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Preface

It is appropriate that this volume should appear on the 100th anniversary of the
isolation of Leptospira and its discovery as the causative agent of Weil’s disease.
The last 10 years have seen a resurgence of research activity on Leptospira,
probably as a result of the availability of whole genome sequences and the
development of genetic tools for the manipulation of pathogenic leptospires. The
previous decade has seen double the number of papers published on Leptospira or
leptospirosis than in any previous decade and more than all the publications in the
first 50 years of leptospirosis research. It is gratifying that this activity has been
accompanied by an increased awareness of the serious disease caused in humans
and animals by this global pathogen.

In the years since the publication of “Leptospira and Leptospirosis” by Faine
et al. (1999, MediSci, Melbourne) it became apparent that it was unlikely that a
single person, or even a small group of authors, would be able to find the time to
write an updated version. However, although much of the information in that book
remains relevant, large parts have become so out of date as to be misleading. The
solution to both these problems was to assemble a group of world experts on
leptospirosis to contribute to this present volume, which brings together just such a
group. There is of necessity some overlap between chapters. This is unavoidable;
for example, how can one write about the leptospiral outer membrane without
discussing proteins and LPS, which are also key players in pathogenesis and in
interactions with the host immune system? The overlap is also desirable, in that
each chapter can be read on a stand-alone basis, with reference to other chapters
where appropriate.

There are many people to whom I wish to express my heartfelt thanks. First and
foremost, I am grateful to the chapter authors in this volume for the alacrity and
enthusiasm with which they accepted the invitation to contribute. To my many
colleagues and associates over the past decades (too numerous to detail here),
I appreciate your willingness to collaborate and to share your wisdom and insight.
Many of you are contributors to this volume. However, I would like to express my
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particular gratitude to Solly Faine, who has been a mentor, colleague and friend
for over 44 years, and who first introduced me to that fascinating organism, the
leptospire. Finally, my grateful thanks to my wife Stephanie for her love, patience
and forbearance during the preparation of this volume and over the last 40 years.

Melbourne, Australia, October 2014 Ben Adler
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History of Leptospirosis and Leptospira

Ben Adler

Abstract Leptospira was isolated and identified as the causative agent of the
severe human syndrome Weil’s disease about 100 years ago almost simultaneously,
but independently, by workers in Japan and Europe. Since that time leptospires
have been isolated from almost all mammalian species on every continent except
Antarctica, with leptospirosis now recognized as the most widespread zoonosis
worldwide and also a major cause of disease in many domestic animal species.
Recent advances in molecular taxonomy have facilitated the development of a
rational classification system, while the availability of genome sequences and the
development of mutagenesis systems have begun to shed light on mechanisms of
pathogenesis that appear to be unique to Leptospira.

Contents

1 History of Weil’s Disease.................................................................................................... 1
2 A Spirochete as the Causative Agent.................................................................................. 3
3 Rats as Carriers of Leptospira............................................................................................. 6
4 Recognition of Leptospirosis in Animals and the Expansion

of Serovars and Syndromes................................................................................................. 7
5 Nomenclature and Classification ......................................................................................... 7
6 Recent Developments .......................................................................................................... 8
References .................................................................................................................................. 8

1 History of Weil’s Disease

The modern history of leptospirosis began in 1886 when Adolph Weil (Fig. 1)
described a particular type of jaundice accompanied by splenomegaly, renal dys-

B. Adler (&)
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e-mail: Ben.Adler@monash.edu

© Springer-Verlag Berlin Heidelberg 2015
B. Adler (ed.), Leptospira and Leptospirosis, Current Topics in Microbiology
and Immunology 387, DOI 10.1007/978-3-662-45059-8_1
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function, conjunctivitis, and skin rashes (Weil 1886). It was subsequently named
Weil’s disease. Although the etiology of the disease was unknown, it appeared to be
infectious in nature and was often associated with outdoor occupations in which
persons came into contact with water. Epidemics were common among sewer
workers, rice-field workers, and coal miners.

However, it is apparent that leptospirosis had existed for millennia. Although it
is difficult to draw firm conclusions from records before the advent of modern
medical and scientific literature, it seems clear that at least some of the early disease
outbreaks described in ancient texts were leptospirosis. For example, ancient
Chinese texts carry accounts of “rice field jaundice”, while in Japan syndromes
clearly recognizable today as leptospirosis were termed “autumn fever” or “seven-
day fever” (Kitamura and Hara 1918). In Europe, Australia and elsewhere, asso-
ciations were recognized between febrile illness and particular occupations, giving
rise to syndromes such as “cane-cutter’s disease”, “swine-herd’s disease”, and
“Schlammfieber (mud fever)”, well before the common etiology was recognized
and identified (Alston and Broom 1958; van Thiel 1948). For a more detailed
description of the early accounts of what were almost certainly large-scale out-
breaks of leptospirosis, the reader is referred to Chapter 1 of Faine et al. (1999).

Fig. 1 Portrait of Adolph
Weil (1848–1916). Image
courtesy of Wellcome
Library, London
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2 A Spirochete as the Causative Agent

Although Leptospira was first isolated independently and almost simultaneously in
Japan and in Europe (see below), it is clear that the first demonstration of lepto-
spires was made some years earlier by Stimson (1907), who used the recently
described Levaditi silver deposition staining technique to observe spirochetes in
kidney tissue sections of a patient described as having died of yellow fever (Figs. 2
and 3). It is probable that the patient was convalescing from Weil’s disease when he
contracted fatal yellow fever; spirochetes were observed in kidney, but not liver or
heart, tissues. Stimson called the organism Spirocheta interrogans; the species
name, which survives to this day, was suggested by the resemblance of the bacterial
cells to a question mark, a feature that we now know to be due to the characteristic
hooked ends of leptospires.

The first isolation of Leptospira followed just a few years later. In Japan, where
Weil’s disease was common in coal miners, Inada et al. (Fig. 4) injected guinea-pigs
intraperitoneally with the blood of Weil’s disease patients and succeeded in
reproducing typical, acute leptospirosis in the animals (Inada et al. 1916). This and
subsequent papers constituted a tour de force for the period; they defined trans-
missibility, routes of infection, pathological changes, tissue distribution, urinary
excretion, leptospiral filterability, morphology, and motility. Signs in infected
guinea-pigs included jaundice, conjunctivitis, inappetence, anemia, hemorrhages,
and albuminuria. Disease was transferred in guinea-pigs for up to 50 generations.
Spirochetes were observed in most tissues, with liver and kidneys containing the
greatest numbers. These observations were extended to postmortem tissues from
human cases, which revealed similar findings. These workers also showed that
rabbits, mice, and rats were comparatively resistant to acute disease, even when
injected with very large volumes of infected guinea-pig tissues.

Within a few months Inada and colleagues had succeeded in propagating the
spirochetes in vitro in a medium made from emulsified guinea-pig kidney,
and showed a preference for growth at 25 °C, with loss of viability at 37 °C.

Fig. 2 Stimson’s original
observation of spirochetes in
kidney tissue. Reproduced
from (Noguchi 1928), with
permission from the
publishers, University of
Chicago Press
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The organism was named Spirochaeta icterohaemorrhagiae. One of the first iso-
lates survives to this day and Ictero No. 1 was accepted by the Subcommittee on the
Taxonomy of Leptospira in 1990 as the Type Strain of Leptospira interrogans
(Marshall 1992).

Fig. 3 Copy of Stimsom’s (1907) article in Public Health Reports. US Public Domain
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Remarkably, the Japanese group also conducted the first vaccination studies. It is
worth quoting verbatim.

Guinea pigs were immunized with repeated injections of liver emulsion of the infected
animal and later with a pure culture of the spirochete, which had been killed by carbolic
acid [Author’s note, phenol]. The animals thus immunized did not develop the disease on
the injection of the spirochete, which, it was known, would produce the disease in healthy
animals. Hence this method seems promising for the prevention of the disease in man. Our
conclusion is that the flea and mosquito have no share in the infection.

Of course, in the absence of quantitative data it is impossible to assess the degree
of protection.

Finally, Inada and colleagues demonstrated immune lysis of leptospires by
patient serum within the guinea-pig peritoneal cavity (the so-called Pfeiffer’s
method) and showed passive protection of guinea-pigs by convalescent patient
serum or immune goat serum, but only if it was administered before the onset of
jaundice. The importance of early treatment before the onset of organ failure
remains relevant today (see the chapters by D.A. Haake and P.N. Levett and W.A.
Ellis, this volume).

Fig. 4 Portrait of Ryokichi
Inada (1874–1950). Kindly
provided by Prof. Shin-ichi
Yoshida, Kyushu University
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The 1916 paper of Inada et al. extended data that were first published in the
Japanese literature in early 1915 which described their observation in November
1914 of leptospires in the liver of a guinea-pig injected with the blood of a Weil’s
disease patient. Of course, this work was not known in Europe where trench warfare
in World War I resulted in large numbers of Weil’s disease cases. Two German
groups independently and almost simultaneously (October 1915) succeeded in
transmitting the infection to guinea-pigs and demonstrating the leptospires in gui-
nea-pig tissues (Hubener 1915; Uhlenhuth and Fromme 1915). The groups named
the organism Spirochaeta nodosa and Spirochaeta icterogenes respectively. Some
controversy followed about priority, but it is clear that the Japanese discovery pre-
dates the European ones by about a year, a fact recognized by the Subcommittee on
the Taxonomy of Leptospira in specifying Ictero No. 1 as the type strain.

3 Rats as Carriers of Leptospira

The key finding that rats were renal carriers of Leptospira followed within 2 years,
also reported by the Japanese group (Ido et al. 1917). The investigation was
prompted by the serendipitous findings of spirochetes in the kidneys of field mice
by colleagues working on tstutsugamushi (now Orientia tstutsugamushi). Ido and
colleagues observed and cultured spirochetes from the kidneys and urine of a range
of species of house and wild rats and identified them as S. icterohaemorrhagiae
based on specific Pfeiffer reactivity with immune serum. They also made the key
observation that leptospires were restricted to the kidneys and that the rats appeared
healthy, the first observation of the asymptomatic carrier state. The connection
between rats and Weil’s disease was clearly established, as in coal mines which
were frequently infested with rats, and also with the following epithet: “Cooks
working in kitchens frequented by rats often became ill with spirochetosis ictero-
haemorrhagica.” Interestingly, the group also observed spirochetes in mouse kid-
neys, but they were much less virulent when injected into guinea-pigs. It is probable
that they observed one of the several serovars that we now know to be carried by
mice. The Japanese findings were quickly confirmed in Europe and the U.S.A
(Noguchi 1917; Stokes et al. 1917).

The Japanese group also reported some interesting epidemiological observa-
tions. Weil’s disease in Japan showed a clear increased incidence in spring and
autumn, but in coal mines where there was no temperature fluctuation the preva-
lence was the same year round. While this difference may be explained partly by
season-specific human activities, the point was noted that higher incidence corre-
sponded to temperatures of 22–25 °C. In addition, the incidence in coal mines with
neutral or alkaline soil and water was high, whereas in mines with acidic soil and
water infection was rare, despite equally high levels of rat infestation.

6 B. Adler


	Preface
	Contents
	1 History of Leptospirosis and Leptospira
	Abstract
	1 History of Weil's Disease
	2 A Spirochete as the Causative Agent
	3 Rats as Carriers of Leptospira
	4 Recognition of Leptospirosis in Animals and the Expansion of Serovars and Syndromes
	5 Nomenclature and Classification
	6 Recent Developments
	References

	2 Systematics of Leptospiraceae
	Abstract
	1 Systematics of Leptospiraceae
	1.1 Taxonomy
	1.2 Nomenclature

	2 Classification of Leptospiraceae
	2.1 Historical Classification
	2.2 Genetic Basis for Classification
	2.3 Phylogenetic Classification

	References

	3 Leptospiral Structure, Physiology, and Metabolism
	Abstract
	1 General Morphological Features
	1.1 Size and Appearance
	1.2 Cell Envelope
	1.2.1 Outer Envelope
	1.2.2 Periplasm

	1.3 Spiral Shape

	2 Motility
	2.1 Leptospiral Flagellar Machinery
	2.2 Mechanics of Directional Motility
	2.3 Connection to Infectivity

	3 Metabolism
	4 Nutritional Requirements, Growth, and Cultivation
	4.1 Nutritional Requirements
	4.2 Growth
	4.3 Cultivation
	4.3.1 Growth in Liquid Media
	4.3.2 Growth in Semisolid Media
	4.3.3 Growth on Solid Media
	4.3.4 Isolation of Pathogenic Leptospires from Clinical Samples


	5 Storage
	Acknowledgments
	References

	4 Genomics, Proteomics, and Genetics of Leptospira
	Abstract
	1 Genomics
	1.1 Genome Organization
	1.2 General Features of the Genomes
	1.3 Gene Content and Evolution of Leptospira Species
	1.4 Gene Regulation

	2 Post-genomics and Proteomics
	2.1 Transcriptomics
	2.2 Proteomics
	2.3 Posttranslational Modifications

	3 Genetics
	3.1 Replicative Vectors, Markers, and Other Genetic Tools
	3.2 Mutagenesis

	4 Conclusions
	Acknowledgments
	References

	5 Leptospirosis in Humans
	Abstract
	1 Epidemiology and Surveillance
	1.1 Sources of Infection
	1.2 Transmission
	1.3 Global Burden of Disease

	2 Pathology
	3 Clinical Features
	3.1 Incubation Phase
	3.2 Presentation
	3.3 Risk Factors for Morbidity and Mortality
	3.4 Recovery Phase

	4 Diagnosis
	4.1 Molecular Diagnosis
	4.2 Isolation and Identification of Leptospires
	4.3 Serological Diagnosis
	4.3.1 Microscopic Agglutination Test
	4.3.2 Other Serological Tests
	4.3.3 Evaluation of Serological Tests


	5 Management
	5.1 Antimicrobial Susceptibilities

	6 Prevention
	6.1 Human Leptospirosis Vaccines
	6.2 Chemoprophylaxis

	Acknowledgments
	References

	6 Animal Leptospirosis
	Abstract
	1 Introduction
	2 Epidemiology: General Considerations
	3 Pathogenesis
	4 Disease in Animals
	4.1 Large Ruminants
	4.1.1 Cattle
	4.1.2 Buffalo
	4.1.3 Cervidae
	4.1.4 Camelids

	4.2 Small Ruminants
	4.2.1 Sheep
	4.2.2 Goats

	4.3 Swine
	4.3.1 Pomona Infection
	4.3.2 Australis Infection
	4.3.3 Tarassovi Infection
	4.3.4 Incidental Infections

	4.4 Horses and Donkeys
	4.5 Dogs and Cats
	4.5.1 Dogs
	4.5.2 Cats

	4.6 Non-human Primates
	4.7 Rodents and Other Wild Animals
	4.8 Laboratory Animals
	4.9 Reptiles and Other Poikilothermic Vertebrates

	5 Pathology
	6 Diagnosis
	6.1 Demonstration of Leptospires in Animals
	6.2 Serological Tests

	7 Treatment and Control
	7.1 Treatment
	7.2 Control

	8 Challenges
	Acknowledgments
	References

	7 The Molecular Basis of Leptospiral Pathogenesis
	Abstract
	1 Introduction to the Pathogenesis of Leptospirosis
	1.1 Methods for the Identification and Characterization of Virulence Factors
	1.2 Redundancy of Leptospiral Virulence Mechanisms

	2 Pathogen Entry
	2.1 Motility
	2.2 Chemotaxis
	2.3 Crossing Host Tissue Barriers

	3 Pathogen Adhesion and Dissemination
	3.1 Adhesion to Host Cells
	3.2 Glycosaminoglycans
	3.3 Adhesion to Extracellular Matrix
	3.3.1 Fibronectin-Binding Proteins
	3.3.2 Laminin-Binding Proteins
	3.3.3 Elastin-Binding Proteins

	3.4 Disruption of Hemostasis and Wound Repair
	3.4.1 Leptospiral Binding of Fibrinogen
	3.4.2 Leptospiral Binding of Plasminogen

	3.5 Notable Proteins with Multiple Binding Affinities
	3.5.1 Lig Proteins
	3.5.2 The Len Proteins
	3.5.3 LipL32


	4 Persistence
	4.1 Evasion of Host Immunity
	4.1.1 Interaction with the Complement Cascade
	4.1.2 Interaction with Phagocytic Immune Cells

	4.2 Nutrient Acquisition

	5 Mechanisms of Damage to Host Tissues
	6 Virulence-Associated Factors Without a Defined Function
	6.1 Loa22
	6.2 LruA
	6.3 Lipopolysaccharide (LPS)
	6.4 Bacterial Chaperone HtpG
	6.5 Other Attenuated Mutants

	7 The Renal Carrier State
	8 Future Directions
	References

	8 The Leptospiral Outer Membrane
	Abstract
	1 Lipopolysaccharide (LPS)
	1.1 LPS Structure and Biosynthesis
	1.2 Innate Immunity: TLR4 and TLR2
	1.3 LPS Assembly and Transport

	2 Outer Membrane Proteins (OMPs)
	2.1 General Considerations
	2.2 Lipoprotein OMPs
	2.3 Lipoprotein Lipidation and Export
	2.4 LipL32, the Major Outer Membrane Lipoprotein
	2.5 Loa22 and Other OmpA-Like Proteins
	2.6 Outer Membrane Lipoprotein LipL41
	2.7 The Lig Family of OM Lipoproteins
	2.8 More Outer Membrane Lipoproteins
	2.9 Transmembrane Outer Membrane Proteins
	2.10 Discovery of the Porin OmpL1
	2.11 Beta-Barrel Structure of Transmembrane OMPs
	2.12 Experimental Validation of Transmembrane OMPs
	2.13 OMPs Involved in Import Pathways
	2.14 OMPs Involved in Export Pathways (TolC and GspD)
	2.15 LipL45 and Related Peripheral Membrane Proteins

	Acknowledgments
	References

	9 Host Response to Leptospira Infection
	Abstract
	1 Introduction
	2 Animal Models
	3 Host Detection of Pathogens
	3.1 Pattern Recognition Receptors
	3.1.1 Toll-like Receptors
	3.1.2 Other Pattern Recognition Receptors
	3.1.3 PRR-Mediated Transcription Response


	4 Innate Immunity
	4.1 TLR Recognition and Response
	4.1.1 NLR Mediated Response
	4.1.2 CLR Mediated Response
	4.1.3 Cytokine Induction

	4.2 Cellular Response

	5 Acquired Immunity
	5.1 Humoral Response
	5.2 Cell-Mediated Immunity

	6 Immune Pathology
	7 Immune Evasion
	8 Conclusions
	References

	10 Vaccines Against Leptospirosis
	Abstract
	1 Bacterin Vaccines
	2 Live Vaccines
	3 Lipopolysaccharide Vaccines
	4 Cross-Protective Immunity
	5 Recombinant Proteins as Vaccines
	5.1 The Lipoprotein LipL32
	5.2 The Lig Proteins
	5.3 Other Recombinant Proteins

	6 Conclusions
	Acknowledgments
	References

	11 The Role of Leptospirosis Reference Laboratories
	Abstract
	1 The Reference Centre
	1.1 Levels of Reference Centres
	1.2 Terms of Reference

	2 Research and Training
	2.1 Research Activities
	2.2 Transfer of Knowledge

	3 Diagnosis and Diagnostics
	4 Characterization of Leptospira Strains
	4.1 Serological Classification
	4.1.1 Cross Agglutinin Absorption Test
	4.1.2 Factor Serum Analysis
	4.1.3 Typing with Monoclonal Antibodies
	4.1.4 Conclusions

	4.2 Molecular Typing
	4.2.1 Molecular Methods that Lack the Criteria of Easy Availability
	4.2.2 Molecular Methods Generating Digital Data or Profiles


	5 Surveillance
	References

	Index

