication, known as the one-step growth ex-
periment (ellis and Delbrück 1939).

lUria, an Italian medical doctor, left fascist Italy in 1938 for Paris. In 1940 he had to leave 
France, and he succeeded to arrive in the USA. Soon after his arrival he met Delbrück, and 
they decided to collaborate on the nature of phage-resistance in bacteria to answer the ques-
tion: Did resistance result from mutation followed by selection or from adaptation induced 
by exposure to the phage? The experiment of lUria, known as “fluctuation test”, consisted in 
the inoculation of a small number of bacteria (E. coli B) into separate culture tubes. After a 
period of growth, equal volumes of these separate cultures were plated onto plates saturated 
with T1 phage. If phage resistance began only at the moment of exposure of the bacteria to the 
phage, then all plates should show the same distribution of resistant clones. The experiment 
displayed a large fluctuation from the average count, providing evidence that phage-resistant 
mutants originated by spontaneous mutation and not as a result of phage attack. The paper of 
lUria and Delbrück (1943) certainly marks the beginning of modern bacterial genetics.

Alfred HersHey joined the “Phage group” in 1943. He was already known for his work 
on genetics with T-even phages of E. coli, but his name is linked to the famous Hershey-
Chase Experiment (1952) done with Martha cHase, which demonstrated the role of DNA 
in phage infection.

The group of phage workers at Cold Spring Harbor, under the influence of Delbrück, 
decided to concentrate research on a set of T-phages, active against the same host, Escher-
ichia coli strain B. This agreement was the so-called “phage treaty of 1944”. One of these 
phages, T4, was brilliantly exploited by Seymour benzer in his classical studies on the rII 
system, that let him define the gene functionally with the “cis-trans” test showing that the 
unit of function is the “cistron”, which we now equate to the gene (benzer 1955). It is of in-
terest to note, that many years later, using the same rII system, brenner and crick by com-
bining deletion, addition and frameshift mutations, were able to generate a functional rII 
gene when groups of 3 plus or 3 minus mutations were brought together. Therefore, before 
the actual code was known, they could conclude that the translating frame read the code by 
triplets (crick et al. 1961). T4 mutants were also instrumental in demonstrating the co-lin-
earity of the gene with the polypeptide chain (sarabHai et al. 1964).

In the summer of 1945, Delbrück started the first “phage course” that went on for 
26 years. Most of those who, in the first years, took this course at Cold Spring Harbor (Rol-
lin HoTcHkiss, Hermann kalckar, Leo szilarD, Aaron novick, Seymour benzer, Gunther 
sTenT, Giuseppe berTani, Norton zinDer, Wacław szybalski, Frank sTaHl, Bob eDgar) 
later went on to make the most significant contributions on phage or other aspects of mo-
lecular biology. In 1969, Delbrück, lUria and HersHey were awarded the Nobel Prize for 
Physiology or Medicine.

The famous Cold Spring Harbor Symposia on Quantitative Biology were published for 
the first time in 1933. At the 1946 symposium, Delbrück and HersHey revealed their dis-
coveries on phage recombination, at the same time that leDerberg and TaTUm announced 
their discovery of bacterial sexuality, introducing a new Escherichia coli strain, K-12, which 
was used for almost all subsequent research in bacterial genetics.

Edward TaTUm was known from his work with George beaDle on metabolic mutants of 
Neurospora crassa. They demonstrated that genes determine the structure of specific en-
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zymes and proposed the “one gene – one enzyme” hypothesis (beaDle and TaTUm 1941). 
From 1945 on, TaTUm went on to study genetics in Escherichia coli. In 1946, with his Ph.D. 
student, Joshua leDerberg, 20 years at that time, using nutritionally deficient double mu-
tants and selecting for prototrophic recovery, they showed that bacteria could share genetic 
information through bacterial conjugation (leDerberg and TaTUm 1946). In 1958 leDer-
berg, beaDle and TaTUm got the Nobel Prize for Physiology or Medicine.

At the same 1946 Cold Spring Harbor Symposium, André lwoff, representing the af-
ter-war Pasteur group, was also present. During World War II, lwoff’s laboratory was an 
active center of the Underground. Jacques monoD spent some time there clandestinely to 
perform a few experiments on “enzymatic adaptation”. In his lecture, lwoff gave an ac-
count of some experimental results obtained during the war period. Among others, he re-
lated monoD’s first remarkable discovery, made under the German occupation: the phe-
nomenon of diauxy (monoD 1941). Growing bacteria on two carbon sources, instead of 
a single one, in some mixtures of two sugars when one of them was glucose, monoD ob-
served two distinct growth cycles, separated by a lag phase. He realized that the diauxic 
growth was the result of the inhibitory action of glucose on the formation of the then called 
“adaptive enzymes” that metabolize the second carbohydrate (today we call this catabo-
lite repression), and the lag phase corresponded to the time necessary for the induction of 
these enzymes.

monoD joined in 1943 the armed resistance movement, became chief of the National 
Headquarters, and after the liberation of Paris, in 1944, he joined the free French forces.

The war ended and monoD joined the “Service de Physiologie Microbienne”, the fa-
mous attic, where lwoff had brought together a remarkable staff which included be-
sides monoD, Elie wollman and later François Jacob. A great number of foreign sci-
entists, including Melvin coHn, Annamaria Torriani, Martin Pollock, Alvin PaPPen-
Heimer, Mike DoUDoroff, Dale kaiser, Dave Hogness, Seymour benzer and many others 
joined lwoff’s laboratory. The “Golden Age” of molecular biology started at the Pasteur 
 Institute.

monoD started to work on the β-galactosidase of E. coli, isolated a number of lac mu-
tants, and in a few years, by using gratuitous inducers (lactose analogs), he uncovered the 
mechanism of β-galactosidase induction. Studying the relationship between gene and en-
zyme, monoD and collaborators established that in E. coli, the synthesis of β-galactosidase 
depends on two genes: z, governing the capacity or incapacity to produce the enzyme, y, 
governing the synthesis of lactose permease, and on a genetic factor, known to exist under 
the forms i+, wild type, corresponding to inducibility, and i –, corresponding to constitutiv-
ity. Genetic analysis revealed that the z, y and i genes are closely linked (monoD and coHn 
1952).

Around the same period, André lwoff elucidated the mechanism of lysogeny: when 
a bacteriophage infects a bacterium it can enter either lytic or lysogenic cycle. In the ly-
sogenic bacterium the phage DNA becomes integrated into the bacterial chromosome, as a 
prophage, as lwoff named it, and replicates along with it. Induction of the prophage (UV 
radiation) would lead to multiplication and release of the phage (lwoff 1953).

François Jacob joined lwoff’s laboratory in 1950. At the beginning of the war he was a 
medical student and wanted to become a surgeon. In 1940 he joined the free French forces 
in London, and after having participated in the Africa campaign with the Division leclerc, 
he was severely injured during the Normandy landing in 1944. Because of his injury he had 
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to give up the idea of becoming a surgeon. But he had the chance to start research, as he re-
calls, at the good place just at the right time. He arrived just after the discovery by lwoff 
of the induction of phage production. He started his research by a genetic analysis of lysog-
eny. With wollman, taking advantage of the discovery by cavalli and Hayes of Hfr mu-
tants that transfer the genetic material to female bacteria (F–) with high frequency, they elu-
cidated the mechanism of the sexual process, demonstrated the circularity of E. coli chro-
mosome, thus providing new and powerful tools to attack the problem of regulation (Jacob 
and wollman 1956).

In 1957 started an extremely fruitful collaboration between monoD and Jacob. They 
decided to use a genetic approach, i. e. conjugation for a genetic analysis of the lactose 
system. The i, z and y mutants isolated by monoD were then inserted in various combi-
nations in either male or female bacteria. With Arthur ParDee, who has spent a sabbatical 
year at Pasteur, Jacob and monoD performed one of the most famous experiments in mo-
lecular biology, known as the PaJaMo (or PyJaMa) experiment (ParDee et al. 1959). This 
experiment involved measuring the synthesis of β-galactosidase in zygotes resulting from 
the conjugation of male bacteria carrying the z+ and i+ genes with females, carrying z– and 
i – genes. The main outcome of the PaJaMo experiment was that the i+ gene is dominant 
over the i – gene, leading to the model of negative regulation: the i+ gene produces a factor, 
called “repressor” that blocks the expression of the z+ gene. The rapid expression of the z+ 
gene in the i – cytoplasm was to become the experimental basis for the development of the 
messenger RNA model, which stated that the information from DNA was transferred first 
to a metabolically unstable RNA that, in turn, will be translated into polypeptide chains on 
the ribosomes.

In 1961, monoD and Jacob presented a model for the regulation of gene expression, the 
operon model. To account for the specificity of action of the repressor, a new structure has 
been proposed: the “operator”. A single operator controls the expression of the adjacent z 
and y genes of the lactose system in a coordinate manner. Mutations inactivating the oper-
ator – unable to recognize the repressor – were isolated. The operon, a unit of coordinate 
transcription, was born. An operon is composed of structural genes, connected to an oper-
ator, subject to the action of a repressor, produced by a regulator gene. The binding of an 
inducer to the repressor will disrupt its interaction with the operator and transcription of a 
polycistronic mRNA will take place (Jacob and monoD 1961). A few years later, another in-
dispensable element, the “promoter”, which was needed for expression, has been identified 
as the site of transcription initiation (Fig. 1).

Within ten years, the problems posed by the induced synthesis of β-galactosidase in 
E. coli had been solved. The new ideas were applied to a large number of catabolic and an-
abolic pathways as well as to viral development. The nature of molecular communications 
was clarified. lwoff, monoD and Jacob were awarded in 1965 the Nobel Prize in Physiol-
ogy or Medicine.

The structure of DNA was discovered by waTson and crick (1953), based in part on 
cHargaff’s rule (G = C and A = T). waTson and crick ended their paper with the famous 
sentence: “It has not escaped our notice that the specific pairing we have postulated imme-
diately suggests a copying mechanism for the genetic material.”

Several replication mechanisms were, in fact, possible: conservative, semi-conser-
vative and dispersed. Two young postdoctoral fellows, Matthew meselson and Frank 
sTaHl (1958), in an elegant experiment, growing E. coli in heavy and light nitrogen 
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media followed by density gradient centrifugation, proved that DNA replication was 
semi-conservative: when the double stranded DNA was replicated, the daughter double 
stranded helices consisted of one strand coming from the original helix and one newly 
synthesized.

Escherichia coli and its phages were the prominent actors of the development of recom-
binant DNA technology, based mainly on the discovery of restriction enzymes. Werner ar-
ber in 1965, while studying host-controlled modification of lambda, a phenomenon discov-
ered by lUria in the early 1950s, known also as phenotypic modification, showed that the 
host which restricted lambda had an enzyme that degraded DNA (restriction enzyme). This 
restriction enzyme did not degrade the DNA if it had been modified by methylation. Thus 
the restriction and modification exist as a paired system, the function of which is to protect 
host DNA but destroy foreign DNA (arber 1974). For the discovery of restriction  enzymes 
arber was awarded the Nobel Prize in 1978, shared with Daniel naTHans and Hamilton 
smiTH.

In 1997, Fred blaTTner and his group published the complete genome sequence of 
 Escherichia coli K-12 (blaTTner et al. 1997); a cornerstone, that allows us to anticipate 
new discoveries about an organism, which for many decades played a central role in the 
“golden age” of molecular biology.

Fig. 1 The operon model. The lactose operon in the repressed (top) and induced state (bottom). In the ab-
sence of inducer, the LacI repressor binds the operator and prevents the expression of the lac genes, while in 
the presence of the inducer, the LacI repressor is inactivated and lac genes are expressed (drawing courtesy of 
Jean-Marc gHigo)
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Escherichia coli and the History of 
Antibiotic Resistance

 Julian Davies (Vancouver)

Abstract
Antibiotic resistance development is a complex genetic, biochemical, and environmental problem. Little is 
known of its origins or evolution. Would increased knowledge of these factors lead to methods of delaying 
resist ance development in bacterial pathogens such as E. coli?

Zusammenfassung
Die Entwicklung der Antibiotikaresistenz ist ein komplexes genetisches, biochemisches und umweltbedingtes 
Problem. Über die Herkunft und Entwicklung von Antibiotikaresistenzen ist wenig bekannt. Die Frage ist, ob 
eine detailliertere Kenntnis dieser Faktoren zur Entwicklung von Methoden führen würde, die die Resistenzent-
wicklung in bakteriellen Pathogenen wie z. B. E. coli verlangsamen könnte.

Escherichia coli is a highly virulent pathogen and the causative agent for an increasing vari-
ety of human and animal diseases; most of these infections are now resistant to multiple an-
tibiotics. In effect, antibiotic resistance determinants and E. coli have co-evolved for nearly 
70 years, the period popularly known as the “antibiotic era”, which could equally well be 
called “the era of the rise and fall of antibiotics”! Resistance to sulfa drugs, the first widely 
used antimicrobials, was detected in patients soon after their introduction in the late 1930s; 
the genetics and biochemical mechanisms of this resistance have been well studied. Next 
came the discovery of penicillin. Even before it was introduced into extensive clinical prac-
tice in the 1950s, abraham and Chain reported a mechanism for resistance to penicillin with 
the identification of penicillinase, an enzyme produced by a strain of Bacterium coli (now 
appropriately named Escherichia coli) that catalyzed the hydrolysis of the β-lactam ring in 
the molecule and destroyed the antibiotic activity. The name penicillinase has now been re-
placed by the more inclusive β-lactamase, following the identification of many other bac-
terial enzymes that inactivate the dozens of novel penicillin and cephalosporin derivatives 
introduced into clinical practice in response to resistance development.

Following the discovery of penicillin, the antibiotic industry expanded rapidly. In the 
US in the early 1940s antibiotic production was small, but the number has risen to 25 mil-
lion pounds of antimicrobials in 2005. The major producing countries are now India, China, 
and Russia, and actual worldwide production is difficult to estimate. It is quite possible that 
the quantity of antibiotics currently made by the pharmaceutical industry surpasses the nat-
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ural production of antibiotics in the biosphere and has done so for many years. Most anti-
biotic-producing organisms initially make only small amounts of active compounds in the 
laboratory; the useful strains are then ‘improved’ for industrial production. Over the past 
50 years, industrial strains have been developed that produce more than 5000 times as much 
antibiotic as the original soil isolate. Selection pressure for antibiotic resistance continues to 
be very strong in environmental, agricultural, and clinical arenas!

Some dozen different biochemical mechanisms of antibiotic resistance have been 
identified to date; bacteria can avoid death or inhibition by inactivating the drug (as with 
β-lactamases), modifying the drug target, or preventing the accumulation of the drug inside 
the cell. Two distinct genetic processes are known to lead to resistance: gene mutation and 
gene transfer/acquisition. Horizontal gene transfer, an unexpected and somewhat contro-
versial mechanism at the time of its discovery, is a well-recognized process and is now be-
lieved to have played an important role in genome evolution. A developmental pattern has 
been observed with all antimicrobial use: mutation to resistance precedes gene acquisition. 
It appears that initially low levels resulting from mutation predispose to more clinically sig-
nificant resistance, usually by gene acquisition. This stepwise process is clearly correlated 
with the increased use of antibiotics (Davies 2007).

The molecular evolution of resistance genes coincident with the production and use of 
modified recalcitrant compounds has been well charted. This is essentially an arms race, 
pitting the pharmaceutical industry against pathogens. The Gram-negative β-lactamases 
are the ultimate example of the power of natural protein engineering combining with lat-
eral gene transfer and recombination: with each successive introduction of a new class of 
β-lactam antibiotic, resistance rapidly evolves. The development of the new CTX-M classes 
is especially illustrative; some 200 publications on this topic have been published in the past 
four years (bonnet 2004)! This is a real-time evolutionary process that, coupled with effi-
cient processes for horizontal gene transfer between bacterial genera, leads to rapid dissem-
ination of the new resistance determinants. The result has been alarming increases in resist-
ance to the 3rd generation cephalosporins in hospitals and communities worldwide (Liver-
more et al. 2007). The pattern has been typical for all clinically significant resistance; are 
genes for virulence acquired and transferred coincidentally? The presence of antibiotics in 
the environment and co-selective markers on plasmids is favorable to the natural genetic en-
gineering of new bacterial hosts.

While on the one hand one cannot help but marvel at the extraordinary genetic dexter-
ity of pathogenic bacteria such as E.coli, Staphylococcus aureus and Pseudomonas aerugi-
nosa and their ability to survive under adverse conditions (high concentrations of antimi-
crobials), on the other hand it is amazing that humans should have allowed this to happen! 
The inexorable development and spread of resistance worldwide over the last half century 
has  occurred with only half-hearted international action or policies instituted to prevent and 
control resistance development. WHO, CDC, FDA, EEC, and other agencies have long been 
well aware of the problem (since 1950!) and have vigorously proposed measures to curtail it, 
but it is evident that these well-intentioned efforts have failed to have any major effect. Un-
controlled non-therapeutic antibiotic use in animal husbandry, agriculture, and aquaculture 
has been practiced for some time worldwide and is still accepted in many countries, despite 
recommendations and/or laws to the contrary. That industrialized nations have not been able 
to come up with more effective ways of controlling antibiotic use in hospitals and the com-
munity is incomprehensible. This is a different but important form of drug abuse!
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The origins and evolution of acquired resistance genes are not known and there has been 
little research on the ecological aspects of the problem. It is now well established that a 
vast reservoir of potential resistance genes exists in soil and marine environments; this 
has been called the “resistome”, and a number of studies show that homologues of many 
of the common classes of antibiotic resistance genes are widespread in microbes in pris-
tine environments (D’Costa et al. 2007). The increasing availability of bacterial  genome 
sequences has revealed the ubiquity of potential resistance determinants.  Antibiotic re-
sistance may not be the normal function of these genes; they likely have other metabolic 
roles in their natural hosts, as has been demonstrated in several instances. Nonetheless, 
when cloned and over-expressed in a surrogate host, they act as typical antibiotic resist-
ance genes. Thus, resist ance determinants probably exhibit different effects depending 
on their concentration or level of expression. There is good reason to believe that many 
of the known antibiotic resistance determinants had their origins in the actinobacteria, a 
large phylogenetic family that includes the major antibiotic-producing bacteria, such as 
the high-GC-content streptomycetes, although much needs to be learned about the pro-
cesses by which such genes were functionally transferred and tailored for efficient het-
erologous expression in their present hosts such as E. coli (most with genomes of lower 
GC content), which inhabit independent and very restricted environments. Related to this 
issue is the suggestion that antibiotic resistance genes and genes for bacterial virulence 
may have common environmental origins. Is there a causal and evolutionary relationship 
between resistance and virulence? One possibility is that resistance genes originated in 
plants; similarly, the progenitors of bacterial virulence genes may have been involved in 
plant pathogenesis (Pitman et al. 2005).

A variety of transmissible elements such as plasmids and bacteriophages are known to 
encode virulence and/or antibiotic resistance. In the case of pathogenicity, the inheritance 
of clusters of interacting, inter-regulated gene functions leads to the formation of multi-
functional pathogenicity islands. Likewise, resistance is primarily acquired in the form of 
plasmids encoding one or more determinants. The pre-eminent gene-capture system, play-
ing a key role in the development and dispersion of antibiotic resistance in the Enterobac-
teriaceae is the integron, a beautifully simple DNA combination consisting essentially of a 
gene that encodes an integrase that catalyzes recombinational insertion between an adjoin-
ing attachment site and the cyclic form of an antibiotic resistance gene (cassette) (mazeL 
2006). Part of the integrase sequence just upstream of the attachment site encodes a strong 
constitutive promoter; insertion of an open reading frame (encoding resistance, virulence or 
other function) into the attachment site ensures expression in a wide range of bacteria! In-
tegrons create “resistance islands” that are mobilized by elements such as plasmids or bac-
teriophage. In a sense they are also resistance operons, and integrons encoding up to six re-
sistance determinants have been found. The existence of free cassettes remains hypothetical 
and while the integrase/attachment mechanism resembles phage lysogeny, its actual origins 
have not been identified. Only a small proportion of the identified gene cassettes encode re-
sistance to a known antibiotic; the vast majority are diverse sequences with no known or-
thologues. It has been suggested that the gene cassettes encode functions important to bac-
terial adaptation and genome evolution (bouCher et al. 2007).

It is well established that resistance can be phenotypically costly to the bacterial host; 
genetic compensation must occur for the organism to be environmentally competitive. 
Not surprisingly this process remains a mystery; what are the metabolic consequences 
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of the acquisition of antibiotic resistance genes and mutations? How are these events 
 integrated with the highly networked system of interactive pathways that constitutes cell 
metabolism (KeseLer et al. 2005)? What happens when a bacterial cell inherits a resis-
tance mutation or plasmid or is lysogenized by a bacteriophage carrying pathogenicity 
determinants? How do the new gene functions integrate into the existing, compatible 
networks? Are plasmids autonomous to the extent that they can switch hosts and cyto-
plasms without the need to “network”? Are plasmid functions independent, non-host-
 interactive networks? Acquisition by a network-incompatible host would seem to be an 
unstable configuration.

The most compelling reason for studying antibiotic resistance mechanisms and their ge-
netics is to try to devise ways of overcoming the problem. Sadly, this appears to be unachie-
vable: so long as selection is applied to bacterial populations, resistant strains will emerge 
and flourish; the process cannot be prevented. However, it should be possible to delay resis-
tance development; for example, strict regulation of antibiotic usage should ensure that an-
tibiotics have a longer useful lifetime (FinCh and hunter 2006). If policies to restrict inap-
propriate and unnecessary use of antibiotics can be combined with successful programmes 
of novel antibiotic discovery, effective antimicrobial therapy can be assured for generations 
to come. Nonetheless, the treatment of infectious diseases will always be an “arms race” 
 (nathan and GoLDberG 2005).
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A 40 Years Encounter with Escherichia coli

 Ivaylo Gentschev1, Stephanie Weibel2, Andreas Goetz2,
 Jochen stritzker2, Ulf R. rapp Ml1, Aladar A. szalay2,
 and Werner Goebel Ml2

Abstract
We describe the use of intracellular Enterobacteriaceae, including enteroinvasive E. coli, for the development 
of virulence-attenuated, live recombinant bacteria as promising agents in tumor therapy. In particular, we pre-
sent data showing that the type 1 secretion system (T1SS) of E. coli α-hemolysin as well as the transfer of DNA 
and RNA encoding antigens or functional enzymes into mammalian cells by virulence-attenuated intracellular 
bacteria (e. g. Salmonella and enteroinvasive E. coli) are interesting tools for a combined immunological and 
drug therapeutic treatment of tumors. We further show that the knowledge of the specific metabolic processes 
involved in intracellular replication of these bacteria may help to optimize the construction of virulence-atten-
uated carrier strains.

Zusammenfassung
In diesem Beitrag berichten wir über die Verwendung von intrazellulären Enterobakterien, einschließlich der 
enteroinvasiven E. coli, zur Entwicklung von Virulenz-attenuierten, lebendenden rekombinanten Bakterien 
als vielversprechenden Agenzien in der Tumortherapie. Insbesondere werden das Typ-1-Sekretionssystem des 
E. coli-α-Hämolysins sowie die Übertragung von DNA und RNA kodierenden Antigenen oder funktionellen En-
zymen in Säugerzellen durch Virulenz-attenuierte intrazelluläre Bakterien (z. B. Salmonella und enteroinvasive 
E. coli) beschrieben. Beide Ansätze sind im Hinblick auf eine kombinierte immunologische und medikamentöse 
Tumortherapie interessant. Darüber hinaus zeigen wir, dass die Kenntnis der metabolischen Vorgänge, die für 
die intrazelluläre Replikation dieser Bakterien von Bedeutung sind, dazu beitragen kann, die Konstruktion von 
Virulenz-attenuierten Trägerstämmen zu optimieren.

1. Introduction

Over the past 40 years several aspects concerning metabolism and molecular genetics of 
Escherichia coli were studied in our group. These studies included – among others – char-
acterization of plasmids and virulence factors of extraintestinal E. coli strains, such as 
α-hemolysin (Goebel et al. 1974, holland 2005). The latter cytolysin is the prototype of 
a protein that is secreted by a type I secretion system (T1SS). This rather simple protein 
transport system can be successfully applied for efficiently secreting microbial and tumor 
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antigens and thus represents an interesting tool for the development of recombinant live 
vaccines (sprenG 1999). Some members of the Enterobacteriaceae, such as Salmonella 
and Shigella (or enteroinvasive E. coli, EIEC), are appropriate bacterial carriers for the de-
velopment of such live vaccines as they induce mainly cellular immune responses, needed 
for the elimination of intracellular pathogens but also of tumor cells. The latter pathogenic 
bacteria have to be properly attenuated in virulence in order to be used as carrier systems. 
Virulence attenuation of intracellular pathogens is optimal when the invasiveness of the 
bacterial carrier strains into the mammalian cells is retained but its intracellular replication 
capacity reduced. For the rational design of such virulence-attenuated intracellular bacte-
rial carriers the precise knowledge of the bacterial metabolism inside mammalian host cells 
is very helpful. In this communication we report on basic studies concerning the presenta-
tion of suitable antigens and enzymes by bacterial carriers, their metabolism inside mam-
malian host cells and bacterial growth within solid tumors in mice. The results may be of 
importance for the future development of virulence-attenuated Salmonella- or EIEC-based 
recombinant live tumor vaccines.

2. Results

2.1 Secretion of Microbial and Tumor Antigens in Salmonella Typhi Ty21 by T1SS

α-hemolysin is a protein exotoxin which is frequently found in extraintestinal pathogenic 
E. coli strains, particularly in UPEC. The secretion system of this virulence factor repre-
sents the prototype of type I secretion systems (T1SS) of Gram-negative bacteria (hol-
land 2005). It consists of the three proteins HlyB, HlyD and TolC (WaGner et al. 1983, 
Wanders Man and delepelaire 1990) which form a transport channel that allows the simul-
taneous, sec-independent protein transport across both membranes of the Gram-negative 
cell envelope. The secretion signal (HlyAs), essential but also sufficient for transport by 
this transport system, is located at the carboxy terminal end of α-hemolysin. Vector plas-
mids have been previously constructed (Gentschev et al. 2002) that allow the easy combi-
nation of this secretion signal with any heterologous protein, including microbial and tu-
mor antigens (Gentschev et al. 2005). These recombinant plasmids can be introduced into 
 Salmonella typhi Ty21, the vaccine strain against typhoid fever. This strain secretes most of 
the tested HlyAs-fused antigens with similar efficiency as E. coli.

3. Metabolism of Intracellular Bacteria within Mammalian Host Cells

The use of intracellular bacteria such as Salmonella enterica (serovar Typhimurium or 
Typhi) or Listeria monocytogenes as carriers for the development of bacteria-based recom-
binant live vaccines allows the induction of strong cellular immune responses (Th1 and/or 
CTL) against the heterologous secreted antigens (loessner and Weiss 2004). Suitable viru-
lence-attenuated strains are, however, indispensable for the application of these pathogenic 
bacteria as vaccine carriers. Optimally attenuated strains seem to be those which still allow 
efficient invasion into and survival within these non-phagocytic host cells but strongly im-
paired replication within these cells. Such virulence-attenuated strains will still lead to good 
cellular immune responses.
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For this goal we recently studied the metabolism of intracellularly growing L. monocyto-
genes as an intracellular model system applying 13C-isotopologue analysis (eisenreich et al. 
2006). These studies revealed that mainly C3-components deriving from the intermediary 
catabolic pathways of the host cells and glucose-6-phosphate are major carbon sources for 
intracellular metabolism of these bacteria (eylert et al., manuscript in preparation). De-
letion of the genes involved in these catabolic steps indeed lead to virulence attenuation 
without interfering with invasion and intracellular survival of the L. monocytogenes mu-
tants. Recent metabolic studies with Salmonella enterica serovar Typhimurium showed that 
neither glucose nor glucose-6-phosphate are used as major carbon sources for intracellular 
growth. In contrast deletion of genes involved in the uptake of glucose and glucose-6-phos-
phate lead to a strong impairment of intracellular replication of EIEC.

4. Growth of E. coli in Solid Tumors in Mice

It has been repeatedly shown (MenGesha et al. 2007), that anaerobic or facultative anaero-
bic bacteria when introduced intravenously into tumor-bearing mice will reach the tumor 
and multiply within the tumor. We have used a tumor-mouse model with transplanted 4T1 
solid tumors to study in detail the fate of E. coli K-12 colonizing the tumor after injection 
of these bacteria into the tail vein and the effect of the bacterial colonization for the tumor. 
A histological analysis of the colonized tumor shows extensive necrosis of tumor cells and 
tumor-associated macrophages (TAM) and total destruction of vascularization in the in-
ner section of the tumor which seems to be caused by bacteria-mediated high induction 
of TNF-α and other proinflammatory components. Massive bacterial colonization occurs 
in the outer part of this necrotic zone. This zone with growing bacteria is shielded off the 
peripheral proliferating tumor cells by a line of macrophages which slowly eliminate the 
bacteria (Weibel et al., manuscript submitted). A similar picture was observed when EIEC 
or S. enterica were applied. Thus the bacterial colonization alone despite the initial necro-
sis of the inner part of the tumor does not lead to the stop of the overall tumor growth. A 
highly significant reduction in tumor growth was, however, observed when the mice were 
vaccinated with S. typhi Ty21 secreting tumor antigens (as CtxB-fused proteins) via T1SS 
(Gentschev et al., in press), indicating that tumor-associated T-lymphocytes might be acti-
vated by this vaccination.

5.  Bactofection of Tumor Cells with Bacterial Carriers Introducing DNA  
for Prodrug-Converting Enzymes

Recently, we constructed autolysing L. monocytogenes carrier strains that are able to in-
troduce c-DNA or RNA encoding functional proteins into the cytosol of mammalian cells 
(schoen et al. 2004). This method was also successfully applied for introducing into tumor 
cells (B16 melanoma cells and 4T1 breast tumor cells) DNA, encoding enzymes that con-
vert non-toxic prodrugs, such as 5-fluorocytosine or 6-methylpurine deoxyribose, into the 
cell-toxic drugs 5-fluorouracil and 6-methylpurine, respectively. It was shown that the tu-
mor cells bactofected with this DNA were completely killed in vitro (stritzker et al., man-
uscript submitted). Preliminary data indicate that this procedure is also active in the mouse 
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tumor model (stritzker, unpublished observation). The conversion of  6-methylpurine 
deoxyribose to 6-methyl purine is best achieved by the E. coli enzyme purine nucleo-
side phosphorylase (PNP) encoded by the deoD gene. This gene is also present in EIEC 
strains.

6. Conclusions

The Gram-negative intracellular Enterobacteriaceae, especially Salmonella and Shigella/
EIEC are well-suited as carriers for antigen delivery via T1SS. It has been shown that bac-
tofection of mammalian cells can also be achieved by these bacteria (loessner and Weiss 
2004). Especially EIEC strains with optimized virulence attenuation (by blocking specific 
metabolic reactions essential for intracellular replication) may be well-suited as bacterial 
carrier systems. These bacteria secrete heterologous antigens directly into the cytosol of 
antigen-presenting cells which will lead to strong cellular immune responses, including 
cytotoxic T-cell reponse. Furthermore, EIEC strains synthesize already purine nucleoside 
phosphorylase (PNP), a potent prodrug-drug converting enzyme, whose production can 
be further improved and adapted to tumor cells. In addition these bacterial carriers can be 
loaded with DNA encoding cytotoxic agents that may be directly expressed in the invaded 
tumor cells.

Thus, enteroinvasive E. coli may serve as an excellent tool for a combined bacteria-me-
diated tumor therapy which includes immune responses as well as cytotoxic drug reactions 
directed against the tumor cells.
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The Avenue to Systemic Infections –  
Genomics and Beyond

 Eliora Z. Ron (Tel Aviv, Israel)

 With 1 Figure and 1 Table

Abstract
Systemic infections require the presence of unique survival genes, enabling the bacteria to cope with the cellular 
immune system and with the harsh conditions in the serum. Some of the genetic factors which evolved to enable 
systemic infections are easily identified by genomic analyses. Surprisingly, in Escherichia coli strains involved 
with systemic infections these factors are highly variable. Another unexpected finding is that some of the impor-
tant virulence-related traits cannot be predicted from sequencing data and bioinformatic analyses.

Zusammenfassung
Systemische Infektionen erfordern die Präsenz von besonderen „Überlebensgenen“, die die Bakterien befähi-
gen, mit dem zellulären Immunsystem und den schwierigen Bedingungen im Serum zurechtzukommen. Einige 
der genetischen Faktoren, die sich im Zuge der systemischen Infektionen entwickelten, können durch Genom-
analysen leicht identifiziert werden. Erstaunlicherweise sind diese Faktoren von Escherichia coli-Stämmen, die 
an systemischen Infektionen beteiligt sind, hochvariabel. Eine andere unerwartete Entdeckung war, dass wich-
tige Virulenz-assoziierte Eigenschaften nicht durch Sequenzdaten und bioinformatische Analysen vorhergesagt 
werden können.

Septicemic Escherichia coli strains constitute an increasing problem for human medicine, 
especially in patients which are immunocompromised due to disease, chemotherapy or old 
age. These strains are the leading cause of bloodstream infections in nursing homes, hospi-
talized persons homes and young children, especially newborns. The problem is highly im-
portant especially due to the high incidence of drug resistance often transmissible by plas-
mids. In recent years it is even more difficult to combat E. coli systemic infections due to 
the high frequency of strains with extended spectrum β-lactamase (ESBL).

Septic E. coli strains contain virulence factors which enable them to survive in the host 
blood and tissues (Mokady et al. 2005a). We conducted genomic analyses of septicemic 
E. coli strains in order to identify the genetic factors that enable the septicemic disease. For 
this purpose we studied several septicemic strains of serotypes O2 and O78. Using sub-
tractive hybridization studies we obtained about 160 sequences that are unique to the sep-
ticemic strains and are not present in non virulent K-12 strains (Mokady et al. 2005b). The 
unique sequences included many sequences that showed similarity to genes related to viru-
lence. A study of these sequences provided evidence for numerous recombinational events 
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and horizontal gene transfer leading to a high diversity of virulence factors. This high di-
versity was not expected, as all the strains are involved in the same disease. However, there 
were several genetic systems that were shared by all the septicemic strains. These included 
several iron acquisition systems that were absent from the nonpathogenic strain, most of 
them, with the exception of yersiniabactin, were coded by the virulence associated plasmid 
ColV. We sequenced two such ColV plasmids and compared the sequences with two addi-
tional plasmids whose sequences are available in the data bases. All the plasmids contain 
three iron uptake systems and genes for serum resistance.

The results presented in Figure 1 illustrate the genetic map of several ColV plasmids. 
Table 1 summarizes the virulence-related genes present in ColV plasmids. These genes in-
clude several iron uptake systems as well as serum resistance genes.

Fig. 1 ColV plasmids of several septicemic E. coli strains
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Tab. 1 Virulence factors on ColV plasmids

Genes Operon Function
iutA, iucD, iutC, iucB, iucA iuc/iut Aerobactin iron uptake system
sitA, B, C, D sit Iron binding system
iroB, C, D, E, N iro Iron binding system salmochelin
iss – Serum survival gene involved in complement resistance
etsA, B, C ets ABC transporter, secretion system
hlyH – Hemolysin F protein

These results constitute the genomic basis for understanding the virulence of ExPEC strains. 
However, based only on genomics one would miss important virulence features. Two such 
features will be discussed here.

Curli fibers – these are thin aggregative fibers that are present in all the strains of E. coli. 
However, we provide evidence that the curli fibers from a septicemic E. coli strain are pro-
duced under host conditions – high temperature and high osmolarity – in contrast to the pro-
duction of curli fibers by non virulent K-12 strains. The mutation appears to be in the csgD 
gene, coding for the regulatory element (Gophna et al. 2001, 2002). The high expression of 
curli enables internalization of the septicemic E. coli strain into mammalian tissue cells.

ETT2 sepsis – virulent E. coli strains often contain a Type Three Secretion System (T3SS) 
that translocates proteins into host cells. Genomic evidence indicated that E. coli O157 con-
tains two such systems – the conserved one and an additional system called ETT2 – E. coli 
Type Three 2. This secretion system was also identified in septicemic E. coli strain. However, 
in these strains the ETT2 contains a large deletion and several stop codons, making it impossi-
ble to produce the “needle” required for protein translocation. We present data that the ETT2 
deletion is conserved in many septicemic strains and therefore called it ETT2 sepsis (Ideses 
et al. 2005). This secretion system is probably unable to function in secretion, because it is de-
generated. Yet, we could show that this degenerated system is essential for virulence.
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Evolution und Menschwerdung gehören noch immer zu den interessantesten Themen, mit 
denen sich die Naturwissenschaft auseinandersetzt und die die Öffentlichkeit faszinieren.  
Die Thematik verlangt eine interdisziplinäre Auseinandersetzung, für die eine Akademie  
wie die Leopoldina prädestiniert ist. Daher griff die Jahresversammlung 2005 verschiedene  
Aspekte hierzu auf.
Die Schwerpunkte der Tagung spiegeln den enormen Fortschritt der Erkenntnisse über das 
Evolutionsgeschehen und den veränderten Blickwinkel wider, der sich aufgrund des außer-
ordentlich großen Wissenszuwachses und veränderter Diskussionsebenen in der Forschung, 
aber auch zwischen Wissenschaft und Gesellschaft ergeben. Die Evolution des Menschen 
und dessen physische, geistige und kulturelle Entwicklungstendenzen stehen dabei im Zen- 
trum.
Der Band spannt den Bogen vom Urknall und der Bildung der Planetensysteme über die Ent-
stehung des Lebens, die Entwicklung von Prokaryoten und Eukaryoten, die Evolution und 
das Sterben der Saurier, die Analyse von Insektenstaaten bis hin zu Fragen der Mensch- 
werdung und Formen der menschlichen Kultur. Hier werden unter anderem „Das Sprach- 
mosaik und seine Evolution”, die „Evolution durch Schrift”, Rituale, Religionen, Gemein- 
schaftsbildung und sozialer Wandel unter evolutionären Aspekten untersucht, aber auch 
„Bilder in Evolution und Evolutionstheorie” sowie die „Griechischen Anfänge der Wissen- 
schaft” betrachtet.
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Cyclic-di-GMP Signaling in “Life-Style” Switching  
of Escherichia coli

 Regine Hengge ML (Berlin)

Abstract
During entry into stationary phase, initially flagellated motile single E. coli cells loose their motility and pro-
duce (auto)adhesive curli fimbriae and extracellular matrix compounds that allow them to form surface-asso-
ciated multicellular communities, i. e. biofilms. A small signaling molecule, c-di-GMP, plays a crucial role in 
this “life-style” switch. C-di-GMP is produced and degraded by diguanylate cyclases (carrying GGDEF do-
mains) and specific phosphodiesterases (EAL domains), respectively, many of which are under the control of σS 
(RpoS). Specific GGDEF/EAL modules control distinct molecular functions in parallel, indicating functional 
sequestration of c-di-GMP-mediated regulation. Moreover, a detailed model for the coordinated action of sev-
eral GGDEF/EAL modules in the switch from motility to curli expression during the transition into stationary 
phase is presented.

Zusammenfassung
Beim Eintritt in die stationäre Phase verlieren zunächst flagellierte motile E. coli-Einzelzellen ihre Beweglich-
keit und produzieren (auto)adhäsive Curli-Fimbrien und extrazelluläre Matrixkomponenten, mit deren Hilfe 
sie oberflächenassoziierte multizelluläre Gemeinschaften, d. h. Biofilme, bilden. Ein kleines Signalmolekül, 
 c-di-GMP, kontrolliert diesen Übergang zwischen verschiedenen „Lebensstilen“. C-di-GMP wird von Digua-
nylatcyclasen (mit GGDEF-Domänen) synthetisiert und von spezifischen Phosphodiesterasen (mit EAL-Domä-
nen) abgebaut. Die Expression von vielen dieser Enzyme wird von σS (RpoS) aktiviert. Verschiedene GGDEF/
EAL-Module regulieren parallel unterschiedliche molekulare Funktionen, was auf eine funktionelle Sequestrie-
rung dieser Module hinweist. Vorgestellt wird auch ein detailliertes Modell für die koordinierte Wirkung ver-
schiedener solcher Module beim Übergang von Motilität zu Curli-Expression während des Eintritts in die sta-
tionäre Phase.

1. Bacterial “Life-Style” and the Ubiquitous Signaling Molecule Cyclic-di-GMP

Bacteria can occur as motile single cells expressing flagella or in surface-associated multi-
cellular communities, i. e. biofilms, where adhesive fimbriae and extracellular matrix are 
produced. Recently, a novel ubiquitous bacterial signaling molecule, bis-(3ۥ5–ۥ)-cyclic-di-
guanosine monophosphate (c-di-GMP), was found to play a crucial role in switching be-
tween these “life-styles”. While c-di-GMP was actually reported about 20 years ago by 
Moshe Benziman and coworkers as an allosteric activator for the enzyme cellulose syn-
thase (WeinHouse et al. 1997), it was recognized only during recent years that this signal-
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ing molecule is ubiquitous in bacteria (but not occurring in archaea or eukaryotes) and 
plays a key role in the control of various biofilm functions, motility, virulence and devel-
opmental processes (for recent reviews, see Jenal and malone 2006, Römling and ami-
kam 2006).

C-di-GMP is produced and degraded by diguanylate cyclases (DGC; carrying GGDEF 
domains, with this amino acid sequence motif representing a loop right in the active centre 
of the enzymes) and specific phosphodiesterases (PDE; most of which belong to the EAL 
domain family, with the remaining few featuring HD-GYP domains), respectively. Most of 
these proteins carry N-terminal sensory input domains, and in a subset, GGDEF and EAL 
domains are combined in a single polypeptide (Jenal and malone 2006). Cellular pools 
of c-di-GMP are believed to be controlled by the opposing activities of DGCs and PDEs, 
which are in turn controlled by signals that affect their expression and, via the N-terminal 
sensory input domains, their activities. Most GGDEF proteins also contain an allosteric in-
hibitory c-di-GMP-binding site (the I-site; approx. KI = 1 µM), which probably sets a limit 
to the maximal accumulation of c-di-GMP (CHRisten et al. 2006).

The molecular c-di-GMP-binding effector components are only beginning to be identi-
fied. Such an effector with high c-di-GMP affinity (approx. KD = 200 nM) is the PilZ do-
main (RyJenkov et al. 2006, CHRisten et al. 2007). The affinities of these c-di-GMP bind-
ing sites suggest that the cellular level of this signaling molecule varies somewhere in the 
higher nM to µM range. In E. coli, the PilZ domain occurs only in two proteins, YcgR 
and BcsA, which control motility and cellulose biosynthesis, respectively. Additional ef-
fector candidates are GGDEF proteins themselves, specifically those with the I-site (some 
of which actually have degenerate GGDEF motifs and therefore cannot be DGCs). Targets 
directly affected by the various c-di-GMP effector components are mostly elusive, but it is 
clear that these are very diverse, as they affect transcriptional and perhaps post-transcrip-
tional control, enzymatic activities and the motor function of flagella (Jenal and malone 
2006).

Many bacteria have up to several dozens of GGDEF and EAL proteins (most E. coli 
K-12 strains have 28), which raises questions of signaling specificity. Do these proteins 
affect different target processes or do their activities all converge into the control of the 
cytoplasmic pool of c-di-GMP and thereby of a common set of target genes or processes? 
And if the latter is the case, how can specificity of signaling be achieved with several 
dozens of GGDEF and EAL proteins? As a solution to this problem, we have suggested 
sequestration of GGDEF and EAL proteins (WeBeR et al. 2006): sequestration can be

(i) temporal, i. e. occur by regulation (only a few proteins should be expressed and be ac-
tive at the same time);

(ii) functional, i. e. some of these proteins could occur in complexes together with effector 
components, in which signaling could be locally confined, and

(iii) spatial, i. e. such locally signaling complexes may also be located to specific positions 
in the cell (e. g. to the cell pole, as shown for PleD, a GGDEF protein essential for Cau-
lobacter differentiation; Paul et al. 2004).

Thus, sequestration of GGDEF/EAL/effector/target modules in the cell would allow to use 
this signaling module in a flexible manner at many positions in the cellular regulatory net-
work (WeBeR et al. 2006).
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2.  In Escherichia coli, c-di-GMP Synthesis and Signaling Is Associated with the  
σS-Mediated General Stress Response and Entry into Stationary Phase

When the almost 500 genes (i. e. about 10 % of the genes in the E. coli genome) directly or 
indirectly activated by the general stress response sigma factor σS (RpoS) were identified 
by microarray analysis (WeBeR et al. 2005), we noticed that GGDEF/EAL genes seemed to 
be overrepresented within this group of genes. When regulatory patterns of all 28 GGDEF/
EAL genes were determined in detail using single copy lacZ reporter fusions, 21 of these 
genes were found to be expressed in rich medium, with 10 being under positive and 5  being 
under negative control of σS. As the σS-activated genes are all induced during entry into 
stationary phase (sommeRfeldt et al. 2008), these findings strongly indicate that at least 
in E. coli,  c-di-GMP signaling mainly coordinates processes during entry into stationary 
phase.

3.   The  GGDEF/EAL  Module  YdaM/YciR  Specifically  Controls  the  Expression  of 
 Adhesive Curli Fimbriae

What is the link between σS, stationary phase, c-di-GMP and biofilm formation? Already 
in 1993, it was reported that the expression of thin-aggregative fimbriae, also termed curli, 
was under the control of σS (olsén et al. 1993). Since then, curli have been recognized as 
crucial for the formation of biofilms on solid liquid-air interfaces (Römling 2005). More-
over, their expression in Salmonella is sensitive to modulation of c-di-GMP levels as can be 
clearly shown by overproducing certain DGCs or PDEs (simm et al. 2004).

Using knockout mutations in σS-controlled GGDEF/EAL genes it was therefore tested, 
whether any of these genes is physiologically involved in the control of curli expression (We-
BeR et al. 2006). This is clearly the case for the GGDEF gene ydaM, which is required for curli 
formation, whereas curli fibres are overproduced in mutants deficient for the GGDEF+EAL 
gene yciR. The purified YdaM and YciR proteins are active as a DGC and a PDE, respec-
tively. The target of YdaM/YciR-mediated c-di-GMP control is the transcription of the reg-
ulatory gene csgD, which codes for an essential activator for the csgBAC operon (encoding 
curli subunits) and for yaiC, which codes for another strictly σS-dependent GGDEF protein 
essential for activating cellulose synthase. Genome-wide transcriptional profiling on mi-
croarrays demonstrated that the YdaM/YciR c-di-GMP control module affects this system 
only (WeBeR et al. 2006), and does not “cross-talk” into the control of motility, which during 
the same phase of the growth cycle becomes inhibited by another GGDEF/EAL module (see 
below). This high specificity for csgD transcriptional control only suggests that the YdaM/
YciR module acts in a local or “micro-compartimented” way.

4.  Inverse Coordination of Motility and Curli-Mediated Adhesion by the GGDEF/
EAL Module YegE/YhjH

In general, high levels of c-di-GMP up-regulate biofilm functions such as curli-dependent 
autoaggregation and down-regulate motility (simm et al. 2004). Based on the simple as-
sumption that being auto-aggregative would be counterproductive for single-cellular mo-
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tility and, on the other hand, force-generating flagella should be inactivated in order to al-
low “settling down“ at a surface, one can predict that at the molecular level, motility and 
curli expression should be mutually exclusive. This means that these functions should be 
inversely coordinated in a switch-like manner, and suggests that c-di-GMP is a key com-
ponent in operating this switch. A convenient way to generate such an inverse switch (and 
potentially bistability) would be to endow each control system, i. e. the regulatory cascades 
controlling motility and curli expression, with at least one component that inhibits the ac-
tivity of the other system.

We have recently shown that the motility control cascade with FlhDC as the master reg-
ulator contains at least two such components that “cross-talk” into the σS/curli control cas-
cade (Pesavento et al. 2008):

(i) The first system operates at the level of the master regulators, i. e. FlhDC and the sigma 
subunits of RNAP, σ70, σF (also termed FliA, the flagellar sigma) and σS. The key com-
ponent is the FliZ protein, a class II gene product under direct control of the master 
regulator FlhDC. FliZ does not affect σS levels, but strongly interferes with σS activity 
by a mechanism not yet understood; it thereby down-regulates the expression of many 
σS-controlled genes, indicating that activity of the flagellar expression cascade via FliZ 
interferes with the activation of the entire general stress response (including curli ex-
pression).

(ii) Operating at a lower level, the second system relies on the σF-controlled, i. e. flagellar class 
III gene product YhjH, a highly active PDE, which maintains a low level of c-di-GMP, 
which would otherwise, via the effector protein YcgR, interfere with the motor function 
of flagella, and, via a still unknown effector component, activate curli expression.

The latter system can be antagonized by two σS-induced GGDEF proteins, YegE (which 
acts as the major player) and YedQ, which thereby promote inhibition of flagellar activity 
and curli induction. Switching from motility to curli expression (which happens during a 
precise time point during entry into stationary phase) requires a shift in the balance between 
the EAL protein YhjH and the GGDEF proteins YegE and YedQ. This shift is driven by two 
processes (Pesavento et al. 2008):

(i) a precise down-regulation of flagellar gene expression (at all levels of the cascade), 
which does also essentially involve proteolytic degradation of the master regulator 
 FlhDC (tomoyasu et al. 2003) and excess flagellar σF not bound by its anti-sigma FlgM 
(BaRemBRuCH and Hengge 2007) by the complex ATP-driven proteases ClpXP and Lon, 
respectively, and

(ii) accumulation and activation (i. e. successful competition for RNAP core) of σS during 
entry into stationary phase.

Taken together, the YegE/YhjH c-di-GMP control module emerges as a checkpoint system 
that monitors, when the motility expression system has been shut down, which is reflected 
by YhjH-mediated PDE activity having fallen below the threshold that allows c-di-GMP 
accumulation driven by the GGDEF proteins that are induced in parallel. Once this has 
happened, existing flagella are inhibited (via YcgR) and curli expression is activated. Inter-
estingly, the latter process involves two c-di-GMP control modules, i. e. YdaM/YciR and 
YegE/YhjH. Although both systems affect the exceedingly complex transcriptional control 
of the curli activator gene csgD, all genetic evidence available to date indicates that
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(i) these systems do not act in a redundant and additive way, but are both required, perhaps 
in a sequential manner; and

(ii) while the YegE/YhjH system controls the cytoplasmic c-di-GMP pool, the YdaM/YciR 
system acts in a highly specific local manner (Pesavento et al. 2008).

5. Conclusions and Perspectives

Until recently, high c-di-GMP levels were only generally known to promote adhesion and 
biofilm formation and to interfere with motility. Based on new results of our and other 
groups, we now begin to understand the molecular details of this inverse control, in partic-
ular the precise molecular effects of distinct GGDEF/EAL proteins. Evidence is also accu-
mulating that the concept of temporal, functional and even spatial sequestration of different 
c-di-GMP control modules is correct, with some GGDEF/EAL proteins obviously con-
trolling the cellular pool of freely diffusible c-di-GMP and thereby affecting several target 
functions, and others acting in a highly local “microcompartimented” manner on one spe-
cific target only. Moreover, the physiological conditions of c-di-GMP control are becoming 
clear: In E. coli, c-di-GMP control modules orchestrate the complex sequence of events that 
lead from rapid unlimited growth to a restricted growth situation, in which the cells become 
highly motile and use a “foraging strategy”, followed by entry into stationary phase, where 
motility is “given up“ in favour of biofilm formation.

Acknowledgements

Research in the author’s Laboratory cited in this publication was funded by the Deutsche Forschungsgemein-
schaft (He/556/13-1), the Dr.-Hans-Messner-Stiftung and the Fonds der Chemischen Industrie.

References

BaRemBRuCH, C., and Hengge, R.: Cellular levels and activity of the flagellar sigma factor FliA of Escherichia 
coli are controlled by FlgM-modulated proteolysis. Mol. Microbiol. 65, 76 – 89 (2007)

CHRisten, B., CHRisten, M., Paul, R., sCHmid, F., folCHeR, M., Jenoe, P., meuWly, M., and Jenal, U.: Allosteric 
control of cyclic di-GMP signaling. J. Biol. Chem. 281, 32015 – 32024 (2006)

CHRisten, M., CHRisten, B., allan, M. G., folCHeR, M., Jenö, P., gRzesiek, S., and Jenal, U.: DgrA is a mem-
ber of a new family of cyclic diguanosine monophosphate receptors and controls flagellar motor function in 
Caulobacter crescentus. Proc. Natl. Acad. Sci. USA 104, 4112 – 4117 (2007)

Jenal, U., and malone, J.: Mechanisms of cyclic-di-GMP signaling in bacteria. Annu. Rev. Genet. 40, 385 – 407 
(2006)

olsén, A., aRnqvist, A., HammaR, M., sukuPolvi, S., and noRmaRk, S.: The RpoS sigma factor relieves H-NS-
mediated transcriptional repression of csgA, the subunit gene of fibronectin binding curli in Escherichia coli. 
Mol. Microbiol. 7, 523 – 536 (1993)

Paul, R., WeiseR, S., amiot, N., CHan, C., sCHiRmeR, T., giese, B., and Jenal, U.: Cell cycle-dependent dynamic 
localization of a bacterial response regulator with a novel di-guanylate cyclase output domain. Genes Dev. 
18, 715 – 727 (2004)

Pesavento, C., BeCkeR, G., sommeRfeldt, N., Possling, A., tsCHoWRi, N., kademCi, A., meHlis, A., and Hengge, 
R.: Inverse regulatory coordination of bacterial motility and adhesion. Genes Dev. 22, 2434–2446 (2008)

Römling, U.: Characterization of the rdar morphotype, a multicellular behaviour in Enterobacteriaceae. Cell. 
Mol. Life Sci. 62, 1234 – 1246 (2005)



Regine Hengge

58 Nova Acta Leopoldina NF 98, Nr. 359, 53–58 (2008)

Römling, U., and amikam, D.: Cyclic di-GMP as a second messenger. Curr. Opin. Microbiol. 9, 1 – 11 (2006)
RyJenkov, D. A., simm, R., Römling, U., and gomelsky, M.: The PilZ domain is a receptor for the second messen-

ger c-di-GMP: the PilZ protein YcgR controls motility in enterobacteria. J. Biol. Chem. 281, 30310 – 30314 
(2006)

simm, R., moRR, M., kadeR, A., nimtz, M., and Römling, U.: GGDEF and EAL domains inversely regulate 
 cyclic di-GMP levels and transition from sessility to motility. Mol. Microbiol. 53, 1123 – 1134 (2004)

sommeRfeldt, N., Possling, A., tsCHoWRi, N., BeCkeR, G., Pesavento, C., WeBeR, H., and Hengge, R.: Cyclic-di-
GMP signaling in Escherichia coli: Expression patterns and phenotypic analysis of all GGDEF/EAL genes 
(submitted)

tomoyasu, T., takaya, A., isogai, E., and yamamoto, T.: Turnover of FlhD and FlhC, master regulator proteins 
for Salmonella flagellum biogenesis, by the ATP-dependent ClpXP protease. Mol. Microbiol. 48, 443 – 452 
(2003)

WeBeR, H., Pesavento, C., Possling, A., tisCHendoRf, G., and Hengge, R.: Cyclic-di-GMP-mediated signaling 
within the σS network of Escherichia coli. Mol. Microbiol. 62, 1014 – 1034 (2006)

WeBeR, H., Polen, T., Heuveling, J., WendisCH, V., and Hengge, R.: Genome-wide analysis of the general stress 
response network in Escherichia coli: σS-dependent genes, promoters and sigma factor selectivity. J. Bacte-
riol. 187, 1591 – 1603 (2005)

WeinHouse, H., saPiR, S., amikam, D., sHilo, Y., volman, G., oHana, P., and Benziman, M.: c-di-GMP-bind-
ing protein, a new factor regulating cellulose synthesis in Acetobacter xylinum. FEBS Lett. 416, 207 – 211 
(1997)

 Prof. Dr. Regine Hengge

 Freie Universität Berlin
 Institut für Biologie – Mikrobiologie
 Königin-Luise-Straße 12 – 16
 14195 Berlin
 Germany
 Phome:  +49 30 83 85 31 19
 Fax:  +49 30 83 85 31 18
 E-Mail: rhenggea@zedat.fu-berlin.de



Nova Acta Leopoldina NF 98, Nr. 359, 59 – 63 (2008) 59

Nova Acta Leopoldina NF 98, Nr. 359, 59–63 (2008)

The Hha/YdgT Proteins Participate in 
H-NS-Mediated Silencing of Horizontally-Acquired 
DNA in Enteric Bacteria

 Aitziber ViVero1, Rosa C. Baños2, Cristina Madrid1, and Antonio Juárez1,2

 With 1 Figure

Abstract
A relevant role for the H-NS protein is to silence xenogeneic DNA. Protein-protein interaction studies have 
shown that Hha-like proteins interact with members of the H-NS family of proteins and modulate gene expres-
sion. Transcriptomic data about the effect of the depletion of Hha-like proteins in Salmonella enterica serovar 
Typhimurium provides evidence that main targets for Hha and its paralogue YdgT are those genes encoded in 
AT-rich horizontally acquired DNA sequences. Hence, Hha and YdgT must form complexes with H-NS when 
silencing these DNA regions.

Zusammenfassung
Eine wichtige Funktion des H-NS-Proteins ist seine Fähigkeit, xenogenetische DNA auszuschalten. Protein-Pro-
tein-Interaktionsstudien zeigten, dass Hha-ähnliche Proteine mit Mitgliedern der H-NS-Familie in Wechselwir-
kung treten und die Genexpression modulieren. Die Ergebnisse von Transkriptionsanalysen belegen, dass der 
Effekt der Reduktion von Hha-ähnlichen Proteinen in Salmonella enterica Serovar Typhimurium darauf zurück-
zuführen ist, dass die wichtigsten Zielstrukturen für Hha und sein Paralog YdgT diejenigen Gene sind, die in 
 AT-reichen, durch horizontalen Gentransfer erworbenen DNA-Bereichen kodiert werden.

1. Introduction

The genomes of all genera from the family Enterobacteriaceae contain at least one copy of 
a gene that encodes a member of the Hha-YmoA family of proteins (Madrid et al. 2007). 
These low-molecular-mass proteins (about 8.6 kDa) have initially been identified as mod-
ulators of the expression of virulence factors, such as the E. coli toxin α-haemolysin (the 
Hha protein) or the Y. enterocolitica Yop proteins and YadA adhesin (the YmoA protein) 
(Cornelis et al. 1991, nieto et al. 2002). Cells depleted of Hha exhibit phenotypic proper-
ties similar to those of cells lacking the nucleoid-associated protein (NAP) H-NS, and it  
was proposed that Hha-like proteins represented a new class of NAPs.

Several lines of evidence have shown that proteins of the Hha family interact with mem-
bers of the H-NS family to modulate gene expression (Madrid et al. 2002, nieto et al. 

1 Departament de Microbiologia, Universitat de Barcelona, Avda Diagonal 645, 08028 Barcelona, Spain.
2 Institute for Bioengineering of Catalonia, Baldiri Reixac 13, 08028 Barcelona, Spain.
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2000). Hha-like proteins show structural mimicry to the H-NS oligomerization domain and 
interaction of Hha with H-NS increases the repressory ability of this latter protein (Madrid 
et al. 2002, 2007, nieto et al. 2002). H-NS is the most extensively studied example of a 
NAP that participates in environmentally-dependent modulation of gene expression (dor-
Man 2004). H-NS is considered as a transcriptional repressor, playing a relevant role silenc-
ing xenogeneic DNA (luCChini et al. 2006, naVarre et al. 2006, PfluM 2006).

It remained to be determined whether the set of H-NS-regulated genes coincides with the 
set of Hha-regulated genes, or whether the latter is simply a subset of the former. Recently 
obtained transcriptomic data show that main targets for Hha and/or its paralogue YdgT are 
those genes encoded in horizontally acquired DNA sequences that are silenced by H-NS.

2. Results

The genome of Salmonella contains, in addition to hha, a copy of the ydgT gene, which 
codes for an Hha paralogue, YdgT. To avoid the attenuation of an hha mutant by overex-
pression YdgT, the transcriptomic analysis was done in a S. Typhimurium hha ydgT  double 

Fig. 1 Expression changes of genes belonging to functional groups and pathogenicity islands obtained at three 
different growth conditions: (A) LB at 37 ºC, (B) LB 0,5 M NaCl at 37 ºC and (C) LB at 25 ºC. The bars show 
the percentage of genes belonging to each group that show altered expression in hha ydgT cells. The grey bars 
indicate the proportion of genes that are down-regulated (M < 0), and the white bars represent the proportion of 
up-regulated genes for each group (M > 0).

C
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mutant strain (SV5015HY). Microarray data showed that when compared to wt strain, 
strain SV5015HY exhibited altered expression of about 1,000 genes. The mRNA levels of 
471 genes were > 2-fold higher in the hha ydgT mutant, indicating that Hha/YdgT repress 
gene expression in the wt strain. The mRNA levels of 504 genes were > 2-fold lower in the 
mutant strain, indicating that Hha/YdgT activate gene expression in the wt strain. Up-regu-
lation predominated in genes belonging to several functional categories, including genomic 
islands (SPI1 to SPI5 and other genes related to horizontally acquired DNA regions), and 
the pSLT plasmid. In contrast, down-regulation predominated in genes belonging to func-
tional categories of surface structure, cell motility-secretion, and translation (ViVero et al. 
2008).

Most of the genes belonging to pathogenicity islands SPI1 to SPI5 (93.22 % of the genes) 
are predominantly over-expressed in strain SV5015HY. This leads to virulence attenuation, 
as shown when the competitive index is measured. When compared to the wt strain, a dou-
ble hha ydgT mutant shows a clear virulence attenuation.

Another category of genes showing altered expression in cells lacking Hha/YdgT pro-
teins corresponds to ORFs encoded in the virulence plasmid pSLT. More than 40 % pre-
sented an altered expression in strain SV5015HY. Most of them (97 %) were over-expressed, 
including those from the tra operon. To test the effect of hha ydgT mutations in the conjuga-
tion frequency of plasmid pSLT, mating experiments were performed. When compared to 
the wt strain, the frequency of pSLT plasmid transfer was 10-fold higher when double mu-
tant (hha ydgT) strain was used as donor (1.84 × 10 – 5 and 1.75 × 10 – 4 respectively).

Genes showing a reduced expression in strain SV5015HY belong to several func-
tional categories. The decreased expression of many of these genes may be due to an in-
direct  effect of the double mutation on cell physiology (most likely those belonging to the 
 functional category of translation, ribosome structure and biogenesis) or on specific tran-
scriptional repressors. Remarkably, a significant set of genes showing reduced expression 
includes many involved in flagellar biogenesis. This results in a reduced motility, as shown 
when bacterial growth halos of SV5015 (wt) and SV5015HY (hha ydgT) strains in motility 
agar plates were compared. Strain SV5015HY forms a very small halo. Transformation of 
strain SV5015HY with a plasmid that codifies the hha gene (pUBM22) complemented the 
low-motility phenotype.

Above referred results were obtained from exponentially growing cells in LB medium at 
37 ºC. Remarkably, when either the growth temperature was lowered (25 ºC) or the medium 
osmolarity was shifted to LB 0.5 M NaCl, the set of deregulated genes in strain SV5015HY 
was very similar (Fig. 1).

Hha-like proteins form nucleoprotein complexes with H-NS. Recent results presented 
independently by different groups have shown that this NAP silences the expression of 
horizontally acquired DNA under non-permissive conditions (naVarre et al. 2006, PfluM 
2006). Hence a significant set of genes that are silenced by H-NS should also be silenced 
by Hha/YdgT. To confirm this, we compared the reported H-NS binding sites within the 
Salmonella genome (naVarre et al. 2006) and our transcriptomic data. The results clearly 
support the hypothesis that Hha/YdgT interact with H-NS to favor silencing of xeno geneic 
DNA. 87 % of SPIs genes repressed by Hha/YdgT have been reported to contain H-NS 
binding sites. The coincidence is as well high for other SV5015HY up-regulated genes be-
longing to other genomic islands (34 %) and for the pSLT plasmid (46 %). It has been sug-
gested that H-NS is not an effective silencer at all binding sites for some horizontally trans-
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ferred sequences (naVarre et al. 2006). This is supported by the finding that Hha-like pro-
teins also participate in silencing xenogeneic DNA.

3. Conclusions

The transcriptomic analysis of a S. Thypimurium hha ydgT double mutant shows altered 
expression of about 1,000 genes (471 induced and 504 repressed). The change of gene ex-
pression pattern can be related to detectable phenotypes: an attenuated virulence, reduced 
motility and an abnormally high conjugation frequency. Three functional categories include 
genes predominantly showing an induced expression: genes mapping in SPIs 1 to 5, in other 
genomic islands, and in pSLT plasmid. Hence, Hha like proteins appear to have evolved to 
negatively modulate expression of horizontally-acquired genes in enteric bacteria.

The data obtained with strain SV5015HY support the hypothesis that Hha/YdgT interact 
with H-NS to favor silencing of xenogeneic DNA.
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Regulation of Virulence Genes in Shigella Hovers 
between Gain and Loss of Transcriptional Activators

 Gianni Prosseda1, Mariassunta Casalino2, and Bianca Colonna1

 With 1 Figure

Abstract
The evolution of Escherichia coli towards pathogenicity represents an interesting model because of the enor­
mous versatility of this microorganism, causing an impressive variety of different diseases. Comparative ge­
nomic analysis has shown that Shigella, rather than being a genus with four species, belongs to the highly diver­
sified Escherichia coli species. The transition of Shigella towards a pathogenic phenotype offers major clues for 
understanding the steps triggering a virulence phenotype in a commensal organism. Two opposite mechanisms 
could account for this phenomenon: the acquisition of additional genes encoding virulence determinants by hori­
zontal gene transfer and the loss of modification of pre-existing genetic material.

Zusammenfassung
Die Entwicklung von Escherichia coli in Richtung Pathogenität stellt aufgrund der enormen Vielfältigkeit dieses 
Mikroorganismus, der eine beeindruckende Vielzahl von verschiedenen Krankheiten auslösen kann, ein interes­
santes Modell dar. Vergleichende Genomanalysen zeigten, dass Shigella keine Gattung mit vier verschiedenen 
Spezies darstellt, sondern eher der höchst breit gefächerten Spezies Escherichia coli angehört. Der Übergang 
von Shigellen hin zu einem pathogenen Phänotyp gibt wichtige Hinweise darauf, welche Schritte in einem 
kommensalen Organismus nötig sind, um in einen virulenten Phänotyp überführt zu werden. Zwei gegensätz­
liche Mechanismen könnten für dieses Phänomen in Betracht gezogen werden: Die Aufnahme von zusätzlichen, 
 virulenz­assoziierten Genen durch horizontalen Gentransfer und der Verlust der Fähigkeit bereits vorhandenes 
genetisches Material zu ändern.

1. Evolution of Shigella from Escherichia coli

Few microorganisms are as resourceful as Escherichia coli. More than being just a harmless 
intestinal inhabitant, E. coli can be a highly versatile, and frequently deadly, pathogen. Re­
cent studies have demonstrated that Shigella, which was considered a genus with four spe­
cies, actually belongs to the extremely diversified E. coli “world” and, therefore, should be 
considered as a pathogenic E. coli (lan and reeves 2002). As a matter of fact the genomes 
of S. dysenteriae, S. flexneri, S. boydii and S. sonnei are colinear with the E. coli one and 

1 Istituto Pasteur – Fondazione Cenci Bolognetti, Dipartimento Biologia cellulare e dello Sviluppo, Sapienza­
Università di Roma, 00185 Rome, Italy.

2 Dipartimento Biologia, Università Roma Tre, 00146 Rome, Italy.
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more than 90 % homologous to it. Shigella is a facultative intracellular pathogen causing a 
severe enteric syndrome in humans, mainly in the developing countries (sansonetti 2001). 
The pathogenicity mechanism of Shigella is based on the capacity to reach and invade col­
onic epithelial cells, multiply intracellularly and spread to adjacent cells with consequent 
cell death and destruction of the colonic mucosa. This process is highly complex and re­
quires the coordinated expression of virulence factors, encoded not only by chromosomal 
genes but also by the plasmid genome.

The transition of Shigella towards a pathogenic phenotype is a good model for understand­
ing how virulence phenotype is triggered in a commensal organism. Major mechanisms 
possibly accounting for this phenomenon are the acquisition of additional genes encoding 
virulence determinants and the inactivation or loss of pre-existing genes.

The acquisition of the virulence plasmid (pINV) has been undoubtedly one of the most 
critical events in the evolution of the pathogenic lifestyle of Shigella. This large plasmid 
contains all the genes required for expressing the hallmarks of Shigella virulence: invasion, 
intracellular replication, intercellular spread, and induction of inflammatory response. Be­
sides pINV, Shigella harbors on its chromosome several pathogenicity islands containing 
genes involved in the pathogenicity process. In S. flexneri the SHI­I pathogenicity island 
encodes the ShET1 enterotoxin, a cytopathic protease, and a mucinase. The SHI-2 pathoge­
nicity island encodes an aerobactin iron transport system and immunity to several colicins. 
The acquisition of multiple linked virulence traits by horizontal gene transfer is crucial in 
triggering a virulence phenotype in a commensal organism (dobrindt et al. 2004). In the 
novel habitat the new pathogen then reaches optimal fitness by modifications of its genome 
which often redesign important metabolic properties.

The lack of several catabolic pathways, like those of lactose or mucate, or the loss of 
the ability to synthesize flagella or curli could be attributed to a process of niche adaptation. 
In this context it is worth mentioning that IS sequences play a crucial role in the evolution 

Fig. 1 Evolution of Shigella from an ancestral commensal Escherichia coli. Acquisition of the large virulence 
plasmid (pINV) and PAIs (SHI­1 and SHI­2) by horizontal gene transfer is counterbalanced by the loss of ge­
netic systems like cad, nad and ompT whose products are detrimental for the full expression of the invasivity 
process.
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of bacterial pathogens either directly, by modifying gene expression through deletions or 
insertions, or indirectly, by promoting homologous recombination. In Shigella the lack of 
motility has been correlated with insertion of IS1 elements which have determined the ap­
pearance of progressive genetic defects, resulting in the complete loss of flagella. Similarly, 
multiple IS elements have interrupted genes encoding for thin aggregative fimbriae, known 
as curli, triggering genetic rearrangements resulting in deletions with different extensions 
in the curli encoding operons.

2. The Main Pathoadaptive Mutations in Shigella

Besides the loss of traits important for the survival in the environment but redundant for the 
life inside the host, the new pathogen may also undergo a series of convergent mutations 
in genes which negatively interfere with the expression or function of virulence factors re­
quired for the survival within the host (dobrindt et al. 2004). These so called pathoadap­
tive mutations improve survival within host tissues, increase the pathogenic potential of the 
new pathogen and drive the evolution of a microorganism towards a more pathogenic phe­
notype.

While there are several examples of pathogen evolution through acquisition of genes 
by mobile genetic elements like phages, plasmids or PAIs, the contribution of gene loss to 
pathogen evolution is only beginning to be hold in due consideration (reviewed in Maurelli 
2007, Prosseda et al. 2007). So far in Shigella three distinct genetic systems can be consid­
ered as antivirulence genes, since their lack has been related to an optimization of the patho­
genicity process: the cad operon encoding for the lysine decarboxylase system, the ompT 
gene coding for an outer membrane protease and the nadBA genes involved in the synthe­
sis of nicotinic acid.

The ompT gene is contained within a remnant of a cryptic prophage located on the 
E. coli K­12 genome, and encodes the surface protease OmpT. In Shigella, OmpT is able to 
degrade IcsA (known also as VirG), a pINV encoded protein that is required for intra­ and 
inter-cellular motility. Following the precise excision of a large fragment carrying the ompT 
gene within the remnants of the DLP12 lamboid phage, all Shigella strains fail to produce 
the OmpT protease (nakata et al. 1993). The ompT gene meets the definition of an antivir­
ulence gene, since its introduction in Shigella negatively interferes with the invasivity pro­
cess by reducing the Shigella intra­ and inter­cellular spreading.

Unlike most E. coli strains, Shigella is a nicotinic acid auxotroph in that the bacterium is 
unable to synthesize NAD from exogenous nicotinic acid. In S. flexneri this defect is due to 
alterations in the nadA and/or nadB genes which encode the enzyme complex that converts 
L­aspartate to quinolate, a precursor to NAD synthesis. Quinolate is a potent, small mol­
ecule able to inhibit several virulence phenotypes of Shigella. It is able to block  invasion 
and cell­to­cell spread of S. flexneri and also reduces the induction of the transepithelial mi­
gration of polymorphonuclear leukocytes (Prunier et al. 2007). All together these results 
indicate that the auxotrophic requirement for nicotinic acid in Shigella represents another 
 example of pathoadaptation through selection by means of loss of a gene function that is in­
compatible with virulence.

The best known example of pathoadaptive mutation by loss of antivirulence genes in 
Shigella is the case of the cad system (Maurelli et al. 1998, day et al. 2001, Casalino et al. 
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2003, 2005). All Shigella and also enteroinvasive E. coli, a group of E. coli which shares 
with Shigella the same pathogenicity process, are characterized by the inability to catabo­
lize lysine due to the lack of lysine decarboxylase activity (the LDC– phenotype). In enteric 
bacteria low pH induces a programmed molecular response which, among other events, 
triggers the transcription of several amino acid decarboxylase systems, which in turn medi­
ate maintenance of pH at a level suitable for cell survival. One of the three major amino acid 
decarboxylase systems is based on the activity of the lysine decarboxylase. In E. coli this 
activity is determined by the products of the cadBA operon which encodes lysine decarbox­
ylase (cadA) and a lysine­cadaverine antiporter (cadB), and is co­induced by low pH and 
lysine. Expression of the cadBA operon is dependent on CadC, a positive activator whose 
gene maps upstream of the operon and is transcribed independently from the same strand.

Despite the fact that the cad system may be important during the bacterial transit through 
the intestinal tract, in Shigella and EIEC such a system has been completely lost. Interest­
ingly, it has been shown that cadaverine, a polyamine resulting from the decarboxylation of 
lysine, negatively interferes with the Shigella pathogenicity process. Cadaverine seems to 
induce the attenuation of enterotoxicity and also to inhibit the migration of polymorphonu­
clear leukocytes (PMN) across the intestinal epithelial monolayers. In addition it has been 
demonstrated that cadaverine reduces the ability of Shigella to lyse the phagocyte vacuole, 
thus preventing the bacterium from interacting with the cytoskeleton. On the basis of this 
observation it has been postulated that compartimentalization of Shigella into a phagolyso­
some reduces the ability to disseminate intra­ and inter­cellularly and perturbs signaling 
pathways essential to the promotion of PMN transepithelial migration. It has been proposed 
that silencing of the cad locus in Shigella represents an important pathoadaptive mutation 
necessary for increasing the pathogenic potential of bacteria in host tissues (Maurelli et al. 
1998, Maurelli 2007).

3. Acquisition and Loss of Transcriptional Activators

The acquisition of the large virulence plasmid (pINV) is the crucial event in the evolution 
of Shigella from non pathogenic commensal E. coli. The pINV plasmid contains all the 
genes required for invasion and for intra­ and inter­cellular spread, including their positive 
activators VirF and VirB (Prosseda et al. 2002). To obtain a proper sensing of the host en­
vironment and an adequate virulence response, the expression of virulence determinants 
is integrated in layers of iterative regulative networks, ensuring a coordinated and on time 
synthesis of all determinants necessary to induce invasivity. Like in other life­threatening 
human pathogens, also in Shigella the entry from the outer environment into the warmer 
host milieu is one of the crucial events triggering the expression of virulence factors. The 
plasmid regulatory cascade of Shigella represents an interesting system to understand how 
pathogenic bacteria have evolved to prevent wasteful expression of virulence factors while 
ensuring strong and appropriate activation when this is required. The arrival of additional 
regulators in the novel pathogen through the acquisition of the pINV might have altered the 
transcriptional program of the ancestral E. coli cell. Transcriptomic analysis is currently 
employed to investigate on what E. coli genes are up­ or down­regulated in response to an 
increasing level of the VirF protein, which is the first positive activator of the Shigella inva­
sivity cascade (Prosseda et al. 2002).
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The acquisition of new positive activators encoded by the pINV is counterbalanced by the 
loss of some ancestral regulators. Comparative analysis of molecular rearrangements induc­
ing silencing of the cad operon in Shigella and EIEC suggests that the lack of lysine decar­
boxylase activity has been attained through diverse strategies (day et al. 2001, Casalino 
et al. 2003, 2005). It has been proposed that the first step in the silencing of the cad locus 
might have been inactivation of the cadC gene, followed by a spread of insertion sequences 
in cadB and cadA, inducing deletions within the cad locus or extending to the flanking 
 regions (Casalino et al. 2003). The observed lack or inactivation of the cadC gene can be 
accounted for by considering that CadC, the regulator of the cadBA operon, might play ad­
ditional roles in controlling cellular functions not directly related to lysine utilization. In or­
der to understand whether the CadC regulator may play a direct or indirect role in the con­
trol of other genes involved in the adaptation of the bacterium to the host environment we 
are currently investigating on how the expression profile of E. coli has been affected by the 
disappearence of the the CadC regulator.

4. Conclusion

In the evolutionary route of Shigella from E. coli ancestors towards a pathogenic lifestyle, 
the critical event has been the acquisition of the pINV plasmid through horizontal transfer 
and the inactivation of pre-existing genes. Since both, the loss and the acquisition of new 
genetic systems, are flanked by the arrival or by the lack of transcriptional regulators, it is 
possible to envisage that the transcriptional profile of the ancestor cell has been modified. 
The identification of such changes can lead to a better understanding of how a commensal 
bacterium has become a pathogen.
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Identification of the Hha-Binding Motif  
in the N-Terminal Domain of H-NS

 Jesús García1, Cristina Madrid2, Antonio Juárez2, and Miquel Pons1,3

 With 1 Figure and 1 Table

Abstract
In enteric bacteria, the nucleoid associated proteins H-NS and Hha form a regulatory complex that is involved in 
the modulation of transcription of many environmentally regulated genes. We have used a combination of mu-
tagenesis and Nuclear Magnetic Resonance (NMR) to study the H-NS/Hha interaction. The interaction involves 
a conformational change of Hha. In H-NS, the Hha binding motif is located in the N-terminal part of the H-NS 
dimerization domain. The H-NS Arg12His mutation abolished Hha binding in vitro, indicating that this arginine 
is essential for the interaction. In addition, replacement of Asn9 for Leu causes a drastic decrease in the bind-
ing affinity.

Zusammenfassung
In Enterobakterien bilden die Nucleoid-assoziierten Proteine H-NS und Hha einen regulatorischen Komplex, 
der in die Modulation der Transkription von vielen, durch Umwelteinflüsse regulierten Gene eingreift. Mit Hilfe 
einer Kombination aus Mutagenese und Kernspinresonanz (NMR) haben wir die Interaktion zwischen H-NS 
und Hha untersucht. Die Interaktion beinhaltet eine Konformationsänderung von Hha. Das Hha-Bindungsmo-
tiv befindet sich im H-NS-Protein im N-terminalen Bereich der H-NS-Dimerisierungsdomäne. Dass durch eine 
Arg12His-Mutation im H-NS-Protein in vitro die Hha-Bindung unterbunden werden kann, weist darauf hin, dass 
Arginin für die Interaktion essentiell ist. Darüber hinaus zeigte sich, dass das Ersetzen von Asn9 durch Leu eine 
drastische Reduktion der Bindungsaffinität bewirkt.

1. State of the Art

The nucleoid-associated protein H-NS acts as a negative regulator of gene transcription 
of a large number of promoters, many of which are regulated in response to environmen-
tal changes. H-NS binds preferentially to AT-rich regions of curved DNA promoting fur-
ther oligomerization of the protein on the DNA molecule. Although the molecular basis for 
regulation of gene expression is not known, it was suggested that the resulting nucleopro-
tein complex represses gene transcription by interfering with the RNA polymerase access 
to specific promoters and/or by blocking transcription elongation (for a recent review see 
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dorMan 2007). At least for some genes, H-NS regulation of expression requires the partici-
pation of additional proteins that interact with H-NS modifying its modulatory properties. 
H-NS forms heteromeric complexes with its paralogue, StpA (Johansson et al. 1991), and 
with members of the Hha family of proteins (Madrid et al. 2007). The best characterized 
members of this family are the Escherichia coli protein Hha and the Yersinia enterocolitica 
protein YmoA. These proteins, which have 82 % sequence identity, modulate the expression 
of virulence factors in response to environmental factors such as osmolarity or temperature. 
Other members of the family have been identified in enteric species, observing that several 
hha-like genes could be found in some chromosomes. In addition, Hha proteins may be en-
coded in various large conjugative plasmids that belong to different incompatibility groups 
(Madrid et al. 2007).

Studies, focused to understand the regulation of the E. coli hly operon, which encodes 
the α-haemolysin toxin, showed that, rather than exhibiting DNA-binding activity, Hha in-
teracts with H-NS and strengthens the H-NS ability to repress the hly operon under non-per-
missive conditions (nieto et al. 2000).

Further studies have shown direct interactions between various members of the H-NS 
and Hha families of proteins. The complexes formed participate in transcription regula-
tion of specific genes required for bacterial pathogenesis (Madrid et al. 2007). However, 
the lack of molecular details of the process hinders the elucidation of the regulation mech-
anism. To address this relevant issue, we decided to study the H-NS/Hha interaction using 
biophysical techniques.

The H-NS protein consists of an N-terminal dimerization domain and a C-terminal 
DNA-binding domain separated by a flexible linker that is involved in homooligomeriza-
tion. A complete, high-resolution structure of H-NS has proven elusive, but the three dimen-
sional structures of polypeptides containing the first 46 (Bloch et al. 2003) and 57  (esPosito 
et al. 2002) H-NS residues have been solved by NMR, observing, in both cases, the forma-
tion of a homodimer structure. The three-dimensional structure of the 72-residue protein 
Hha was solved by NMR (Yee et al. 2002).

The interaction of full length H-NS with Hha was first shown by copurification of the 
two proteins (nieto et al. 2000). Recent work from our group demonstrated that the N-ter-
minal domain of H-NS was sufficient for Hha binding (Garcia et al. 2005), while no in-
teraction was observed between Hha and the C-terminal domain of H-NS. The interaction 
of Hha with the N-terminal domain of H-NS was studied by fluorescence anisotropy and 
NMR techniques. Titrations of a 15N-labeled Hha sample with a truncated form of the H-NS 
protein corresponding to residues 1 to 64 (H-NS64), followed by NMR, showed that the in-
teraction between both proteins involved a substantial conformational change in Hha that 
exposed residues deeply buried in its hydrophobic core. Conformational plasticity of Hha 
could be evidenced even in the absence of H-NS. A temperature shift from 25 to 37 ºC re-
sults in a dynamic equilibrium involving different Hha conformations. Interestingly, the 
most perturbed residues by the temperature-induced structural alteration partially overlap 
with those observed when Hha interacts with H-NS64 (Garcia et al. 2005).

In contrast, H-NS amino acid residues interacting with Hha are located in helices H1 and 
H2 of the N-terminal domain. The relevance of this region is highlighted by the fact that in 
E. coli, point mutations consisting in replacement of Arg12 or Arg15 by either histidine or 
cysteine induced de-repression of the proV operon under low osmolarity conditions (ueGu-
chi et al. 1996). We have demonstrated that Arg12 and Arg15, located in the same side and 
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in adjacent turns of helix H2, are involved in different protein-protein interactions: Arg12 
is essential for Hha binding without affecting the fold of the H-NS46 dimer, and Arg15 does 
not affect Hha binding but is essential for proper folding of H-NS46 dimers (Fig. 1). The 
Arg12His mutant was used to confirm that all relevant interactions with Hha occur only in 
the N-terminal domain of H-NS, as the introduction of this mutation in full length H-NS 
also abolished Hha binding (Garcia et al. 2006).

A comparison of the sequences of H-NS-like proteins from Gram-negative bacteria shows 
that the region including residues 9 to 15 (E. coli H-NS numbering), involved in Hha bind-
ing, is strictly conserved in bacteria of the Enterobacteriaceae family that also contain Hha-
like proteins in their genome. Species of the genus Vibrio that are phylogenetically close to 
the Enterobacteriaceae, do not encode Hha-like proteins and show a lower degree of con-
servation in the Hha-binding region, although Arg12 is completely conserved also in these 
species (Tab. 1).

The conservation of this residue may suggest an evolutionarily older conserved role, and 
the interaction of Hha with Arg12 may have appeared as a way of modulating this putative 
role. On the basis of these observations, we decided to investigate if other residues, besides 
Arg12, are directly implicated in Hha binding. Substitutions at positions 7, 9 and 13 could be 
found in H-NS proteins from species of the genus Vibrio. Since those positions are highly 
conserved (positions 9 and 13 are strictly conserved) in H-NS proteins from Hha-contain-
ing bacteria, we speculated that they may be important for a specific function (Hha binding) 
that is not shared with other H-NS proteins. To assess the contribution of each individual 

Fig. 1 Location of key H-NS residues. Expanded view of the antiparallel structure of E. coli H-NS46 show-
ing the position of key residues for Hha binding: Asn9 and Arg12. The interactions involving residue Arg15 and 
glutamic acid side chains in the second protomer are also shown. The two protomers are displayed in white and 
black.
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amino acid in Hha binding, one of those residues at a time was replaced by the correspond-
ing residue found at that position in V. cholerae. Using NMR, we tested the in vitro binding 
capacity of those H-NS mutants to Hha. The results obtained clearly showed that residue 
Asn9 plays a key role in Hha-binding and its substitution for leucine produced a strong de-
crease in binding affinity. Other H-NS residues within the Hha-binding motif, such as Ile7 
and Thr13, whose NMR signals were strongly perturbed by the addition of Hha to wild type 
H-NS46, could be replaced by the residues found at that position in V. cholerae H-NS with-
out a significant effect in Hha binding.

2. Conclusions

Using a combination of mutagenesis and NMR we have studied the interaction between the 
E. coli H-NS and Hha proteins. Our results indicate that a conformational change in Hha 
is involved in the interaction. With respect to the H-NS protein, the Hha binding motif was 
identified within helices H1 and H2 of the H-NS N-terminal domain, where Asn9 and Arg12 
side chains may be required for polar interactions at the center of the H-NS/Hha interface.
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The H-NS Protein from Escherichia coli and Related 
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Network
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 With 1 Figure

Abstract
A relevant feature of the H-NS protein encoded by members of the family Enterobacteriaceae is its ability to 
interact with proteins that structurally mimic its N-terminal domain. This interaction results in fine tuning of the 
H-NS modulatory capability. The all-helical structure of one of these proteins, the Hha protein, appears to be 
conserved in other proteins that play a role as global modulators of gene expression (e. g., YmgB protein).

Zusammenfassung
Ein wichtiges Merkmal des von Mitgliedern der Familie der Enterobacteriaceen gebildeten H-NS-Proteins ist 
dessen Fähigkeit zur Interaktion mit Proteinen, deren Struktur der N-terminalen Domäne des H-NS ähneln. 
Diese Interaktion führt zur Feinabstimmung der modulatorischen Eigenschaften des H-NS Proteins. Die rein he-
likale Struktur eines dieser Proteine, des sogenannten Hha-Proteins, scheint auch in anderen Proteinen, die als 
globale Modulatoren der Genexpression eine Rolle spielen, konserviert zu sein.

1. State of the Art

The nucleoid-associated proteins (NAPs) constitute a superfamily of proteins that have 
genome structuring functions in bacteria. The association of many of these proteins with 
DNA influences not only its conformation, but also DNA replication, recombination and 
transcription. Best characterized in Escherichia coli and related genera of the Enterobac-
teriaceae, H-NS is a good example of a NAP with functional dichotomy: it contributes 
to bacterial chromosome architecture and can generate nucleoprotein complexes in the 
vicinity of specific promoters to influence transcription. The H-NS protein contains two 
well-defined domains connected by a flexible linker. The C-terminal domain includes se-
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quences absolutely required for DNA binding, whereas the N-terminal domain (oligomer-
ization domain) allows the protein to generate homo- and hetero-oligomers. Generation 
of homodimers and oligomers is underlying H-NS-mediated repression of transcription. 
In addition to homomeric interactions H-NS is also capable of heteromeric interactions. 
Whereas some heteromeric interactions also influence the repressory ability of H-NS, 
other interactions influence cellular processes different from transcription, such as trans-
position.

Proteins interacting with H-NS may contain protein- and DNA-binding domains, as 
its paralogue StpA, or just protein-binding domains, as the members of the Hha/YmoA 
family of proteins. Proteins of this latter family show structural mimicry to the H-NS oli-
gomerization domain and co-regulate with H-NS several virulence determinants in enteric 
bacteria (Madrid et al. 2007a). The Hha-YmoA family of proteins includes a group of se-
quence-related low molecular mass proteins (molecular mass of about 8 kDa) involved 
in gene regulation that are encoded by E. coli and related members of the Enterobacteri-
aceae. Genes coding for such proteins can be present in one or more copies per chromo-
some or in conjugative plasmids. H-NS binding to any of these proteins results in an in-
creased repressory ability of the complex. On the other hand, the ability of H-NS to re-
press transcription can also be reduced by interacting with a different type of truncated 
H-NS-like protein: the H-NSTEPEC protein expressed by some enteropathogenic E. coli 
strains (WilliaMson and Free 2005). Fine-tuning of H-NS modulatory ability is there-
fore accomplished by heteromeric interactions with proteins that show structural mim-
icry to its oligomerization domain. Protein-protein interaction appears as a relevant fea-
ture of the ability of H-NS to sense environmental stimuli and modulate different cellu-
lar processes. Genomes encoding for both hha and hns genes correspond exclusively to 
members of the family Enterobacteriaceae, including some of the endocellular obligate 
symbionts that belong to the family (Wigglesworthia glossinidia and Sodalis glossini dius) 
(Madrid et al. 2007b).

Structural details of Hha-H-NS interaction are available. With respect to the Hha pro-
tein, amino acid residues interacting with H-NS are scattered along the whole molecule 
(Fig. 1). In contrast, H-NS amino acid residues interacting with Hha are located mainly 
within helixes H1 and H2 of the H-NS N-terminal domain (García et al. 2005). If the se-
quence corresponding to the N-terminal end of the H-NS protein is used to perform an 
alignment, a seven amino acid sequence (LNNIRTL) located within helixes H1 and H2 is 
absolutely conserved among the H-NS proteins encoded by those microorganisms that en-
code a chromosomal hha-like gene. That seven-amino acid stretch is included within the 
H-NS domain that interacts with Hha, and corresponds with the residues most affected 
 after interaction with Hha (Madrid et al. 2007b). It has been proposed for that sequence the 
term Hha signature. With the genomic data available, the intact Hha signature of the H-NS 
 protein is exclusively found in chromosomally-encoded H-NS proteins from members of 
the family Enterobacteriaceae.

The three-dimensional structure of the Hha protein consists of four alpha-helical seg-
ments separated by loops: helix 1 (residues 8 – 16), helix 2 (residues 21 – 34), helix 3 (res-
idues 37 – 55) and helix 4 (residues 65 – 69) (Yee et al. 2002). Helices 1 and 2 are packed 
against the N-terminal half of helix 3. Helix 4 is very short and interacts with the C-termi-
nal part of helix 3. Studies of the interaction of Hha with H-NS64 (H-NS residues 1 to 64) 
showed that strongly perturbed residues are located both in the surface and in the hydropho-
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bic core of the Hha structure (Fig. 1), suggesting that Hha undergoes conformational rear-
rangement after interacting with H-NS64 (García et al. 2005).

H-NS multimerization and H-NS-dependent DNA bridging are mediated by H-NS di-
mers and tetramers. In addition to the N-terminal domain of H-NS, the linker domain ap-
pears to be required for tetramerization and oligomerization (stella et al. 2005). There-
fore, binding of H-NS to proteins lacking the linker domain (i. e. H-NSTEPEC) would re-
duce the ability of H-NS to oligomerize and bridge DNA. This could explain the ability of 
the H-NSTEPEC proteins to interfere with the repression by H-NS (WilliaMson and Free 
2005). On the other hand, binding of H-NS to Hha-like proteins enhances repression by 
H-NS, which would potentiate rather than inhibit dimerization and oligomerization. Al-
though a precise picture of the complexes formed in vivo is not available, we speculate 
that Hha-like proteins, when interacting with H-NS, affect the oligomerization of H-NS 
by providing additional sites for interaction or by influencing the folding of the linker do-
main.

A recent finding shows that the all-helical structure of Hha is not unique within the En-
terobacteriaceae: the three-dimensional structure of the YmgB protein, that shows only 
5 % amino acid identity with Hha, is very similar to that of Hha. YmgB protein plays a rel-
evant role in biofilm formation and acid resistance in E. coli and related enteric bacteria 
(lee et al. 2007).

Fig. 1 Ribbon representation of three dimensional Hha structure. Residues most affected by the interaction 
with the H-NS protein are coloured in deep red.
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2. Conclusions

A group of low-molecular mass proteins showing an all-helical structure interact with H-NS 
to modulate, among other cellular processes, gene expression. H-NS interaction with these 
proteins is an evolutive trait of E. coli and related members of the Enterobacteriaceae.
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Metabolic Traits Associated with Virulence of 
Pathogenic E. coli Strains

 Chantal Le Bouguénec (Paris)

Abstract
Colonization of the intestine is the first step of host infectivity for all pathogenic E. coli strains, whatever the 
category. Various intestinal pathogenic strains are rarely encountered in the fecal flora of healthy hosts. In con-
trast, extraintestinal pathogenic E. coli stably colonizes the intestine without inducing clinical symptoms and is 
the predominant E. coli in approximately 20 % of healthy people. Little is known about what genes and factors 
in pathogenic strains help them to outcompete with the normal flora and colonize the intestine. Comparative ge-
nomic analyses of pathogenic and commensal E. coli indicated that many DNA islands specific to pathogenic 
isolates harbor genes encoding proteins with metabolic functions, including aromatic degradation and transport 
and utilization of carbohydrates. However, the relationship between virulence and the functionality of these re-
gions is largely unknown. Because carbohydrate metabolism is assumed to be the nutritional basis for coloniza-
tion of the intestine by E. coli and maintenance of the strains (chang et al. 2004), our goal is to clarify the role of 
sugars catabolized specifically by pathogenic E. coli in colonization of the intestine. We firstly studied the deoK 
operon enabling the strains to use deoxyribose as a carbon source. We initiated this study because deoxyribose 
is a sugar derived from DNA degradation and as both shed colonic epithelial cells and microflora are sources of 
DNA, the large intestine is rich in DNA. Although ability of various E. coli strains to degrade deoxyribose was 
reported a long time ago, the genes encoding this function were not identified at the beginning of our study.

Zusammenfassung
Die Besiedelung des Darmes ist bei allen pathogenen E. coli-Stämmen der erste wichtige Schritt für ihre Infek-
tiosität. Verschiedene intestinale pathogene Stämme werden selten in der Stuhlflora von gesunden Wirtsorganis-
men gefunden. Extra-intestinale pathogene E. coli dagegen besiedeln den Darm, ohne dabei klinische Symptome 
auszulösen, und stellen die wichtigste Gruppe in etwa 20 % der gesunden Bevölkerung dar. Bisher ist wenig 
 darüber bekannt, welche Gene und Faktoren pathogene Stämme besitzen, die es ihnen ermöglichen die normale 
Darmflora zu überwinden und den Darm zu besiedeln. Vergleichende Genomanalysen pathogener und kommen-
saler E. coli weisen darauf hin, dass viele, für pathogene Isolate spezifische DNA-Inseln Gene beinhalten, die für 
Proteine mit metabolischen Eigenschaften kodieren. Dazu gehören der Abbau aromatischer Verbindungen und 
der Transport und die Verwertung von Kohlenhydraten. Die Beziehung zwischen Virulenz und der Funktionali-
tät dieser Regionen ist jedoch noch gänzlich unklar. Da man davon ausgeht, dass der Kohlenhydratstoffwechsel 
die Nährstoffgrundlage für die Besiedelung des Darmes durch intestinale E. coli und deren Versorgung dort sein 
könnte (chang et al. 2004), ist es unser Ziel, die Rolle der Zucker aufzuklären, die während der Ansiedelung des 
Darmes von pathogenen intestinalen E. coli gezielt verwertet werden.
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1. State of the Art

The deoxyribokinase that catalyses the ATP-dependent phosphorylation of 2-D-deoxyribose 
to 2-D-deoxyribose-5-phosphate, has been identified in Lactobacillus plantarum, Seleno-
monas ruminantium, and Salmonella enterica. In S. enterica, four genes (deoK operon), en-
coding a putative permease (DeoP), a deoxyribokinase (DeoK), a mutarotase (DeoM) and 
a transcriptional regulator (DeoQ), are involved in the use of deoxyribose (Tourneux et al. 
2000, assairi et al. 2004). We recently reported the identification and characterization of 
a 61-kb pathogenicity island (PAI IAL862) in the AL862 sepsis isolate (LaLioui et al. 2001). 
Analysis of the nucleotide sequence of PAI IAL862 showed that it carries a deoK operon which 
is highly similar (78 % of identity) to that from S. enterica. Investigation of the wild type 
strain, mutants and transcomplemented mutants showed that the deoK operon is expressed 
in E. coli and that its presence correlated with the ability to use deoxyribose as a sole car-
bon source. We investigated pathogenic and commensal isolates from various collections 
for both the presence of the deoK operon and use of the sugar. The presence of the operon 
was always correlated with the use of deoxyribose. Although we found that both pathogenic 
and commensal strains harbored the deoK operon, our results strongly suggested that this 
operon is associated with the pathogenicity of the strain (45.4 % of pathogenic strains ver-
sus 22.9 % of commensal strains harboured deoK; P < 0.01) (Bernier-FéBreau et al. 2004). 
In extraintestinal pathogenic isolates the frequency of deoxyribose clones significantly in-
creased with the number of virulence factors (manuscript in preparation). Sequencing and 
comparison of the deoK operons in three pathogenic and one commensal isolates showed 
that this operon is conserved (98 % identity) in all the strains. A few base pairs (242 bp 
 upstream and 115 bp downstream) directly flanking the operon corresponded to partial 
 sequences of the ilvN and uhpA genes, between which the deoK operon is inserted in S. en-
terica. The high level of DNA identity, the colinearity, the similar transcriptional regulation 
of the genes as well as the similarity of the boundaries flanking the deoM and deoQ genes, 
are evidences for horizontal gene transfer of the deoK operon from S. enterica to E. coli 
(Bernier-FéBreau et al. 2004). To study the advantage conferred by the expression of the 
deoK operon, we carried out co-cultures experiments. When the growth medium contains 
the sugar we observed that expression of the deoxyribokinase conferred to the strain a late 
stationary growth advantage. Finally, we investigated the role of deoxyribose catabolism in 
the colonization of the intestine with the 55 989 clinical isolate. We knocked out the path-
way enabling deoxyribose metabolism. Then, we tested the mutant for its relative fitness 
for intestinal colonization in competition with its parental strain in an animal model. The 
55 989 isolate outcompeted its deoK mutant over a long period of time under in vivo condi-
tions, strongly suggesting that deoK operon expression plays a role in the persistence in the 
intestine (manuscript in preparation).

2. Conclusions

This is the first example of a sugar catabolism involved in host colonization by pathogenic 
E. coli isolates. Our study shows that deoxyribose metabolism is a biochemical characteris-
tic transferred horizontally from S. enterica to E. coli and widely distributed among patho-
genic E. coli isolates from various origins. Our findings suggest that acquisition of this trait 
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may be an evolutionary step enabling these pathogens to colonize and maintain themselves 
in mammalian intestine, their reservoir.

Comparative genomic and metabolic analyses allowed us to identify other metabolic 
traits associated with pathogenic isolates that are under investigation. Preliminary data in-
dicate that fermentation by pathogenic E. coli of various sugars considered as limiting nu-
trients in the gut, may provide a nutritional basis for co-colonization of the intestine with 
the commensal E. coli flora.
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The High-Pathogenicity Island of Extraintestinal 
Pathogenic Escherichia coli (ExPEC) – a Virulence 
Determinant Aquired by Horizontal Transfer

 Sören Schubert (München)

Abstract
The high-pathogenicity island (HPI) is a genomic island encoding a siderophore-mediated iron uptake system, 
which is essential for pathogenicity of extraintestinal pathogenic Escherichia coli (ExPEC). The HPI is widely 
disseminated among Enterobacteriaceae which poses questions regarding its’ horizontal transfer. A unique type 
of the HPI has been characterized in E. coli strain ECOR31 carrying a functional conjugative mating pair forma-
tion (Mpf) and a DNA processing system characteristic of integrative and conjugative elements (ICE). We fur-
ther determined the role of the HPI and the IroN siderophore system in ExPEC-pathogenicity revealing that the 
IroN-receptor, but not the HPI contributes to invasion of urothelial cells by ExPECs.

Zusammenfassung
Die „High-Pathogenicity Island“ (HPI) ist eine genomische Insel, die ein Siderophor-abhängiges Eisenaufnahme-
system kodiert und für die Pathogenität extraintestinaler E. coli mitverantwortlich ist. Auch unter anderen 
 Enterobacteriaceae ist die HPI weit verbreitet, was auf einen effizienten horizontalen HPI-Transfer hindeutet. 
Ein spezieller Typ der HPI wurde bei dem E. coli-Isolat ECOR31 nachgewiesen. Diese HPI kodiert ein konjuga-
tives Pilus- (Mpf) sowie eine DNA-Prozessierungssystem und stellt ein integratives konjugatives Element (ICE) 
dar. Zudem wurde die Bedeutung der HPI und des IroN-Siderophorrezeptors für die ExPEC-Pathogenität unter-
sucht: Der IroN-Rezeptor, nicht aber HPI-Produkte sind an der Urothelzell-Invasion durch ExPEC beteiligt.

High-virulent Yersiniae (Y. pestis, Y. enterocolitica IB, Y. pseudotuberculosis) carry a 45 – 
100 kb instable genomic island that is a prerequisite for virulence expression in these spe-
cies. This High-Pathogenicity Island (HPI) encodes a siderophore-mediated iron-uptake 
system (yersiniabactin, Ybt), which is the only siderophore found in pathogenic Yersinia 
species (de AlmeidA et al. 1993). In contrast to the majority of pathogenicity islands de-
scribed so far, the HPI reveals a unique property, as orthologous HPIs are widely distributed 
among different members of the Enterobacteriaceae (Schubert et al. 2000). These homolo-
gous HPI are distinctively distributed among clinical isolates of extraintestinal pathogenic 
E. coli (ExPEC) and of other members of the family Enterobacteriaceae isolated from 
blood cultures, urine samples and cerebrospinal fluid (CSF) (Schubert et al. 1998). More-
over, the functional HPI contributes to extraintestinal virulence of ExPECs as has been 
shown in mouse models of urinary tract infection and peritonitis (Schubert et al. 2002). 
The nucleotide sequence identity between the HPI of E. coli and Yersinia pestis is higher 
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than 99 % indicating a very recent transfer of the HPI between these species. The findings of 
such a promiscuous transfer of the HPI among different genera of the family Enterobacte-
riaceae poses interesting questions regarding the mechanism of HPI transfer. The first step 
of horizontal transfer of the HPI requires a mobilization of the chromosomal island gen-
erating a transferable genetic element, which closely resembles the initial step of transfer 
of lambdoid phages. Enzymes such as a P4-like integrase and an excisionase together with 
distinct DNA structures, the attachment sites attR and attL, are required for the mobiliza-
tion process. In contrast to the Yersinia-HPI, which is flanked by typical attachment sites 
(attL and attR) involved in integration and excision of the island, almost all E. coli strains 
investigated to date revealed a deletion within the 3′-border of the HPI leading to a loss of 
the attachment site attR. Thus, the majority of HPIs in ExPEC appear to be fixed in the host 
chromosome. As our first approach in characterizing the HPI of E. coli (HPIEc) revealed 
exclusively HPIs with right-handed truncations, we performed a systematic survey of the 
presence and location of the HPI by analyzing the well-defined E. coli collection of refer-
ence (ECOR) strains. Surprisingly, we identified the HPI of a certain E. coli strain of this 
collection, ECOR31, (HPIECOR31) to be inserted at the asnV t-RNA gene. This HPIECOR31 
further carries a 35-kb DNA region downstream of the fyuA gene, which is located exactly 
at the position where an IS100 element is inserted into the HPI of Y. pestis/Y. pseudotuber-
culosis, and includes an intact attR site (Schubert et al. 2004). The structure and the mobi-
lization of the HPIECOR31 are reminiscent of both temperate bacteriophages and conjugative 
plasmids. The generation of an extrachromosomal intermediate is likely to be the essential 
step in the successful transfer of the HPIECOR31 and must precede conjugative transfer to re-
cipient cells.

This finding may provide a missing link in the evolution of the HPI in general as it en-
compasses three distinct regions encoding:

(i) a complete and functional mating pair formation (Mpf) system related to IncX plasmid 
R6K of E. coli,

(ii) a putative nic site (origin of transfer, oriT) together with a DNA-processing region 
related to plasmid CloDF13 of Enterobacter cloacae (MobB, MobC), and

(iii) ORFs displaying a weak homology to chromosomal genes of Vibrio cholerae.

We could demonstrate, that the nic site is recognized by the specific nicase (MobB/C) and 
that both Mpf system and DNA-processing region are required for the conjugative transfer 
of a subcloned HPIECOR31 (Schubert et al. 2004). Together with the unique structure of the 
HPIECOR31 encoding a DNA-processing system, pilus assembly and mating pair formation 
functions typical for conjugative DNA transfers, the entire HPIECOR31 structurally resembles 
a subgroup of integrative and conjugative elements (ICE) (burruS et al. 2002, hochhut and 
WAldor 1999) and is suggestive of being a mobilizable progenitor of the HPI found in both 
E. coli and Y. pseudotuberculosis/Y. pestis.

The production of yersiniabactin siderophore encoded by the HPI is remarkable as Ex-
PEC strains possess more than four different high efficient iron uptake systems, e. g. is the 
enterobactin-, aerobactin- and salmochelin system. The contribution of these various sidero-
phore uptake systems for the E. coli life cycle is yet unknown. However, it has been shown 
in animal models that the gene expression of these iron-uptake systems is up-regulated dur-
ing infection. The functional redundancy of five and more iron uptake systems is a unique 
feature of ExPECs, which may indicate that siderophore receptors fulfill additional tasks 
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in the pathogenicity of ExPECs. In this regard, the recently identified siderophore receptor 
IreA (iron-responsive element) has been demonstrated to function both, as siderophore re-
ceptor and as an adhesin in UTIs (ruSSo et al. 2001). A recent study characterized the outer 
membrane protein Iha as both catecholate siderophore receptor and adherence factor of Ex-
PEC strains (leveille et al. 2006). Previous epidemiological studies revealed a high preva-
lence of FyuA and IroN in ExPEC strains (clermont et al. 2000, duriez et al. 2001, John-
Son et al. 2005). There is also accumulating experimental evidence that the IroN protein is 
involved in the infection process of ExPECs (negre et al. 2004, ruSSo et al. 2002, 2003). 
However, these studies failed to provide evidence about the direct involvement of IroN in 
invasion of urothelial cells. We could demonstrate for the first time that the catecholate re-
ceptor IroN contributes to the invasion of urothelial cells by ExPECs. The findings corrob-
orate the hypothesis that siderophore receptors may exert a dual role in the pathogenesis of 
ExPEC, as they facilitate both metabolic functions and host cell interaction. We postulate a 
putative host receptor responsible for the IroN-mediated invasion and suggest a mechanism 
by which IroN contributes to urovirulence. Taken together, these results demonstrate that 
the salmochelin receptor IroN contributes to the invasion of ExPEC strains in vitro (Feld-
mAnn et al. 2007). In contrast, the yersiniabactin receptor FyuA encoded by the HPI did not 
appear to have any direct affect on the invasion of ExPEC strains in vitro. No increase of 
adherence was conferred by the presence of IroN suggesting that IroN-mediated invasion 
is not due to enhanced adherence. Instead, IroN may directly trigger uptake of ExPEC into 
host cells. Furthermore, we could observe that the IroN-mediated invasion is not unique to 
HCV29 cells, as similar invasion results were obtained using different urothelial cell lines.
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Genetic Diversity of Extraintestinal Pathogenic 
Escherichia coli Isolated from 161 Patients with 
Bacteremia
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Abstract
Extraintestinal pathogenic E. coli (ExPEC) are important causes of bacteremia and sepsis worldwide. Paradoxi-
cally E. coli is present in the feces of every human being; therefore being able to identify the strain which can 
disseminate may help to prevent one of the major causes of sepsis. In order to achieve this goal, we studied the 
genetic diversity of 161 consecutive E. coli strains isolated from blood culture during one year in two major Uni-
versity Hospitals in Paris. Clinical data were collected. All isolates were characterized by multilocus sequence 
typing (MLST), and for the presence of nine virulence factors (VFs). Sequence-based phylogenetic analysis re-
vealed a strong concordance with the four classical phylogenetic groups (A, B1, B2 and D). Profile-based analy-
sis of MLST data distinguished 87 sequence types, which were grouped into 19 clonal complexes (CCs). No CC 
was particularly associated with a severe sepsis or death of the patient. However, when compared with the pre-
viously reported genetic diversity of other sets of E. coli strains obtained from various origins, our data do not 
support the hypothesis that the ability to be invasive is restricted to a small subset of strains.

Zusammenfassung
Extraintestinale pathogene E. coli (ExPEC) sind weltweit eine wichtige Ursache für Bakteriämie- und Sepsis-
erkrankungen. Paradoxerweise kommen E. coli im Fäzes jedes menschlichen Wesens vor. Wenn es möglich wäre, 
diejenigen Stämme, die sich ausbreiten können, zu identifizieren, könnte dies dazu beitragen, eine der Hauptursa-
chen für Sepsis auszuschalten. Um dieses Ziel zu erreichen, haben wir die genetische Diversität von 161 E. coli-
Stämmen untersucht, die innerhalb eines Jahres aus Blutkulturen zweier Universitätskliniken in Paris isoliert 
wurden. Klinische Daten wurden ebenfalls gesammelt. Alle Isolate wurden mit Hilfe des „Multilocus Sequence 
Typing“ (MLST) charakterisiert und hinsichtlich des Vorkommens von neun verschiedenen Virulenzfaktoren 
(VF) untersucht. Die Sequenz-basierte phylogentische Analyse zeigte eine starke Übereinstimmung mit den vier 
klassischen phylogenetischen Gruppen A, B1, B2 und D. Mit Hilfe der MLST-Analyse konnten 87 Sequenz typen 
unterschieden werden, die in 19 klonale Komplexe (CCs) gruppiert wurden. Kein CC war mit einer schweren 
Sepsis oder dem Tod eines Patienten assoziiert. Vergleicht man jedoch unsere Daten mit kürzlich veröffentlichten 
Datenreihen zur genetischen Diversität von E. coli-Stämmen verschiedenen Ursprungs, so unterstützen sie nicht 
die Hypothese, dass die Fähigkeit zur Invasivität nur auf einen kleinen Teil der Stämme beschränkt ist.
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Escherichia coli is the most abundant aerobic bacteria of the human intestinal flora. Whereas 
E. coli usually appears to be a harmless commensal, in some circumstances, it becomes 
pathogenic (dobrindt 2005). Among the various pathotypes of E. coli strains, the most 
common one is due to extraintestinal pathogenic Escherichia coli (ExPEC) which are re-
sponsible for urinary tract infections, intra-abdominal and soft tissue infections, meningi-
tis, pneumonia and osteomyelitis often leading to bacteremia (russo and Johnson 2000). 
Some VFs, such as adhesins, capsule, cytotoxins and siderophores, are necessary to over-
come host defenses, invade host tissues and trigger a local inflammatory response (Johnson 
et al. 2003). Phylogenetic analyses (seLander et al. 1987, herzer et al. 1990) suggested 
that E. coli can be divided into four main groups (A, B1, B2 and D). ExPEC have been 
shown to belong mostly to group B2 and, to a lesser extent, group D (Johnson and steLL 
2000, russo and Johnson 2000, Johnson and russo 2002).

To assess whether a link could be established between a phylogenetic group and the 
outcome of infection, we performed a 1-year prospective cohort study of all episodes 
of  Escherichia coli bacteremia in two French university hospitals. The influence of host 
and bacterial determinants on the initial severity and outcome of E. coli sepsis was as-
sessed. Clinical data (community-acquired/nosocomial infection, immune status, underly-
ing disease, primary source of infection, severity sepsis scoring and outcome), phyloge-
netic groups (A, B1, D and B2), nine virulence factors (VFs) (papC, papGII, papGIII, sfa/
foc, hlyC, cnf1, iucC, fyuA and iroN) and the antibiotic susceptibility of isolates were in-
vestigated. All VFs except iucC were significantly more prevalent (p < 0.05) among the B2 
group isolates. The non-B2 isolates were more frequently resistant to antibiotics than were 
B2 isolates (p < 0.05). There were significantly more B2 isolates from immunocompetent 
than from immunocompromised patients (p < 0.05). No bacterial or host determinants in-
fluenced the initial severity of sepsis. A factorial analysis of correspondence allowed two 
populations of isolates to be distinguished: those belonging to the B2 group were associated 
more frequently with susceptibility to antibiotics, community-acquired infection, a urinary 
tract origin and immunocompetent hosts; those belonging to the A, B1 or D groups were as-
sociated more frequently with resistance to antibiotics, a nosocomial origin, a non-urinary 
tract source and immunocompromised hosts. No influence of host or bacterial determinants 
on the initial severity of sepsis was detected.

The difficulty to establish a link between a phylogenetic group on one hand, and se-
verity of infection in humans on the other hand, can have several causes. Indeed, clonal 
structure within phylogenetic groups and heterogeneity among clonal groups in terms of se-
verity could constitute an important confounding factor. Characterization of sub-categories 
within phylogenetic groups relies on the markers that are used. Multilocus Sequence Typing 
(MLST) has emerged as a powerful analysis tool (Maiden et al. 1998, enright and sPratt 
1999, urwin et al. 2003). MLST indexes the neutral genetic variation in housekeeping genes, 
which evolve slowly because they are under stabilizing, and not directional, selective pres-
sure. MLST analysis sensu stricto consists of comparing strains based on their allelic profile, 
in order to minimize the disturbing effect of homologous recombination on the deduced phy-
logenetic relationships among closely-related strains. However, MLST data are also amena-
ble to sequence-based phylogenetic analysis, which provides a complementary view of the 
population structure, and allows identifying recombination events (feiL 2004).

Several MLST studies, based on a number of distinct sets of genes, and involving  either 
profile-based or nucleotide sequence-based analysis methods, were used to characterize 
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clones or phylogenetic subgroups within the E. coli species (neMoy et al. 2005, tartof 
et al. 2005, goLdberg et al. 2006, Johnson et al. 2006, wirth et al. 2006, bidet et al. 2007b, 
Lacher et al. 2007, Le gaLL et al. 2007, waLk et al. 2007). MLST analysis of selected Ex-
PEC strains showed that most major ExPEC clonal groups, including those characterized by 
antigens O47:K1, O18:K1:H7, O6:K2:H1, O6:H31 and O4, belong to phylogenetic group 
B2 (Johnson et al. 2001b, bidet et al. 2007a, Le gaLL et al. 2007). Other subgroups, includ-
ing the multidrug resistant “clonal group A” (CGA), the O15:K2:H1 clonal group and the 
sepsis and meningitis associated O1:K1:H- and O7:K1:H groups, belong to phylogenetic 
group D (Manges et al. 2001, Johnson et al. 2002). However, the identity and distribution 
of ExPEC clonal groups in unselected bacteremia episodes has not been investigated sys-
tematically, and thus, the overall diversity and distribution of ExPEC strains is currently 
unclear. Identification of a genetic specificity linked to ExPEC is of the utmost importance 
in order to specifically eradicate highly invasive bacteria. Using the above described col-
lection of strains we made an attempt at establishing an association between some clonal 
groups, and clinical determinants such as primary source of infection or severity of sepsis 
and outcome.

In this study of 161 bacteremic E. coli isolates, we used MLST to characterize strains. 
The MLST scheme is described at www.pasteur.fr/mlst. Sequence-based phylogenetic anal-
ysis revealed a strong concordance with the four classical phylogenetic groups (A, B1, 
B2 and D). However, we found that bacteremia isolates of group B1 were clearly associ-
ated with a urinary tract origin, which is not usually described (Johnson 1991, Picard et al. 
1999, Moreno et al. 2005). The amounts of polymorphism that we found among bactere-
mia strains were slightly lower than a recent study of 185 isolates from freshwater beaches 
(waLk et al. 2007). For example, the authors found 49 uidA alleles with 12 % polymorphic 
sites, whereas we found 27 uidA alleles and 9.3 % polymorphic sites. Of note, our collection 
of bacteremic isolates included only 7 % of strains of group B1, whereas this group repre-
sented 56 % of isolates from the environment (waLk et al. 2007).

B2 subgroups were also identified by a sequence-based phylogenetic approach (Le gaLL 
et al. 2007) using the same genes as us (except uidA). There was a good correlation between 
these B2 subgroups and our CCs, as deduced from the common strains in both studies. Our 
collection of bacteremic isolates of phylogenetic group B2 appears similar, in terms of num-
ber of clonal complexes or subgroups recovered, to previous collections with more diver-
sified origins.

Our initial hypothesis was that clones (STs or CCs), rather than entire phylogenetic groups, 
may be more relevant natural entities to establish an association of genotype with phenotype, 
including clinical correlates of bacteremic isolates. Interestingly, several correlations were es-
tablished between some CCs and clinical data. Most notably, two specific CCs from the B2 
phylogenetic group were clearly associated with strains responsible for urosepsis. Further-
more, we found an almost complete concordance between the presence of the svg ORF and 
ST1, consistent with association of svg with whittaM’s ST29 (bidet et al. 2007b).

Our results confirm that most of the usually recognized extra-intestinal VFs (e. g. pap, 
sfa, hly) were concentrated in some CCs, particularly those belonging to phylogenetic group 
B2. In contrast, the others VFs, related to the iron uptake system (e. g. iucC, iroN, fyuA), 
were more broadly distributed (boyd and hartL 1998, Johnson et al. 2001a). This divergent 
pattern of phylogenetic distribution may reflect the location of these VFs, that are chromo-
somally-encoded (pap, sfa, hly) or plasmid-encoded (iucC, iroN, fyuA). On the other hand, 
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UPEC isolates possess specific VFs, which enable the bacteria to adhere to uroepithelial 
cells and to establish urinary tract infections. Most of the traditionally recognized extra-in-
testinal VFs (adhesins, toxins, capsules, iron uptake systems) contribute to the virulence of 
the strains (Johnson 1991, russo and Johnson 2000). In this study, an association between 
some sets of VFs such as adhesins (papC, papGII, sfa), toxins (hlyC, cnf1), iron uptake 
systems (iucC, fyuA, iroN) and urosepsis was found as it was reported previously (John-
son 1991). These VFs occurring together in patterns suggested either co-selection or direct 
genetic linkage (Johnson and steLL 2000). Genetic linkage of VFs has been demonstrated 
within pathogenicity-associated islands (PAIs) and on plasmids (hacker and kaPer 2000).

In conclusion, we characterized the clonal diversity of all consecutive isolates respon-
sible for bacteremia during one year in two hospitals, revealing the distribution of gen-
otypes in an unbiased way. These data clearly demonstrate the great genetic diversity of 
 ExPEC thus suggesting that the ability to become invasive is not restricted to a small  subset 
of E. coli strains. Nonetheless, some clonal complexes seem to be associated with specific 
clinical presentations.
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Die Rinderseuche BVD, die Bovine Virusdiarrhoe, mit ihrer letalen Form, der Mucosal Dis-
ease, ist, im Gegensatz zur BSE, der Bovinen spongiformen Enzephalopathie, keine Zoonose, 
sie ist für den Menschen an sich ungefährlich, aber dennoch für Rinderhalter von beträchtlicher 
wirtschaftlicher Bedeutung. Der BVD-Virus nutzt für seine Weiterverbreitung den noch vom 
Immunsystem ungeschützten fetalen Organismus als Eintrittspforte. Die Seuche lebt in den 
persistent infizierten Tieren weiter.
Der Band gibt einen Überblick des gegenwärtigen Forschungsstandes zu BVD. Er behandelt 
den BVD-Virus und die Infektion, die Erkrankung, Immunität und Immunisierung, die BVD-
Erregerdiagnostik sowie die erforderlichen Maßnahmen der Tierseuchenbekämpfung.
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Abstract
Escherichia coli is a heterogeneous species including pathogenic and commensal variants with highly dynamic 
genomes. Extraintestinal pathogenic E. coli (ExPEC) express several virulence-associated factors which are 
usually encoded by mobile genetic elements. Several such determinants are shared between ExPEC and certain 
commensal strains thus interfering with an unambiguous strain typing. Comprehensive analysis of ExPEC and 
commensals indicates that not only gene acquisition and DNA rearrangements, but also reductive evolution con-
tributes to the adaptation of ExPEC to different growth conditions. Furthermore, despite of sharing virulence-
associated genes with commensals, the regulation of expression of such genes may differ in ExPEC and com-
mensals thus contributing to the establishment of extraintestinal infections.

Zusammenfassung
Escherichia coli ist eine heterogene Spezies mit hoch variablem Genom, die sowohl pathogene als auch kom-
mensale Varianten umfasst. Extraintestinal pathogene E. coli sind durch das Vorkommen verschiedener Viru-
lenz-assoziierter Faktoren charakterisiert, die oft auf mobilen genetischen Elementen kodiert vorliegen. Manche 
dieser Virulenz-assoziierten Gene liegen auch in kommensalen E. coli vor, was eine eindeutige Typisierung er-
schwert. Prozesse der Genomplastizität wie DNA-Aufnahme durch horizontalen Gentransfer, DNA-Umlagerun-
gen und Genverlust tragen zur Adaptation von ExPEC an verschiedene Wachstumsbedingungen bei. Weiterhin 
kann es durch Genomplastizität zu einer unterschiedlichen Regulation von Genen kommen, die in ExPEC und 
Kommensalen vorliegen, und so ebenfalls zur Pathogenität von ExPEC beitragen.

1. Escherichia coli Genomes are Highly Dynamic

The species Escherichia coli exhibits considerable physiological and metabolic versatility 
and includes a variety of non-pathogenic, commensal variants, which belong to the normal 
gut flora of humans and many animals. Additionally, several pathogenic variants have been 
identified which cause various types of intestinal or extraintestinal infections in men and 

1 Julius-Maximilians-Universität Würzburg, Institut für Molekulare Infektionsbiologie, Röntgenring 11,  
97070 Würzburg, Germany.

2 Göttingen Genomics Laboratory, University of Göttingen, Grisebachstrasse 8, 37077 Göttingen, Germany.
3 Robert-Koch-Institut, Am Nordufer 20, 13353 Berlin, Germany.
4 Institute of Laboratory Medicine, Department of Microbiology, Immunology and Glycobiology, Lund University, 

22362 Lund, Sweden.
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animals. Eight complete E. coli genome sequences are currently available, and about 40 ad-
ditional complete genome sequences of pathogenic and non-pathogenic E. coli isolates (se-
quenced by different institutions) will be available in the near future. Data from compara-
tive genomics support the hypothesis of widespread involvement of horizontal gene transfer 
in the evolution of E. coli, leading to the presence of distinct and variable “genomic islands” 
within the conserved “chromosomal backbone” in several bacterial lineages. Accordingly, 
the E. coli genome is composed of a conserved core of genes providing the backbone of 
genetic information required for essential cellular processes (DobrinDt 2005, brZusZkie-
wicZ et al. 2006), with an additional, flexible gene pool (Fig. 1, Tab. 1). The latter one con-
sists of strain-specific “assortments” of genetic information, which provide additional meta-
bolic and pathogenic properties (e. g., virulence-associated factors, antibiotic resistances) 
enabling these strains to adapt to special environmental conditions due to increased fitness 
and colonization capacity. A major constituent of the flexible gene pool is represented by 
accessory and mobile genetic elements and genomic or pathogenicity islands. The genomic 
islands are seldom fixed but rather bear the potential for ongoing rearrangements, deletions 
and insertions as well as for their transmission by horizontal gene transfer. Accordingly, 
the stable chromosomal backbone and the flexible gene pool are constantly undergoing re-
peated insertions and deletions (DobrinDt et al. 2004, ahMeD et al. 2008) (Fig. 1).

In addition to gene acquisition, some E. coli variants are also characterized by marked ge-
nome reduction. This is true for different Shigella species, which from the taxonomical 
view point, represent one particular E. coli pathotype as well as for enteroinvasive E. coli 

Fig. 1 Genome structure and composition of completely sequenced E. coli genomes. The chromosomal local-
ization and the size of genomic islands/pathogenicity islands (blue or red bars) (A) as well as the overall fraction 
of the core- and flexible gene pool per genome (B) is indicated. Islands, genomic or pathogenicity islands; K12, 
non-pathogenic E. coli K-12 strain MG1655; W3110, non-pathogenic E. coli K-12 strain W3110; 536, uropatho-
genic E. coli strain 536 (O6:K15:H31); CFT073, uropathogenic E. coli strain CFT073 (O6:K2:H7); uropatho-
genic E. coli strain UTI 89 (O18:K1); APEC O1, avian pathogenic E. coli strain O1 (O1:K1); EDL933, enter-
hemorrhagic E. coli strain EDL933 (O157:H7); Sakai, enterhemorrhagic E. coli strain Sakai (O157:H7).
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(EIEC). In Shigella spp. and EIEC genes involved in lysine decarboxylation are inactivated 
or deleted compared to commensal E. coli strains. Lysine decarboxylation produces cadav-
erine, an inhibitor of the Shigella enterotoxin. This process of “genome reduction” illus-
trates their adaptation to a new host environment by the loss of genes detrimental to their 
new life style (Maurelli et al. 1998).

In contrast, reductive evolution is also an attenuation mechanism converting virulent 
uropathogenic E. coli to asymptomatic carrier strains. Asymptomatic bacteriuria (ABU), 
probably the most common form of urinary tract infection (UTI), is frequently caused by 
E. coli. In ABU patients, E. coli establishes a carrier state, with more than 105 bacteria/ml 
of urine, but the patients do not develop symptoms. Many ABU isolates are closely related 
to uropathogenic E. coli (UPEC) strains that cause symptomatic UTI. These ABU isolates 
do not express many classical UPEC virulence factors, but according to genotypic analy-
sis they possess a large number of virulence-associated genes (ZDZiarski et al. 2008). Ge-
notypic and phenotypic analysis of selected pathogenicity factors of different ABU isolates 
suggested that the loss of functional type 1-, F1C- and P fimbriae as well as of α-hemolysin 
and long LPS O-side chain expression was due to deletions or multiple point mutations, 
and it has been proposed that this might be essential for these E. coli strains to cause ABU 
(kleMM et al. 2006, ZDZiarski et al. 2008) (Fig. 2).

The P fimbrial determinant of these ABU isolates was always attenuated by inactivation of 
the papG gene coding for the P fimbrial adhesin due to multiple point mutations. The type 1 
fimbria-encoding fim gene cluster was attenuated through different mechanisms: The fim 
genomic region was rather unstable with partial internal 4.2-kb deletions or larger 29-kb de-

Fig. 2 Impact of genome fluidity on adaptation of uropathogenic E. coli and asymptomatic bacteriuria E. coli 
strains. The acquisition of mobile and accessory genetic elements such as bacteriophages, plasmids and genomic 
islands coding for virulence-associated genes contributes to the evolution of extraintestinal pathogenic E. coli 
from commensal variants. Genome fluidity in form of DNA rearrangements, deletions and point mutations may 
result in a reduced expression of such virulence associated genes or even in their inactivation or loss. The abil-
ity to down-regulate virulence factors to evade the activation of a host response may provide a competitive ad-
vantage for uropathogenic E. coli during infection. Over time, long-term carriage will result in the accumula-
tion of mutations and permanent deletions in “unnecessary” virulence linked genes in asymptomatic bacteriu-
ria isolates.
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letions including adjacent DNA stretches. Other fim gene clusters were inactivated by point 
mutations. Comparison of the foc determinants of different F1C fimbriae-positive and -neg-
ative ABU strains demonstrated that one particular amino acid exchange in FocD is respon-
sible for the loss of the FocD usher activity and thus the absence of functional F1C fimbriae 
in these strains (ZDZiarski et al. 2008). These findings exemplify the many different mecha-
nisms of virulence attenuation that can lead to the ABU phenotype.

The loss of virulence factors is considered to reduce host response to infection and spe-
cifically, the loss of fimbriae and long chain LPS expression decreases the innate host re-
sponse and bacterial clearance from the urinary tract. This suggests that the host response 
may drive co-evolution, and that virulence-associated genes with pro-inflammatory effects 
may be targeted for inactivation. In this way, ABU isolates may succeed in persisting with-
out inducing a bactericidal inflammatory response (berGsten et al. 2005).

The great genomic fluidity of E. coli results in a considerable genomic and phenotypic 
diversity even within clones, i. e. a group of identical or very closely related organisms: 
Multi locus sequence typing revealed that highly virulent UPEC, ABU and non-patho-
genic E. coli strains can be allocated to one particular clone (ZDZiarski et al. 2008). This 
underlines that the current MLST schemes based on conserved house keeping genes do 
not reliably predict the genotypes or phenotypes of individual isolates due to genome flu-
idity.

2.  Genome Fluidity Contributes to Bacterial Adaptation due to Alterations in Gene 
Expression and Functional Changes

Extraintestinal pathogenic E. coli (ExPEC) are epidemiologically and phylogenetically dis-
tinct from a variety of commensal strains as well as from intestinal pathogenic E. coli 
(IPEC). However, in many cases ExPEC and commensal E. coli strains share a large frac-
tion of their genome (GroZDanov et al. 2004). Among human ExPEC, strains can be dis-
tinguished that are involved in urinary tract infection (UTIs), sepsis, neonatal meningitis 
(NBM) and respiratory infection. ExPEC cause severe infections in animals as well. In 
poultry, E. coli colisepticemia is a multi-factorial disease, which involves a number of host-
pathogen interactions. ExPEC and commensal strains are part of one continuum as ExPEC 
as facultative pathogens have the potential to become pathogenic, depending on how they 
accumulate and/or express virulence-associated genes. So-called “extraintestinal virulence 
factors” have probably evolved to enhance survival in the gut and/or transmission between 
hosts, and are therefore shared with at least some commensal strains. Several ExPEC vir-
ulence-associated determinants can also be found in commensal E. coli. Interesting exam-
ples include genes coding for microcins, fimbriae, the siderophore systems aerobactin, sal-
mochelin and yersiniabactin, toxins (α-hemolysin, cytotoxic necrotizing factor, cytolethal 
distending toxin and colibactin) as well as the polyketide colibactin (brZusZkiewicZ et al. 
2006, nouGayrèDe et al. 2006).

There is increasing evidence that ExPEC and commensal E. coli may also differ in the 
regulation of “virulence-associated” genes present in both groups of strains. The impor-
tance of ExPEC virulence-associated genes in pathogenesis appears to vary with host and 
tissue regarding the pathotypes, indicating the crucial role of such factors in host and tis-
sue specificity. Moreover, the impact of these virulence factors appears to be largely depen-
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dent on the specific strain background. The analysis of the presence, distribution and ex-
pression level of virulence factors which are shared by ExPEC and other E. coli contributes 
to our understanding of their evolution and role in pathogenesis. A potential zoonotic risk 
of human and avian ExPEC isolates cannot be excluded by the presence of specific viru-
lence gene set and even among strains causing the same disease different alternative viru-
lence factors can be involved in a “mix-and-match” combinatorial system fashion in each 
step of the infection (MokaDy et al. 2005, GerMon et al. 2007). Furthermore, the observa-
tion that ExPEC strains containing identical virulence-related gene signatures can be iso-
lated from different hosts with or without disease also suggests that beside the strain geno-
type, the level of expression of each potential virulence-associated gene is a key factor for 
pathogenesis. Examples for ExPEC virulence-associated genes which are shared between 
different pathotypes and commensal variants but differ in their regulation are several fim-
brial and other adhesin determinants.

The agn43 gene coding for Ag43 is widespread among the species E. coli, and often 
multiple identical or different alleles exist in the flexible genome fraction of individual iso-
lates. Especially pathogenic E. coli strains frequently contain more than one similar but not 
always identical agn43 gene. The correlation between functional properties and the struc-
ture of different Ag43 variants is not yet completely understood. In addition to earlier find-
ings that different α43 domain structures affect the ability to mediate autoaggregation, it be-
comes more and more clear that the ability to bind to components of the extracellular matrix 
is also dependent on the α43 domain structures. In this respect, genome fluidity may impact 
on tissue specificity and the colonization ability of E. coli. DNA sequence variation in the 
promoter regions of different agn43 alleles also contributes to different expression patterns 
of individual alleles (beloin et al. 2006).

3. Conclusions

The E. coli genome is plastic and responsive to many environmental changes. Genomic al-
terations lead to the generation and selection of fitter mutants and thus contribute to bacte-
rial adaptation. Host-pathogen interactions are often driven by mechanisms which involve 
genetic diversification, e. g. antigenic components of ExPEC are constantly under selec-
tive pressure. E. coli pathogens have evolved mechanisms to produce high mutation rates 
in specific regions of their genomes resulting in the rapid generation of variants, some of 
which will predominate during changing selective conditions. The analysis of ExPEC ge-
nome plasticity broadens our knowledge of pathogen evolution, adaptation and transmis-
sion dynamics of E. coli. E. coli genomic research improved our understanding of ExPEC 
pathogenesis in general, but as this work also impacts on the development of accurate diag-
nostics, surveillance and the further development of therapeutic or preventive approaches 
against ExPEC infections, additional efforts are required in the future to further complete 
our picture of E. coli genome plasticity.
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Unerfüllter Kinderwunsch wird zunehmend zu einem sozialen und medizinischen Problem 
 unserer Zeit. Seit der Geburt des ersten in vitro gezeugten Kindes vor fast 30 Jahren sind welt-
weit inzwischen mehr als drei Millionen „Retorten-Babys“ geboren worden. In-vitro-Fertili-
sation und Embryotransfer wurden zur Grundlage für die weitere Entwicklung diagnostischer 
und intervenierender Methoden der Reproduktionsmedizin. Mit Beginn der 1990er Jahre wan-
delten sich Indikations- und Methodenspektrum der assistierten Reproduktion erneut erheblich. 
So wurden international z. B. die intrazytoplasmatische Spermatozoeninjektion und die Präim-
plantationsdiagnostik möglich. Für die Reproduktionsmedizin in Klinik und Forschung besitzt 
der Status des Embryos eine besondere Bedeutung. Damit ist eine Vielzahl von ethischen und 
juristischen Fragen (z. B. Embryonenschutzgesetz, zukünftiges Fortpflanzungsmedizingesetz) 
verbunden. Der Band verdeutlicht das Spektrum der medizinischen Methoden und ethisch-
 juristischen Problemfelder und liefert sowohl Ärzten als auch ratsuchenden Patienten einen 
umfassenden Überblick zu den Möglichkeiten und Grenzen der modernen Reproduktions-
medizin.
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Multiepitope Vaccine against Extraintestinal 
Pathogenic Escherichia coli (ExPEC)

 Andreas Wieser and Sören schubert (München)

 With 1 Figure

Abstract
Extraintestinal pathogenic E. coli (ExPEC) are among the most important pathogens to cause infections in hu-
mans, such as sepsis or urinary tract infections. As ExPEC strains are becoming more and more resistant to an-
tibiotic treatment, preventive measures such as vaccination are an achievable goal. This novel vaccine presented 
here is designed to target specifically ExPEC virulence factors. The vaccine was administered intranasally as 
well as orally using a novel antigen delivery system exploiting a bacterial Type-III secretion system. The elicited 
antibody titers were evaluated by ELISA essays, the cellular immune response was determined with ELISpot  
in vitro restimulation assays. Protection could be shown in a mouse model of peritonitis.

Zusammenfassung
Extraintestinal pathogene Stämme von E. coli (ExPEC) sind eine der häufigsten Ursachen für Infektionen beim 
Menschen. Sie sind u. a. für die meisten Harnwegsinfekte sowie einen Großteil der Septikämien verantwortlich. 
Durch steigende Resistenzraten bei ExPEC erlangen präventive Maßnahmen wie gezielte Impfungen zuneh-
mend an Bedeutung. Der in dieser Arbeit vorgestellte neue Impfstoff ist gegen verschiedene spezifische Viru-
lenzfaktoren von ExPEC gerichtet und wurde intranasal und über ein neues Typ-III-Sekretionssystem basiertes 
Impfverfahren im Mausmodell appliziert. Antikörpertiter wurden mittels ELISA, aktivierte T-Zellen mit IFN-γ-
ELISpot gemessen. Die Wirksamkeit wurde im Mausmodell der abdominellen Infektion gezeigt.

1. Introduction

Extraintestinal pathogenic Escherichia coli (ExPEC) cause a wide variety of pathology and 
are responsible for a significant mortality and morbidity in humans and animals. ExPEC can 
be part of the normal intestinal flora, but are also able to effectively colonize and frequently 
infect extraintestinal sites such as the urinary tract.

The most prevalent infection mainly caused by ExPEC is cystitis. With more than 
150 million cases per year cystitis is the most common bacterial infection in Europe and 
Northern America. About half of the women will suffer from at least one urinary tract in-
fection (UTI) during their life time, and a significant percentage of UTI will become recur-
rent (Kucheria et al. 2005). Furthermore, the incidence of serious extraintestinal infection 
due to E. coli increases with age (Mcbean and rajaMani 2001). As the proportion of el-
derly patients increases in the US and other developed countries, so likely will the number 
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of extraintestinal E. coli infections. ExPECs are often also the causative agent of severe pa-
thology such as pyelonephritis, abdominal infection, neonatal meningitis or severe sepsis. 
The combination of increasing numbers and increasing antimicrobial resistance predictably 
will make the future management of extraintestinal E. coli infections more challenging and 
costly than ever (russo and johnson 2003).

Thus, preventive measures such as vaccination would be an achievable goal. If preven-
tive measures (e. g. vaccination) or therapies could be developed to specifically target the 
ExPEC fraction of the E. coli population, this could have a major beneficial impact on ex-
traintestinal infections due to E. coli. For example, a vaccine strategy that leads to the devel-
opment of bactericidal or interfering antibodies directed against ExPEC-specific virulence 
factors has the potential to prevent infections due to ExPEC without perturbing the commen-
sal strains of E. coli that make up an important component of the normal intestinal flora.

Previous attempts to develop an effective ExPEC-specific vaccine, however, proved to 
be rather unsuccessful. Beside the ExPEC-specificity, the vaccine should consist of target 
structures, which are exposed to the immune system, expressed during infection and con-
served within all ExPEC strains. However, the ExPEC pathotype is rather heterogeneous, 
and there is not a single virulence factor representative for all ExPECs. In contrast, the Ex-
PECs exhibit a wide variety of different virulence factors such as flagella, adhesins, toxins, 
proteases, polysaccharide capsules and iron uptake systems (johnson et al. 2005).

2. Vaccine Development

To construct the multi-epitope vaccine proteins, targets were selected using micro-array 
data and subtractive genome analysis. The target proteins are different siderophore recep-
tors and another protein very specific for uropathogenic E. coli.

It has been shown that siderophore receptors specific for pathogenic E. coli strains are 
almost ideal vaccine targets, these virulence factors are expressed during infection (snyder 
et al. 2004), conserved in structure and as outer membrane proteins they are partially sur-
face exposed (braun et al. 2000). In this study, the three dimensional structure of the pro-
teins was simulated using several different prediction algorithms and matching them with 
the known crystal structure of siderophore receptor proteins FhuA and FepA. In addition, pu-
tative MHC-I and MHC-II epitopes on the target proteins were predicted with computational 
analysis. All epitopes were optimized for the alleles of the BALB/c mouse, the model organ-
ism used in this study. To further enhance the chance of the presentation on MHC-I recep-
tors, the proteasome cleavage sites were also predicted and epitopes with a highly probable 
cleavage site on the C-terminus were preferred. Finally, all the data was manually merged 
in order to find short, surface exposed and epitope rich subunits of the respective target pro-
teins. These short amino acid sequences were in silico combined to two recombinant pro-
teins containing eight epitope bearing subfragments each, separated by linkers unlikely to 
be presented on MHC-I or MHC-II receptors. This developed amino acid sequence for two 
novel vaccine proteins were named Protein Vol1 and Vol2. The amino acid sequence was re-
verse translated into DNA using an optimized codon bias for Enterobacteriaceae, and ex-
cluding unwanted restriction enzyme sites, mRNA hairpin structures or internal ribosomal 
entry sites. Such designed genes coding for vaccine proteins 1 and 2 were synthetically gen-
erated, and the correct gene synthesis was verified by sequencing all plasmid constructs.
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3. Application of the Vaccine

To evoke strong immune responses on mucosal surfaces, which are the main site of primary 
infection with ExPEC, mucosal vaccination strategies were used in this study. First, the vac-
cine proteins were expressed in E. coli and purified with a Histidin-tag based system and 
extra gel filtration. The purified protein was administered nasally with cholera toxin as an 
adjuvant using a booster scheme with application on days 0, 3, 7, 10 and 24.

Second the vaccine proteins were used in a bacterial antigen delivery system based on 
the Type-III secretion system (T3SS) of Salmonella enterica Serotype Typhimurium strain 
SB824.

The genes coding for the novel vaccine proteins were cloned as fusion products with the 
first 414 base pairs of the yopE gene of Yersinia enterocolitica. So the resulting protein bears 
the first 138 amino acids of YopE which targets the fusion protein to the T3SS of Salmonella 
(russMann 2003) and leads to subsequent translocation into the cytoplasm of mammalian cells 
whenever the bacterial host strain utilizes its T3SS. The function of this system was checked in 
the background of the S. enterica SB824 strain vaccine strain, a sptP and aroA double mutant, 
with western blot analysis and fluorescence microscopy as shown in Figure 1.

After oral application of a solution of 5 × 108 CFU of the vaccine strains per mouse 
the colonization in the spleen and caecum was also determined as well as the stability 
of the plasmid coding for the YopE-vaccine fusion proteins. On days 25, 26 and 27 after 
oral  vaccination the remaining Salmonellae were cleared with subcutaneous injections of 
 ciprofloxacin.

4. Immune Response

The elicited immune response was investigated 30 days after immunization in both the in-
tranasally and the orally vaccinated group. The increases of IgG and IgA antibody titers 
against the vaccine proteins were determined by ELISAs using serial dilutions of serum or 
vaginal wash, respectively.

The intranasally immunized mice showed a strong titer increase in IgG of serum as well 
as IgA of vaginal wash. The group of T3SS-vaccinated mice, however, revealed no detect-
able titer increase at all. To determine the amount of T-cell activation, the spleens of mice 
were aseptically removed 30 days post vaccination. The spleen cells were isolated by ho-
mogenization and in vitro restimulated with vaccine protein 1 or 2, respectively. Subse-
quently, IFN-γ-secreting spleen cells were detected by ELISpot indicating a highly signifi-
cant increase of IFN-γ-secreting cells in the immunized groups compared to controls. This 
effect on cellular immune response was observed in both mice vaccinated by the T3SS-
method as well as by the intranasal route.

5. Challenge in Mouse Model of Peritonitis

At day 30, the immunized and control groups of mice were challenged by intraperitoneal 
injection with E. coli CFT073. The bacterial burden of the liver was determined 24 h after 
challenge. Mice intranasally immunized with vaccine protein 1 and 2 showed a significant 
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reduction in bacterial load, compared to control animals which received only PBS or pro-
tein buffer and adjuvant. The T3SS-dependent vaccinated mice showed some degree of pro-
tection compared with the PBS control. This protective effect is likely due to a cross reac-
tivity of the immune responses against the vaccine carrier strain Salmonella enterica SB824 
and E. coli. However, the groups mock immunized with the vaccine carrier strain SB824 

Fig. 1 Type-III secretion system dependent vaccination: (A) Scheme of a Salmonella enterica S. Typhimurium 
(red) translocating the vaccine protein (green) into the cytoplasm of a mammalian cell. (B) Fluorescence-micros-
copy of S. enterica pST1 (red, indicated with arrow) injecting the plasmid coded vaccine-YopE fusion protein 
(stained green) into the cytoplasm of a cell culture-cell (Nucleus stained blue with DAPI). (C) Persistence of the 
Salmonella vaccine strains (S. 824 as vector control, SB824 pST1 with plasmid coding for Vol1 and pST2 with 
plasmid coding for Vol2, respectively)
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and the vaccine producing strains SB824 pST1 and SB824 pST2 showed no significant dif-
ference in bacterial load 24 h after intraperitoneal challenge infection.

Taken together these results indicate that design and development of ExPEC-specific 
vaccines based on different virulence associated proteins is feasible. Findings of specific 
ExPEC antigens show that it is possible to design a vaccine for these strains despite the rel-
ative heterogeneity of the ExPEC population. These antigens constitute the basis for a pre-
ventive multi-epitope vaccine against severe infections due to extraintestinal E. coli strains. 
The exploitation of bacterial Type-III secretion system for vaccine delivery leads to promi-
nent cellular immune response. An even more effective application route for the ExPEC 
vaccine is the intranasal immunization, which resulted in both high humoral and cellular 
immune responses. Both vaccine applications turned out to be highly protective in the peri-
tonitis model of mice. Further investigations are in progress to improve the vaccinal effi-
cacy of the multi-epitope ExPEC vaccine.
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Genomic mutS-rpoS Region Polymorphisms in 
Extraintestinal Pathogenic Escherichia coli (ExPEC) 
of Human and Animal Origin Correlate with 
Phylotypes and In vivo Pathogenicity

 Christa EwErs, Esther-Maria Antáo, Sabine KiEssling, Ines DiEhl,
 Timo homEiEr, and Lothar H. wiElEr (Berlin)

 With 2 Figures and 1 Table

Abstract
The chromosomal mutS-rpoS region in E. coli is often subjected to genetic exchange during the evolution of 
pathogenic lineages, and high levels of variation in this genomic region have been suggested to enforce the 
emergence of E. coli pathogens. The characterization of this genomic region in 227 extraintestinal pathogenic 
E. coli (ExPEC), and 103 commensal and environmental E. coli strains of human and animal source by PCR 
revealed a great variability of the upstream fhlA-mutS and the downstream o454-nlpD region underlining the 
high genetic and phylogenetic diversity within these groups of strains. One distinct pattern could be designated 
as “pathogenic mutS-rpoS pattern”, as irrespective of their host origin and clinical history E. coli strains exhib-
iting this pattern possessed high numbers of virulence associated genes and besides were highly pathogenic in 
a chicken infection model as compared with strains harbouring other mutS-rpoS patterns. Thus, our data give 
strong evidence for a direct link between the mosaic structure of this genomic region not only with the viru-
lence gene profile and phylogenetic background of a strain but, what is of utmost importance, with its in vivo 
pathogenicity. The mutS-rpoS region could therefore be of great value in identifying highly extraintestinal viru-
lent strains among the mixed population of E. coli promising to be the basis of a future typing tool for ExPEC 
and their reservoir.

Zusammenfassung
Die chromosomale mutS-rpoS-Genregion in E. coli ist im Zuge der Evolution pathogener Stämme häufig 
einem genetischen Austausch ausgesetzt, und eine starke Variation innerhalb dieser Region wird als Schlüssel-
ereignis in der Entstehung pathogener E. coli diskutiert. Die Charakterisierung dieser genomischen Region in 
227 extraintestinal pathogenen E. coli (ExPEC) sowie 103 Kommensalen und Umweltisolaten menschlicher 
und tierischer Herkunft offenbarte eine große Variabilität der stromaufwärts gelegenen fhlA-mutS sowie der 
stromabwärts gelegenen o454-nlpD-Region, was die hohe genetische und phylogenetische Diversität inner-
halb dieser Gruppe von Stämmen unterstreicht. Ein bestimmtes Muster konnte als „pathogenes mutS-rpoS-
Muster“ identifiziert werden. Unabhängig von der Wirtsherkunft sowie des klinischen Vorberichtes besaßen 
E. coli-Stämme mit diesem Muster eine höhere Anzahl Virulenz-assoziierter Gene und waren zudem im Ver-
gleich zu Isolaten mit anderen mutS-rpoS-Mustern hoch pathogen im Hühner-Infektionsmodell. Somit er-
lauben unsere Daten einen deutlichen Hinweis auf eine direkte Verbindung der Mosaikstruktur dieser geno-
mischen Region nicht nur mit dem Virulenzgenprofil und dem phylogenetischen Hintergrund eines Stammes, 
sondern auch mit seiner Pathogenität in vivo. Aus diesem Grund ist die mutS-rpoS-Region von enormer Be-
deutung bei der Identifizierung hoch virulenter, extraintestinal pathogener Stämme innerhalb der gemischten 
Population von E. coli und verspricht somit die Basis für eine zukünftige Typisierungsmethode für ExPEC 
und deren Reservoir darzustellen.
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1. Introduction

Currently, three major extraintestinal pathogenic E. coli (ExPEC) pathovars [uropathogenic 
(UPEC), newborn meningitis (NMEC), and avian pathogenic (APEC) E. coli] are distin-
guished based on clinical symptoms and virulence features. Multi locus sequence typing 
(MLST) data are clustering ExPEC into different phylogenetic complexes, including se-
quence type (ST) complex 95, 23 and 73, as well as ST62 and ST117. Despite extensive vir-
ulence typing of representative ExPEC strains, no clear correlation exists, linking the three 
pathovars with virulence types.

It has been recently shown that the chromosomal mutS-rpoS region in E. coli is of-
ten subjected to genetic exchange during the development of pathogenic lineages, proba-
bly contributing to the emergence of E. coli pathogens (CulhAm and wooD 2000, hErbElin 
et al. 2000). This active region of genomic evolution is anchored by the genes mutS, which 
encodes one of the four proteins required for the methyl-directed mismatch repair system of 
E. coli, and rpoS, encoding a sigma factor (σ38) that regulates many stationary phase and en-
vironmental stress response genes (FErEnCi 2003, hEnggE-Aronis et al. 1996). The aim of 
this study was therefore to characterize the genetic diversity of the mutS-rpoS genomic re-
gion in ExPEC of human and animal source and of avian-derived faecal and environmental 
E. coli isolates to delineate associations between the polymorphism in this genomic region 
and the virulence gene pattern, pathogenicity and phylogeny of the strains.

2. Materials and Methods

2.1 Bacterial Strains

The genomic mutS-rpoS region was characterized in a total of 330 E. coli strains. Avian 
pathogenic E. coli (n = 138) were derived from poultry with systemic infections, uropatho-
genic strains (n = 32) from urinary tract infection in human (n = 21) and animals (n = 11) 
and new born meningitis E. coli strains (n = 25) from clinical cases of meningitis. Faecal 
(n = 70) and environmental (n = 33) samples originated from cloacal swabs from clinically 
healthy chickens and chicken coops.

2.2 Polymerase Chain Reactions

PCR assays for the characterization of the mutS-rpoS genomic region were performed ac-
cording to standard protocols. For the amplification of the 5´- and 3´- sites of the mutS-rpoS 
genomic region oligonucleotide primers

– A [fhlA-FP] (5′ – AGAGTTCCGTAGCGATCTC – 3′),
– B [mutS-RP] (5′ – CTGCTGCATCATGGGCGTAT – 3′),
– C [o454-FP] (5′ – AAGCCCTTGCCAACATGCTAC – 3′),
– D [nlpD-RP] (5′ – CATAACGACACAATGCTGGTCC – 3′) and
– E [slyA-FP] (5′ – TTGAGTGCAGAAGAGCAGG – 3′)

were used (Fig. 1). The presence of 34 ExPEC-related virulence associated genes, re-
lated to adhesion: afa/draB, crlA, fimC, hrlA, iha, mat, papC, sfa/foc, tsh; iron acquisition: 
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chuA, fyuA, ireA, iroN, irp2, iucD, sit ep., sit chr.; serum resistance/protectins: cvi/cva, iss, 
 kpsMTII, neuC, ompA, traT; toxins/hemolysins: astA, cnf, sat, vat, hlyA; and invasion: ibeA, 
gimB, tia, as well as genes malX, pic and pks, coding for a polyketide megasynthase (nou-
gAyréDE et al. 2006), was investigated using previously published multiplex PCR protocols 
(EwErs et al. 2007).

2.3 Phylogenetic Analyses

E. coli strains were classified according to the ECOR system established by hErzEr et al. 
(1990) by use of a rapid phylogenetic grouping PCR technique (ClErmont et al. 2000). 
Multi locus sequence typing was done by a scheme published by wirth et al. (2006). Al-
lele sequences were allocated to publicly database at the MPI for Infectious Biology, Berlin 
(http://web.mpiib-berlin.mpg.de/mlst). Phylogenetic clustering was performed by calculat-
ing a minimum spanning tree (MST) by means of a graphical software tool implemented in 
BioNumerics 4.60 (Applied Maths, Belgium).

2.4 Animal Infections

Four to eight five-week old SPF chickens per group were infected intra-tracheally with 
approximately 109 CFU of respective bacterial strains. Twenty-four hours after infection 
chickens were euthanized, an organ lesion score was documented and the CFU/g organ was 
determined as decribed previously (Antão et al. 2008).

3. Results

The characterization of the mutS-rpoS genomic region in ExPEC and non pathogenic avian-
derived E. coli strains by PCR identified two structures of the upstream fhlA-mutS (1.200 
or 1.673 bp) and four structures of the downstream o454-nlpD (1.319, 3.685, 4.546 bp or 

Fig. 1 Primer locations and amplicon sizes of the 5′- and 3′-borders utilized for characterization of the 
 mutS-rpoS genomic region in  Escherichia coli
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no product) region all of which occurred in seven different combinations. Irrespective of 
the pathovar and host, clinical isolates predominantly harbored an fhlA-mutS fragment 
of 1.673 bp combined with an o454-nlpD fragment of 3.685 bp (49.4 %), the so called 
“pathogenic mutS-rpoS pattern”. Faecal and environmental strains mainly possessed com-
binations of a 1.208 bp fhlA-mutS and a 4.546 bp (44.6 %) and 1.319 bp o454-nlpD am-
plicon (23.3 %), respectively, while only 8.7 % of these isolates harbored the “pathogenic 
pattern”.

Among 34 virulence associated genes (VGs) tested, ExPEC strains with a so called 
“pathogenic mutS-rpoS pattern” harbored 19.8, whereas strains belonging to other patterns 
possessed 12.6 genes on average. Likewise, faecal and environmental samples with the 
“pathogenic mutS-rpoS pattern” had a mean number of 15.8 VGs compared to 7.5 to 10.8 
identified in strains possessing other patterns.

Significant associations were found between the “pathogenic mutS-rpoS pattern” and 
the presence of K1 (60.2 % pos.), iron related genes chuA, irp2, iucD, ireA, sit ep., and sit 
chr. (78.9 % pos.), and the pks-island (43.0 % pos.).

We also found a clear association of different genomic structures with certain phylo-
types, with the “pathogenic pattern” being mainly grouped into ST95-Cplx (50.7 %) and 
ST73-Cplx (15.9 %) (Fig. 2), and into phylogenetic group B2 (85.4 %).

Chicken infection studies showed that avian-derived strains with the “pathogenic 
 mutS-rpoS pattern” revealed the strongest pathogenic potential as indicated by more severe 
clinical symptoms, higher bacterial loads in internal organs and organ lesion scores as com-
pared to strains bearing other mutS-rpoS patterns; moreover, these strains were regularly re-
isolated from the brain, indicating their invasive potential (Tab. 1).

Fig. 2 Association of genomic mutS-rpoS region in ExPEC (n = 196) to Multi locus sequence types depicted 
in a Minimum spanning tree
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4. Conclusion

The grouping of ExPEC strains based on their mutS-rpoS pattern is basically in accordance 
with other genotype-based methods, like Multi locus sequence and ECOR-typing. Like-
wise, significant associations were observed between the mutS-rpoS pattern and virulence-
associated features encoded by parts of the flexible genome, including the presence of K1, 
iron acquisition genes and polyketide synthase gene pks. Moreover, results of animal infec-
tion trials with APEC strains harboring different mutS-rpoS regions provided strong evi-
dence for a direct link between the mosaic structure of the mutS-rpoS genomic region and 
pathogenicity suggesting this genomic region to be of great value in identifying highly ex-
traintestinal virulent strains among the mixed population of E. coli.

Further characterization of the mutS-rpoS region in ExPEC strains as well as polymor-
phisms of their respective genes promise to be the basis of a future typing tool for ExPEC 
and their reservoir.
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Contribution of Sigma Factors RpoS and RpoE to 
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Abstract
The role of Sigma factors RpoS (σ38), a stationary-phase RNA subunit that globally controls the expression of a 
large number of genes involved in cellular responses to stress and RpoE (σ24), primarily acting as a repair sys-
tem for heat denatured proteins, in the virulence of avian pathogenic E. coli (APEC) was studied by cell culture 
assays, animal experiments and real time RT PCR studies. The deletion of rpoS in the prototype APEC strain 
IMT5155 (O2:K1:H5), representing a strain of phylotype ST140, ST complex 95, resulted in a decreased in vitro 
adherence, while the in vivo pathogenicity for 5-week old chickens was not affected. In contrast, IMT5155∆rpoE 
almost completely lost its ability to adhere to MDCK cells as well as its virulence in vivo. Most notably, in con-
trast to published results with ∆rpoE E. coli laboratory strains the deletion of rpoE in the wild type strain was not 
lethal. Real time PCR studies indicate that the two sigma factors directly or indirectly regulate a number of viru-
lence associated genes, including those involved in bacterial adhesion and iron acquisition. Our data show that 
RpoS and RpoE play a fundamental role in the virulence and pathogenicity of avian pathogenic E. coli strains 
urging further investigations in the future. 

Zusammenfassung
Die Bedeutung der Sigma-Faktoren RpoS (σ38), einer RNA-Untereinheit, die in der stationären Phase die Ex-
pression einer Vielzahl von Stressgenen global kontrolliert, und RpoE, das in erster Linie als Reparatursystem 
für Hitze-denaturierte Proteine fungiert, für die Virulenz von aviär-pathogenen E. coli (APEC) wurde mittels 
Zellkultur-Assays, tierexperimentellen Versuchen und Real-Time- RT-PCR-Analysen untersucht. Die Deletion 
von rpoS in dem Prototyp-APEC-Stamm IMT5155 (O2:K1:H5), der einen Stamm des Phylotyps ST140, ST-
Komplex 95 repräsentiert, resultierte in einer verminderten Adhärenz in vitro, während die In-vivo-Pathogenität 
für 5 Wochen alte Hühner unbeeinträchtigt blieb. Im Gegensatz dazu hat IMT5155∆rpoE sowohl die Fähigkeit, 
an MDCK-Zellen zu adhärieren, als auch die Virulenz in vivo vollständig verloren. Von besonderem Interesse 
ist die Tatsache, dass entgegen publizierter Daten von ∆rpoE E. coli-Laborstämmen die Deletion von rpoE im 
Wildtypstamm nicht letal war. Die Untersuchungen mittels Real-Time-PCR weisen darauf hin, dass die beiden 
Sigma-Faktoren direkt oder indirekt eine Vielzahl Virulenz-assoziierter Gene, inklusive solcher, die an der bak-
teriellen Adhäsion und Eisenakquirierung beteiligt sind, regulieren. Unsere Daten zeigen, dass RpoS und RpoE 
eine entscheidende Rolle in der Virulenz und Pathogenität aviär-pathogener E. coli spielen, die in zukünftigen 
Studien ausführlicher beleuchtet werden sollte.

1. Introduction

The alternative sigma factor RpoS is recognized as a stationary-phase RNA subunit that 
globally controls the expression of a large number of genes involved in cellular responses 
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to stress (hEnGGE-Aronis 2002). Sigma 24 (RpoE), originally identified as a factor required 
for survival on exposure to extremely high temperatures, acts primarily as a repair system 
for denatured proteins (DE lAs PEnAs et al. 1997). Despite extensive knowledge on the role 
of sigma factors in E. coli laboratory strains, limited studies account for the contribution 
of sigma factors to the pathogenicity of wild type isolates. In this study the sequence of the 
rpoS and rpoE regulons in avian pathogenic E. coli (APEC), the causative agent of fatal 
systemic infection in poultry, were analyzed.

To ascertain the role of sigma factors RpoS and RpoE in the virulence of APEC, knock-
out mutants of the encoding genes of the highly virulent APEC strain IMT5155 (O2:K1:H5), 
representing one of the most common phylotype (ST140, ST-complex 95) of this pathovar, 
were generated and employed in cell culture assays, animal experiments, and real time PCR 
studies.

2. Materials and Methods

2.1 Bacterial Strains

APEC strain IMT5155 (O2:K1:H5 ST140, ST-Cplx 95, ECOR group B2), isolated from an 
outbreak of systemic E. coli infection in a chicken flock, was used for genetic manipulations 
and following functional assay (EwErs et al. 2004b). E. coli strain IMT11327 (Ont:H16; 
ST295; ECOR group B1), isolated from the faeces of a clinically healthy chicken, was in-
cluded as control strain in cell culture assays and chicken infection experiments. While 
IMT5155 harbors many of the so far known ExPEC-related virulence genes (crlA, fimC, 
tsh, mat, chuA, fyuA, ireA, iroN, irp2, iucD, sit, cvi/cva, iss, neuC, kpsMTII, ompA, traT, 
vat, ibeA, gimB, and malX) the faecal strain IMT11327 was tested positive for crlA, fimC 
and ompA only (EwErs et al. 2007).

2.2  Cell Culture Assays

Adhesion tests were performed according to a previously published protocol (EwErs et al. 
2004a) using MDCK-1 (Mardin-Darby canine kidney) cells infected with a multiplicity of 
infection (MOI) of 100 bacteria per epithelial cell. Cell culture assays were performed in 
duplicate and were independently repeated at least three times. Results are expressed as the 
averages of all replicate experiments ± standard deviations. Graphical presentations and 
statistical calculations were performed using the Statistical Package for the Social Sciences 
(SPSS, version 15.0).

2.3 Bacterial Manipulation

Knockouts of the rpoS and rpoE genes in E. coli strain IMT 5155 were generated by using 
the method of DAtsEnKo and wAnnEr (2000).

2.4 Animal Infection Tests

Five-week old SPF chickens were infected intra-tracheal with 109 bacteria of the respec-
tive wild type and mutant strains. Twenty-four hours after infection chickens were eutha-
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nized; organs were aseptically removed and homogenized to determine the CFU/g organ 
after an organ lesion score has been determined as described previously (Antão et al. 2008)
(Tab. 1).

2.5  Real-Time RT PCR

Real-time PCR assays were performed with in vitro cultured bacterial strains using the 
SYBR-Green method (LightCycler® FastStart DNA Master SYBR Green I, Roche Applied 
Science, Basel, Switzerland). Results were analyzed using the LightCycler 2.0 software and 
were normalized against housekeeping gene dnaB. Each experiment included three tech-
nical repeats. Primers for genes included in Real-time PCR assays (fimC, tsh, iss, cvi/cva, 
sitA, iutA, chuA, ireA, fyuA, iroN, fur, tonB, vat, ibeA, ibeB, ompA, and gimB) were designed 
manually and quality checked by Oligo Analyzer version 3.0 (IDT SciTools).

3. Results

Knockout mutants of rpoS and rpoE in APEC strain IMT5155 were successfully gener-
ated and showed no significant growth impairment in Luria Bertani broth as compared to 
the wild type strain. The ability of IMT5155∆rpoE to adhere to MDCK cells was reduced 
to 2.4 % compared to the wild type strain 3 h after infection while IMT5155∆rpoS adhered 
3.5-fold less than the wild type strain (Fig. 1).

In vivo infection experiments showed that the virulence of IMT5155∆rpoE was almost 
completely lost in 5-week old chickens after intra-tracheal infection of 109 bacteria. Com-
pared to the wild type strain there was a decrease in bacterial numbers in internal organs 
up to a 1000fold when infected with the rpoE mutant, while no bacteria were isolated 
from the brain which was quite comparable to the data of the faecal non pathogenic strain 
IMT11327. In contrast, the rpoS-deletion in IMT5155 did not result in significant differ-
ences of bacterial loads in internal organs and mean organ lesion scores as compared to 
the wild type strain and caused strong clinical symptoms in chickens, typical of a systemic 
E. coli infection. Bacteria were re-isolated in numbers similar to the wild type strain from 
all internal organs, including the brain (Tab. 1).

Tab. 1 Ability of E. coli wild type, mutant and faecal strain to colonize respiratory organs and to invade inter-
nal organs of 5-week old chickens and mean organ lesion scores 24 h after intra-tracheal infection of 109 CFU 
bacteria.

Strain Mean no. of bacteria (CFU/g organ)[1] Mean organ lesion scores[2]

Lung Spleen Kidney Brain Air sacs Lung Heart Liver Spleen Total

IMT 5155 9.2×107 3.5×105 6.4×106 5.7×102 1.7 ± 0.9 2.5 ± 0.9 1.2 ± 1.1 0.3 ± 0.5 0.9 ± 0.2 6.6 ± 3.6

5155∆rpoS 7.6×107 1.5×106 1.9×106 1.9×102 1.6 ± 0.9 2.0 ± 1.0 0.8 ± 1.0 0.2 ± 0.4 1.0 ± 0.2 5.6 ± 3.5

5155∆rpoE 1.9×105 4.1×101 2.7×103 0 0.3 ± 0.4 1.1 ± 1.0 0.0 ± 0.0 0.1 ± 0.3 0.5 ± 0.3 2.0 ± 2.0

IMT11327 1.9×107 1.6×102 8.2×103 0 0.4 ± 0.5 0.6 ± 0.5 0.0 ± 0.0 0.0 ± 0.0 0.4 ± 0.5 1.4 ± 1.3

[1] The CFU/g organ was determined in 16 chickens for wild type and mutant strains and in 5 animals for fae-
cal strain IMT11327.
[2] The mean organ lesion score was determined in 30 chickens for wild type and mutant strains and in 5 ani-
mals for faecal strain IMT11327.
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In Real-time PCR assays IMT5155∆rpoS yielded an up-regulation of fimC  (4.9), iutA 
(4.1), ibeA (2.8), iss (1.9), and tsh (1.6). A significant down-regulation was observed for fur  
(8.9-fold), while other genes tested were only moderately regulated. For the rpoE mutant an 
up-regulation of ompA (14.1), iron-related genes tonB (2.8), fur (2.7), chuA (1.6), and sitA 
(1.6), toxin gene vat (3.0), adhesion gene tsh (2.3), and invasion-associated genes ibeA (1.4) 
and ibeB (1.8) was observed, while type 4 fimbrial gene fimC (2.1-fold) and ferric Yersinia 
uptake gene fyuA (1.8-fold) were down-regulated.

4. Conclusion

The present data show that sigma factors RpoE and RpoS play a pivotal role in the  virulence 
and pathogenicity of avian pathogenic E. coli strains. Most remarkably, in contrast to pub-
lished results with ∆rpoE E.  coli laboratory strains IMT5155∆rpoE was not lethal. This 
finding again highlighted the enormous diversity of E. coli. The two sigma factors were 
found to particularly regulate iron- and adhesion-related genes. However, there is no obvi-
ous causality between biological effects observed for sigma mutants in vivo and in vitro and 
regulation of virulence-associated genes. The relevance of the strong up-regulation of outer 
membrane gene ompA, involved in invasion of the brain endothelium by new born menin-
gitis E. coli (wAnG et al. 2002) in the rpoE mutant and the down-regulation of iron uptake 
regulator fur in the rpoS mutant are only two effects that remain to be investigated.

Fig. 1 Adherence of E. coli wild type (IMT5155), mutants (IMT5155∆rpoS; IMT5155∆rpoE) and non patho-
genic faecal strain (IMT11327) to MDCK-1 epithelial cells at 3 h post infection with an MOI of 100.
* p ≤ 0.001
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The deletion of rpoE in APEC strain IMT5155 leads to an almost complete loss of virulence 
and adhesion ability in a chicken infection model and canine epithelial cells, respectively. 
In the case of the rpoS mutant, a decreased in vitro adherence was observed, while this mu-
tant did not differ significantly in its virulence in vivo. However, these effects are not due to 
growth changes in vitro. Complementation assays and screening for well known compensa-
tory mutations especially in the rpoE mutant are currently performed in our lab to validate 
in vivo and in vitro data.
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Shigella Infectious Maneuver for Circumventing 
Intestinal Barrier Functions

 Chihiro SaSakawa (Tokyo, Japan)

Abstract
Shigella possesses a large (~ 220 kb) plasmid, on which the major virulence-associated proteins called effectors 
and the secretion system called type-III secretion system (T3SS) are encoded. Shigella secretes many effectors 
through the T3SS into the surrounding space and directly into the host cell cytoplasm, where the effectors play 
pivotal roles in promoting bacterial infection and in subverting host cell signal transduction pathways and the 
innate immune response. Here I highlight recent advances in our understanding of the Shigella infectious ma-
neuver as an example for the pathogen possessing highly sophisticated strategies for infection of human intes-
tinal epithelium.

Zusammenfassung
Shigella besitzt ein großes Plasmid (ca. 220 kb), auf dem die wichtigsten Virulenz-assoziierten Proteine, die 
sogenannten Effektoren sowie das sogenannte Sektretionssystem-Typ-III (T3SS), kodiert sind. Shigella se-
kretiert eine Vielzahl von Effektoren durch das T3SS in die Umgebung sowie direkt in das Zytoplasma der 
Wirtszelle, wo die Effektoren eine wichtige Rolle bei der Förderung der bakteriellen Infektion und der Zer-
störung der Signalübertragungswege der Wirtszelle und der angeborenen Immunreaktion spielen. Es werden 
neue Entwicklungen in der Erforschung des Infektionsverhaltens von Shigella vorgestellt als Beispiel für ein 
Pathogen, das über hoch spezialisierte Infektionsstrategien für die Infektion des Darmepithels beim Men-
schen verfügt.

Shigella are a member of pathogenic Escherichia coli, and a highly adapted human pathogen, 
that cause bacillary dysentery (shigellosis). Shigellosis has been ranked as a major leading 
infectious killer in developing countries where ~ 0.5 million people, those are mostly under 
5 years, die of the disease every year. As Shigella efficiently transmits person-to-person via 
the fecal-oral route by ingesting a very small number of bacteria such as 10 – 100 bacteria, 
the control of shigellosis under low sanitary condition is not easy. Shigella infection of the 
intestinal epithelium begins with bacterial entry into the M cells that overlie solitary lym-
phoid nodules of colon. Once they reach underneath the M cells, bacteria invade the resi-
dent macrophages, escape from the phagosomes, multiply within the cytoplasm, and induce 
rapid cell death. Meanwhile, the bacteria enter the surrounding enterocytes through the ba-
solateral surface by inducing large membrane ruffles. After the bacterial entry into the cy-
toplasm, Shigella multiply and move within the cytoplasm as well as into adjacent epithe-
lial cells by inducing actin polymerization at one pole of bacterium. During multiplication 

Virulence Factors
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in epithelial cells, Shigella release peptidoglycan (PGN) and lipopolysaccharide (LPS) into 
the cytoplasm. These bacterial components are recognized by Nod-like receptors and Toll-
like receptors, which stimulate inflammatory signaling cascades and induce cellular and hu-
moral immune responses. The intracellular activities of Shigella and the host inflammatory 
response thus finally result in destruction of intestinal barrier integrity, which eventually 
leads to shigellosis (SanSonetti and Di Santo 2007, ogawa et al. 2008).

The intestinal epithelium possesses at least four major barrier functions; the integrity of 
the epithelial barrier; the rapid cell turn over; the innate immune response; and the resident 
commensal bacterial flora. Nevertheless, Shigella (and many other pathogenic bacteria) are 
capable of circumventing the intestinal defense barriers and exploit the intestinal epithe-
lium as the replicative foothold. During infection of intestinal epithelium, Shigella deliver 
many numbers of effectors (perhaps more than 50) via the T3SS to the surrounding space 
and host cell cytoplasm, in which the bacterial effectors involve in various infectious as-
pects such as the invasion of macrophages and epithelial cells, cell-to-cell spreading, sup-
pression of host inflammatory response, evasion of autophagic recognition, and down regu-
lation of rapid epithelial turn over.

1. Bacterial Entry into Host Intestinal Epithelium

Shigella (and Salmonella) are capable of inducing macropinocytic events from epithelial 
cells via production of large membrane ruffles around the bacteria entry site, by which the 
pathogens efficiently enter the epithelial cells. Shigella exploit the interactions between 
a subset of T3SS-delivered effectors and their host target proteins (or target functions) to 
stimulate several host cell signaling pathways that are involved in inducing actin poly-
merization and remodeling the architecture of the epithelial cell surface. For example, IpaB, 
which is secreted around the bacterial surface, can interact with CD44 receptor and stimu-
late the basolateral entry of polarized epithelial cells. IpaC, which is delivered around the 
bacterial surface, interacts with β1-integrin, and the cytoplasmic delivered IpaC integrates 
into the plasma membrane can stimulate actin polymerization (nhieu et al. 2005). IpgB1 
specifically interacts with ELMO and stimulates Rac1 via the ELMO-Dock180 pathway, 
thus leading to large membrane ruffles (hanDa et al. 2007). IpgD has phosphatidylinositol 
5-monophosphate, thereby promoting local actin nucleation. IpaA binds vinculin head and 
β1-integrin cytoplasmic domains, which stimulates RhoA, thus inducing the loss of actin 
stress fibers (nhieu et al. 2005). VirA, a member of VirA/EspG family distributing among 
enteropathogenic E. coli (EPEC), enterohaemorrhagic E. coli (EHEC) and Shigellla, share 
the activity to induce degradation of local microtubules (MTs) (YoShiDa et al. 2002). VirA 
is delivered into the host cell cytoplasm near the site of bacterial entry thus induces local 
membrane ruffles via the cross-talk between RhoA and Rac1 (ogawa et al. 2008).

2. Cell-To-Cell Movement

Burkholderia pseudomallei, Listeria monocytogenes, Mycobacterium marinum, Rickettsia 
conorii and Shigella are capable of inducting actin nucleation at one pole of bacterium to 
gain the propulsive force required for the movement within the host cells as well as into 
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the neighboring cells, called actin-based bacterial motility. Shigella conduct the activity 
via VirG (IcsA), an outer-membrane protein, since VirG specifically interacts with one of 
the WASP family, N-WASP. Upon interaction of VirG with N-WASP, N-WASP becomes 
activated, which, in turn, recruits and activates the Arp2/3 complex, thus leading to actin 
polymerization. Some of the motile bacterium impinge on the host plasma membrane and 
protrude filopodium, and finally penetrate into that of neighboring cells, thus allowing the 
motile bacterium to move into adjacent cells (ogawa et al. 2008). For escaping from the 
double membranes surrounding the bacterium, IpaB delivered from motile Shigella via the 
T3SS plays a major role (nhieu et al. 2005).

It has recently been indicated that Shigella movement within the host cytoplasm is physi-
cally hindered by MTs, but a motile Shigella can circumvent the problem by destroying sur-
rounding MTs by secreting VirA. Biochemical analysis showed that VirA possesses some af-
finity to a tubulin heterodimer and activity to induce MTs degradation (YoShiDa et al. 2002, 
2006). Indeed, intracellular virA mutant shows less capability to move smoothly within the 
epithelial cytoplasm than the wild type, thus becoming less capable of cell-to-cell spreading 
and attenuated in mice infection (YoShiDa et al. 2006). These studies have indicated that the 
VirA effector has dual roles in both bacterial invasion and cell-to-cell movement.

3.  Suppression of Host Inflammatory Signaling

Recent studies have indicated that mucosal pathogenic bacteria, such as Shigella, EPEC, 
EHEC, Samonella and Yersinia, possess some activity to down regulate host inflammatory 
responses during infection. As mentioned above, Shigella infection of macrophages and epi-
thelial cells causes sever inflammation, since during multiplication Shigella release the LPS 
and PGN into host cytoplasm, and the bacterial components stimulate signaling cascades 
that involve mitogen-activated protein kinases (MAPKs) and nuclear factor (NF)-κB, thus 
leading to production of proinflammatory cytokines and chemokines (SanSonetti and Di 
Santo 2007). In order to suppress the inflammatory responses, Shigella deliver many num-
bers (perhaps more than 10) of effectors via T3SS, those include OspG, OspF and IpaH9.8 
into host cytoplasm. For example, OspG, which binds to E2s, an ubiquitin-conjugated en-
zyme, such as UbcH5b, a component of the Skf1-Culin-F-box protein (SCF)β-TrCP complex 
that is involved in phospho-IκBα ubiquitination and its subsequent degradation by the pro-
teasome. Thereby, OspG can inhibit IκBα degradation required for the NF-κB activation 
(kim et al. 2005). OspF, which is translocated into the host cell nucleus, possesses a specific 
phosphatase activity which causes dephosphorylation and inactivation of MAPKs, such as 
ERK1/2, JNK and p38, thereby interfering with the phosphorylation of the critical serine 
residue of histone H3 activity, required for the transcription of NF-κB-regulating subset of 
genes (arbibe et al. 2007). IpaH9.8 is delivered into the host cell cytoplasm and nucleus. 
The IpaH9.8 moiety translocated to the nucleus can interact with U2AF35, an mRNA splicing 
factor, and the interaction interferes with the splicing activity. Infection of mice via the nasal 
route by an iapH9.8 mutant induces severer lung inflammation and greater proinflammatory 
cytokine production than in the wild type. Most important, the bacterial colonization rate of 
the ipaH9.8 mutant in the lung tissue is greatly reduced compared with that of the wild type 
Shigella (okuDa et al. 2005), implying that the bacterial activity to down regulate the host 
inflammatory responses is pivotal for promoting bacterial colonization.
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4. Evasion of Autophagic Recognition

During multiplication of Shigella within host cell cytoplasm, the bacteria are monitored by 
another innate defense system that is mediated by autophagy. Autophagy is a ubiquitous 
degradation system in eukaryotic cells that is crucial as the cellular response to starvation 
and stress, for removal of damaged or surplus organelles. Autophagy is a highly conserved 
membrane-trafficking pathway; during autophagy, an isolation membrane wraps around un-
desirable cytoplasmic contents by double or lamella membranes. The material, once deliv-
ered to an autophagosome, is finally degraded after fusion with lysosome. This autophagic 
degradation system is pivotal as an innate defense system for eliminating cytoplasmic in-
vading microbes. In the case of Shigella and L. monocytogenes, which can multiply and 
move by actin-based bacterial motility within the host cell cytoplasm via activity of their 
respective surface-expressed proteins VirG and ActA, both are capable of escaping from 
autophagic recognition. In Shigella, VirG is recognized by a component of the autophagic 
pathway, Atg5, however, the IcsB effector secreted via the T3SS can camouflage the tar-
get VirG protein from Atg5 by competitively binding to the VirG portion with Atg5, thus 
allowing the bacteria to evade autophagy and multiply within the epithelial cells (ogawa 
et al. 2005).

5. Slowdown of Rapid Epithelial Cell Turnover

The intestinal epithelium self-renews every several days, providing an important innate de-
fense system that limits microbes’ colonization. The raid turnover is sustained by the vigor-
ous proliferation of epithelial progenitors that continuously migrate upwards from the bot-
tom of the crypts. This epithelial renews seem to be highly dynamic in response to microbe 
infection. For example, in the case of Trichuris trichuria, a cecal-dwelling parasitic nema-
tode, the rate of epithelial turnover in murine large intestines can be increased in response 
to the nematode infection (Cliffe et al. 2005). Under the situation, many pathogenic bacte-
ria, including Shigella, are capable of efficiently colonizing the epithelium. It has recently 
reported that Shigella have some tactics to slowdown the rapid turnover of the epithelial 
progenitors (iwai et al. 2007). Indeed, using rabbit ileal loops at various stages of infection 
it has been indicated that Shigella can directly access the intestinal crypt after inducing in-
flammatory responses in the intestinal tissue, since the crypts can be opened up upon in-
flammation. Shigella IpaB effector, which is known to act as the invasin and translocater of 
the T3SS, is delivered into the epithelial progenitor cytoplasm by intracellular bacteria and 
causes cell-cycle arrest by interacting with Mad2L2, an anaphase-promoting complex/cy-
closome (APC/C) inhibitor. Cyclin B1 ubiquitination assay indicates that APC undergoes 
unscheduled activation as the consequence of the interaction of IpaB with Mad2L2. When 
synchronized HeLa cells are infected with Shigella, the cells cause cell-cycle arrest at the 
G2/M phase in an IpaB/Mad2L2-depedent manner. The IpaB activity is also demonstrated 
in rabbit intestinal crypt progenitors, and the IpaB-mediated cell arrest contributes to ef-
ficient colonization of the intestine. The bacterial activity to retard intestinal epithelial re-
newal thus seems to be important for gaining and prolonging the infectious foothold during 
infection (iwai et al. 2007).
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6. Conclusion

Studies of the Shigella infectious maneuver including the characterization of the T3SS-se-
creted effectors have been provided further insights into our understanding of the highly 
evolved bacterial infectious systems, that also provide lots of clue to develop new Shigella 
vaccine (Suzuki et al. 2006), animal model for shigellosis (Shim et al. 2007), and new drugs 
to control the illness.
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Molecular and Epidemiologic Basis 
of Urinary Tract Infection in Women

 Thomas J. Hannan and Scott J. Hultgren (St. Louis, USA)

 With 4 Figures

Abstract
The rise in antibiotic resistant pathogens, emergence of new diseases, and involvement of bacterial pathogens in 
diseases formerly thought to be due to non-infectious agents have rekindled the need to understand the “molecu-
lar logic” of virulent bacteria. Studying uropathogenic Escherichia coli (UPEC) as a model system for mucosal 
infection, we have discovered that UPEC infection in the urinary bladder, previously considered to be solely ex-
tracellular in nature, has two critical intracellular phases. Early in infection, UPEC have been found to replicate 
within bladder epithelial cells to form intracellular bacterial communities in both the mouse and human. Upon 
resolution of acute infection, small collections of UPEC remain within bladder epithelial cells in LAMP1+ ves-
icles, forming quiescent intracellular reservoirs that are capable of re-emerging to cause recurrent infections. 
These findings are forming a foundation for the development of new strategies for the prevention and treatment 
of mucosal infectious disease.

Zusammenfassung
Der Anstieg von Antibiotikaresistenzen bei Krankheitserregern, das Auftreten neuer Erkrankungen und die Be-
teiligung bakterieller Krankheitserreger an Erkrankungen, die man früher nicht-infektiösen Erregern zugeschrie-
ben hat, verdeutlichen, dass wir die „Molekulare Logik“ virulenter Bakterien verstehen müssen. Indem wir 
uro pathogene Escherichia coli (UPEC) als Modellsystem für Schleimhautinfektionen verwenden, konnten wir 
zeigen, dass die Infektion mit UPEC-Bakterien, von der man früher annahm, dass sie ausschließlich extrazel-
lulär abläuft, zwei bedeutende intrazelluläre Phasen enthält. Im Frühstadium der Infektion können UPECs in 
Blasenepithelzellen replizieren und sowohl in Mäusen als auch im Menschen intrazelluläre Bakteriengemein-
schaften bilden. Nach dem Abklingen der akuten Infektion verbleiben kleine Ansammlungen von UPECs in 
den Blasenepithelzellen in sogenannten LAMP+1-Vesikeln. Diese bilden ein intrazelluläres Reservoir, das zum 
Wiederaufleben der Infektion und dadurch zu rezidivierenden Infektionen führen kann. Diese Ergebnisse bilden 
die Grundlage für die Entwicklung neuer Strategien zur Verhinderung und Behandlung von Schleimhautinfek-
tionen.

1. Introduction

The study of bacterial pathogenesis is rapidly evolving, as advances in the understanding of 
bacterial mechanisms of virulence and host responses to infection continue to change our 
perspective on infectious disease. Microbes have even been implicated in chronic inflam-
matory diseases and cancers previously thought to have non-infectious etiologies (Cassell 
1998, MarsHall and Warren 1984). However, translation of the many significant experi-
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mental advances into effective clinical interventions has remained limited due to our lin-
gering ignorance of these complex host-pathogen interactions. Furthermore, these limited 
gains have been met full force both by the emergence of new infectious diseases and the 
continued rise in antibiotic resistance among bacterial pathogens. These struggles highlight 
the overwhelming need to develop new animal models to study mechanisms of infectious 
disease as well as to more fully understand existing models in light of recent advances (Vir-
gin 2007). In this presentation, we describe how our study of bacterial pili led to a paradigm 
shift in our understanding of the pathogenesis of urinary tract infections by uropathogenic 
E. coli in both the mouse and the human.

2. The Chaperone/Usher Pathway and Type 1 Pili

Using UPEC as a model system, we uncovered the fine details of a molecular machine, 
called the chaperone/usher pathway, used by diverse pathogenic bacteria to assemble ad-
hesive fibers called pili on their surfaces (Fig. 1A) (Sauer et al. 2004). Pili initiate host-
pathogen interactions critical in the pathogenic processes of a wide range of bacteria. 
These fibers assemble from pilus subunits at an outer membrane pore called the usher, 
which also serves as the anchor. Assembly occurs by non-covalent interactions between 
subunits whereby each subunit has the amino acid sequence necessary to form an incom-
plete immunoglobulin-like domain. We discovered that periplasmic chaperones serve as 
folding templates for pilus subunits, enabling them to properly fold into immunoglobu-
lin-like domains in a mechanism called donor strand complementation that represents a 
surprising twist of the classic Anfinsen postulate. At the usher the N-terminal extension 
of the next subunit provides the β-strand necessary to complete the immunoglobulin fold 
in a canonical fashion, simultaneously displacing the chaperone in a process called donor 
strand exchange (Fig. 1B) (BarnHart et al. 2000, Remaut et al. 2006, Sauer et al. 1999, 
2002). Once fully assembled, we have demonstrated by atomic force microscopy that  
type 1 pili are capable of extending under an applied force (Fig. 1C, D). This extensibility 
is the  result of the unwinding of the pilus rod’s helical quaternary structure and is fully re-
versible (Miller et al. 2006). Therefore, this elastic property of type 1 pili may serve as an 
essential mechanism for absorbing physiological shear forces encountered during urinary 
tract infections (UTI).

3. Type 1 Pili and Urinary Tract Infections

Type 1 pili are critical UPEC virulence factors in a murine model of cystitis (Fig. 2) 
 (Connell et al. 1996, WrigHt et al. 2007). During UPEC infection the type 1 pilus-as-
sociated adhesin, FimH, mediates adherence to and invasion of the superficial facet cells 
of the urinary bladder epithelium (urothelium) (Mulvey et al. 1998). Type 1 pili-medi-
ated binding initiates signal transduction cascades in urothelial cells, enabling UPEC in-
ternalization by a zippering mechanism (Martinez and Hultgren 2002, Martinez et al. 
2000). UPEC binding and invasion also elicit rapid and robust innate responses by the host 
urothelium, such that UPEC infection may have significant implications for normal epithe-
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Fig. 1 (A, left) Negative-stain electron micrograph of uropathogenic E. coli (UTI89) cell expressing type 1 pili 
(scale bar = 200 nm). (A, right) A cartoon diagram depicting the structural subunits of type 1 pili. FimH is the 
adhesin at the distal end of the tip fibrillum, followed by FimG and FimF. Oligos of FimA form the helical pilus 
rod structure that is visible in the micrograph. (B) Two-dimensional diagram of donor-strand exchange between 
FimA Ig-like domains. Each pilin structural subunit donates its N-terminal extension to complete its neigh-
bor’s fold and form a protein chain. The N-terminal extension is held in place through non-covalent interactions 
(shaded region) such as hydrogen bonds and hydrophobic interactions. Each pilin subunit has one disulfide bond 
(red) between the A and B ß-strands, close to where the N-terminal extension ends. (C) Diagram of the single-
molecule atomic force microscopy (AFM). Purified pili were adsorbed onto a glass substrate and then stretched 
using the tip of a cantilever. (D) Model for how the ability of the type 1 pilus helical rod to unravel allows pro-
longed binding to the host receptor in the face of shear flow. (Inset) AFM experiment demonstrating that a sin-
gle type 1 pilus rod bound to its receptor can lengthen several hundred nanometers under constant tension before 
breaking or disassociating. (Figure and legend modified from miller et al. 2006).
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lial renewal and bladder cancer (Mysorekar et al. 2002). Recently, in collaboration with 
Fredrik almqvist, we have discovered several small compounds that profoundly and spe-
cifically inhibit type 1 pilus biogenesis and thus have great promise as therapeutic agents 
against UPEC UTI (Pinkner et al. 2006).

Fig. 2 Illustration of the intracellular bacterial community (IBC) cycle. (A–B) Uropathogenic E. coli ad-
here to normal urothelial tissue during acute infection by type 1 pilus binding to mannosylated glycoproteins 
such as uroplakin Ia. (C) Concerted type 1 pili binding enables internalization of UPEC into superficial facet 
cells. (D–E) UPEC rapidly replicate within the facet cell cytoplasm and form complex intracellular bacterial 
communities. (F–G) The host response to infection is to recruit neutrophils to the site of infection and for the 
facet cells to exfoliate by undergoing apoptosis. If bacterial fluxing and dispersion of the IBC does not oc-
cur prior to cell exfoliation, then the IBC may be expelled with the urine. Upon emergence of UPEC into the 
bladder lumen prior to urothelial exfoliation, an event often accompanied by filamentation, UPEC are able to 
reinvade other facet cells or colonize the underlying transitional epithelial cells (figure modified from Rosen 
et al. 2007).
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4. The Intracellular Bacterial Community

We have found that UPEC entry into superficial facet cells of the urothelium is a critical 
event in acute lower urinary tract disease as the invasive bacteria form biofilms within the 
urothelial cells to subvert innate host defenses (Anderson et al. 2003). Entry into urothelial 
cells activates a complex bacterial genetic cascade leading to the formation of intracellu-
lar bacterial communities (IBCs) (Justice et al. 2004). These IBCs undergo a defined mat-
uration and differentiation program involving the expression of type 1 pili (WrigHt et al. 
2007). Within hours, bacteria begin to flux away from the IBC and emerge from the dying 
urothelial cells, often in filamentous form, into the lumen to colonize and invade neighbor-
ing cells (Justice et al. 2004). Deletion of the cell division inhibitor gene, sulA, has demon-
strated that UPEC filamentation is necessary for virulence after the first round of IBC for-
mation in the immunocompetent host (Justice et al. 2006).

5.  Evidence of Intracellular Bacterial Communities in Human Urinary Tract 
Infection

We have translated our studies of acute UPEC pathogenesis in the mouse to address the 
problem of recurrent cystitis in women. We found evidence of IBCs in human patients 
with lower UTI (Fig. 3) (Rosen et al. 2007). IBCs were found in 14 of 80 (18 %) urines 

Fig. 3 (A–B) a human cystitis isolate was found to form IBCs within the mouse bladder, and IBCs were found 
in the stained urine sediment of the mouse (A) that were similar in morphology and size to those found in the 
original urine sediment from the human patient (B). (C–D) IBCs were found in the urine sediments of several 
patients with UPEC UTI. (E–F) Urine sediment IBCs were examined by immunofluorescence. A slice was taken 
through the middle of an IBC (E) and fluorescent intensity was analyzed along a traversing line (arrow). A rep-
resentative fluorescent intensity distribution profile (F) shows peaks of uroplakin (red) staining corresponding 
to the facet membrane and E. coli (green) staining localized intracellularly (scale bar, 20 μm) (figure modified 
from Rosen et al. 2007).
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from women with UTI and filamentous bacteria were found in 33 of 80 (41 %) urines from 
women with UTI. None of the twenty urines from the asymptomatic control group showed 
evidence of IBCs or filaments. Furthermore, IBCs and filaments were never found in pa-
tients with UTI caused by Gram-positive pathogens, only in patients with UPEC infections, 
as IBCs are not a characteristic of experimental infection with Gram-positive uropatho-
gens. Filamentous bacteria were highly associated with the presence of IBCs (P < 0.001). 
The presence of IBCs and filaments in the urines of women with acute UPEC infection sug-
gests that the IBC pathogenic pathway characterized in the murine model also occurs in 
humans.

To further demonstrate this we infected mice with 18 different clinical UPEC strains 
from humans with UTI, and 15 of these strains were shown to proceed through the IBC cas-
cade (Garofalo et al. 2007). Of the three strains that did not form IBCs, all were severely 
compromised in their ability to invade mouse urothelium as well. These findings suggest 
that this pathway is a common mechanism for establishment of UTI.

6. Modes of UPEC Persistence in the Urinary Bladder

UPEC invasion of the urothelial cells is critical not only for the establishment of acute in-
fection through IBC formation, but also for chronic persistence within an intracellular res-
ervoir (Mulvey et al. 1998, 2001, ScHilling et al. 2002). Upon resolution of active infection 
and elimination of bacteriuria, we have found that UPEC remain within the murine urothe-
lium inside LAMP1-positive vesicles (Fig. 4A) (Eto et al. 2006, Mysorekar and Hultgren 
2006). These rosettes of typically 4 – 10 bacteria have ceased replicating and can remain via-
ble for months in the murine host without eliciting an inflammatory response. Therefore, we 
have named this remaining UPEC population the quiescent intracellular reservoir (QIR). 
Upon epithelial turnover, these bacteria are capable of emerging to seed a new acute infec-
tion, and may represent a nidus for recurrence months after the initial infection.

In contrast, we have recently discovered that UPEC are also capable of persisting actively 
in the form of chronic cystitis (Hannan and Hultgren, unpublished data). While the hall-
mark of acute UPEC infection is the IBC, chronic bacterial cystitis in the mouse most closely 
resembles follicular cystitis in humans which is associated with prolonged UPEC bacteriuria 
and recurrent UTI (Hansson et al. 1990, MarsH et al. 1974). In the mouse, chronic cystitis is 
characterized by superficial colonization by UPEC of a dysplastic urothelium, marked epi-
thelial reactivity and granulocyte infiltration, and the presence of large lymphoid nests or fol-
licles within the bladder lamina propria (Figure 4B–C). The host and bacterial mechanisms 
that allow chronic cystitis to occur in the mouse are currently being investigated.

7. Conclusion

Our studies in a murine model of cystitis and translation of these findings to our understand-
ing of human UTI are creating a new clinical paradigm with which to better understand the 
mucosal response to infectious disease and possible links to chronic inflammatory condi-
tions. These findings will greatly facilitate the development of novel and improved strate-
gies for the treatment and prevention of microbial infections.
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Deconstruction of a Uropathogen – 
Another Route to Commensalism

 Per Klemm and Viktoria HancocK (Lyngby, Denmark)

 With 1 Figure

Abstract
It is generally accepted that bacterial pathogens can develop from commensal strains via acquisition of viru-
lence-associated genes. In pathogenic Escherichia coli this often takes place via the acquisition of groups of 
genes located on plasmids and pathogenicity islands. We have studied the inverse phenomenon, namely the 
transition from pathogen to benign commensal-type organism. The prototypic asymptomatic bacteriuria strain 
83 972 is capable of long-term colonization of the human bladder where it keeps a low profile vis-à-vis its hu-
man host. It does not trigger the usual countermeasures from the host. Many of these, for example exfoliation 
of bladder cells, cytokine production and influx of polymorphonuclear cells (PMNs), are activated by bacterial 
adhesins. Strain 83 972 has lost its three primary adhesins through adaptive mutations. However, it has adapted 
extremely well to its environmental niche. It is an excellent colonizer of the human urinary tract by virtue of its 
fast growth in urine and perhaps also its good biofilm formation characteristics. Indeed it performs so well that 
it can be used as a probiotic.

Zusammenfassung
Es ist allgemein akzeptiert, dass sich bakterielle Pathogene aus kommensalen Stämmen durch den Erwerb von 
Virulenz-assoziierten Genen entwickeln können. Bei pathogenen Escherichia coli geschieht dies häufig durch 
den Erwerb von Gengruppen, die auf Plasmiden oder Pathogenitätsinseln lokalisiert sind. Wir haben den umge-
kehrten Mechanismus untersucht, nämlich den Übergang von pathogenen in harmlose kommensale Organismen. 
Der prototypische Stamm 83 972, der von einem Patienten mit asymptomatischer Bakteriurie isoliert wurde, 
kann die Harnblase für lange Zeit kolonisieren, ohne im Wirt groß aufzufallen und die üblichen Gegenmaßnah-
men im Wirtsorganismus auszulösen. Viele dieser Prozesse, wie z. B. die Ablösung von Blasenzellen, die Zyto-
kinproduktion und das Einströmen von polymorphkernigen Leukozyten (PMNs), werden von bakteriellen Ad-
häsinen aktivitiert. Der Stamm 83 972 hat seine drei Hauptadhäsine durch adaptive Mutationen verloren. Er ist 
jedoch sehr gut an seine Umgebung angepasst. Durch sein schnelles Wachstum und vielleicht auch durch seine 
gute Biofilmproduktion ist dieser Stamm ein hervorragender Besiedler des menschlichen Urogenitaltraktes. Er 
ist in der Tat so effizient, dass er als Probiotikum eingesetzt werden kann.

Bacterial pathogens differ  from commensals by expression of  specific virulence  factors. 
Commensals, in contrast, have traditionally been regarded as bacteria lacking such viru-
lence factors or other specific mechanisms for interaction with host tissues. Asymptomatic 
carriage of bacteria may also result after a primary symptomatic infection. However, this 
type of carrier state differs from commensalism in that variants of pathogenic strains per-
sist without evoking a host response. We have studied the molecular basis for attenuation of 
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virulence and adaptation to commensalism using the prototypic asymptomatic bacteriuria 
strain Escherichia coli 83 972 as a model.

Urinary tract infections (UTIs) are among the most common infectious diseases of hu-
mans and a major cause of morbidity. It is estimated that 40 – 50 % of healthy adult women 
have experienced at least one UTI episode (Foxman 2002). Acute pyelonephritis and 
 asymptomatic bacteriuria (ABU) represent the two extremes of UTI. Escherichia coli is re-
sponsible for more than 80 % of all UTIs. Acute pyelonephritis is a severe acute systemic 
infection caused by uropathogenic E. coli (UPEC) clones with virulence genes clustered 
on “pathogenicity islands”. ABU, on the other hand, is an asymptomatic carrier state that 
resembles commensalism. Paradoxically, a large proportion of UTIs are caused by ABU 
E. coli. Individuals infected with ABU-group E. coli may carry high urine titers of a single 
E. coli strain for months or years without provoking a host response. According to conven-
tional notion pathogens can develop from commensals by acquisition of virulence-associ-
ated genes located on, for example, pathogenicity islands or plasmids. The flip side of this 
evolutionary force is the equally important adaptation of the newly minted pathogen to its 
new host niche, where genes are inactivated either by point mutation, insertion, or deletion. 
We have found that the commensal-to-pathogen shift in UTI E. coli is bi-directional.

E. coli 83 972 is a prototype ABU strain and was originally isolated from a young girl 
with ABU who had carried it for more than three years without symptoms. It is well adapted 
for growth in the urinary tract (UT) where it establishes long-term bacteriuria. The ability 
of UPEC to cause symptomatic UTI is enhanced by adhesins. The three primary fimbrial 
adhesive organelles associated with urovirulence are P, type 1 and F1C fimbriae. We inves-
tigated the genetic and molecular status of the three UPEC-class fimbriae in strain 83 972 
(Klemm et al. 2006, Roos et al. 2006a,b,c). It transpired that the strain is unable to express 
any of these adhesins in a functional form due to mutational events ranging from point mu-
tations to major deletions.

Our observations support the notion that the ancestor of strain 83 972 was a pyelone-
phritic UPEC strain. Indeed transcriptomics data suggest that the ancestor was very similar 
to the CFT073 prototype strain, a highly virulent pyelonephritis isolate that causes severe 
symptoms in the host (reviewed in Klemm et al. 2007). Strain 83972 has lost the capacity 
to express functional forms of many virulence factors but it still carries eroded versions of 
the corresponding genes. In humans strain 83 972 failed to express virtually all known viru-
lence-associated gene products (Roos and Klemm 2006). Due to this it does not trigger host 
defence mechanisms; however, it has kept a range of fitness factors such as efficient iron-
acquisition systems.

Meanwhile, the lack of UPEC-class fimbriae in 83 972 raises the issue of how it is able 
to persist in a high-flow environment like the human UT. Healthy adult humans normally 
produce ~2 liters of urine per day. An adult human bladder has a holding capacity volume of 
200 to 400 ml, and micturition causes the release of roughly the same volume of urine; the 
volume of residual urine is about one milliliter. These would seem to be conditions that are 
hardly compatible with colonization by a non-adherent microbe. Meanwhile, strain 83 972 
grows extremely well in human urine in vitro, with a doubling time of less than 45 min (Roos 
et al. 2006a). Furthermore, we recently showed that the capacity to grow fast in urine is not 
a unique property of 83 972, since several other ABU isolates also possess similar growth 
characteristics (Roos et al. 2006a). This suggests that fast growth in human urine to a large 
degree can account for the ability of E. coli 83 972 to establish in the human bladder.
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More than 50 % of all microbial infections have now been associated with the formation 
of biofilms. Biofilm formation is generally considered to be important for long-term bac-
terial establishment of surfaces submitted to hydrodynamic flow such as the human UT 
since bacterial biofilms are highly resistant to removal by liquid flow forces. We studied 
biofilm formation of strain 83 972 in human urine and found that it was an excellent bio-
film former. In fact our data suggested that biofilm formation is a  trait associated with 

Fig. 1 Comparison of two prototypic UTI E. coli: the UPEC strain CFT073 and the ABU strain 83972
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many ABU E. coli strains, but not with UPEC strains, and may be an important strategy 
for persistence in the urinary tract (HancocK et al. 2007, HancocK and Klemm 2007). In 
addition, global gene expression profiling of biofilm formation of 83972 in human urine 
revealed similarities with the expression profile in patients, indicating that biofilm forma-
tion might play a role for efficient colonization of the human UT (HancocK and Klemm 
2007). Taken together, a picture of how ABU strain 83972 manages to colonize the hu-
man urinary tract is forming; the two primary strategies seem to be (i) fast growth and (ii) 
biofilm formation.

The long-term bacterial occupancy of a privileged host niche such as the human blad-
der must involve adaptations to the host environment. Strain 83972 had grown in the 
bladder of a girl for at least 3 years corresponding to more than 30,000 generations (Roos 
et al. 2006a). During this period of time the strain must have adapted considerably to this 
particular environmental niche. The strain lost the ability to express functional UPEC-
class fimbriae probably as an evolutionary trade-off with the host defense. This ensured 
that it did not attract the attention of aggressive host defense mechanisms, such as cy-
tokine production, inflammation and exfoliation of infected bladder cells. However, in 
order to avoid being flushed out of the system, it had to adapt to a particular ecological 
niche, i. e. human urine as growth medium and to optimize its growth rate to keep pace 
with the flow rate in the bladder. In line with this notion, strain 83 972 must have accrued 
genetic changes that have favored its fitness for growth in urine. Human urine is a very 
complex growth medium, and the composition of urine fluctuates daily. It is, however, 
known that iron availability is a limiting factor. Transcriptomics data indicated that strain 
83 972 has adapted to growth in this iron-limiting environment by significantly increas-
ing the expression of the majority of all known genes involved in iron uptake and trans-
port (Roos and Klemm 2006, HancocK and Klemm 2007, HancocK et al. 2008). In fact it 
has adapted so well to its niche that it can out-compete a wide range of aggressive uro-
pathogens.

Bacterial genomes are constantly changing, new genes are acquired by transfer and old 
ones are lost by mutations. It is thought that such changes in genetic repertoire are the pri-
mary mechanisms of bacterial adaptation to new environments. It is generally believed that 
commensal E. coli can become pathogenic through the acquisition of novel genetic infor-
mation encoding virulence factors and niche-adaptation factors. Acquired genes range from 
single units to large constellations of genes such as pathogenicity islands or plasmids. Loss 
of genetic material has been observed to take place via mechanisms ranging from large-
scale deletions to single point mutations. In contrast to organisms that have acquired genes 
for pathogenesis, E. coli 83 972 is an example of an organism that has adapted to commen-
salism through gene loss and mutations. The relationship between bacterium and host in a 
persistent infection is a mutual trade off. In this case the bacterium has lost its primary col-
onization factors; however, having done so it does not damage the host and evades immune 
surveillance. In effect the strain has become domesticated to a degree where it does not 
cause any symptoms: it has become benign.
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Intestinal-Pathogenic Escherichia coli: 
Comparative Sequence Analysis, Differentiation by 
One-Step Multiplex PCR, and Identification of a 
Novel LEE-Associated Effector Protein

 Christoph Buss1,2, Daniel Müller1,2, Verena HuMBerg2, Lilo greune2,
 Ariane lieBcHen2, Gerhard Heusipp2, Helge KarcH3, and
 M. Alexander scHMidt2 (Münster)

 With 1 Figure

Abstract
Intestinal pathogenic Escherichia coli represents a global health problem for mammals including humans. In-
testinal disorders caused by the seven currently recognized pathotypes differ in the severity of clinical manifes-
tations and prognosis. For EHEC, EPEC, and ATEC the pathogenicity island ‘locus of enterocyte effacement’ 
(LEE) encoding a type-III secretion system (T3SS) that injects various effector proteins directly into target cells 
determines the characteristic attaching-and-effacing (A/E) phenotype inducing pedestal formation on the sur-
face of intestinal epithelial cells. To gain further insight into their interactions with eukaryotic target cells and 
to address a specific aspect of genome plasticity we analyzed the LEE of ATEC strains and compared their ge-
netic organization and gene sequences with that of known LEE. We demonstrate that the core region of the LEE 
 appears to be almost identical in all strains analyzed to date. However, the flanking regions of the various LEE 
exhibit large differences. Furthermore, we identified an additional orf present in many clinical EHEC, ATEC, 
and EPEC isolates encoding a new effector protein. To reliably identify and differentiate intestinal pathogenic 
E. coli a novel one-step multiplex PCR was developed. Interestingly, by using this MPCR we could identify un-
conventional intestinal pathogenic E. coli strains exhibiting mixed virulence factor profiles.

Zusammenfassung
Intestinal-pathogene Escherichia coli bilden ein weltweites Gesundheitsproblem für den Menschen und andere 
Säuger. Zurzeit sind sieben verschiedene Pathotypen bekannt, die unterschiedliche intestinale Erkrankungen 
verursachen können, die sich in ihrem Schweregrad, ihrer klinischen Manifestation und ihrer Prognose deutlich 
unterscheiden. Bei enterohämorraghischen E. coli (EHEC), enteropathogenen E. coli (EPEC) und atypischen 
EPEC (ATEC) bestimmt eine Pathogenitätsinsel, der „locus-of-enterocyte-effacement (LEE)“, den charakteri-
stischen A/E-Phänotyp (A/E: „attaching-and-effacing“), der durch die Bildung sockelartiger, aktinreicher Struk-
turen auf der Oberfläche infizierter intestinaler Epithelzellen gekennzeichnet ist. Die LEE-Pathogenitätsinsel 
kodiert für ein Typ-III-Sekretionssystem (T3SS), durch das Effektorproteine direkt in die Zielzelle injiziert wer-
den können. Um weitere Einblicke in die Interaktionen mit eukaryotischen Zielzellen zu gewinnen und um 
spezifische Aspekte der Genomplastizität zu beleuchten, haben wir die genetische Organisation und die Gen-
sequenzen der LEE-PAI von ATEC-Stämmen mit den Sequenzen bereits bekannter LEE verglichen. Die Kern-
region des LEE scheint in allen bisher bekannten Stämmen nahezu identisch zu sein, während die flankierenden 
Bereiche große Unterschiede aufweisen. Zusätzlich konnten wir einen weiteren offenen Leserahmen identifizie-
ren, der in vielen klinischen EHEC-, ATEC- und EPEC-Isolaten vorliegt und für ein neues T3SS-Effektorpro-
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2 Institute of Infectiology – ZMBE, Westfälische Wilhelms-Universität Münster, Von-Esmarch-Str. 56, 48149 
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tein kodiert. Zum sicheren Nachweis und zur Differenzierung von intestinal-pathogenen E. coli wurde eine neue 
„one-step multiplex PCR (MPCR)“ entwickelt. Interessanterweise konnten wir mit dieser MPCR auch unty-
pische intestinal-pathogene E. coli-Stämme mit einem gemischten Virulenzfaktorprofil identifizieren.

1. State of the Art

Although being regarded commonly as a beneficial inhabitant of the gastrointestinal tract, 
distinct isolates of Escherichia coli exhibit a high pathogenic potential. Currently, diar-
rheagenic E. coli bacteria can be grouped into seven pathotypes: enteropathogenic E. coli 
(EPEC), atypical EPEC (ATEC), ‘locus of enterocyte effacement (LEE)’-positive and LEE-
negative Shiga toxin-producing E. coli (STEC), enterotoxigenic E. coli (ETEC), and en-
teroinvasive E. coli (EIEC), and enteroaggregative E. coli (EAEC). EPEC and ATEC are 
major etiological agents of infant diarrhoea predominantly in developing countries (Kaper 
et al. 2004, aHMed et al. 2008). Infections with Shiga toxin-producing E. coli (STEC) can 
lead to various outcomes ranging from asymptomatic carriage and uncomplicated diarrhoea 
to bloody diarrhoea and the hemolytic uremic syndrome (HUS) – a leading cause of acute 
kidney failure in young children (tarr et al. 2005). EPEC, ATEC, and LEE-positive STEC 
elicit the attaching-and-effacing (A/E) phenotype that is characterized by the degeneration 
of microvilli followed by an intimate attachment of bacteria to the target cell membrane. 
The A/E phenotype as well as virulence factors essential for full pathogenicity are associ-
ated with the presence of the  35-kb LEE pathogenicity island. Diarrheagenic E. coli strains 
exhibit characteristic virulence factor profiles that have been widely used for pathotyping. 
Routine diagnostic procedures are currently based on combinations of biochemical tests, 
serotyping, phenotypic assays based on known virulence characteristics, and are further 
supported by methods employing molecular biology techniques (aHMed et al. 2008).

In this study we have analyzed several atypical enteropathogenic E. coli (ATEC) isolates 
by comparative sequence analysis of the LEE, employed these analyses to develop a novel 
one-step multiplex PCR, and, furthermore, identified a new LEE-associated orf encoding a 
novel T3SS-dependent effector protein.

2. Comparative Sequence Analyses of LEE Pathogenicity Islands

LEE described thus far are chromosomally integrated at one of three tRNA loci (selC, 
pheU, pheV). To analyze LEE pathogenicity islands in further detail, we sequenced the 
LEE of ATEC strains B6 (pheU, O26) and 9812 (pheV, O128) and compared these se-
quences with LEE sequences reported in the data-base. The sequence of LEE-B6 is in-
tegrated at the pheU locus and is comparable to the LEE of strains RDEC-1, 83/39 and 
413/89 – 1 containing IS sequences at both sides of the core region and the lifA/efa1 re-
gion in the 3′ flanking region. The sequence of LEE-9812 is integrated in the pheV re-
gion and exhibits a mosaic organization consisting of gene are homologues to elements 
of prophage CP4-44, an IS3 element, the LEE core region, followed by sequences that 
are homologous to elements on the LEE-PAI of either BSTEC RW1374 and REPEC 
 84/110-1 or STEC O157:H7. Detailed comparative sequence alignments of the core re-
gions showed that the LEE of nearly all analyzed strains – including the newly sequenced 
LEE of ATEC strain B6 and ATEC strain 9812 – exhibit the same genes in identical order 
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and orientation as the reference strain E2348/69. In contrast, the flanking regions of the 
LEE-PAI of ATEC B6 and ATEC 9812 harbor different additional sequences. The core 
regions of the LEE of 9812 and B6 were found to be highly homologous to each other 
(on average 99.5 % identity on DNA level) and to the LEE of the strains REPEC RDEC-1 
(98.8 %), REPEC 83/39 (98.8 %), BSTEC 413/89-1 (99.4 %) and BSTEC RW1374 
(96.9 %). In contrast to the core regions with highly homologous genes and also sizes 
(34.4 kb ± 0.7 kb, 38.4 % GC ± 0.2 %), the overall sequences of LEE core and flanking 
regions show higher variability (between 35.6 kb [E2348/69] and 111.0 kb [RW1374], 
between 38.4 % [E2348/69] and 45.0 % [RW1374] GC % content). The lower GC % con-
tent of the LEE core region of about 38.4 % in comparison to the GC % content of the 
total E. coli genome of about 50.8 % strongly emphasizes the LEE to be derived from a 
foreign ancestor by horizontal gene transfer. Moreover, the higher GC % contents of the 
flanking regions support a subsequent remodeling of the flanking regions through pos-
sibly multiple recombination events. In addition, our results indicate that – at least with 
respect to the LEE – ATEC strains do not represent a separate phylogenetic lineage but 
that they can be arranged with LEE of other strains in distinct groups. This also indicates 
that the varying pathogenicity of ATEC isolates should be modulated by factors not asso-
ciated with the LEE. Further details of these analyses will be published elsewhere (Mül-
ler et al. 2008, to be submitted).

3. Identification of a Novel LEE-Associated Effector Protein (Ibe)

Upon sequencing the flanking regions of various ATEC strains we identified a novel orf 
designated rorf0 encoding a 32 kDa protein which was named Ibe for ‘IQGAP1-binding ef-
fector’. Interestingly, rorf0 was not found in the EPEC prototype strain E2348/69. A survey 
of a collection of LEE-harboring A/E strains by specific PCR for rorf0 showed that rorf0 
is most frequently found in EHEC strains (~ 80 %) followed by ATEC strains, and is less 
frequently harbored in EPEC isolates (~ 16 %). Ibe is a T3SS-dependent secreted protein 
which is translocated to the cytosol of the target host cell where it accumulates at the sites 
of pedestal formation. Pull-down experiments show that Ibe interacts with a host cell pro-
tein that was identified as the scaffolding protein IQGAP1 that is involved in the regula-
tion of cell morphology and motility. Therefore, we conclude that Ibe might be involved in 
processes leading to the rearrangement of the actin cytoskeleton. These findings are further 
supported by immunofluorescence analysis demonstrating the co-localization of Ibe with 
IQGAP1 at the site of the pedestals. Further characterization of the Ibe protein, its distri-
bution among intestinal pathogenic E. coli, and its role in the modulation of target cell re-
sponses are ongoing and will be reported elsewhere (Buss et al. in preparation).

4. Novel One-Step Multiplex PCR (MPCR)

Based on the comparative sequence analyses briefly described above we developed a one-
step MPCR for the simultaneous identification of the seven currently established pathotypes 
of intestinal pathogenic Escherichia coli: enteropathogenic (EPEC), atypical enteropatho-
genic (ATEC), enterohemorrhagic (EHEC), Shiga-toxin-encoding (STEC; LEE-positive 
and LEE-negative), enteroinvasive (EIEC), enterotoxigenic (ETEC), and enteroaggrega-
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tive (EAEC) E. coli. The MPCR incorporates 12 primer pairs that have been optimized for 
MPCR-compatible properties including non-interference and the generation of DNA frag-
ments to be easily resolved by standard agarose gel electrophoresis (Müller et al. 2006, 
2007). To cover all known pathotypes we designed primer pairs for the escV, bfpB, stx1, 
stx2, elt, estIa, estIb, invE, astA, aggR, pic, and ent genes, as well as the uidA gene as a gen-
eral marker for E. coli (ca. 98 % coverage). Each primer pair was selected to represent a 
gene-specific consensus sequence derived from the accessible information for each gene in 
the data-base. The MPCR was validated by using a set of reference strains for each patho-
type from our collection. All specific pathotypes were easily detected in a single reaction 
and no cross-priming could be observed (Fig. 1). The identities of the products obtained by 
MPCR were verified by nucleotide sequence analysis for the respective reference strains 
employed.

The MPCR was applied to the analysis of clinical isolates in our strain collection that had 
been obtained from several geographic regions. All strains were identified by the MPCR to 
exhibit either a specific pattern of virulence genes and, therefore, to belong to one of the 
known pathotypes, or to harbor none of the tested virulence-associated genes. However, 
there were a few exceptions exhibiting virulence gene patterns that allowed no association 
with any of the accepted pathotypes but expressed rather unconventional mixed virulence 
factor patterns such as e. g. the presence of the EAF plasmid expressing BFP pili without har-
boring the LEE. Further characterization of their particular phenotypes by complementary 
approaches including PCR analysis, cytotoxicity assays, immunofluorescence, monitoring 
of cell adhesion etc. verified the results obtained by MPCR and clearly demonstrated that 
these strains cannot be assigned unambiguously to a specific pathotype. Hence, these strains 
were designated intermediate strains (Müller et al. 2007).

5. Conclusions

In recent years the astonishing plasticity of the E. coli genome has been well recognized 
and various attempts have been made to identify and describe putative phylogenetic lin-

Fig. 1 Schematic representation of amplified DNA fragments to be obtained by the novel multiplex PCR 
(MPCR). The matrix of amplicons allows for a reliable classification of the particular pathotype of the isolate.
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eages and the mechanisms of gene transfer involved (aHMed et al. 2008, reyes-laMotHe 
et al. 2008). The recognition of substantial genome plasticity should also have an impact 
on strategies to identify and differentiate intestinal pathogenic isolates. Hence, we investi-
gated clinical intestinal pathogenic E. coli isolates from different geographic regions with 
a special emphasis on the LEE-harboring pathotypes. Sequence comparisons also demon-
strated that the core genes of the LEE are highly homologous whereas the gene content of 
the flanking regions appears to reflect the individual history of the particular strain. Com-
parative analysis of various LEE resulted in the identification and partial characterization 
of a novel T3SS-dependent effector protein (Ibe) that was found in many EHEC and ATEC 
strains but is missing in the EPEC prototype strain E2348/69. Ibe interacts with IQGAP1 
and appears to be involved in actin rearrangements during pedestal formation. Based on our 
analyses we designed a novel one-step MPCR allowing the identification and differentia-
tion of all known intestinal pathotypes of E. coli. Applying this MPCR we identified inter-
mediate E. coli strains that exhibit a mixed repertoire of virulence factors which does not 
fit into any one accepted pathotype. These finding further reflect the enormous plasticity of 
the E. coli genome (BielaszewsKa et al. 2007a,b). In addition, this study clearly emphasizes 
the fact that index virulence factors are not restricted to one particular pathogroup but that 
they can occur also in other pathotypes where they might contribute to their strain-specific 
virulence potential. This also implies that the classification of a particular isolate should be 
supported by a genetic profile as large as possible. In a practical setting the newly developed 
MPCR would certainly provide a means that is to do so.
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Adherent-Invasive Escherichia coli and Colonization 
of the Ileal Mucosa in Crohn’s Disease Patients

 Arlette Darfeuille-MichauD (Clermont-Ferrand, France)

Abstract
Abundant data have incriminated intestinal bacteria in the initiation and amplification stages of the two major 
inflammatory bowel diseases, Crohn’s disease (CD) and ulcerative colitis (UC). Increased numbers of mucosa-
associated E. coli are observed in both CD and UC and the association of CD with invasive E. coli was reported 
by several groups. Based on their pathogenicity features, CD-associated E. coli were termed adherent-invasive 
E. coli (AIEC). AIEC strains are able to invade intestinal epithelial cells and to replicate extensively within 
macro phages inducing the secretion of large amounts of TNF-α. They are isolated from ileal biopsies of 36.4 % 
of patients with ileal involvement of CD, and their presence is due to abnormal ileal expression of CEACAM6, 
which is a receptor for type 1 pili.

Zusammenfassung
Zahlreiche Daten belegen, dass intestinale Bakterien an der Auslösung und Ausdehnung der beiden wichtigsten 
chronisch-entzündlichen Darmerkrankungen, dem Morbus Crohn (CD) und der ulcerativen Colitis (UC), betei-
ligt sind. Ein Anstieg der mit der Mukosa assoziierten E. coli-Bakterien konnte sowohl bei CD als auch UC be-
obachtet werden. Mehrere Arbeitsgruppen berichteten von einem Zusammenhang zwischen CD und invasiven 
E. coli. Aufgrund ihrer pathogenen Eigenschaften wurden mit CD assoziierte E. coli auch als adhärent-invasive 
E. coli (AIEC) bezeichnet. AIEC-Stämme sind in der Lage, in intestinale Epithelzellen einzudringen und sich 
 effektiv in Makrophagen zu vermehren. Dabei lösen sie die Sekretion größerer Mengen von TNF-α aus. Sie wer-
den aus den ilealen Biopsien von 36,4 % der Morbus-Crohn-Patienten isoliert, bei denen das Ileum betroffen ist. 
Die Anwesenheit der AIEC-Bakterien kann auf eine veränderte ileale Expression von CEACAM6 zurückgeführt 
werden. CEACAM6 ist ein Rezeptor für Typ-1-Fimbrien.

crohn’s disease and ulcerative colitis are chronic disorders of the gastrointestinal tract with 
a combined prevalence of about 150 – 200 cases per 100,000 in Western countries. Despite 
decades of research, the etiology of CD remains unknown. Its pathogenesis involves a com-
plex interplay between host genetic, immune dysfunction and microbial or environmental 
factors. Several lines of evidence implicate microorganisms of the intestinal microbiota in 
the pathogenesis of CD. Improvement in clinical disease occurs in CD patients receiving 
prolonged courses of antibiotics (Sartor 2004). In addition, exposure of the terminal ileum 
post-surgically to luminal contents is associated with increased inflammation, and diversion 
of the faecal stream is associated with improvement (rutgeertS et al. 1991). Generalized 
or localized dysbiosis is observed in IBD, corresponding to the presence of low numbers 
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of usual bacteria, high numbers of unusual bacteria and sometimes a reduction in biodiver-
sity. Studies of luminal bacterial composition in patients with IBD using culture and mo-
lecular techniques have reported a decrease in beneficial bacteria such as Bifidobacterium 
and  Lactobacillus species and an increase in pathogenic bacteria such as Bacteroides and 
Escherichia coli (SwiDSinSki et al. 2002, neut et al. 2002). Such dysbiosis induces a break-
down in the balance between putative species of “protective” versus “harmful” intestinal 
bacteria and may promote inflammation.

The search for infectious agents likely to cause CD has focused mainly on intracellular 
pathogens. Indeed, with the identification of mutations in the NOD2-encoding gene in pa-
tients with CD and given the intracellular location of NOD2, the presence of pathogenic in-
vasive bacteria could be the link between innate immune response to invasive bacteria and 
the development of the inflammation (hugot et al. 2001, ogura et al. 2001). Aphthous ul-
cer, a necrosis of M-cells of Peyer’s lymphoid follicles, is recognized as the earliest lesion 
of CD. Such ulcers occur in shigellosis, salmonellosis and yersinial enterocolitis, in which 
invasiveness is an essential virulence factor of the bacteria involved in the disease. This 
supports also a putative role for invasive pathogen(s) in the initiation of CD lesions. Three 
independent studies have reported the presence of intramucosal E. coli in IBD patients or 
mucosa-associated E. coli with invasive properties (Darfeuille-MichauD et al. 2004, Mar-
tin et al. 2004, SaSaki et al. 2007). The invasive process of CD-associated E. coli strains 
is dependent upon both functioning host cell actin microfilaments and microtubules (Bou-
Deau et al. 1999). Electron microscopic examination of epithelial cells infected with CD-
associated E. coli LF82 revealed a macropinocytosis-like process of entry, characterized 
by elongation of the membrane extensions that surrounded the bacteria at the sites of con-
tact between the entering bacteria and the epithelial cells. After internalization, bacteria 
lyse the endocytic vacuole and replicate in the host cell cytoplasm. The invasive process of 
CD-associated E. coli strain LF82 is unique since it does not possess any of the known ge-
netic invasive determinants described for enteroinvasive, enteropathogenic, and enterotoxi-
genic E. coli, and Shigella strains. The virulence factors that play a role in the invasive abil-
ity of strain LF82 are type 1 pili inducing membrane extension (BouDeau et al. 2001), fla-
gella conferring bacteria motility and regulating type 1 pili expression (Barnich et al. 2003, 
claret et al. 2007), outer membrane vesicles delivering bacterial effectors to host cells 
(rolhion et al. 2005) and the outer membrane protein OmpC, which regulates the expres-
sion of most virulence factors (rolhion et al. 2007).

The behavior of the CD-associated invasive E. coli within macrophages is different from 
that of other invasive bacteria. Invasive E. coli strains isolated from CD patients are able to 
survive and to replicate extensively within murine macrophages in a large vacuole (glaSSer 
et al. 2001). However, whereas most invasive bacteria induce cell death of infected macro-
phages, no necrosis or apoptosis of macrophages infected with CD-associated invasive 
E. coli was observed even after 24 h post-infection. Moreover, in contrast to many patho-
gens that escape from the normal endocytic pathway or infiltrate autophagy, CD-associated 
invasive E. coli are taken up by macrophages within phagosomes, which mature without di-
verting from the classical endocytic pathway, and which share features with phagolysosomes 
(Bringer et al. 2006). To survive and replicate in the harsh environment encountered inside 
these compartments, including acid pH and proteolytic activity of cathepsin D, bacteria have 
elaborated adaptation mechanisms in which acidity constitutes a key signal for activating 
the expression of virulence genes (Bringer et al. 2005). Macrophages infected with CD-as-
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sociated invasive E. coli release large amounts of tumor necrosis factor α (TNF-α) (glaSSer 
et al. 2001). Continuous macrophage activation and TNF-α release are due to the sustained 
multiplication of intracellular bacteria within the phagosomes.

On the basis of the pathogenic traits of CD-associated E. coli, a new potentially patho-
genic group of E. coli was designated AIEC for Adherent-Invasive Escherichia coli. The 
criteria for inclusion in the group are:

(i) ability to adhere to and to invade intestinal epithelial cells with a macropinocytosis-like 
process of entry dependent on actin microfilaments and microtubules recruitment,

(ii) ability to survive and to replicate extensively in large vacuoles within macrophages 
without triggering host cell death, and

(iii) ability to induce the release of large amounts of TNF-α by infected macrophages.

Adherent-invasive E. coli strains were found to be highly associated with ileal mucosa in 
CD patients (Darfeuille-MichauD et al. 2004, SaSaki et al. 2007). AIEC strains are prefer-
entially found in early recurrent CD lesions after surgery, thus pleading for a possible role 
in the initiation of inflammation and not only as secondary invaders.

The high prevalence of AIEC strains associated with the ileal mucosa observed in CD 
patients suggested an abnormal expression and/or tissue tropism of a specific host recep-
tor recognized by bacterial lectin-like surface adhesins in a genetically predisposed host gut 
segment. CD-associated AIEC strains adhere to the brush border of primary ileal entero-
cytes isolated from CD patients but not from controls without inflammatory bowel disease 
(Barnich et al. 2007). Most AIEC strains associated with CD ileal mucosa express a type 1 
pili variant. Expression of type 1 pili variant, compared to that of K-12 type 1 pili, enhanced 
bacterial adhesion to the brush border of primary ileal enterocytes from CD patients. Adhe-
sion inhibition experiments in the presence of antibodies raised against the putative type 1 
pili receptors indicated that AIEC strains bind to the carcinoembryonic antigen-related cell 
adhesion molecule 6 (CEACAM6) expressed on the apical side of ileal epithelial cells.

CEACAM6 acting as a receptor for AIEC adhesion is abnormally expressed by ileal epi-
thelial cells in CD patients and its expression was observed in both uninvolved and inflamed 
ileal mucosa. Increased CEACAM6 expression was observed in cultured intestinal epithe-
lial cells after interferon-gamma or TNF-alpha stimulation and after infection with AIEC 
bacteria, indicating that AIEC can promote their own colonization in CD patients. Thus, the 
presence of AIEC bacteria and the secretion of pro-inflammatory cytokines lead to an am-
plification loop of colonization and inflammation.

The etiopathogenesis of ileal CD seems to be intimately linked to the presence of Ad-
herent-Invasive E. coli. The high prevalence of AIEC in patients with ileal involvement of 
CD could be a first step in the establishment of a modified Koch’s postulate, which needs to 
take into account the genetic susceptibility of the host. The interaction between AIEC and 
the host receptor CEACAM6 is a novel example of a bacterial pathogen subverting func-
tional membrane-bound proteins as receptors for colonizing epithelia.
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Ziel dieser interdisziplinären, internationalen Tagung war es, die Gestalt des Johann Lauren-
tius BauSch (1605 – 1665) in ihren biographischen, sozialen und wissenschafts geschichtlichen 
Bedingungen darzustellen sowie die Gründung der Leopoldina in den Rahmen der internatio-
nalen Akademiengeschichte des 17. Jahrhunderts einzuordnen. Es wurde der über die bisherige 
Literatur hinausgehende aktuelle Forschungsstand in neun Vorträgen präsentiert, die der vor-
liegende Band in erweiterter und aktualisierter Form dokumentiert und vertieft durch Anhänge 
mit der Edition der Leges der Akademie und Bibliographien der im frühen Akademieprogramm 
veröffentlichten Monographien und ihrer Vorgänger aus anderthalb Jahrhunderten sowie einer 
Analyse der Selbstdarstellung der Leopoldina in ihrer Korrespondenz mit der Royal Society 
von 1670 bis 1677.
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The Adhesion and Invasion of Crohn’s Disease-
Associated Escherichia coli is Controlled by the 
Flagellar Sigma Factor FliA and a c-di-GMP-
Dependent Pathway

 Laurent Claret1, Sylvie Miquel1, Natacha Vieille1, Dmitri A. ryjenkoV 2,
  Mark GoMelsky2, and Arlette Darfeuille-MiChauD1 (Clermont-Ferrand,
 France, and Laramie, USA)

Abstract
The invasion of intestinal epithelial cells by the adherent-invasive Escherichia coli (AIEC) strain LF82 depends 
on type 1 pili. The absence of flagella in the LF82-∆flhD and LF82-∆fliA mutants, lacking FlhD2C2 and FliA fla-
gellar regulators, induces a decrease of adhesion and invasion abilities and type 1 pili synthesis. FliA expressed 
alone was sufficient to restore these defects in both mutants by inducing the yhjH gene encoding the YhjH pro-
tein, a phosphodiesterase involved in the degradation of the bacterial second messenger c-di-GMP. Deletion of 
the diguanylate cyclase YaiC involved in c-di-GMP synthesis also produced partial restoration of these defects. 
These results show that in the strain LF82, FliA sigma factor is a regulatory component linking flagellar and 
type 1 pili synthesis, via the c-di-GMP-dependent pathway.

Zusammenfassung
Die Invasion intestinaler Epithelzellen durch den adhäsiv-invasiven Escherichia coli (AIEC) Stamm LF82 hängt 
von Typ-1-Fimbrien ab. Das Fehlen der Flagellen und der Flagellenregulatoren FlhD2C2 und FliA in LF82-
∆flhD und LF82-∆fliA Mutanten führt zu einer Verminderung der Adhäsions- und Invasionsfähigkeit sowie der 
 Typ-1-Fimbriensynthese. Die Expression von FliA allein genügt, um diese Defekte in beiden Mutanten aufzuhe-
ben. Dadurch wird die Expression des yhjH-Gens induziert, welches das YhjH-Protein kodiert. Die Phosphodies-
terase YhjH ist am Abbau des bakteriellen sekundären Botenstoffes c-di-GMP beteiligt. Auch die Deletion der Di-
guanylat-Zyklase YaiC, die an der c-di-GMP-Synthese beteiligt ist, führte zu einer teilweisen Wiederherstellung 
der Defekte. Diese Ergebnisse zeigen, dass der FliA-Sigmafaktor im Stamm LF82 eine regulatorische Funktion 
hat und über den c-di-GMP-abhängigen Signalweg die Flagellen- und Typ-1-Fimbriensynthese vernetzt.

Our study concerns a pathogenic group of E. coli strains associated with ileal lesions of 
Crohn’s disease (CD) (Darfeuille-MiChauD et al. 2004). The strains are able to adhere to 
and to invade intestinal epithelial cells and are named adherent-invasive E. coli (AIEC) 
(BouDeau et al. 1999). AIEC adhesion and invasion depend on the type 1 pili that induce 
membrane extensions of epithelial cells (BouDeau et al. 2001). However, the type 1 pili of 
AIEC reference strain LF82 are not able to confer invasiveness to a nonpathogenic E. coli 
strain K-12, indicating that the genetic background of AIEC is essential. Flagella also play 
important roles in the adhesion and invasion of strain LF82 (BarniCh et al. 2003). The afla-

1 Pathogénie Bactérienne Intestinale, Université d’Auvergne, USC-INRA 2018, Clermont-Ferrand, France.
2 University of Wyoming, Department of Molecular Biology, 82071, Laramie, WY, USA.
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gellar LF82-∆fliC mutant shows a drastic downregulation of type 1 pili synthesis, a de-
crease in adhesion and invasion abilities and a decrease in the flagellar regulator flhDC 
mRNA levels indicating that in strain LF82 flagellar motility and other virulence factors 
are coregulated.

In order to study the role of flagellar regulators FlhD2C2 and FliA in the ability of 
AIEC strain LF82 to adhere to and to invade Intestine-407 epithelial cells, the LF82-∆flhD 
and LF82-∆fliA deletion mutants were constructed. The adhesion and invasion levels of 
 LF82-∆flhD and LF82-∆fliA mutants were significantly lower than those of strain LF82. 
Thus, in strain LF82, the FlhD2C2 and FliA regulators play key roles to allow bacteria to en-
ter intestinal epithelial cells.

A decreased ability to adhere to and invade epithelial cells has already been shown to de-
pend on lower type 1 pili levels in strain LF82 (BouDeau et al. 2001, BarniCh et al. 2003). 
We therefore measured expression of type 1 pili in the LF82-∆flhD and LF82-∆fliA mutants 
by monitoring bacterial aggregation of yeast cells. Both mutants were strongly impaired 
in their ability to aggregate yeast cells compared to the wild type strain. The deficiency in 
type 1 pili is a consequence of the shift of the DNA invertible element orientation toward 
the phase-OFF orientation. This suggests that, in strain LF82, FlhD2C2 and FliA are in-
volved in the regulation of type 1 pili through the transcriptional control of the fim operon. 
The expression levels of FlhD2C2 depend, in the flagellar gene hierarchy, on the presence of 
FliA and vice versa. Adhesion and invasion of LF82-∆flhD and LF82-∆fliA were fully com-
plemented with pBADflhDC and pBADfliA, respectively. In addition, the overexpressed 
fliA gene specifically and fully restored the defects of the LF82-∆flhD mutant. Thus, the full 
invasiveness of AIEC strain LF82 depends on the FliA sigma factor.

To identify mediators of FliA action on the synthesis of type 1 pili in strain LF82, we 
studied the involvement of the yhjH gene which is controlled by FliA in E. coli K12 and 
Salmonella Typhimurium strains (ko and Park 2000, frye et al. 2006). The yhjH gene en-
codes the YhjH protein carrying an EAL domain which functions as a phosphodiesterase 
for the second messenger c-di-GMP (ryjenkoV et al. 2006) and stimulates flagellar motil-
ity in E. coli K-12 (ko and Park 2000). Interestingly, the transformation of LF82-∆fliA mu-
tant with pBADyhjH partially restored adhesion and invasion levels. This restoration was 
due to increased type 1 pili synthesis. In strain LF82, it exists also a regulation of yhjH gene 
expression by FliA. The levels of yhjH mRNA were up to 100-fold higher in LF82 than in 
LF82-∆fliA. These results suggest that in strain LF82, FliA regulates type 1 pili, adhesion 
and invasion by acting via the YhjH expression. The c-di-GMP turnover is involved in the 
ability of strain LF82 to adhere to and to invade intestinal epithelial cells. Indeed, in the ge-
netic background of LF82-∆fliA, a deletion of yaiC, which encodes a diguanylate cyclase 
involved in c-di-GMP synthesis (siMM et al. 2004), resulted in increased adhesion and in-
vasion levels.

A regulatory pathway linking flagella and type 1 pili synthesis exists in the CD-associated 
AIEC strain LF82 and is involved in the ability of this strain to adhere to and to invade in-
testinal epithelial cells. The FliA-dependent yhjH gene, encoding the c-di-GMP phosphodi-
esterase YhjH required for the breakdown of the novel second messenger c-di-GMP, is a me-
diator linking FliA to the regulation of virulence determinants. The role of c-di-GMP in the 
control of type 1 pili expression, adhesion and invasion abilities of strain LF82 fits with the 
concept that lower c-di-GMP levels promote virulence. This is a novel model for regulation of 
type 1 pili synthesis involving the c-di-GMP-dependent pathway (Claret et al. 2007).



The Adhesion and Invasion of Crohn’s Disease-Associated Escherichia coli

Nova Acta Leopoldina NF 98, Nr. 359, 157–159 (2008) 159

References

BarniCh, n., BouDeau, j., Claret, l., and Darfeuille-MiChauD, a.: Regulatory and functional co-operation of 
flagella and type 1 pili in adhesive and invasive abilities of AIEC strain LF82 isolated from a patient with 
Crohn’s disease. Mol. Microbiol. 48, 781 – 794 (2003)

BouDeau, j., Glasser, a. l., Masseret, e., joly, B., and Darfeuille-MiChauD, a.: Invasive ability of an 
 Escherichia coli strain isolated from the ileal mucosa of a patient with Crohn’s disease. Infect. Immun. 67, 
4499 – 4509 (1999)

BouDeau, j., BarniCh, n., and Darfeuille-MiChauD, a.: Type 1 pili-mediated adherence of Escherichia coli 
strain LF82 isolated from Crohn’s disease is involved in bacterial invasion of intestinal epithelial cells. Mol. 
Microbiol. 39, 1272 – 1284 (2001)

Claret, L., Miquel, S., Vieille, N., ryjenkoV, D. A., GoMelsky, M., and Darfeuille-MiChauD, A.: The flagellar 
sigma factor fliA regulates adhesion and invasion of Crohn disease-associated Escherichia coli via a cyclic 
dimeric GMP-dependent pathway. J. Biol. Chem. 282, 33275 – 33283 (2007)

Darfeuille-MiChauD, a., BouDeau, j., Bulois, P., neut, C., Glasser, a. l., BarniCh, n., BrinGer, M. a., 
swiDsinski, a., BeauGerie, l., and ColoMBel, j. f.: High prevalence of adherent-invasive Escherichia coli 
associated with ileal mucosa in Crohn’s disease. Gastroenterology 127, 412 – 421 (2004)

frye, j., karlinsey, j. e., felise, h. r., Marzolf, B., DowiDar, n., MCClellanD, M., and huGhes, k. t.: Iden-
tification of new flagellar genes of Salmonella enterica serovar Typhimurium. J. Bacteriol. 188, 2233 – 2243, 
(2006)

ko, M., and Park, C.: Two novel flagellar components and H-NS are involved in the motor function of 
 Escherichia coli. J. Mol. Biol. 303, 371 – 382 (2000)

siMM, r., Morr, M., kaDer, a., niMtz, M., and roMlinG, u.: GGDEF and EAL domains inversely regulate 
 cyclic di-GMP levels and transition from sessility to motility. Mol. Microbiol. 53, 1123 – 1134 (2004)

ryjenkoV, D. a., siMM, r., röMlinG, u., and GoMelsky, M.: The PilZ domain is a receptor for the second mes-
senger c-di-GMP: the PilZ domain protein YcgR controls motility in enterobacteria. J. Biol. Chem. 281, 
30310 – 30314 (2006)

 Arlette Darfeuille-MiChauD, Ph.D.
 Pathogénie Bactérienne Intestinale
 USC INRA 2018
 Université d’Auvergne
 Centre Biomédical de Recherche et Valorisation
 28 Place Henri Dunant
 63000 Clermont-Ferrand
 France
 Phone: +33 73 17 79 97
 Fax:  +33 73 17 83 71
 E-Mail: arlette.darfeuille-michaud@u-clermont1.fr



Vorträge und Abhandlungen zur Wissenschaftsgeschichte
2002/2003 & 2003/2004

Acta Historica Leopoldina Nr. 48
Herausgegeben von Wieland BerG, Sybille GerstenGarBe, Andreas kleinert

und Benno Parthier (Halle/Saale)
(2007, 385 Seiten, 118 Abbildungen, 22,95 Euro, ISBN 978-3-8047-2241-9)

Der Band enthält elf Vorträge aus den Wissenschaftshistorischen Seminaren der Leopoldina 
vom Wintersemester 2002 bis Sommersemester 2004: Die Rekonstruktion der angeblichen Ver-
wicklung Adolf ButenanDts in die NS-Forschung (Achim trunk, Köln); die „Aufforderung“ 
Wilhelm wiens an die deutschen Physiker am Beginn des Ersten Weltkrieges (Stefan L. wolff, 
München); zum Naturbegriff in der mittelalterlichen Medizin (Ortrun riha, Leipzig); Raphael 
leMkins Standpunkt über Menschenversuche und Genozid im Nürnberger Ärzteprozess 1946/47 
(Paul weinDlinG, Oxford, UK); die Rassenhygienikerin Agnes BluM und die Frauenbewegung 
(Johanna Bleker, Berlin); die Vorgeschichte der Entdeckung der DNA-Doppelhelix und die 
Rolle des Protein-Paradigmas (Rudolf haGeMann, Halle/Saale); Politik und Mathematik wäh-
rend der „Kulturrevolution“ in China (Joseph W. DauBen, New York); Eugenik und Human-
genetik am Beispiel der psychiatrischen Genetik in Deutschland, Großbritannien und den USA 
zwischen 1910 und 1960 (Volker roelCke, Gießen); Karl zieGler und 50 Jahre Niederdruck-Po-
lyethylen (Horst reMane, Halle/Saale); Rudolf VirChows Strategie des Sammelns am Beispiel 
seines Pathologischen Museums (Thomas sChnalke, Berlin); Natur als Erklärungshilfe in den 
Bilderhandschriften des Sachsenspiegels (Heiner lüCk, Halle/Saale).
Als Abhandlungen folgen wissenschaftshistorische Analysen zur Erklärung des Regenbogens 
bei Johann Wolfgang Von Goethe und Josef Maria Pernter (Thomas niCkol, Halle/Saale) so-
wie zur Zusammenarbeit von Werner reiCharDt und Bernhard hassenstein auf dem Weg zur 
Tübinger Biokybernetik (Bernhard hassenstein, Merzhausen).
Abgeschlossen wird der Band durch zwei Dokumentationen (Uwe Müller, Schweinfurt, do-
kumentiert Alexander Von huMBolDts Mitwirkung an der Aufnahme aiMé BonPlanDs in die 
Akademie und ediert das dazu vorhandene Archivgut, und Rudolf haGeMann, Halle/Saale, be-
schreibt die Entwicklung der Genetik an der Universität Halle bis zum Ende des 20. Jahrhun-
derts, hier als Teil II für die Zeit ab 1946).

Wissenschaftliche Verlagsgesellschaft mbH Stuttgart



Nova Acta Leopoldina NF 98, Nr. 359, 161–168 (2008) 161

Nova Acta Leopoldina NF 98, Nr. 359, 161–168 (2008)

Molecular and Evolutionary Mechanisms 
Underlying the Emergence of Non-O157:H7 
Enterohaemorrhagic Escherichia coli

 Helge Karch and Martina BielaszewsKa (Münster)

 With 1 Figure and 1 Table

Abstract
Enterohaemorrhagic Escherichia coli (EHEC) belonging to several serotypes including O26:H11/H– (non-
motile), O91:H21, O103:H2/H–, O111:H8/H10/H–, O113:H21, O145:H25/H28/H–, and sorbitol-fermenting 
O157:H– cause watery and bloody diarrhoea (haemorrhagic colitis) and haemolytic uraemic syndrome (HUS), 
the trias of microangiopathic haemolytic anaemia, thrombocytopenia, and acute renal failure. In Germany, non-
O157:H7 EHEC serotypes are the causative organism in approximately 50 % of cases of HUS. Molecular anal-
ysis demonstrates that non-O157:H7 EHEC possess a variety of potential virulence genes in addition to Shiga 
toxin. These elements are believed to play a major role in the evolution and in plasticity of the EHEC genomes 
and contribute, via a horizontal gene transfer, to the emergence of new EHEC clones highly pathogenic for hu-
mans.

Zusammenfassung
Enterohämorrhagische Escherichia coli (EHEC) der Serovare O26:H11/H– (unbeweglich), O91:H21, 
O103:H2/H–, O111:H8/H10/H–, O113:H21, O145:H25/H28/H– sowie Sorbitol-fermentierende O157:H– verur-
sachen wässrige oder blutige Durchfälle (hämorrhagische Kolitis). Als schwere Komplikation kann ein hämo-
lytisch-urämisches Syndrom (HUS) auftreten, verbunden mit hämolytischer Anämie, Thrombozytopenie und 
Nierenversagen. In Deutschland sind non-O157:H7 EHEC an ca. 50 % der Fälle von enteropathischem HUS 
beteiligt. Molekulare Analysen zeigen, dass diese Serovare außer den Shiga-Toxinen noch weitere  potentielle 
 Virulenzfaktoren besitzen. Vergleichende Genomanalysen erlauben Rückschlüsse auf die Evolution dieser 
Krankheitserreger und zeigen, wie durch horizontalen Gentransfer neue und besonders virulente Varianten ent-
stehen können.

1. Non O157:H7 EHEC in Human Disease

Besides enterohaemorrhagic Escherichia coli (EHEC) of serotype O157:H7 which is the 
most frequent EHEC associated with human disease worldwide (Tarr et al. 2005), sev-
eral non-O157:H7 EHEC serotypes have recently emerged as human pathogens. These 
 serotypes, which include O26:H11/H– (non-motile), O91:H21, O103:H2/H–, O111:H8/H–, 
O113:H21, O145:H25/H28/H–, and sorbitol-fermenting (SF) O157:H–, have become an 
important cause of diarrhoea, bloody diarrhoea and haemolytic uremic syndrome (HUS) 
 (ellioT et al. 2001, sonnTag et al. 2004, BielaszewsKa et al. 2005c, BrooKs et al. 2005, 
Karch et al. 2005, MellMann et al. 2005, zhang et al. 2007). HUS is a leading cause of 
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acute renal failure in children. It results from the microvascular endothelial injury in the 
kidneys mediated by Shiga toxins, which are the major virulence factors of EHEC (Tarr 
et al. 2005). In Germany, approximately 50 % of paediatric HUS cases have been associated 
with non-O157:H7 EHEC serotypes (BielaszewsKa et al. 2007). Because of the increasing 
medical importance of non-O157:H7 EHEC, several investigations dealt during the last 
decade with the molecular and evolutionary mechanisms contributing to the emergence of 
these pathogens and their high virulence for humans.

2. Methods in Molecular Biology for Investigating Diversity in Non-O157:H7 EHEC

Although two complete E. coli O157:H7 genome sequences are currently available, knowl-
edge on the genome content and the diversity of non-O157 EHEC has only recently started 
to accumulate. With the development of new methods in molecular biology, e. g. DNA se-
quencing, restriction fragment length polymorphism (RFLP) analysis, suppression subtrac-
tive hybridization and comparative DNA hybridization, data on the gene content became 
available. Moreover, by using microarrays, containing the genome of E. coli K-12, and a 
“pathoarray”, which contains most of the currently known virulence genes (DoBrinDT et al. 
2003), different non-O157:H7 EHEC could be compared. Parallel studies on the phyloge-
netic grouping using multilocus sequence typing (MLST) (wirTh et al. 2006) and model 
cell cultures with intestinal epithelial cells and endothelial cells were used to assess host 
and tissue specificity and the mode of action of selected virulence factors (JanKa et al. 2002, 

Tab. 1 Virulence and fitness genes of the most common non-O157:H7 EHEC serotypes

Gene or
gene cluster

Predicted product 
or phenotype[1]

Presence of the gene in EHEC of serotype

O26:H11/H– O103:H2/H– O111:H8/H– O145:H28/H– SF O157:H–

fliC Flagellin subunit H11 H2 H8 H28 H7
eae (type) Intimin + (β) + (ε) + (γ2) + (γ) + (γ)
EHEC-hlyA EHEC hemolysin + + + + +
cdt-V CDT-V – – – – +
iha Iha + – + + –
sfpA Sfp fimbriae – – – – +
efa1 Efa1 + + + +[2] +
sen ShET2 homologue + + + + +
pagC PagC homologue – – + +[3] +
ter Tellurite resistance + +[3] + + –
ure Urease + +[3] + + –
irp2/fyuAg Iron uptake + – – – –

[1] CDT-V, cytolethal distending toxin V; Iha, iron-regulated gene A homologue adhesin; Efa1, EHEC factor 
for adherence; ShET2, Shigella flexneri enterotoxin 2; PagC, protein encoded by the phoP-activated gene C of 
Salmonella enterica serovar Typhimurium.
[2] Strains O145:H28/NM contain either complete efa1 or only the 5´ efa1 region. All the other serotypes con-
tain a complete efa1 gene.
[3] Only a minority of isolates contain the gene.
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2003, BielaszewsKa et al. 2005a, sonnTag et al. 2005, alDicK et al. 2007). The data from 
these experiments have added to our knowledge on the prevalence and occurrence of factors 
determining virulence in non-O157 EHEC. The major non O157:H7 EHEC serotypes and a 
list of their potential virulence and fitness factors are shown in Table 1.

3. Variations in the Flagellin Encoding Gene (fliC) in Non-O157:H7 EHEC

Cultures of most of the important non-O157:H7 EHEC show growth of non-flagellated or 
poorly flagellated organisms thus making it impossible to carry out classical serotyping 
(sonnTag et al. 2004, BielaszewsKa et al. 2005c, zhang et al. 2007). The inability to assess 
H antigen using serotyping makes it difficult to study the epidemiology of the infections, 
to identify reservoirs and sources of infection for humans and to determine the modes of 
transmission. Analysis of 72 clinical isolates of EHEC O111 from patients with diarrhoea 
and HUS in Germany showed that only six were motile (zhang et al. 2007). The remaining 
66 strains (92 %) were non-motile (O111:H–), and thus could not be typed using conven-
tional H serotyping (zhang et al. 2007). Similarly, the analysis of 120 EHEC O145 isolated 
from patients revealed that three isolates belonged to serotype O145:H28, one to serotype 
O145:H25 and 116 (97 %) were non-motile (sonnTag et al. 2004). Also, a high proportion 
(approximately 50 %) of EHEC O26 (BielaszewsKa et al. 2005c) and all SF EHEC O157 
are non-motile (MellMann et al. 2005, BielaszewsKa et al. 2007). Since the flagellum ap-
paratus is complex and consist of about 40 genes, there are many possibilities for non-ex-
pression including frame shift mutations in regulatory genes and integration of IS elements. 
The variability in the H antigen is associated with variability in the amino acid sequence of 
the flagellin and with the variability in nucleotide sequence in its structural gene (fliC). The 
5´ and 3´ portions of fliC are highly conserved whereas the middle section shows signifi-
cant variability and encodes portions of the H type-specific surface proteins. Targeting the 
highly variable region by PCR provides the basis for distinguishing between the various fliC 
genes using RFLP analysis of the PCR product (MachaDo et al. 2000, Prager et al. 2003, 
sonnTag et al. 2004, zhang et al. 2007). For example, in our recent study, EHEC O111:H– 
strains displayed three different fliC-RFLP patterns that were identical to those of motile 
EHEC O111 with H antigens H 8, H10, and H11 (zhang et al. 2007). The H8 and H11 
fliC-RFLP patterns were associated with eae γ2 and eae β, respectively, whereas the H10 
fliC genotype was present only in eae-negative EHEC O111 strains (zhang et al. 2007). In 
EHEC O145, two fliC-RFLP patterns were observed (sonnTag et al. 2004). The majority of 
strains displayed the H28 fliC-RFLP pattern and harbored eae γ, whereas a small proportion 
of strains with the H25 fliC-RFLP pattern possessed eae β (sonnTag et al. 2004). Among 
EHEC O103, the most common H type and fliC-RFLP type is H2 which is associated with 
eae ε (BeuTin et al. 2004, BielaszewsKa et al. 2007) but strains with  H/fliC-RFLP types 
H11, H18, and H25 have also been isolated from patients (schiMMer et al. 2008). These data 
show the existence of at least two (EHEC O145), three (EHEC O111) or four (EHEC O103) 
clonal lineages. In contrast, all motile (H11) and non-motile EHEC O26 strains analyzed 
up to now possess fliCH11 and eae β (BielaszewsKa et al. 2005c) indicating that they all be-
long to a common clone complex. The clonal diversity within certain non-O157 EHEC se-
rogroups assists us in the molecular typing of these emerging pathogens and contributes to 
our understanding of their clinical importance and epidemiology.
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4. Comparative Genomics of Non-O157:H7 EHEC

The pathoarray first described by DoBrinDT et al. (2003) is a reliable tool for the rapid and 
comprehensive identification of virulence genes in an E. coli strain and thus for assessing 
the degree of infectivity. After sequencing a cosmid library from SF EHEC O157:H– strain 
493/89 and a large plasmid from SF EHEC O157:H– strain 3072/96 the sequences were 
compared with publicly available E. coli genome sequences and screened for candidate de-
terminants according to the known and anticipated functions. With the aid of these meth-
ods we were able to show that a variety of disease- and fitness-associated loci, present in 
E. coli O157:H7, are missing in SF E. coli O157:H– and several loci present in SF E. coli 
O157:H– are missing from E. coli O157:H7 (JanKa et al. 2002, 2003, BielaszewsKa et al. 
2005b, FrieDrich et al. 2004, 2005, JanKa et al. 2005, BrunDer et al. 2006, orTh et al. 
2006, 2007). The composition of a mosaic island present in SF EHEC O157:H– which 
is composed of fragments of the genome of EHEC O157:H7 strain EDL933 and the Shi-
gella resistance locus (SRL) is shown in Figure 1. Typical virulence and fitness genes of 
SF EHEC O157:H– are listed in Table 1. It can be concluded that the accumulation of vir-
ulence-associated sequences determines the pathotype and that marked heterogeneity is 
present in the gene content of E. coli strains and even in the gene content of members of 
the same serotype.

Non-O157 EHECs are thought to contain genes conferring fitness, toxicity and coloni-
zation properties giving these organisms advantages over commensals. These subsidiary 
genes are organized as a mosaic of DNA islands within the conserved backbone. Genomic 

Fig. 1 Structure of a mosaic island of SF EHEC O157:H– which is composed of fragments of the genome of 
E. coli O157:H7 EDL933 and the Shigella resistance locus (SRL)
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islands containing the virulence genes are known as pathogenicity islands (DoBrinDT et al. 
2004), and these have the potential to undergo rearrangements, deletions and insertions 
(DoBrinDT et al. 2004, ahMeD et al. 2008). Studies on the genomic composition of EHEC 
O157:H7 and SF EHEC O157:H– have identified differences in potential virulence genes. 
For example, in SF EHEC O157:H– strains there is a large gene, efa1 (JanKa et al. 2002) 
originally identified in an EHEC O111:H– strain (nicholls et al. 2000) which is essential 
for adherence of the organism to cultured epithelial cells, for haemagglutination and auto-
aggregation. The product of the efa1 gene, Efa1, is highly homologuos with LifA, a toxin 
produced by EPEC that specifically inhibits lymphocyte proliferation and production of in-
terleukin-2, interleukin-4 and γ-interferon in mitogen-stimulated lymphocytes (KlaPP roTh 
et al. 2000). Efa1 and LifA belong to a family of large toxins which includes clostridial cy-
totoxins and possess a 500 amino acid region highly homologous with toxin B of Clostri-
dium difficile. We have shown (JanKa et al. 2002) that SF EHEC O157:H– possess the com-
plete efa1 open reading frame that is present in only a rudimentary form in EHEC O157:H7 
(Perna et al. 2001). The presence of the complete efa1/lifA gene can be demonstrated us-
ing PCR analysis with primers complementary to three different regions of the gene (JanKa 
et al. 2002). All SF EHEC O157:H– strains examined so far in our laboratory using this 
method possess the complete gene but this gene was not found in EHEC O157:H7 strains 
(BielaszewsKa et al. 2007). A complete efa1 gene is also present in EHEC O26:H11/H- 
(BielaszewsKa et al. 2005c, BielaszewsKa et al. 2007), O103:H2 (Bielas zewsKa et al. 
2007), O145:H28 (sonnTag et al. 2004) and O111:H8/H11 but not in EHEC O111:H10 
(zhang et al. 2007).

The role of Efa1 in the pathogenesis of infections caused by EHEC is not clear. Efa-1 
has been shown to enhance colonization of the bovine intestine by EHEC O111 (sTevens 
et al. 2002), suggesting that it can act as an adhesin. In a recent report Efa1 from EHEC 
O103:H2 inhibited mitogen-activated proliferation of bovine peripheral blood lympho-
cytes, indicating its role as lymphostatin (aBu-MeDian et al. 2006). Non-O157:H7 EHEC 
harboring efa1 investigated in our laboratory do not display autoaggregation, a characteris-
tic which has been linked with the presence of efa1 in EHEC O111 (nicholls et al. 2000). 
However, these organisms adhere well to human intestinal epithelial cell lines HCT-8 and 
T84 cells (alDicK et al. 2007). Further investigations using mutants lacking functional Efa1 
are necessary to determine the role of this protein during EHEC infection.

In addition to efa1, which is located in a homologue of O island 122 (Perna et al. 2001) 
in EHEC O26, 111 and 145, marker genes for O islands 43 and 48 in of EHEC O157:H7 
strain EDL933 (Perna et al. 2001) have been identified in EHEC of the major non-O157 
serogroups such as O26, O103, O111, and O145. These include the ter gene cluster con-
ferring tellurite resistance (BielaszewsKa et al. 2005b, zhang et al. 2007, orTh et al. 2007) 
and the ure gene cluster encoding urease (FrieDrich et al. 2006, orTh et al. 2006, zhang 
et al. 2007). However, these genes are absent from SF EHEC O157:H– (BielaszewsKa 
et al. 2005b, FrieDrich et al. 2005, orTh et al. 2006, 2007). Another genomic island termed 
high pathogenicity island (HPI), which encodes an iron uptake system is usually present in 
EHEC O26:H11/H– where it could function as a fitness island (Karch et al. 1999), but is ab-
sent from EHEC O103, O111 and O145 (Karch et al. 1999).

Taken together, these data demonstrate that non-O157:H7 EHEC possess a variety of 
potential virulence and fitness genes in addition to Shiga toxin. The spectra of these genes 
and the microbe-host interactions appear to be serotype-specific or strain-specific. The iden-
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tification of the non-Shiga toxin virulence and fitness genes and analysis of the mobile ge-
netic elements (pathogenicity and fitness islands, bacteriophages, plasmids) which encode 
these loci and which have been shown to play a major role in the evolution and plasticity of 
the E. coli genome (DoBrinDT et al. 2004, ahMeD et al. 2008) have provided a major insight 
into the emergence of the non-O157:H7 EHEC human pathogens.

5. Future Perspectives

The considerable public health problem caused by non-O157:H7 EHEC and the lack of a 
specific therapy for these infections necessitates

(i) the development of effective preventive measures,
(ii) an improvement in our knowledge of the epidemiology and evolutionary mechanisms 

underlying the emergence of these pathogens, and
(iii) the introduction of new methods for their molecular typing.

Acknowledgement
This research was supported by a grant from the EU Network ERA-NET PathoGenoMics (no. 0313937C), and 
by a grant from the EU Network of Excellence EuroPathoGenomic (no. LSHB-CT-2005-512061).

References

aBu-MeDian, a. B., van DieMen, P. M., Dziva, F., vlisiDou, i., wallis, T. s., and sTevens, M. P.: Functional 
analysis of lymphostatin homologues in enterohaemorrhagic Escherichia coli. FEMS Microbiol. Lett. 258, 
43 – 49 (2006)

ahMeD, n., DoBrinDT, u., hacKer, J., and hasnain, s. e.: Genomic fluidity and pathogenic bacteria: applications 
in diagnostics, epidemiology and intervention. Nature Rev. Microbiol. 6, 387 – 394 (2008)

alDicK, T., BielaszewsKa, M., zhang, w., BrocKMeyer, J., schMiDT, h., FrieDrich, a. w., KiM, K. s., schMiDT, 
M. a., and Karch, h.: Hemolysin from Shiga toxin-negative Escherichia coli O26 strains injures microvas-
cular endothelium. Microb. Infect. 9, 282 – 290 (2007)

BeuTin, l., Krause, g., ziMMerMann, s., KaulFuss, s., and gleier, K.: Characterization of Shiga toxin-produc-
ing Escherichia coli strains isolated from human patients in Germany over a 3-year period. J. Clin. Micro-
biol. 42, 1099 – 1108 (2004)

BielaszewsKa, M., KöcK, r., FrieDrich, a. w., eiFF, c. von, ziMMerhacKl, l. B., Karch, h., and MellMann, 
a.: Shiga toxin-mediated hemolytic uremic syndrome: time to change the diagnostic paradigm? PLoS ONE 
2/10, e1024 (2007)

BielaszewsKa, M., sinha, B., Kuczius, T., and Karch, h.: Cytolethal distending toxin from Shiga toxin-produc-
ing Escherichia coli O157 causes irreversible G2/M arrest, inhibition of proliferation and death of human 
endothelial cells. Infect. Immun. 73, 552 – 562 (2005a)

BielaszewsKa, M., Tarr, P. i., Karch, h., zhang, w., and MaThys, w.: Phenotypic and molecular analysis of 
tellurite resistance among enterohemorrhagic Escherichia coli O157:H7 and sorbitol-fermenting O157:NM 
clinical isolates. J. Clin. Microbiol. 43, 452 – 454 (2005b)

BieaszewsKa, M., zhang, w., Tarr, P. i., sonnTag, a.-K., and Karch, h.: Molecular profiling and phenotype 
analysis of Escherichia coli O26:H11 and O26:NM: Secular and geographic consistency of enterohemor-
rhagic and enteropathogenic isolates. J. Clin. Microbiol. 43, 4225 – 4228 (2005c)

BrooKs, J. T., sowers, e. g., wells, J. g., greene, K. D., griFFin, P. M., hoeKsTra, r. M., and sTrocKBine, 
n. a.: Non-O157 Shiga toxin-producing Escherichia coli infections in the United States, 1983 – 2002. J. In-
fect. Dis. 192, 1422 – 1429 (2005)



Molecular and Evolutionary Mechanisms Underlying the Emergence of Non-O157:H7 E. coli

Nova Acta Leopoldina NF 98, Nr. 359, 161–168 (2008) 167

BrunDer, w., Karch, h., and schMiDT, h.: Complete sequence of the large virulence plasmid pSFO157 of the 
sorbitol-fermenting enterohemorrhagic Escherichia coli O157:H– strain 3072/96. Int. J. Med. Microbiol. 
296, 467 – 474 (2006)

DoBrinDT, u., agerer, F., Michaelis, K., JanKa, a., Buchrieser, c., saMuelson, M., svanBorg, c., goTTschalK, 
g., Karch, h., and hacKer, J.: Analysis of genome plasticity in pathogenic and commensal Escherichia coli 
isolates by use of DNA arrays. J. Bacteriol. 185, 1831 – 1840 (2003)

DoBrinDT, u., hochhuT, B., henTschel, u., and hacKer, J.: Genomic islands in pathogenic and environmental 
microorganisms. Nature Rev. Microbiol. 2, 414 – 424 (2004) 

ellioT, e. J., roBins-Browne, r. M., o’loughlin, e. v., BenneTT-wooD, v., BourKe, J., henning, P., hogg, 
g. g., KnighT, J., Powell, h., and reDMonD, D.: Nationwide study of haemolytic uraemic syndrome: clini-
cal, microbiological, and epidemiological features. Arch. Dis. Child. 85, 125 – 131 (2001)

FrieDrich, a. w., KöcK, r., BielaszewsKa, M., zhang, w., Karch, h., and MaThys, w.: Distribution of the ure-
ase gene cluster among urease activities of enterohemorrhagic Escherichia coli O157 isolates from humans. 
J. Clin. Microbiol. 43, 546 – 550 (2005)

FrieDrich, a. w., luKas, r., MellMann, a., KöcK, r., zhang, w., MaThys, w., BielaszewsKa, M., and Karch, 
h.: Urease genes in non-O157 Shiga toxin-producing Escherichia coli: mostly silent but valuable markers 
for pathogenicity. Clin. Microbiol. Infect. 12, 483 – 486 (2006)

FrieDrich, a. w., nierhoFF, K.-v., BielaszewsKa, M., MellMann, a., and Karch, h.: Phylogeny, clinical asso-
ciations, and diagnostic utility of the pilin subunit gene (sfpA) of sorbitol-fermenting, enterohemorrhagic 
Escherichia coli O157:H. J. Clin. Microbiol. 42, 4697 – 4701 (2004)

JanKa, a., BecKer, g., sonnTag, a.-K., BielaszewsKa, M., DoBrinDT, u., and Karch, h.: Presence and charac-
terization of a mosaic genomic island which distinguishes sorbitol-fermenting enterohemorrhagic Escheri-
chia coli O157:H– from E. coli O157:H7. Appl. Environ. Microbiol. 71, 4875 – 4878 (2005)

JanKa, a., BielaszewsKa, M., DoBrinDT, u., greune, l., schMiDT, M. a., and Karch, h.: The cytolethal distend-
ing toxin (cdt) gene cluster in enterohemorrhagic Escherichia coli O157:H– and O157:H7: Characterization 
and evolutionary considerations. Infect. Immun. 71, 3634 – 3638 (2003)

JanKa, a., BielaszewsKa, M., DoBrinDT, u., and Karch, h.: Identification and distribution of the enterohemor-
rhagic Escherichia coli factor for adherence (efa1) gene in sorbitol-fermenting Escherichia coli O157:H–. 
Int. J. Med. Microbiol. 292, 207 – 214 (2002)

Karch, h., schuBerT, s., zhang, D., zhang, w., schMiDT, h., ölschläger, T., and hacKer, J.: A genomic island, 
termed high pathogenicity island, is present in certain non-O157 Shiga toxin-producing Escherichia coli 
clonal lineages. Infect. Immun. 67, 5994 – 6001 (1999)

Karch, h., Tarr, P. i., and BielaszewsKa, M.: Enterohaemorrhagic Escherichia coli in human medicine. Int. J. 
Med. Microbiol. 295, 405 – 418 (2005)

KlaPProTh, J. M., scaleTsKy, i. c., McnaMara, B. P., lai, l. c., MalsTroM, c., JaMes, s. P., and DonnenBerg, 
M. s.: A large toxin from pathogenic Escherichia coli strains that inhibits lymphocyte activation. Infect. Im-
mun. 68, 2148 – 2155 (2000)

MachaDo, J., griMonT, F., and griMonT, P. A.: Identification of Escherichia coli flagellar types by restriction of 
the amplified fliC gene. Res. Microbiol. 151, 535 – 546 (2000)

MellMann, a., BielaszewsKa, M., ziMMerhacKl, l. B., Prager, r., harMsen, D., TschäPe, h., and Karch, h.: 
Enterohemorrhagic Escherichia coli during human infection: in vivo evolution of a bacterial pathogen. Clin. 
Infect. Dis. 41, 785 – 792 (2005)

nicholls, l., granT, T. h., and roBins-Browne, r. M.: Identification of a novel genetic locus that is required 
for in vitro adhesion of a clinical isolate of enterohaemorrhagic Escherichia coli to epithelial cells. Mol. Mi-
crobiol. 35, 275 – 288 (2000)

orTh, D., griF, K., Dierich, M. P., and würzner, r.: Prevalence, structure and expression of urease genes in 
Shiga toxin-producing Escherichia coli from humans and the environment. Int. J. Hyg. Environ. Health 209, 
513 – 520 (2006)

orTh, D., griF, K., Dierich, M. P., and würzner, r.: Variability in tellurite resistance and the ter gene cluster 
among Shiga toxin-producing Escherichia coli isolated from humans, animals and food. Res. Microbiol. 
158, 105 – 111 (2007)

Perna, n. T., PlunKeTT, g. 3., BurlanD, v., Mau, B., glasner, J. D., rose, D. J., Mayhew, g. F., evans, P. s., 
gregor, J., KirKPaTricK, h. a., PosFai, g., hacKeTT, J., KlinK, s., BouTin, a., shao, y., Miller, l., groT-
BecK, e. J., Davis, n. w., and liM, a.: Genome sequence of enterohaemorrhagic Escherichia coli O157:H7. 
Nature 409, 529 – 533 (2001)

Prager, r., sTruTz, u., FruTh, a., and TschäPe, h.: Subtyping of pathogenic Escherichia coli strains with flagel-
lar H– antigens: serotyping versus fliC polymorphisms. Int. J. Med. Microbiol. 292, 477 – 486 (2003)



Helge Karch and Martina Bielaszewska

168 Nova Acta Leopoldina NF 98, Nr. 359, 161–168 (2008)

schiMMer, B., nygarD, K., eriKsen, H. M., lassen, J., linDsTeDT, B. A., BranDal, L. T., KaPPeruD, G., and 
aaviTslanD, P.: Outbreak of haemolytic uraemic syndrome in Norway caused by stx2-positive Escherichia 
coli O103:H25 traced to cured mutton sausages. BMC Infect. Dis. 8, 41 (2008)

sonnTag, a.-K., BielaszewsKa, M., MellMann, a., DierKsen, n., schieracK, P., wieler, l. h., schMiDT, M. a., 
and Karch, h.: Shiga toxin 2e-producing Escherichia coli isolates from humans and pigs differ in their vir-
ulence profiles and interactions with intestinal epithelial cells. Appl. Environ. Microbiol. 71, 8855 – 8863 
(2005)

sonnTag, a.-K., Prager, r., BielaszewsKa, M., zhang, w., FruTh, a., TschäPe, h., and Karch, h.: Phenotypic 
and genotypic analyses of enterohemorrhagic Escherichia coli O145 strains from patients in Germany. J. 
Clin. Microbiol. 42, 954 – 962 (2004)

sTevens, M. P., van DieMen, P. M., FranKel, g., PhilliPs, a. D., and wallis, T. s.: Efa1 influences colonization 
of the bovine intestine by Shiga-toxin producing Escherichia coli serotypes O5 and O111. Infect. Immun. 
70, 5158 – 5166 (2002)

Tarr, P. i., gorDon, c. a., and chanDler, w. l.: Shiga toxin-producing Escherichia coli and the haemolytic 
urae mic syndrome. Lancet 365, 1073 – 1086 (2005)

wirTh, T., FaluDh, D., lan, R., colles, F., Mensa, P., wieler, L. H., Karch, H., reeves, P. R., MaiDen, M. C., 
ochMan, H., and achTMan, M.: Sex and virulence in Escherichia coli: an evolutionary perspective. Mol. 
Microbiol. 60, 1136 – 1151 (2006)

zhang, W., MellMann, A., sonnTag, A.-K., wieler, L., BielaszewsKa, M., TschäPe, H., Karch, H., and 
FrieDrich, A. W.: Structural and functional differences between disease-associated genes of enterohaemor-
rhagic Escherichia coli O111. Int. J. Med. Microbiol. 297, 17 – 26 (2007) 

 Prof. Dr. Helge Karch

 Institute of Hygiene and
 the National Consulting Laboratory on 
 Haemolytic Uraemic Syndrome
 University of Münster
 Robert-Koch-Straße 41
 48149 Münster
 Germany
 Phone: +49 2 51 8 35 53 61
 Fax: +49 2 51 8 35 53 41
 E-Mail: hkarch@uni-muenster.de



Nova Acta Leopoldina NF 98, Nr. 359, 169–172 (2008) 169

Nova Acta Leopoldina NF 98, Nr. 359, 169–172 (2008)

Special Conditions Allow Binding of the Siderophore 
Salmochelin to Siderocalin (NGAL-Lipocalin)

 Silke I. Müller (Tübingen)

 With 2 Figures

Abstract
Siderocalin is part of the innate immune system and is secreted by epithelial cells in the early stages of inflam-
mation. This protein binds catecholate siderophores such as enterobactin with high affinity. As a consequence, 
the iron supply and growth of the siderophore-producing bacteria is disturbed. Recombinant siderocalin isolated 
from strains of Escherichia coli K-12 contained bound enterobactin. Very low amounts of siderocalin were iso-
lated from another K-12 strain, unable to produce enterobactin, which indicated that enterobactin might stabilize 
the recombinant protein. Siderocalin isolated from E. coli strain Nissle 1917, which produces the glucosylated 
enterobactin salmochelin, contained a mixture of bound salmochelin (55 %) and enterobactin (45 %). Growth of 
an enterobactin-producing E. coli K-12 strain, but not of the same strain carrying a plasmid encoding iroBCDEN 
and therefore able to produce salmochelin, was suppressed when siderocalin was added to the medium, which 
indicated that salmochelin is bound by siderocalin before it folds into its final conformation in the cell and that 
binding of salmochelin to matured siderocalin is not possible. Salmochelin is mainly produced by pathogenic 
enterobacteria. Glucosylation of enterobactin may be a mechanism by which these pathogenic bacteria evade 
trapping of enterobactin by siderocalin and get their iron for growth.

Zusammenfassung
Siderocalin ist ein Bestandteil des angeborenen Immunsystems und wird in den frühen Stadien der Entzündung 
durch Epithelzellen sezerniert. Dieses Protein bindet Katecholat-Siderophore wie Enterobaktin mit hoher Affi-
nität. Daraus resultiert eine Störung der Eisenversorgung und des Wachstums von Siderophor-produzierenden 
Bakterien. Rekombinantes Siderocalin, das von Escherichia coli K-12-Stämmen isoliert wurde, enthielt ge-
bundenes Enterobaktin. Von einem K-12 Stamm, der kein Enterobaktin produzieren kann, wurden nur geringe 
Mengen Siderocalin isoliert, was für eine Stabilisierung des rekombinanten Proteins durch Enterobaktin spre-
chen würde. Der E. coli-Stamm Nissle 1917 produziert das glykosylierte Enterobaktin Salmochelin. Von diesem 
Stamm isoliertes Siderocalin enthielt einen Mix aus gebundenem Salmochelin (55 %) und Enterobaktin (45 %). 
Das Wachstum eines Enterobaktin-produzierenden E. coli K-12-Stammes wurde durch die Zugabe von Siderca-
lin ins Medium gehemmt, nicht jedoch das Wachstum des gleichen Stammes, der ein Plasmid enthält, das iroB-
CDEN kodiert und daher Salmochelin produzieren kann. Dies deutet darauf hin, dass Salmochelin durch Sidero-
calin gebunden wird, bevor dies seine endgültige Konformation in der Zelle annimmt, und dass die Bindung von 
Salmochelin an das reife Sidercalin nicht möglich ist. Die Glykosylierung des Enterobaktins könnte ein Mecha-
nismus der pathogenen Bakterien sein, um dem Abfangen des Enterobaktins durch Siderocalin zu entgehen und 
so die Eisenversorgung zu sichern.



Silke I. Müller

170 Nova Acta Leopoldina NF 98, Nr. 359, 169–172 (2008)

1. Introduction

Iron is an essential element for bacterial growth. In mammalian blood you find only a mini-
mum of free iron accessible for bacteria. Therefore pathogenic bacteria often produce spe-
cific iron-binding agents, known as siderophores that are excreted and bind free and bound 
iron Fe3+ with affinities in the nanomolar range (Braun et al. 1998). Enterobactin is the 
chelator produced by Escherichia coli. This bacterial iron supply system is interrupted by 
the high affinity of the host’s siderocalin for iron-enterobactin. Siderocalin is important for 
defense against enterobactin-producing bacteria; after i. p. challenge with an enterobactin-
producing E. coli strain, 80 % of siderocalin-deficient mice died within 42 h, whereas all 
 siderocalin-proficient mice survived (Flo et al. 2004). Salmonella enterica had long been 
assumed to secrete enterobactin as a major siderophore under low-iron conditions. It has 
been recently shown that S. enterica and certain uropathogenic E. coli strains produce a 
twofold C-glucosylated enterobactin, called salmochelin (Bister et al. 2004, Hantke et al. 
2003) which is discussed to be seen as an evasion mechanism of these bacterial strains.

2. Results

Salmochelin S4 is bound by siderocalin if siderocalin is heterologously expressed in sal-
mochelin producing E. coli, and enterobactin might stabilize recombinant produced sidero-
calin (Fig. 1).

Enterobactin producing strains were inhibited in their growth by siderocalin in an iron 
poor medium, whereas salmochelin producers were not. In vitro salmochelin S4 is not able 
to replace enterobactin bound to siderocalin (Fig. 2).

Fig. 1 Siderophore binding to GST-siderocalin. (A) GST-siderocalin was isolated from E. coli K-12 (pGEX-
4T3-NGAL) which contained bound enterobactin. GST-siderocalin isolated from Nissle 1917 (pGEX-4T3-
NGAL, pGP1 – 2) contained bound enterobactin and salmochelin (45 % to 55 %). Only very low amounts of 
 siderocalin were isolated from E. coli K-12 Δ entC (pGEX-4T3-NGAL, pGP1 – 2). The siderophore content was 
analyzed by HPLC. Since very low amounts of siderocalin were isolated from E. coli K-12 Δ entC and the mu-
tant is unable to produce enterobactin, no siderophores could be detected. (B) SDS-PAGE of purified GST-si-
derocalin from strains indicated.
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3. Conclusions

Siderocalin is secreted during inflammation into serum (Flo et al. 2004) and also into urine 
as an early marker of kidney injury (tracHtMan et al. 2006). One function of siderocalin 
in the urine might be to suppress catecholate-producing bacteria. Since growth of salmo-
chelin-producing bacteria is not inhibited by siderocalin (ValdeBenito et al. 2007) gluco-
sylation of enterobactin to form salmochelin might be an evasion mechanism of certain 
pathogenic bacteria, e. g. Salmonella enterica, urinary-tract-infecting E. coli, and other uri-
nary-tract-infecting Enterobacteriaceae. Similar observations were published by (FiscH-
BacH et al. 2006).

Urine is an iron-poor medium, and the majority of E. coli strains growing in this en-
vironment produce 4 different siderophores: enterobactin, salmochelin, aerobactin, and 
 yersiniabactin (ValdeBenito et al. 2006). In addition to 11 defined siderophore/heme recep-
tors, these urinary-tract-infecting E. coli strains encode up to 6 putative siderophore/heme 
receptors in their outer membrane, which may help to provide iron. E. coli K-12 and many 
other, often pathogenic E. coli strains have only 7 – 10 more-or-less well-characterized si-
derophore/heme receptors. This is an indication that the iron supply in urine is an important 

Fig. 2 Growth in the presence of GST-siderocalin. Recombinant siderocalin was isolated as a glutathione-S-
transferase (GST) fusion protein from Escherichia coli K-12 strains. GST-siderocalin contained bound entero-
bactin, however, it was in most cases only partially saturated with enterobactin (about 30 %). Addition of this 
GST-siderocalin to E. coli K-12 in an iron poor medium inhibited growth of this strain (squares). When E. coli 
K-12 contained the plasmid pKHI18, encoding the iroA locus (iroBCDEN) which allows synthesis of salmoche-
lin and utilization of Fe-salmochelin, the strain was able to grow in the presence of GST-siderocalin (triangle). 
Salmonella enterica producing salmochelin was also able to grow in the presence of GST-siderocalin (filled cir-
cle). E. coli K-12 containing the plasmid pKHI23, encoding the receptor IroN and the two esterases IroE and 
IroD necessary for the uptake and utilization of Fe-salmochelin, is not able to produce salmochelin. This strain 
(diamonds) was not able to grow in presence of GST-siderocalin, just like K-12 without any plasmid.
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factor for bacterial growth. Work is in progress to investigate whether one of these TonB-
dependent putative siderophore receptors is a siderocalin receptor that could allow the bac-
terium to gain back iron-enterobactin from siderocalin.
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Abstract
By substractive hybridization between the genomes of an Avian Pathogenic E. coli (APEC) strain and of a non-
pathogenic E. coli strain of avian origin, we identified a 7400 bp region (frz) that is absent from the non-patho-
genic strain. This region is very rarely present in non-pathogenic strains of avian origin. The prevalence of frz in 
APEC strains increases with their virulence. Frz was sequenced in an APEC strain (BEN2908) of the most viru-
lent group and found to contain eight genes coding for the three subunits of a PTS transporter from the fructose 
sub-family, for a transcriptional activator of PTS systems, for two type II ketose-1,6-biphosphate aldolases, for 
a sugar specific kinase (ROK family) and for a protein of unknown function. In strain BEN2908, these eighth 
genes are expressed as a polytranscript from a promoter localized upstream of the first open-reading frame (cod-
ing for the PRD-regulator). All these genes are transcribed during the complete in vitro growth-phase. We have 
deleted the entire frz region of strain BEN2908 and inserted a kanamycin resistance cassette at that position. We 
fed axenic White Leghorn chickens of twelve days with a mixed bacterial culture containing strain BEN2908 
and its isogenic deletion mutant. The evolution of the proportion of these strains in the intestinal tract of the 
chickens was followed during seven days. This experiment showed that the frz region procures an advantage to 
strain BEN2908 for the colonization of the chicken intestinal tract. Mixed cultures of strain BEN2908 and of its 
isogenic deletion mutant in LB medium and in condition of partial anaerobiosis (condition close to that found 
in the intestinal tract) also indicate that this region gives an advantage to BEN2908 during the stationary in vitro 
growth-phase. Our data, connecting the level of virulence of the strains with their metabolic capacities, open in-
teresting perspectives on the comprehension of bacterial virulence mechanisms.

Zusammenfassung
Mit Hilfe der subtraktiven Hybridisierung der Genome eines vogelpathogenen E. coli (APEC)-Stammes und 
eines apathogenen E. coli-Vogelisolates konnten wir eine 7400 bp große Region (frz) identifizieren, die in dem 
apathogenen Stamm nicht vorkommt. Diese Region kommt in apathogenen Vogelstämmen sehr selten vor. Die 
Verbreitung der frz-Region in APEC-Stämmen steigt mit zunehmender Virulenz. Die frz-Region des APEC-
Stammes BEN2908, der zur virulentesten Gruppe der APECs zählt, wurde sequenziert. Sie enthält acht Gene, 
die für die drei Untereinheiten des PTS-Transporters der Fructose-Unterfamilie kodieren sowie für einen tran-
skriptionellen Aktivator des PTS-Systems, für zwei Typ-II-Ketose-1,6-Biphosphat-Aldolasen, für eine Zucker-
spezifische Kinase (der ROK-Familie) und für ein Protein unbekannter Funktion. Diese acht Gene werden im 
Stamm BEN2908 als Polytranskript von einem Promotor aus transkribiert, der stromaufwärts vom ersten offe-
nen  Leserahmen (dieser kodiert den PRD-Regulator) lokalisiert ist. All diese Gene werden während der gesam-
ten In-vitro-Wachstumsphase transkribiert. Wir haben die gesamte frz-Region im Stamm BEN2908 deletiert 
und stattdessen eine Kanamyzin-Kassette inseriert. Keimfreie weiße Leghorn-Hühner von 12 Tagen wurden 
mit einer gemischten Bakterienkultur gefüttert, die den Stamm BEN2908 und seine isogene Deletionsmutante 
enthielt. Die Entwicklung des Mengenverhältnisses der beiden Stämme im Verdauungstrakt der Hühner wurde 
über einen Zeitraum von sieben Tagen beobachtet. Dieses Experiment zeigte, dass die frz-Region für den Stamm 
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BEN2908 für die Besiedelung des Verdauungstraktes der Hühner von Vorteil ist. Mischkulturen des Stammes 
BEN2908 und seiner isogenen Deletionsmutante, die in LB-Medium und unter teilweiser Anaerobiose (Bedin-
gungen, die denen im Verdauungstrakt sehr ähnlich sind) gehalten wurden, zeigen ebenfalls, dass diese Region 
für BEN2908 während der stationären Wachstumsphase unter In-vitro-Bedingungen einen Vorteil bietet. Unsere 
Daten eröffnen interessante Perspektiven für unser Verständnis von bakteriellen Virulenzmechanismen, da sie 
eine Verbindung zwischen dem Virulenzgrad der Stämme und ihren Stoffwechseleigenschaften herstellt.

Extra-intestinal pathogenic Escherichia coli (ExPEC) are responsible for a variety of hu-
man and animal diseases. Their infection process is multifactorial and still incompletely 
known. ExPEC strains are divided in several pathotypes responsible for urinary tract and 
meninges infections of human (UPEC and MENEC pathotypes, respectively), and extra-
intestinal infections of all avian species (APEC pathotype). ExPEC are also responsible for 
septicemia in human and animal. Actually, the MENEC pathotype is the second cause of 
neonatal meningitis (25 – 30 % of cases), after the group B Streptococcus (May et al. 2005). 
Urinary tract infections caused by UPEC are the most common infections due to bacteria 
(40 %), they are responsible for 3.5 millions consultations of physician each year in Eu-
rope (hooton and StaMM 1997, RuSSo and JohnSon 2006). Today, the APEC pathotype is 
one of the main causes of economical losses due to bacteria in the poultry industry and of 
condemnation at slaughter-house (Dho-Moulin and FaiRBRotheR 1999). APEC strains are 
phylogenetically linked with strains from other pathotypes of the ExPEC group with which 
they share numerous virulence factors. This suggests that the APEC strains could represent 
a zoonotic risk (Moulin-SchouleuR et al. 2007).

APEC strains are inhabitants of the intestine of many avian species. They are also re-
sponsible for a systemic disease in chickens and turkey chicks that starts with a respiratory 
tract infection. This infection is usually secondary to immunosuppression or damaged of the 
respiratory tract by viral (infectious bronchitis virus, hemorrhagic enteritis virus or New-
castle disease virus) or mycoplasmal infections, or by environmental stresses (exposure to 
ammonia and dust). APEC infections in poultry occur by inhalation of feces-contaminated 
dust. APEC first reach the upper respiratory tract, then colonize the lower respiratory tract 
and gain access to the air sacs and lungs. They finally gain entry into the blood stream and 
induce a systemic infection by colonizing internal organs such as the hearth, the liver and 
the spleen. The most frequent syndromes of APEC infection in poultry are aerosacculitis, 
pericarditis, perihepatitis and septicemia (Dho-Moulin and FaiRBRotheR 1999).

Various virulence factors of APEC were described. Those factors are nevertheless pre-
sent in variable combinations among these strains. Fimbrial or afimbrial adhesins are impli-
cated in the colonization of poultry. Type I fimbriae have a major role in APEC adherence to 
the chicken intestine, whereas type P fimbriae (pap operon) are expressed during coloniza-
tion of the air-sacs, the lung and the internal organs. Iron-sequestering systems (aerobactin, 
Iro proteins, yersiniabactin, Sit system) allow the multiplication of the bacteria in low iron 
concentration environments. Other factors, such as anti-host defense factors (OmpA, Iss, 
LPS, K1 capsule), autotransporters (Tsh and VAT), IbeA protein, and proteins implicated 
in carbohydrate metabolism (MFS transporter, glycosidase, LacI transcriptional regulator) 
were also described. Some of those factors are encoded by pathogenicity islands (PAI) in-
serted at tRNA loci. This is the case for the VAT protein coded by a PAI inserted at the thrW 
tRNA locus of strain EC222, for the pap operon identified in a PAI inserted at the pheV lo-
cus of strain APEC-01, and for proteins implicated in carbohydrate metabolism coded by 



Identification of an Avian Pathogenic Escherichia coli Metabolic Region

Nova Acta Leopoldina NF 98, Nr. 359, 173–178 (2008) 175

the AGI-3 PAI inserted at the selC tRNA locus of strain BEN2908. Nevertheless, the above 
components cannot explain all the disease process which is complex and multi-factorial 
(chouikha et al. 2006, Dho-Moulin and FaiRBRotheR 1999, GeRMon et al. 2005).

To better characterize the pathogenic mechanism of APEC strains and identify new vir-
ulence factors, a substractive hybridization between the genomes of an APEC strain and 
of a non-pathogenic E. coli strain of avian origin was made in our laboratory (SchouleR 
et al. 2004). Among others, this experiment allowed the identification of a metabolic re-
gion that is absent from the non-pathogenic strain. We showed that this region is very rarely 
found among non-pathogenic strains of avian origin (less than 2 %) and that its association 
with APEC strains increases with their virulence, reaching an association of 74 % with the 
APEC strains from the most virulent group (Moulin-SchouleuR and Gilot, unpublished re-
sults). The above cited metabolic region from an APEC strain of the most virulent group 
(BEN2908) was sequenced and found to contain eight genes potentially implicated in car-
bohydrate metabolism. Three of them encode a PTS transporter of the fructose sub-fam-
ily (EIIA, EIIB, EIIC). The other genes code for a transcriptional activator of PTS systems 
(protein with PRD domains), two type II ketose-1,6-biphosphate aldolases, a sugar specific 
kinase of the ROK family and a protein of unknown function (Tab. 1). None of these pro-
teins is actually described in the literature. To be conformed to the nomenclature of PTS 
transporters of the fructose sub-family, we named this new transporter, Frz, and the all met-
abolic region, frz region. Blast homology searches indicated that the entire frz region is ab-
sent from the genome of the two sequenced E. coli K-12 non-pathogenic strains. In the 
APEC strain BEN2908, the eight frz genes are expressed in the form of a polytranscript 
from a promoter localized upstream of the first open-reading frame (coding for the PRD-
regulator). All these genes are transcribed during the complete in vitro growth-phase (Rou-
quet and Gilot, unpublished results).

Tab. 1 Genes present in the frz metabolic region

ORF Function
1 Transcriptional activator (PRD domains proteins)
2 Subunit IIA of a fructose-like PTS transporter
3 Subunit IIB of a fructose-like PTS transporter
4 Subunit IIC of a fructose-like PTS transporter
5 Class II ketose 1,6-biphosphate aldolase
6 Class II ketose 1,6-biphosphate aldolase
7 ROK sugar specific kinase
8 Unknown

PTS transporters and their specific regulators (regulators with PRD domains of the antiter-
minator or activator type) are absent from eukaryotic organism and are only present in some 
bacterial species. Their main function is the translocation of carbohydrates inside bacteria 
but more and more data from the literature indicate that these systems are also probably, 
as two-component systems, environmental sensors affecting diverse physiological aspects 
of the bacteria, and particularly the expression of their virulence. The PTS system is com-
posed of enzyme I (EI), Hpr (heat stable histidin protein), and enzyme II (EII). EI and Hpr 
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are general cytoplasmic energy-coupling proteins which lack sugar specificity. EII is made 
of several domains (EIIA, EIIB, EIIC and sometimes EIID) and has the function of a carbo-
hydrate permease specific for one or a few sugar. EIIA and EIIB are cytoplasmic domains, 
whereas (EIIC and EIID) are membrane domains. All these domains can eventually be 
fused in one or several proteins. Phosphoryl relay, energizing the transporter, proceeds se-
quentially from PEP to EI, Hpr, EIIA, EIIB, EIIC, and, finally, the incoming sugar which is 
transported across the internal membrane via the integral membrane EIIC porter. The level 
of phosphorylation of PTS components influences the level of phosphorylation of PRD reg-
ulators. Following the phosphorylation level of these regulators, operons coding PTS trans-
porters and some virulence genes are activated or not (DeutScheR et al. 2006, Stulke et al. 
1998, tSvetanova et al. 2007).

The high association of the frz region to APEC strains and our in silico studies suggest 
non-exclusively that:

(i) this region gives a metabolic advantage to the strains for the colonization of the intesti-
nal tract and/or target organs of extra-intestinal colibacillosis;

(ii) the PTS transporter encoded by the region is a sensor of the environment and it regu-
lates virulence and/or host adaptation genes by phosphorylation/dephosphorylation 
mechanisms implicating its EIIA and EIIB subunits and the PRD-regulator.

As a first approach to these questions, we have deleted the entire frz region of the APEC 
strain BEN2908 and inserted a kanamycin resistance cassette at this position (BaRRa and 

Fig. 1 Colonization of the intestinal tract of chicks with a mixed culture of strain BEN2908 and 
BEN2908∆frz::kan. Six axenic White Leghorn chicks of 12 days were fed with a mixed culture of strains 
BEN2908 and BEN2908∆frz::kan. The proportion of the mutant in faeces of the chicks was analyzed during 
7 days. The proportion of the mutant in the inoculum is 51 % (- -). Data are presented as the means ± standard de-
viations for the six animals analyzed. Signification of the results were tested with a t Student test (**, P < 0.001; 
*, 0.01 > P > 0.001).
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Gilot, unpublished results). We then fed axenic White Leghorn chicks of twelve days with 
a mixed bacterial culture containing strain BEN2908 and its isogenic mutant ∆frz::kan.  
The evolution of the proportion of these strains in the intestinal tract of these animals was 
followed during seven days. Data presented in Figure 1 indicate that the frz region gives 
an advantage to strain BEN2908 for the colonization of the chick intestinal tract. Mixed 
cultures of strain BEN2908 and of its isogenic mutant ∆frz::kan made in LB medium and 
condition of partial anaerobiosis (condition close to that found in the intestinal tract) also 
indicates that this region gives an advantage to BEN2908 during the stationary in vitro 
growth-phase, whereas this effect is not observed during the exponential growth-phase 
(Rouquet and Gilot, unpublished results). 

In conclusion, we have identified a genomic region promoting the adaptation of an 
APEC strain to its host. The functional characterization of the diverse proteins coded by 
this metabolic region and the determination of their role in the pathogenic mechanism of 
E. coli is under study in our laboratory. Our data, connecting the level of virulence of the 
strains with their metabolic capacities, open interesting perspectives on the comprehension 
of bacterial virulence and host adaptation mechanisms.
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The Pathogenic Potential of Escherichia coli – 
Closing Remarks

 Volkmar Braun ML (Tübingen)

The outstanding conference once more demonstrated the attractiveness of Escherichia coli 
as a model organism for studying microbial pathogenicity, including genomics and gene 
regulation, virulence factors, and host-pathogen interactions and emphasized its medical 
importance. The conference started with an historical account of the importance of E. coli 
for the development of molecular biology which forms conceptually and experimentally 
the framework of the current research on microbial pathogenicity. Only by this means the 
complex gene expression patterns during infections can be dissected into comprehensible 
single events which can then be reassembled into complete phenotypes. Nevertheless, we 
are outwitted by E. coli. All the wonderful modern techniques, genomics, transcriptomics, 
proteomics, metabolomics, NMR, X-ray analysis, and imaging techniques are not sufficient 
to define with certainty a pathogen as opposed to a commensal. Virulence factors have been 
identified, among them dominant ones such as protein toxins, but in most cases a combina-
tion of many factors define a pathogen. E. coli presents itself as a genetically highly ver-
satile organism with a conserved core of genes and a flexible gene pool that provides an 
impressive metabolic and pathogenic flexibility to cope with many different environments. 
Accordingly versatile are the phenotypes, ranging from commensal strains to strains that 
cause urinary tract infections, intestinal infections, sepsis, and meningitis. Much work is 
devoted to the fascinating question how the various pathogenic strains of E. coli evolved. 
Interactions with the host is a major issue; how bacteria avoid the immune defense, how 
they deal with the native and acquired immune system, how they manipulate host cells for 
their own multiplication in acute and chronic infections. Bacteria-induced host modifica-
tions and host-induced regulatory cascades in bacteria are being uncovered. This research 
does not contribute only to the understanding of pathogenicity mechanisms but provides 
fundamental insights into the ways prokaryotic and eukaryotic cells function. Because of 
the strong and highly specific effects of bacteria on host cells, bacteria serve as tools in cell 
research. Finally, it can be expected that the knowledge gained in fundamental and clinical 
research will further help to prevent infections, to provide new diagnostic tools and anti-
biotics, to cope with the antibiotic resistance problem, and to develop vaccines to combat 
bacterial infections.

In 100 excellent talks and posters most of the relevant aspects of E. coli pathogenicity 
were covered. The scope of the topics was much too broad to be summarized here. The pa-
pers in this volume summarize the present state of the particular field. Theodor EschErich 



Volkmar Braun

180 Nova Acta Leopoldina NF 98, Nr. 359, 179–180 (2008)

would have been surprised and impressed about the great potential of his “bacterium coli 
commune”. The limited number of attendees offered sufficient opportunities for discus-
sions, and there was enough space and time to give proper attention to the posters.

In the years to come when most of the scientific details will have faded away and new 
scientific towers are built on the ground of this conference, the conferees will vividly re-
member the great hospitality provided by the organizers, the impressive concert of Werner 
GoEBEl, the tour to the world heritage city of Bamberg, the grandiose baroque building of 
the Banz monastery and its beautiful surrounding.

The conferees sincerely thank Jörg hackEr and his outstanding crew, his colleagues of 
Würzburg, and the international scientific advisers for this wonderful scientific and per-
sonal experience.
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