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RESUMO 1 

 2 

 3 

CERQUEIRA, Gustavo Maia. Desenvolvimento de ferramentas para a 4 

manipulação genética e metodologias para a identificação de fatores de 5 

virulência de Leptospira spp. 2009. 145 f. Tese (Doutorado) - Programa de Pós-6 

Graduação em Biotecnologia. Universidade Federal de Pelotas, Pelotas. 7 

 8 

Neste estudo, o Himar1 foi utilizado para a obtenção de um total de 929 mutantes, 9 

dos quais, 721 correspondem a seqüências codificadoras (CDS) interrompidas pelo 10 

transposon, cobrindo 551 genes diferentes. Alguns mutantes foram avaliados com 11 

relação aos efeitos da interrupção gênica sobre a virulência em modelo animal, e 12 

dois mutantes atenuados contendo o transposon em genes hipotéticos foram 13 

identificados. Outro estudo realizado buscou desenvolver uma nova ferramenta 14 

genética para auxiliar no estudo da função de genes específicos. Assim, foi 15 

desenvolvido um sistema de expressão induzível para L. biflexa. Este sistema de 16 

expressão empregou como repórter o gene da proteína verde fluorescente (gfp) e o 17 

gene da proteína flagelina B (flaB). L. biflexa fluorescente foi observada, assim como 18 

leptospiras que voltaram a ter mobilidade após a adição do agente indutor (IPTG). 19 

Finalmente, foi conduzido um estudo para a determinação da presença dos genes 20 

da família lig nas diversas espécies de leptospiras patogênicas, através da técnica 21 

de PCR. O gene ligB apareceu amplamente distribuído, enquanto que ligA e ligC 22 

foram detectados apenas em um reduzido número de sorovares. Além disso, a 23 

sequência de um fragmento específico de 214 pb do gene ligB pode ser usada para 24 

a constituição de um novo método para a classificação das espécies patogênicas de 25 

Leptospira.  26 

27 

VI  
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ABSTRACT 1 

 2 

CERQUEIRA, Gustavo Maia. Development of tools for the genetic manipulation 3 

and methodologies for the identification of virulence factors of Leptospira spp. 4 

2009. 145 p. Thesis (PhD degree) - Programa de Pós-Graduação em Biotecnologia. 5 

Universidade Federal de Pelotas, Pelotas. 6 

 7 

In this study, Himar1 was used to obtain a total of 929 transposon mutants, of 8 

which, 721 correspond to coding sequences (CDS) disrupted by the transposon in 9 

551 different genes. Some mutants were evaluated regarding the effect of gene 10 

disruption to virulence in the hamster model, and two attenuated mutants containing 11 

the transposon into hypothetical genes were identified. Another study aimed to 12 

develop a new genetic tool to help in the study of specific genes. Thus, an inducible 13 

expression system for L. biflexa was developed. Such inducible expression system 14 

employed as reporter genes the green fluorescence protein (gfp) and the gene 15 

encoding for the flagelin B protein (flaB). Fluorescent L. biflexa (GFP) and motile 16 

leptospires (FlaB) were observed after induction by IPTG. Finally, another study was 17 

conducted to determine, by PCR amplification, the presence of the lig genes in 18 

different pathogenic species. ligB appeared to be ubiquitously distributed, while ligA 19 

and ligC were detected only in a reduced number of serovars. In addition, a 214 bp 20 

specific ligB fragment was used to constitute a new method for pathogenic 21 

Leptospira species classification.  22 

23 
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RÉSUMÉ 1 

 2 

CERQUEIRA, Gustavo Maia. Développement de nouveaux outils pour la 3 

manipulation génétique et methodes pour l'identification de nouveaux 4 

éléments liés à la virulence de Leptospira spp. 2009. 145 f. Thèse (Doctorat) - 5 

Programa de Pós - Graduação em Biotecnologia. Universidade Federal de Pelotas, 6 

Pelotas. 7 

 8 

Dans cet étude le  transposon Himar1 a été utilisé pour l’obtention d’un total 9 

de 929 mutant, parmi lesquels 721 correspondent à des séquences codantes (CDS) 10 

interrompues par le transposon dans 551 gènes différent. La virulence de quelques 11 

mutants a été  évaluée dans le modèle hamster, et deux mutants atténués, 12 

lesquelles contiennent une interruption dans des gènes hypothétiques, ont été 13 

identifiés. Une autre étude a consisté à développer un nouveau outil génétique pour 14 

l’étude de l’expression des gènes. Ainsi, à l’aide du système Lac, il a été développé 15 

un système d’expression inductible pour L. biflexa. Ce système a utilisé le gène de la 16 

protéine fluorescente GFP ou le gène de la flagelline FlaB (dans un mutant flaB 17 

immobile) comme gènes rapporteurs. Des bactéries de L. biflexa fluorescentes ou 18 

mobiles ont été observées après addition d’IPTG. Finalement, on a étudié par PCR 19 

la distribuition des gènes lig parmi les leptospires pathogènes. Le gène ligB a été 20 

largement retrouvé, par contre ligA et ligC ont été détectés uniquement dans un 21 

nombre réduit de sérovars. La séquence d’un fragment spécifique de 214 bp du gène 22 

ligB peut être utilisé pour l’identification des souches pathogènes de Leptospira, 23 

constituant une nouvelle méthode pour la classification des espèces pathogènes de 24 

Leptospira. 25 

26 
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 1 

1. INTRODUÇÃO GERAL 2 

 3 

Leptospirose é uma doença infecciosa do tipo antropozoonose, e representa 4 

um problema de saúde pública que afeta principalmente países em desenvolvimento 5 

[LEVETT, 2001; BHARTI et al., 2003; McBRIDE et al., 2005]. Dentre as espécies 6 

patogênicas que compõem o gênero Leptospira, L. interrogans aparece como o 7 

principal agente responsável pela leptospirose. Diversas espécies mamíferas, 8 

incluindo roedores, podem servir como reservatórios excretando espiroquetas na 9 

urina. Humanos são geralmente infectados através do contato com água e solo 10 

contaminados. A maior problemática causada pela leptospirose reside em ambientes 11 

rurais pobres e em populações de favelas urbanas nos países em desenvolvimento 12 

[LEVETT, 2001; BHARTI et al., 2003; McBRIDE et al., 2005]. Mais de 500.000 casos 13 

de leptospirose grave ocorrem a cada ano, com taxa de mortalidade entre 5 e 20% 14 

[WHO, 1999]. Pouco se sabe sobre a patogenia de Leptospira, o que desfavorece a 15 

identificação de novas estratégias de intervenção.  16 

Leptospiras são bactérias altamente móveis e capazes de penetrar as 17 

membranas da pele e mucosas e rapidamente se disseminar para outros tecidos, 18 

logo após a infecção. Em hospedeiros suscetíveis (humanos e animais de grande e 19 

pequeno porte – bovinos, eqüinos, suínos, caninos e felinos entre outros) a infecção 20 

sistêmica produz manifestações graves em diversos órgãos, incluindo icterícia, falha 21 

renal grave e hemorragia grave nos pulmões e outros órgãos. Entretanto, em 22 

reservatórios animais como o rato doméstico, a infecção produz carreamento 23 

persistente assintomático nos túbulos renais [LEVETT, 2001; BHARTI et al., 2003; 24 

McBRIDE et al., 2005].  25 

Atualmente são conhecidas 8 espécies patogênicas [MOREY et al., 2006; 26 

SLACK et al., 2008]. Dentro das diferentes espécies, encontram-se sorovares 27 

antigenicamente relacionados, que constituem os sorogrupos. Já foram descritos 28 

quase 300 sorovares os quais estão distribuídos entre aproximadamente 28 29 

sorogrupos [LEVETT, 2001]. 30 

Há muito se discute sobre a necessidade de uma vacina protetora de amplo 31 

espectro contra a leptospirose. Dessa forma, diversas proteínas de membrana 32 

externa de Leptospira têm sido investigadas para esse fim. Antígenos candidatos 33 

incluem as proteínas LipL32 [BRANGER et al., 2001; 2005], OmpL1 e LipL41 34 
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[HAAKE et al., 1999], as proteínas LigA e LigB [KOIZUMI e WATANABE, 2004; 1 

PALANIAPPAN et al., 2006; SILVA et al., 2007; FAISAL et al., 2008; YAN et al. 2 

2008; FAISAL et al., 2009], entre outros antígenos [CHANG et al., 2007]. 3 

Os mecanismos de virulência, e a compreensão fundamental da biologia dos 4 

agentes causadores de leptospirose permanencem desconhecidos. Até o momento, 5 

apenas poucas proteínas têm sido caracterizadas como fatores ligados ou 6 

supostamente associados à virulência [MATSUNAGA et al., 2005; STEVENSON et 7 

al., 2007; CHOY et al., 2007; RISTOW et al., 2007; CRODA et al., 2008; MURRAY et 8 

al., 2009a,b,c]. Estudos anteriores têm mostrado que leptospiras patogênicas 9 

expressam adesinas [BARBOSA et al., 2006; MERIEN et al., 2000], hemolisinas 10 

[LEE et al., 2002] e um grande número de lipoproteínas que podem eventualmente 11 

atuar na interação patógeno-hospedeiro [CULLEN et al., 2005]. Entretanto, o papel 12 

desses supostos fatores de virulência permanece especulativo. A recente publicação 13 

da sequência completa dos genomas de sorovares patogênicos e saprófitas de 14 

Leptospira [REN et al., 2003; NASCIMENTO et al., 2004; BULACH et al., 2006] tem 15 

fornecido uma base para auxiliar na compreensão da patogênese de Leptospira spp. 16 

e permitiram avançar inclusive na tentativa de se identificar novos candidatos ao 17 

desenvolvimento de uma vacina. A falta de ferramentas genéticas para manipular 18 

leptospiras patogênicas tem dificultado a elucidação do papel destes determinantes 19 

na virulência.  20 

A evidência da transferência genética em L. interrogans, por meio do uso de 21 

um elemento transponível de origem eucariótica [BOURHY et al., 2005], abriu portas 22 

para a identificação de proteínas ligadas à virulência de Leptospira. Até o momento 23 

quatro importantes genes de Leptospira, os quais codificam para as proteínas Loa22 24 

[RISTOW et al., 2007], LipL32 [MURRAY et al., 2009b], LigB [CRODA et al., 2008] e 25 

Heme oxigenase [MURRAY et al., 2009c] foram interrompidos pela tecnologia de 26 

transposon mutagênese, entretanto apenas Loa22 e Heme oxigenase demonstraram 27 

uma influência direta sobre a virulência de L. interrogans.  28 

Neste estudo, um banco de mutantes de Leptospira foi construído onde mais 29 

de 900 mutantes foram obtidos pelo método de transposon mutagênese, entretanto, 30 

apenas uma pequena parte destes mutantes foi testada quanto à sua virulência em 31 

modelo animal [MURRAY et al., 2009a]. Um dos mutantes obtidos, o qual se 32 

encontra em análise, perdeu completamente a virulência quando um gene 33 

codificador de uma chaperona foi interrompido. Além disso, outras alterações 34 
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funcionais foram constatadas em função da perda da expressão desta chaperona. 1 

Foi observado que o número de cepas mutantes viáveis com mutação em genes 2 

housekeeping foi baixo, possivelmente por resultarem em mutações letais. Para 3 

possibilitar a obtenção de mutantes letais condicionais, uma nova ferramenta foi 4 

desenvolvida. Esta ferramenta é capaz de expressar de forma controlada genes 5 

heterólogos ou da própria Leptospira sob a regulação de um promotor de E. coli ou 6 

de Leptospira, sendo este último modificado pela inserção de um sítio operador do 7 

operon da lactose. Assim, o sistema pode ser facilmente controlado pela utilização 8 

de IPTG, um agente indutor não hidrolisável. Por fim, outro estudo foi realizado o 9 

qual buscou identificar a presença dos genes lig de Leptospira entre sorovares 10 

patogênicos, intermediários e saprófitas. O único gene que apareceu presente entre 11 

todas as cepas patogênicas foi ligB, cuja análise da sequência possibilitou a 12 

discriminação entre as espécies patogênicas de Leptospira. 13 

A tese está apresentada na forma de artigos científicos. Inicialmente é 14 

apresentada uma revisão que abrange os campos de taxonomia, filogenia e 15 

epidemiologia molecular Leptospira spp. Nesta revisão foi apresentado um histórico 16 

da utilização de todas as ferramentas já empregadas na classificação de Leptospira 17 

spp. nos níveis de espécie, sorogrupo, sorovar e isolado. Este artigo “A century of 18 

typing of Leptospira strains” foi solicitado pelo editor chefe Dr. Michel Tibayrenc para 19 

publicação na revista Infection Genetics and Evolution. Em seguida, no artigo 20 

“Genome-wide transposon mutagenesis in Pathogenic Leptospira species” (artigo 2), 21 

foi descrita a construção de um banco de mutantes gerados por transposon 22 

mutagênese. Alguns dos mutantes foram usados para infecção em modelo de 23 

hamster onde se identificou novos mutantes atenuados. Este artigo foi publicado no 24 

periódico Infection and Immunity. O artigo 3 trata da construção de um sistema de 25 

expressão induzível em Leptospira spp. Este sistema pode ser facilmente induzido 26 

pelo uso de IPTG e é controlado pelo repressor LacI. Para a validação deste sistema 27 

dois repórteres foram testados: o gene que codifica para a proteína GFP e o gene 28 

flaB. Este último codifica para a proteína flagelina B e o sistema que o inclui foi 29 

utilizado para complementar um mutante flaB- de L. biflexa.  Este trabalho será 30 

submetido para publicação no periódico Applied and Environmental Microbiology.  31 

Na continuidade (artigo 4), a presença e distribuição dos genes lig de 32 

Leptospira foram avaliados por PCR. Neste trabalho foi mostrado que o gene ligB é 33 

o único presente entre todos os sorovares de Leptospira testados. Inclusive, foi 34 
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também demonstrado que um fragmento de 214 pb do gene ligB é capaz de 1 

identificar corretamente as espécies de Leptospira. Esse trabalho será submetido 2 

para publicação no periódico Journal of Medical Microbiology.  3 

4 
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2. OBJETIVOS 1 

 2 

2.1. OBJETIVOS GERAIS 3 

Os trabalhos aqui gerados tiveram por objetivo desenvolver e utilizar ferramentas e 4 

métodos para a manipulação e caracterização genética de Leptospira spp. 5 

 6 

2.2. OBJETIVOS ESPECÍFICOS 7 

1. Desenvolver um banco de mutantes por transposon mutagênese, utilizando o 8 

transposon Himar 1, e demonstrar a aplicabilidade deste método para 9 

identificar a participação de proteínas em processos biológicos. 10 

2. Desenvolver um sistema de expressão induzível para L. biflexa e avaliar suas 11 

potenciais aplicações. 12 

3. Desenvolver um método de detecção das regiões codificadoras das 13 

importantes proteínas lig de Leptospira nas diferentes espécies. 14 

15 
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3. ARTIGO 1 1 

 2 

 3 

A CENTURY OF TYPING OF Leptospira STRAINS 4 

(Artigo de revisão solicitado pelo editor chefe do periódico Infection Genetics and 5 

Evolution)6 



16 
 

  

A century of typing of Leptospira strains 1 

 2 

Gustavo M. Cerqueira 1, 2 and Mathieu Picardeau 2 * 3 

 4 

 5 

1 Institut Pasteur, Unité de Biologie des Spirochètes, Paris, France, 2 Centro de 6 

Biotecnologia, Universidade Federal de Pelotas, Pelotas, Brazil 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

phylogeny/taxonomy/molecular epidemiology 15 

 16 

 17 

 18 

 19 

 20 

 21 

* Corresponding author.  22 

Mailing address: Mathieu Picardeau, Unité de Biologie des Spirochètes, Institut 23 

Pasteur, 28 rue du docteur Roux, 75724 Paris Cedex 15, France. Tel: 33 (1) 45 68 24 

83 68. Fax: 33 (1) 40 61 30 01. E-mail: mpicard@pasteur.fr 25 

 26 

27 



17 
 

  

Introduction 1 

Leptospira and leptospirosis 2 

 The spirochetes, which include medically important pathogens such as the 3 

causative agents of Lyme disease, syphilis, and leptospirosis, constitute an 4 

evolutively unique group of bacteria. First described by Weil in 1886, leptospirosis is 5 

a zoonosis of world-wide distribution. Rodents are the main reservoir of the disease, 6 

excreting the bacteria into their urine. Humans are usually infected through 7 

contaminated water. Leptospirosis has been identified as a re-emerging infectious 8 

disease, particularly in tropical and subtropical regions. More than 500,000 cases of 9 

severe leptospirosis occur each year, with a mortality rate >10% and severe 10 

haemorrhage syndrome >50% (McBride et al., 2005).  11 

Antibiotic therapy is beneficial but must be administered in the early stage of 12 

the disease. However, leptospirosis is often lately diagnosed, due to its wide 13 

spectrum of symptoms, ranging from a flu-like syndrome to renal failure. The 14 

symptoms mimic the clinical presentations of many other diseases, including Dengue 15 

fever and Malaria. Laboratory diagnosis of leptospirosis is therefore important in 16 

order to provide better patient care. Characterization of leptospires is also essential 17 

for understanding the epidemiology of the disease. Serovar is the basic taxon of 18 

leptospires and it is defined based on the structural heterogeneity in the carbohydrate 19 

component of the lipopolysaccharide (LPS). Historically, the genus Leptospira is 20 

divided into several hundred serovars of two species: L. interrogans and L. biflexa, 21 

which contained pathogenic and saprophytic strains respectively. Based upon DNA-22 

DNA hybridization data, the genus is now classified into 19 species,(Yasuda et al., 23 

1987; Ramadass et al., 1992; Perolat et al., 1998; Brenner et al., 1999; Levett et al., 24 

2005; Levett et al., 2006; Matthias et al., 2008; Slack et al., 2008). However, 25 

identification is further complicated because serovars of a same serogroup can be 26 

distributed between different species.  27 

 28 

Taxonomy and classification 29 

Leptospires were first seen in silver-stained tissues from a patient by Stimson 30 

in 1907 (Stimson, 1907). At that time, the agent of leptospirosis was identified as 31 

Spirochaeta interrogans without any more information on the bacterium. The naming 32 

of the species was therefore not in conformity with the requirements of the 33 

International Code of Nomenclature. The first valid description of saprophytic 34 
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Leptospira is given by Wolbach and Binger (Wolbach & Binger, 1914) and that of 1 

pathogenic ones by Inada et al. (Inada et al., 1916). The genus Leptospira was 2 

initially divided into two groups: the pathogenic leptospires referred to as Leptospira 3 

interrogans sensu lato and the saprophytic leptospires referred to as L. biflexa sensu 4 

lato. The saprophytes are ubiquitous in the environment and usually found in fresh 5 

surface water. Unlike pathogenic leptospires, they have rarely been associated with 6 

animal hosts and reportedly do not produce infections in experimental animal 7 

models. The two groups also differ in nutritional requirements and other phenotypic 8 

properties. For example, growth of pathogenic leptospires is inhibited by the purine 9 

analogue 8-azaguanine, whereas saprophytic leptospires are able to grow (Johnson 10 

& Rogers, 1964). In addition, pathogenic leptospires have a generation time of about 11 

20 hours and are considered as slow-growing bacteria, in comparison with 12 

saprophytes (generation time around 5 hours).  13 

 14 

Serological classification 15 

Serotyping is a useful epidemiologic tool because establishing the causative 16 

serogroup or serovar is the first step towards identifying reservoirs and generating 17 

control strategies. For example, rats are generally maintenance hosts for strains of 18 

the Icterohaemorrhagiae serogroup. Agglutination tests for leptospiral antibody were 19 

developed soon after the first isolation of leptospires, which occurred a century ago 20 

(Martin & Pettit, 1918). The reference method for serological identification, the 21 

Microscopic Agglutination Test (MAT), is a complex and fastidious test since it 22 

requires live cultures of collection strains that will be used as antigens to detect 23 

agglutinating antibodies (Turner, 1968). The results are also difficult to standardize 24 

because they depend on the biologist operating the microscope (Levett, 2001). 25 

Several studies conducted worldwide are published annually, which employ MAT for 26 

the serological identification of leptospires. A previous study evaluated the ability of 27 

the MAT to infer the serovar identity of infecting leptospires, but for more than one-28 

half of the patients in that study this was not possible (Levett, 2003). In addition, MAT 29 

does not permit early diagnosis because it relies on detection of antibodies to 30 

leptospiral antigens and cannot detect infection until one week after the onset of 31 

symptoms. In a non-endemic area, if a low titre (>1/100) is obtained in the MAT test 32 

with one or a number of antigens, this may indicate leptospirosis. In endemic areas, a 33 

high titre (>400-800) against antigens is required to suspect leptospirosis. However, 34 
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confirmation of leptospirosis is obtained by examination of a second serum sample 1 

about one week later with a 4-fold rise in titre or seroconversion (WHO, 2003). High 2 

agglutination of the serum to one of the antigen will then predict the presumptive 3 

infecting serogroup (Dikken & Kmety, 1978). The interpretation of the results is 4 

complicated by the frequent cross-reactions that occur between serogroups, i.e. 5 

cross-reactions against the serogrop Semaranga strain Patoc 1, which are due to the 6 

absence of local isolates into leptospiral panels (Ooteman et al., 2006). A broad 7 

range of serogroups should be represented in the panel of antigens used in the MAT 8 

to maximize the probability of detecting an immune response to one of the 24 9 

reported pathogenic serogroups (Turner, 1968; Faine, 1982). Serogroups have no 10 

official taxonomic status but serve the practical purpose of grouping strains that 11 

share common antigens. A high degree of cross-reaction occurs between different 12 

serogroups, especially when working on acute-phase serum samples. The use of 13 

MAT for serovar determination is also complicated by the often observation of similar 14 

titers to all serovars of an individual serogroup (Ahmad et al., 2005). To overcome 15 

this current serovar determination is done using monoclonal antibodies. 16 

Analysis by cross agglutination absorption test (CAAT) led to the definition of 17 

serovar, which is considered as the basic systematic unit of leptospires. Two strains 18 

are considered different if, after cross-absorption with adequate amounts of 19 

heterologous antigens, at least 10% of the heterologous titre regularly remains in 20 

either of the two antisera. For decades CAAT has been used to classify leptospires 21 

(Kmety & Dikken, 1993) and now approximately 250 pathogenic serovars have been 22 

recognized. About 80 serovars have been identified in L. interrogans sensu stricto 23 

(Brenner et al., 1999); among them, 60 serovars are validly described (Kmety & 24 

Dikken, 1993). Antigenically related serovars constitute serogroups; thus, 24 25 

serogroups have been described in pathogens. The list of serovars is updated 26 

periodically and, recently, two new pathogenic serovars have been described 27 

(Corney et al., 2008; Valverde M de et al., 2008) (Table 1). However, CAAT is 28 

cumbersome and time-consuming for routine typing, mainly because of the time 29 

needed for the preparation of immune serum in rabbits. Although serovar 30 

identification of isolates is essential to understand the epidemiology of the disease, 31 

few laboratories are able to perform CAAT (Terpstra et al., 1985) and therefore most 32 

isolates are not identified at the serovar level. 33 
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With the emergence of molecular typing methods, it has become increasingly 1 

clearer that the serovar concept is no longer fully satisfactory as it may fail to 2 

adequately define epidemiologically important strains. For example, molecular typing 3 

was found to better discriminate strains from the Grippotyphosa serogroup than 4 

serological typing (Hartskeerl et al., 2004; Steinen et al., 1992). 5 

Alternatives have been evaluated to serogroup leptospires with modifications 6 

to improve upon data reliability and interpretability. An immunoblotting of whole-cell 7 

bacteria was performed and evaluated as an attractive method in comparison with 8 

the reference standard MAT, because its simplicity, feasibility and suitability for 9 

laboratory diagnosis (Doungchawee et al., 2007). Although immunobloting also 10 

produced cross-reaction, it was more easily distinguishable. Immunobloting was also 11 

successful in discriminating pathogenic leptospires from the non-pathogenic L. 12 

biflexa. 13 

 14 

Classification based on DNA relatedness 15 

 Yasuda et al. demonstrated by genomic DNA-DNA hybridization that the 16 

different strains of L. interrogans constitute not one but at least six distinct species 17 

(Yasuda et al., 1987). Based on further DNA hybridization experiments, a total of 19 18 

species, including 13 named species (L. interrogans, L. kirschneri, L. borgpetersenii, 19 

L. santarosai, L. noguchii, L. weilii, L. inadai, L. alexanderi, L. broomii, L. fainei, L. 20 

biflexa, L. meyeri, and L. wolbachii) have been described in the genus Leptospira 21 

(Brenner et al., 1999; Levett et al., 2005; Levett et al., 2006; Perolat et al., 1998; 22 

Slack et al., 2008; Yasuda et al., 1987). More recently, other species, called 23 

“Leptospira licerasiae” and “Leptospira wolffii”, were also described (Matthias et al., 24 

2008; Slack et al., 2008). Based on their pathogenic, saprophytic or doubtful nature, 25 

leptospires are clustered in three groups: the pathogens (L. interrogans, L. kirschneri, 26 

L. borgpetersenii, L. santarosai, L. noguchii, L. weilii, L. alexanderi, L. wolbachii and 27 

L. genomospecies 1), the intermediates (L. broomii, L. inadai, L. fainei, L. licerasiae 28 

and L. wolffii), and the saprophytes (L. biflexa, L. meyeri and L. genomospecies 2-5). 29 

Phylogenetic analysis reveals three clades, representing species that contain 30 

pathogenic serovars, non-pathogenic serovars and an intermediate group (Matthias 31 

et al., 2008; Paster et al., 1991; Schmid et al., 1986). However, there is a poor 32 

correlation between the serological and genotypic classification systems (Brenner et 33 
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al., 1999; Yasuda et al., 1987). A given serogroup is often found in several 1 

Leptospira species. For instance, the 9 validly described serovars from Bataviae 2 

serogroup are distributed among L. interrogans sensu stricto species (2 serovars), L. 3 

santarosai (4 serovars), L. kirschneri (1 serovar), L. noguchii (1 serovar) and L. 4 

borgpetersenii (1 serovar) (Levett, 2001). Several studies have thus shown that the 5 

system of serogroups was not related to molecular classification. Nowadays, the 6 

classification system based on genetic similarities is therefore being used in 7 

conjunction with classical antigenic classification.  8 

 9 

Phylogeny 10 

 Sequencing of the rrs gene is a standard approach for differentiating species 11 

in all branches of the phylogenetic tree of life. Leptospira belongs to the bacterial 12 

phylum of spirochetes, which has a deep branching lineage in Bacteria, as indicated 13 

by 16S rDNA analysis (Paster et al., 1991). Based on comparative 16S rDNA 14 

sequence analysis, Figure 1 depicts the phylogeny of all known Leptospira species. 15 

The clades contained branches that, with few exceptions, reflected species 16 

designations based on the “pathogenic” status (i.e. pathogenic, saprophytic and 17 

intermediate strains of unclear pathogenicity), MLST analysis (Ahmed et al., 2006), 18 

S10-spc-α locus analysis (Victoria et al., 2008), and DNA homology data (Brenner et 19 

al., 1999; Yasuda et al., 1987). The “pathogenic” status of the group of intermediates 20 

remains controversial. For example, inoculation of the intermediates L. inadai and L. 21 

licerasiae, both recovered from patients, in the hamster model of infection does not 22 

produce death or clinical signs of leptospirosis (Schmid et al., 1986; Matthias et al., 23 

2008). The other species L. fainei and L. broomii have been isolated from humans 24 

but have never been tested for reproducibility of the virulence in the hamster model 25 

(Perolat et al., 1998; Petersen et al., 2001; Arzouni et al., 2002; Levett et al., 2006). 26 

The subgroup of saprophytes, which includes L. biflexa, forms the deepest branch 27 

within the genus. The emergence of pathogenic leptospires may have arose as the 28 

result of changes in the ecology of its mammalian host. However, lateral genetic 29 

transfer among leptospires (McBride et al., 2009; Haake et al., 2004; Ralph & 30 

McClelland, 1994) prevent the construction of species phylogenetic trees by whole 31 

gene sequencing. 32 

Other genes have been examined for the purpose of species discrimination 33 

within the genus Leptospira, this includes rpoB (La Scola et al., 2006), gyrB (Slack et 34 
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al., 2006) and more recently the partial ligB (Cerqueira GM, manuscript in 1 

preparation). All proposed taxonomic markers corroborate the findings of the 16S 2 

rDNA gene sequences with respect to the clustering of strains into three major 3 

groups composed by pathogenic, intermediate and saprophytes.  4 

 5 

Molecular typing 6 

 In the 1990s, typing methods began to evolve from phenotype-based methods 7 

toward genotype-based methods such as pulsed-field gel electrophoresis (PFGE) 8 

and PCR-based methods. Identification at the species level is not informative, except 9 

in identifying pathogenic species, for epidemiological studies. Since each serovar is 10 

usually associated with a particular host, identification of serovars is essential to 11 

epidemiological studies and strategies of prevention (Faine et al., 1999). Serovars 12 

can be characterized by different molecular methods such as RFLP-based methods 13 

(Perolat et al., 1993; Thiermann et al., 1985), AP-PCR (Ralph et al., 1993), and 14 

PFGE (Herrmann et al., 1991; Herrmann et al., 1992; Galloway and Levett, 2008).  15 

 16 

Ribotyping 17 

Grouping of bacteria by ribotyping (i.e. restriction fragment patterns of 18 

digested-chromosomal DNA probed with rRNA) has been frequently used for both 19 

taxonomic purposes and subgroup characterization of microorganisms belonging to 20 

different genera and species (Grimont & Grimont, 1986). Leptospires possess two 21 

sets of 16S and 23S rRNA genes and one or two 5S rRNA gene that are not closely 22 

linked to each other, but are dispersed throughout the large chromosome (Baril et al., 23 

1992; Zuerner et al., 1993b). Because of the low number of rRNA genes, this typing 24 

method is not very discriminative (Kositanont et al., 2007; Perolat et al., 1993). 25 

 26 

Insertion sequences 27 

Bacterial typing methods based on Insertion Sequence (IS) elements have 28 

considerable epidemiological value. Two, IS1500 and IS1502 (Boursaux-Eude et al., 29 

1995; Zuerner & Huang, 2002), and one, IS1533 (Zuerner, 1994), were initially 30 

identified in the pathogens L. interrogans and L. borgpetersenii, respectively. The 31 

copy number of these IS varies widely between different serovars and among 32 

isolates of the same serovar as demonstrated by Southern blot analysis employing 33 

as probes the fragments of the IS elements (Boursaux-Eude et al., 1995; Boursaux-34 
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Eude et al., 1998; Zuerner, 1994; Zuerner & Bolin, 1997). It was previously 1 

demonstrated that the insertion sequences IS1500 and IS1533 can be successfully 2 

employed in taxonomy and typing (Zuerner et al., 1995; Zuerner and Bolin, 1990) 3 

While IS1533 is able to differentiate among serovars of Leptospira spp. and even into 4 

some of them (Zuerner at al., 1993, Zuerner et al., 1995), IS1500 can discriminate 5 

among L. interrogans (sensu stricto) isolates (Zuerner and Bolin, 1997). On the other 6 

hand, the IS1500-based assays developed by Zuerner and Bolin (1997) complement 7 

the IS1533-based techniques and extend the number of serovars that can be 8 

analyzed, although genomic DNA from some serovars tested with the IS1500 assays 9 

failed to yield either PCR products or detectable hybridization patterns (Zuerner and 10 

Bolin, 1997). Zuerner and colleagues (2002) identified a new IS1502 in L. interrogans 11 

genome that is assumed to have a functional transposase by internal frameshifting. It 12 

was undetectable in some strains, suggesting its recent introduction into the genus 13 

Leptospira (Zuerner et al., 2002). Polymorphisms among Leptospira isolates can 14 

therefore be revealed by RFLP followed by sequencing (Boursaux-Eude et al., 1995). 15 

PCR-based methods were also developed to detect repeated insertion sequences 16 

and for the diagnostic identification of Leptospira spp. These techniques took 17 

advantage of the high-copy number of IS (and consequently the number of priming 18 

sites) to increase the sensitivity of detection (Cameron et al., 2008).  19 

 20 

Restriction Endonuclease Analysis and Pulsed-Field Gel Electrophoresis 21 

Non-sequence-based methods rely on the comparison of restriction profiles in 22 

agarose or acrylamide gels. Restriction Endonuclease Analysis (REA) of total 23 

genomic DNA proved to be a reliable method for typing some Leptospira strains (Ellis 24 

et al., 1988; Ellis et al., 1991; Venkatesha & Ramadass, 2001). However, this 25 

technique is labor-intensive and requires significant volumes of culture. In addition, 26 

the presence of a high number of bands makes the interpretation and interlaboratory 27 

data comparisons difficult. REA can also be performed on PCR products. 28 

Identification of leptospires can then be based on the analysis of fragments obtained 29 

after restriction of the PCR product amplified from 16S and 23S rDNA (Heinemann et 30 

al., 2000; Ralph et al., 1993; Woo et al., 1997), a repetitive sequence (Savio et al., 31 

1994), and flaB loci (Kawabata et al., 2001; Woodward & Redstone, 1993). However, 32 

these methods exhibit a low discriminatory power. 33 
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Genomic macrorestriction using rare cutting endonucleases such as NotI 1 

followed by pulsed-field gel electrophoresis (PFGE) is considered a powerful typing 2 

method for classifying Leptospira strains. The use of computer-assisted gel analyses 3 

allows the relationship between strains to be measured, allowing dendrograms to be 4 

constructed. Interlaboratory data comparisons is also possible due to a recent 5 

improvement in the execution of this technique (Galloway & Levett, 2008). Variations 6 

in the macrorestriction profiles in both size and number may be due to sequence 7 

rearrangements, insertion or deletion of DNA, or base substitution within the 8 

restriction sites (Tenover et al., 1995). Hermann et al. found good concordance 9 

between results of PFGE and serotyping (Herrmann et al., 1992; Zuerner et al., 10 

1993a). Serovars produced PFGE patterns that were unique to each serovar. For 11 

example, classification of strain Dadas I as a new serovar Dadas of serogroup 12 

Grippotyphosa was strongly supported by a unique pulsed-field gel electrophoresis 13 

pattern (Herrmann et al., 1994). However, discrepancies between PFGE and 14 

serological methods have also been described. For example, PFGE was not able to 15 

discriminate between L. interrogans serovars Icterohaemorrhagiae and 16 

Copenhageni. Despite this, almost 90% of the serovars can be identified by unique 17 

PFGE patterns, including that belonging to the pathogenic species (Galloway and 18 

Levett, 2008). 19 

For all these reasons PFGE is considered as the gold standard for molecular 20 

typing of Leptospira serovars to which all other techniques are compared to. 21 

However, this method is labor intensive and not accessible to most of the 22 

laboratories in tropical and sub-tropical countries where the incidence of the disease 23 

is the highest. 24 

 25 

PCR-Based typing 26 

 27 

Randomly amplified polymorphic DNA (RAPD) and arbitrarily primed PCR (AP-28 

PCR) 29 

 Randomly amplified polymorphic DNA (RAPD) fingerprinting (Williams et al., 30 

1990) or arbitrarily primed PCR (AP-PCR) (Welsh & McClelland, 1990) use low-31 

stringency PCR amplification involving primers with an arbitrary sequence to 32 

generate strain-specific fingerprints. Ralph et al., (1993) used AP-PCR to classify a 33 

group of 48 Leptospira reference strains into L. interrogans, L. kirschneri, L. 34 
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borgpetersenii, and L. santarosai and demonstrated that this method was in 1 

agreement with 16S rRNA gene sequencing and DNA-DNA homology. The ability of 2 

species discrimination was later confirmed by several studies (Brown & Levett, 1997; 3 

Ciceroni et al., 2002; Collares-Pereira et al., 2000; Letocart et al., 1997; Ramadass et 4 

al., 2002). Random amplified polymorphic DNA (RAPD) fingerprinting has proved 5 

useful for epidemiologic investigations of leptospirosis in regions of high endemicity 6 

(India) (Natarajaseenivasan et al., 2005; Roy et al., 2004; Roy et al., 2005). This 7 

technique provides a simple and rapid identification of leptospires species 8 

(Ramadass et al., 1997) and serovar comparison (Corney et al., 1993; Gerritsen et 9 

al., 1995), which could be useful in molecular epidemiological studies of 10 

leptospirosis. However, these techniques do not allow large scale studies and the 11 

reproducibility and interlaboratory comparisons of the data is difficult. 12 

 13 

Amplified fragment length polymorphism 14 

 AFLP (amplified fragment length polymorphism) is a three-step procedure in 15 

which genomic DNA is restricted, ligated with adapters and then fragments are 16 

amplified for generation of fingerprints. FAFLP (fluorescent amplified fragment length 17 

polymorphism) have been used (Corney et al., 2008; Slack et al., 2006a; Vijayachari 18 

et al., 2004). The use of computer-assisted gel analyses makes it appropriate for 19 

clustering analysis. However, it requires large quantities of purified DNA in 20 

comparison to other PCR-based methods. 21 

 22 

Species-specific PCR/DNA sequence analysis 23 

  PCR amplification with species-specific primers, in which the conserved 16S 24 

rRNA gene or species-specific gene loci are targeted, can be used directly for 25 

species identification of Leptospira spp. Use of two primer sets is able to discriminate 26 

between L. interrogans and L. kirschneri (Cameron et al., 2008). Quantitative Real-27 

Time PCR with primers specific for Lfb1 is able to distinguish between pathogenic 28 

species by analyzing melting curves (Merien et al., 2005). DNA sequence analysis of 29 

some highly conserved gene loci can be used as an identification method at the 30 

species or subspecies level. DNA sequence analysis of the DNA region amplified by 31 

primers G1 and G2 allows the detection of pathogenic species (Gravekamp et al., 32 

1993). Similarly, rrs, gyrB, rpoB, have been used for this purpose with Leptospira 33 

spp. (Morey et al., 2006; La Scola et al., 2006 ; Slack et al., 2006b). More recently, 34 
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(Victoria et al., 2008) demonstrated that one gene belonging to S10-spc-α locus, 1 

which codes for SecY preprotein translocase, could be satisfactory employed to 2 

identify species. However, disadvantages of sequencing a single gene include the 3 

occurrence of horizontal transfer among strains from different species and the low 4 

extent of polymorphism into some of leptospiral genes. Mosaicism was found to 5 

occur among several Leptospira spp. genes (Haake et al., 2004, McBride et al., 6 

2009) including the 16S rRNA genes of L. broomii, where L. fainei- and L. inadai-like 7 

sequences were identified (Levett et al., 2005). The use of mosaic genes for species 8 

classification represents a problem due to misidentification. Otherwise, Leptospira 9 

spp. have been traditionally classified by the sequencing of the nearly full-length 16S 10 

rRNA gene (Postic et al., 2000; Morey et al., 2006), demonstrating agreement with 11 

DNA-DNA hybridization, the golden standard for Leptospira species classification 12 

(Brenner et al., 1999; Yasuda et al., 1987). 13 

The evaluation of partial rpoB gene as taxonomic marker revealed a higher 14 

number of polymorphic sites, among Leptospira strains belonging to different 15 

species, than the 16S rRNA gene. Additionally, its shorter length (600 bp vs. 1500 16 

bp) was able to retain the ability to cluster the species in three clear branches 17 

containing pathogens, intermediates and saprophyte species (La Scola et al., 2006). 18 

A short 504 bp fragment of the gyrB gene was also tested in conventional and real-19 

time PCR for the same purpose (Slack et al., 2006), but focused only the 20 

identification of pathogenic leptospires. This gene is also more variable than the 16S. 21 

One common limitation observed among all taxonomic markers was their failure to 22 

distinguish between leptospiral serovars. 23 

 24 

Molecular typing at the genomic era 25 

 26 

 In the past few years, the genome sequences of six strains from the 27 

pathogens L. interrogans and L. borgpetersenii and the saprophyte L. biflexa were 28 

released (Bulach et al., 2006; Nascimento et al., 2004; Picardeau et al., 2008; Ren et 29 

al., 2003). The genomes, with a G + C content ranging between 35% and 41%, 30 

possess two circular chromosomes: one of approximately 4 Mb in length, and a 31 

smaller of 300 kb in size. The presence of a 74 kb replicon has also been reported in 32 

L. biflexa (Picardeau et al., 2008). Numerous repeated sequences have been found 33 

in Leptospira genomes. For example, several insertion sequences (IS) have been 34 
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identified (Data not shown). The genomes also contain an abundant number of small 1 

repetitive DNA sequences. Among these DNA repeats, structure of short sequence 2 

repeats is typical of tandem repeats. Tandem repeats consist of head-to-tail 3 

repetitions of short sequence motifs of about 10 to 100 base pairs. Polymorphic 4 

tandem repeats also called Variable Number of Tandem Repeats (VNTR) have been 5 

extensively used for fingerprinting in higher eukaryotes, including humans. 6 

A database of tandem repeats (Grissa et al., 2008) reveals that L. interrogans 7 

genomes contain a high number of tandem repeats with sequence motifs of less than 8 

100 bp, which is convenient to observe polymorphism by analyzing PCR products of 9 

polymorphic loci on agarose gel. However, these repetitive DNA elements are not 10 

found in high number in the pathogen L. borgpetersenii, thus MLVA (multi Locus 11 

VNTR Analysis) requires primers specific for each species (except for the closely 12 

related L. interrogans and L. kirschneri). MLVA is specific for pathogenic strains and 13 

can distinguish between the serovars belonging to the most frequently reported 14 

pathogenic species of the genus Leptospira (Majed et al., 2005; Pavan et al., 2008; 15 

Salaün et al., 2006; Slack et al., 2006a; Slack et al., 2005). Further studies should 16 

also evaluate the stability of these minisatellites over time and geographical 17 

distribution. VNTR typing could also provide an accessible mean of testing for 18 

research and public health laboratories, particularly in developing countries. Further 19 

improvements to this method are required, so that MLVA can be applied directly to 20 

biological (serum or urine of patients and samples from animals) and environmental 21 

samples without the need to culture the pathogen. Genome analysis also allowed the 22 

identification of one Clustered Regularly Interspaced Short Palindromic Repeats 23 

(CRISPRs) in the L. interrogans serovar Copenhageni strain Fiocruz (Grissa et al., 24 

2008) that may be useful for molecular typing. 25 

Multilocus sequence typing (MLST), a typing method that is based on the 26 

partial sequences of 7 housekeeping genes, has also been applied to Leptospira 27 

spp. (Ahmed et al., 2006; Thaipadungpanit et al., 2007). In these studies, two 28 

different set of genes, adk, icdA, lipL32, lipL41, rrs, secY on the one hand and pntA, 29 

sucA, pfkB, tpiA, mreA, glmU, fadD on the other hand, have been used (Ahmed et 30 

al., 2006; Thaipadungpanit et al., 2007). Applications of MLST allow the identification 31 

of clusters of closely related isolates in outbreaks and epidemics (Thaipadungpanit et 32 

al., 2007). Another study that aimed to reveal new potential loci for MLST identified 33 

the S10-spc-α locus, which is a 17.5 kb cluster of 32 genes encoding ribosomal 34 
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proteins, as a target for Leptospira species classification (Victoria et al., 2008). MLST 1 

presents a simple and cheap molecular technique that does not require large 2 

quantities of purified DNA, the methodology can be implemented as a routine 3 

worldwide, produces reliable, reproducible and easy-to-interpret results and whose 4 

are widely exchangeable. 5 

 6 

Implications for diagnosis and epidemiology 7 

 8 

A better understanding of the epidemiology of leptospirosis requires the 9 

isolation and serological characterization of leptospires. The isolation of the organism 10 

from clinical specimens (usually blood or urine) is difficult and requires several weeks 11 

of incubation, but the isolation of leptospires allows for identification of the infecting 12 

serovar. The Microscopic Agglutination Test (MAT) remains the gold standard for the 13 

serological diagnosis of leptospirosis and usually gives an indication of the 14 

presumptive serovar or serogroup of leptospires involved in an infection (Levett, 15 

2003). However, most of the institutions or hospitals may not have facilities to 16 

perform this test. More simple and rapid diagnostic tests detecting antibodies are 17 

usually used (ELISA-based tests). However, the sensitivity of these tests is usually 18 

low. In addition, these tests do not identify the presumptive infecting serogroup. One 19 

of the molecular techniques used for the early diagnosis of leptospirosis in recent 20 

years is the amplification of specific fragment of leptospiral genomic DNA in clinical 21 

samples using PCR. Again, these techniques do not identify at the serovar/serogroup 22 

level and have therefore no epidemiological value. 23 

24 
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Tables 1 

Table 1                

Distribution of serogroups among the several Leptospira species†.       
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  P I S 

Andaman               1 
Australis 9 1 5 1             
Autumnalis 10 5 1 1  1           
Ballum    6             
Bataviae 5 1 2 1  5           
Canicola 11 3        1       
Celledoni    2 3            
Codice             1    
Cynopteri  1    3           
Djasiman 4 1 1              
Grippotyphosa 3 4    1           
Hebdomadis 2 2  4 1 7 2          
Hurstbridge         1  1      
Icterohaemorrhagiae 14 5   1     1       
Javanica    9 3 3 1   1    1   
Lyme          1       
Louisiana 1  3              
Manhao 1    2  2   2       
Mini 2   1 1 4 1       1   
Panama   2              
Pyrogenes 8  1 2 1 7           
Pomona 4 3 2   2           
Ranarum 1             1   
Sarmin 1    1 3           
Sejroe 12   9 1 6        1   
Semaranga              1 1 
Shermani   1   3    1       
Tarassovi     1 7 3 12       1           
† based on Levett, 2001.               
‡No cross-reaction based on Slack et al., 2008.          
*Titre of 1/100. Matthias et al., 2008.            
P – Pathogens, I – Intermediates, S – Saprophytes.           
Numbers represent serovars per serogroup, distributed into each respective species. Total of 274 
serovars through 15 species and 28 serogroups. 
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Figure legends 1 

 2 

Fig. 1. Phylogenetic tree of the 16S rDNA sequences. The tree was built from a 1155 3 

bp-based alignment of nucleotide sequences of the leptospiral rrs genes. This 4 

phylogenetic tree was constructed by the Neighbor-joining method, using 1,000 5 

bootstrap replications. Major clusters, containing saprophytes (red), intermediates 6 

(green) and pathogens (black), were observed. H, M6, S6, S8, T and V refer to 7 

Haake et al., 2004; Morey et al., 2006; Slack et al., 2006; Slack et al., 2008; 8 

Thaipadungpanit et al., 2007 and Vinetz et al., 2008, respectively. Accession 9 

numbers are presented and they are followed by the species and serovar 10 

designations, respectively. 11 

12 
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4. ARTIGO 2 1 

 2 

 3 

GENOME-WIDE TRANSPOSON MUTAGENESIS IN PATHOGENIC 4 

Leptospira SPP. 5 

(Artigo publicado no periódico Infection and Immunity V. 15 (4): 810-816, 2009) 6 

 7 

A minha participação neste artigo foi na transformação de L. interrogans 8 

Canicola Kito, cujos mutantes gerados constam na tabela suplementar 1 (anexo). 9 

Além disso, realizei trabalho de bioinformática para determinar a existência de um 10 

sítio consenso de inserção do transposon e participei ativamente na redação do 11 

manuscrito. 12 
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5. ARTIGO 3 1 

 2 

DEVELOPMENT OF AN INDUCIBLE EXPRESSION SYSTEM AND 3 

CONTROLLED COMPLEMENTATION OF MUTANTS IN Leptospira biflexa 4 

(Artigo formatado segundo normas do periódico Applied and Environmental 5 

Microbiology) 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

32 



52 
 

  

Development of an Inducible Expression System and Controlled 1 

Complementation of Mutants in Leptospira biflexa 2 
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ABSTRACT 1 

The sequencing of pathogenic and saprophytic Leptospira spp. genomes revealed a 2 

number of coding sequences without any function assigned. The development of new 3 

genetic tools is an important goal of Leptospira research. Although advances have 4 

been made in the genetic manipulation of Leptospira, there still remains the need for 5 

basic molecular systems for assessing protein functions. In this study, we describe 6 

for the first time the generation of an inducible expression system for L. biflexa. 7 

Fluorescence was promoted by GFP-reporter expression. The fluorescence levels 8 

were maximum one hour post-induction with 1 mM IPTG and reduced considerably at 9 

one week p.i. In addition, the IPTG inducible system was employed in the 10 

complementation of a non-motile mutant. A flaB- mutant was transformed with the 11 

shuttle vector containing an inducible copy of the flaB gene and recovered its motility. 12 

This system is now available for assessing further the function of the hypothetical 13 

genes and for engineering L. biflexa for generation of conditional mutants. 14 

15 



54 
 

  

INTRODUCTION 1 

The spirochete Leptospira biflexa is a saprophytic species which has served 2 

as an important model for functional studies and gene characterization in the genus 3 

Leptospira. Although there is some discrepancy regarding the genome contents of L. 4 

biflexa and the pathogenic leptospires, 2189 coding sequences were found to be 5 

highly conserved or identical to other leptospiral genomes (25, 8, 28). Among 6 

these, 1226 hypothetical proteins have their function obscured by the lack of precise 7 

information about their role and participation in the biology of Leptospira (28). In 8 

addition, a number of these are predicted to be essential for Leptospira. 9 

Targeted and random mutagenesis studies have enabled the function 10 

assignment of several sequences in both saprophytic and pathogenic Leptospira (7, 11 

20, 29, 21, 23), however, one limitation remain with respect to the study of essential 12 

genes due to the instability of mutants in housekeeping genes. A recent publication 13 

from our group has demonstrated the development of a library of mutants generated 14 

by random transposon mutagenesis. But, despite the large number of mutants 15 

generated, only a small amount of them correspond to leptospiral essential genes 16 

(22). Thus, the development of an expression system for Leptospira, which may be 17 

controlled tightly and in a simple way is of great interest for the clarification of the role 18 

of this group of genes, by the potential to generate conditional mutants. At present, 19 

similar methods are available for the clinically important spirochete Borrelia 20 

burgdorferi and it appears to work successfully for the purpose of heterologous 21 

protein expression in that species.  22 

Different reporter genes are available which are suitable for assessing the 23 

regulation of an inducible system in L. biflexa. Among them are the green fluorescent 24 

protein (gfp) (9, 10, 11, 13, 14), antibiotic resistance genes such as the 25 

chloramphenicol acetyltransferase (cat) (1, 29, 30) and the luciferase gene (luc) (4). 26 

Although the instability of the gfp and cat genes appeared to preclude their use 27 

among other spirochetes, new alleles of gfp gene in association with different 28 

promoters, should be tested for their ability to overcome previous limitations. In 29 

addition, alternative reporters may involve the recomplementation of mutant strains in 30 

L. biflexa. Thus, a Paramecium caudatum codon-biased gfp gene (34) and a copy of 31 

the L. biflexa flaB gene were evaluated in the development of an inducible 32 

expression system for Leptospira. 33 

The major advantages of this system and the rational of this study is that both 34 
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reporters have been expressed already in L. biflexa or at least in other spirochete 1 

species (27, 24). In addition, two different promoters, Ptac and Phsp10, which are 2 

responsible for coordinating the reporter’s expression, have been previously tested in 3 

L. biflexa (Unpublished results).  4 

Inducible systems, such as the lac operator/repressor and tet 5 

operator/repressor, were originally derived from E. coli (2, 3, 15) and adapted to be 6 

utilized in several  bacterial species, including spirochetes (12, 16, 17, 18, 26, 32, 35, 7 

4, 5). The development of a leptospiral-inducible expression system, which was 8 

adapted to respond to the E. coli LacI repressor protein, is expected to improve the 9 

genetic study of Leptospira as we may be able to coordinate the heterologous 10 

expression of any given target. Additionally, this system may serve as a model for the 11 

generation of new leptospiral expression systems controlled by promoters induced by 12 

a multitude of factors, and thus allow the study of the influence of environmental 13 

conditions over reporter’s expression. In the present study, we demonstrate the first 14 

development and functionality of an IPTG-inducible expression system for L. biflexa. 15 

 16 

MATERIALS AND METHODS 17 

Bacterial strains and culture conditions. All strains and plasmids used in this 18 

study are described in Table 1. E. coli strains XL1-Blue (Stratagene, La Jolla, CA) 19 

and TOP10 (Invitrogen, Carlsbad, CA) were used as cloning hosts. Culture and 20 

transformation of L. biflexa were carried out as previously described (19). FlaB 21 

inducible expression experiments employed the previously characterized flaB- mutant 22 

(Table 1) (27). L. biflexa serovar Patoc strain Patoc 1 (Table 1) was utilized for 23 

expression experiments involving both gfp and spectinomycin resistance reporters. 24 

For fluorescence production validation, propagation and analysis, L. biflexa strains 25 

were cultured in liquid EMJH supplemented with 1% albumin and 50 ng/µl 26 

spectinomycin or 50 ng/µl kanamycin when needed. Leptospiral density was 27 

assessed by dark-field microscopy and spectrophotometry at 460 nm. 28 

Generation of constructs. Primers used in this study are described as supplemental 29 

material in Table 1. The construction containing PflaB promoter plus lacI repressor 30 

gene was initially amplified from the plasmid pJSB104 (Table 1) and cloned into 31 

pGSBLe24 and pSLe94 to generate pGL and pSL. The promoters chosen to 32 

constitute the inducible system were Ptac and Phsp10 and they were engineered in 33 

the reverse primer to contain one lacO site and a 6x His-tag. Both promoters were 34 
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cloned in pCR2.1 (Invitrogen) and used to transform E. coli XL-10 strain by heat-1 

shock. Recombinant colonies were propagated in liquid Luria Bertani (LB) medium 2 

supplemented with 50 ng/µl kanamycin and the plasmids were extracted and 3 

submitted to restriction analysis and sequencing to confirm the presence of the 4 

engineered promoters. To validate the functionality of these promoters we cloned gfp 5 

downstream of each one and amplified the final construction to clone it into the 6 

shuttle vector pSLe94. Both pSTG and pSHG were used to transform L. biflexa strain 7 

Patoc 1. Recombinant colonies of Patoc 1 strain were propagated in liquid EMJH 8 

supplemented with 1% albumin and 50 ng/µl spectinomycin, and used for 9 

epifluorescent microscopy analysis. To validate the inducible expression system we 10 

first tested gfp as the reporter gene. Only Phsp10 promoter was evaluated in this 11 

case. The gfp gene was cloned downstream Phsp10 promoter and the construction 12 

was amplified and cloned in both pGL and pSL constructions, and used to transform 13 

E. coli Top 10 strain (Invitrogen). Recombinant colonies were selected but only those 14 

cloned in pSLe94 were selected for further analysis. The flaB reporter was also 15 

cloned in pCR2.1 downstream Phsp10 promoter and used to transform E. coli Top 10 16 

strain. Then, the construction was amplified and cloned in both pGL and pSL to 17 

generate pGLHF and pSLHF, though only the last one was used in the study. gfp 18 

inducible expression system was introduced by electroporation in Patoc 1 strain, 19 

while that containing flaB gene was used to transform Patoc 1 flaB- mutant (Table 1). 20 

Recombinant colonies were observed in solid EMJH after one week incubation at 30 21 

°C and then propagated in liquid EMJH as mentioned in the previous section. All 22 

constructs were confirmed by restriction analysis and direct sequencing.  23 

Induction assays. Leptospires were cultivated at 30 °C in the presence of 50 ng/µl 24 

spectinomycin or kanamycin when appropriate, up to 109 cells/ml and then induced 25 

with 1 and 10 mM IPTG, or non-induced. . Culture growth density was determined by 26 

optical density using Biomate 3 spectrophotometer (Thermo, USA) at 420 nm.  27 

Epifluorescence microscopy. Slides were prepared using 109 spirochetes/ml 28 

cultures. One ml of each culture was centrifuged at 4,000 x g for 20 min and 29 

ressuspended in the same original volume using sterile deionized water. Five 30 

microliters (5 x 106) of each ressuspension were deposited onto slides and covered 31 

with cover slips previously coated with poly-L-Lysine solution (Sigma). Slides were 32 

incubated for 4 h in the dark before fluorescence analysis. Conventional 33 

epifluorescence microscopy was performed with a Zeiss Axioplan2 fluorescence 34 
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microscope mounted with a Hamamatsu charge-coupled device camera, a narrow 1 

band GFP filter (480 -/+ 10 nm excitation wavelength; 510 -/+ 10 nm emission 2 

wavelength: and exposure time of 2000 ms. Images were acquired using the 3 

software program OpenLab. Identical image capture and adjustment settings were 4 

used for all images. 5 

Fluorescence assays. For quantification of GFP fluorescence 109 spirochetes/ml 6 

cultures were harvested (one ml) at 4,000 x g for 20 min and ressuspended to 107 7 

leptospires/µl (300 µl) in sterile deionized water. The assay was performed in 8 

triplicate and 100 µl of each culture were deposited per well in a black microtiter plate 9 

Optiplate-96F (Corning Inc., Corning, NY). GFP fluorescence was determined in a 10 

plate reader UV-light spectrophotometer, BertholdTech (Mithras, France) using a 11 

wavelength range between 485 (excitation) and 535 (emission). Before each 12 

measuring the number of cells was normalized. Culture growth was determined by 13 

optical density as described in previous section Induction assays. 14 

Motility analysis. Leptospires were let to grow up to 109 cells/ml and then picked 15 

into 1% agar EMJH plates without antibiotics. Plates used for induction were 16 

supplemented with 1 mM IPTG. Plates were incubated 1-2 weeks under 30°C. 17 

Immunoblot analyses. Leptospires carrying the GFP inducible expression system 18 

was cultivated as previously mentioned in the presence of spectinomycin and when 19 

cell density reached 107 they were induced with 1 mM IPTG and incubated for one 20 

week at 30°C. Approximately 109 spirochetes/ml (one ml) were collected and 21 

processed for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-22 

PAGE) and Western blot. A mouse IgG anti-6x histidine-tag antibody (Clonetech, 23 

USA) was diluted 1:2,000 in 1x TBS and incubated with the membrane for 2 h at 24 

room temperature. Then a secondary antibody, anti-mouse IgG alkaline phosphatase 25 

conjugate, was diluted 1:1,000 and incubated with the membrane for 1 h at room 26 

temperature. Membranes were washed for 15 min between each step using 1x TBS 27 

supplemented with 0.05% Tween-20 (T-TBS). Blots were developed using the 28 

BCIP/NBT alkaline phosphatase chromogenic substrate according to the 29 

manufacturer’s instructions (Uptima, France).  30 

 31 

 32 

 33 

 34 
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 1 

RESULTS 2 

Functionality of lac operator (lacO)-containing promoters in L. biflexa. The 3 

promoters Ptac and Phsp10 were modified and tested for functionality into L. biflexa 4 

strain Patoc1. Ptac promoter derives from pILL2150 plasmid (5). This promoter 5 

contains one lac operator (lacO) site, located between the -35 and -10 regions. 6 

Phsp10 promoter is a leptospiral promoter which was engineered to include one lacO 7 

site. To demonstrate their functionality into L. biflexa gfp was cloned downstream of 8 

both promoters into pCR2.1 to constitute pCRTG and pCRHG (Table 1). After 9 

selection of green fluorescent E. coli colonies both Ptac-gfp and Phsp10-gfp 10 

constructs were amplified and inserted in pSLe94 E. coli-L. biflexa shuttle vector to 11 

constitute pSTG and pSHG (Table 1 and Fig. 1). This shuttle vector is able to 12 

replicate in both E. coli and L. biflexa due to the presence of the oriColE1 (E. coli) 13 

and LE1 (leptospiral phage) origins of replication, respectively. Interestingly, it was 14 

noted that E. coli colonies transformed by the shuttle vectors took approximately 48 15 

hours for a visible fluorescence, even when transformed by the construction 16 

containing Ptac promoter. Fluorescent E. coli colonies were propagated and the 17 

constructs were then used to transform L. biflexa. Once fluorescence cannot be 18 

directly observed in Leptospira colonies, a number of clones either carrying pSTG or 19 

pSHG was cultivated and used for epifluorescence microscopy. Low levels of 20 

fluorescence were detected among L. biflexa transformed with either pSTG or pSHG. 21 

The age of the cultures was also evaluated as a parameter affecting fluorescence 22 

production, but appeared to have no influence over fluorescence production (data not 23 

shown). A non-transformed culture of L. biflexa was employed as the control. 24 

 Other experiments from our group employed a similar Phsp10-gfp 25 

construction, but without any lacO site, thus expressing constitutively gfp, and 26 

detected considerable levels of fluorescence among transformed Leptospira. Such 27 

findings lead us to speculate that the modification of both promoters by the insertion 28 

of one lacO site may have influenced GFP expression and fluorescence production. 29 

However, a system based in low expression levels can be more tightly controlled, 30 

what may be of interest for a number of applications. 31 

 32 

Development of an IPTG-inducible expression system in L. biflexa. It has been 33 

previously demonstrated in B. burgdorferi the functionality of a LacI repressor-based 34 
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inducible system (4). In that study LacI repressor was codon-adapted to better fit the 1 

genome content of B. burgdorferi. In addition, the lacI gene was cloned downstream 2 

of a strong promoter (PflaB promoter). Considering the similar AT% content between 3 

L. biflexa and B. burgdorferi (approx. 40% GC) we decided to base our system on the 4 

pre-engineered lacI repressor construction. 5 

The promoters used to constitute this inducible system were Ptac and Phsp10, 6 

as mentioned before. As an inducer, it was chosen IPTG, a nonhydrolyzable inducer 7 

of the LacI repressor that is capable of crossing the membrane of numerous 8 

prokaryotes (12) and eukaryotes (33), even in the absence of the LacY permease, 9 

which is absent from L. biflexa genome. To construct the inducible system, the 10 

cassette containing the PflaB promoter plus the lacI gene was amplified from the 11 

pJSB104 (Table 1). For further cloning of reporters a SmaI site was included in the 12 

reverse primer (Fig. 1B). To test the lac inducible system, constructs were generated 13 

in both pGSBLe24 and pSLe94 E. coli-L. biflexa shuttle vectors to express both GFP 14 

and FlaB proteins (Fig. 1A and B). For L. biflexa transformation purposes only 15 

pSLe94-encoded inducible systems were used due to the higher stability of this 16 

plasmid, which is motivated by the presence of a higher number of partition genes 17 

from LE1 temperate (6) (Fig. 1A). Thus, pSLHG, was electroporated into L. biflexa 18 

strain Patoc 1, while pSLHF was introduced in flaB- mutant strain (Table 1 and Fig. 19 

1B).  20 

 21 

Induction of fluorescence in L. biflexa. Inductions were performed by growing 22 

Patoc 1 strain and Patoc 1 transformed with the pSLHG shuttle vector up to a cell 23 

density between 108 and 109 spirochetes/ml. Then, cultures used for induction 24 

purposes were supplemented with 1 or 10 mM of IPTG. No cell clumps were 25 

observed to occur in the cultures that were used for fluorescence assays. Samples to 26 

be assayed were collected at 1 week post-induction (p.i.) in triplicate. Treatment of 27 

the cultures with IPTG was able to induce fluorescence up to the last time-point 28 

evaluated, one week p.i., and the culture treated with 1 mM yielded the highest levels 29 

of fluorescence (Fig. 2). Though minimal differences were observed between the 30 

fluorescence level induced by 1 and 10 mM IPTG, 1 mM appeared to be an ideal 31 

concentration for induction of expression. The non-induced culture also produced 32 

some fluorescence signal, when compared to wild-type Patoc 1 strain, demonstrating 33 

the occurrence of leakage during repression of protein expression. However, it 34 
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appears that expression is lower than when the culture is induced by IPTG. Thus, to 1 

evaluate the moment of the highest level of expression we performed kinetics of GFP 2 

expression. Fractions of both non-induced and induced cultures were collected at 0, 3 

1, 3, 6, 9, 12 and 24 h, and one week p.i. (Fig. 3). The maximum expression level 4 

was achieved immediately after the first hour p.i., and did not change during the first 5 

24 h p.i. However, it was observed a considerable reduction (27%) in the emission of 6 

fluorescence at one week p.i. (Fig. 3). Despite this, the fluorescence measured at 7 

one week p.i. was still more than 3-fold higher (average 22,579 arbitrary units) than 8 

the level observed in the one week non-induced samples (average 7,301 arbitrary 9 

units) (Fig. 3). Additionally, for further applications as target mutagenesis of 10 

housekeeping genes, it is convenient to employ a system that is able to hold protein 11 

expression as long as one week, the minimum time to observe L. biflexa colonies in 12 

plates. 13 

Western blot analysis was employed to demonstrate that the GFP protein 14 

expression is different between induced and non-induced treatments. One mM IPTG 15 

was the concentration of choice once it appears as the best concentration between 16 

both treatments evaluated for fluorescence induction. For this purpose, the one week 17 

time-point was employed and, here, difference in protein expression was also 18 

observed between induced and non-induced cultures (Fig. 4).  19 

To evaluate the in vitro fluorescence produced by GFP when expressed by the 20 

inducible expression system we performed an epifluorescence microscopy. Despite 21 

the considerable levels of fluorescence obtained by using this system and the 22 

successful detection of GFP by Western blot, leptospires exhibited an in vivo 23 

fluorescence lower than expected (Data not shown). Explanation for this observation 24 

includes the unstable influence of a lacO site into the promoter, which may cause 25 

reduction in gene transcription. Despite this, clear differences in in vivo fluorescence 26 

could be noted between the induced culture and controls (Data not shown). 27 

  28 

Induction of motility and complementation of a flaB- mutant L. biflexa. To 29 

demonstrate an immediate application of our system, we decided to use a previously 30 

constructed L. biflexa flaB- gene mutant for transformation with shuttle vector 31 

containing the flaB inducible expression system. Dark-field microscopy analysis 32 

showed this mutant lost motility due to the absence of the endoflagella (27). FlaB 33 

protein has a central role in leptospiral endoflagella formation. Thus, we cloned this 34 
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gene in both pGSBLe24 and pSLe94 (Table 1 and Fig. 1), under the control of 1 

Phsp10 promoter, although only pSLe94 constructs were used for transformation and 2 

analysis. Thus, we were able to complement the absence of the native copy of the 3 

flaB gene and recover the motile phenotype in flaB- mutant, under induction with 1 4 

mM IPTG (Fig. 5). Indeed, plating of the strains Patoc 1, flaB- mutant, and both 5 

induced and non-induced clones was decisive to confirm the functionality of this 6 

system into L. biflexa. We observed a significant difference in the spreading of the 7 

induced clone when compared with both non-induced and non-recomplementated 8 

flaB- mutant (Fig. 5). The 1 mM IPTG concentration was used to induce motility in the 9 

plate, based in previous results obtained with GFP inducible expression system. 10 

Interestingly, when the 1 mM induced clone was observed by dark field microscopy 11 

the motility appeared to have been recovered, in comparison with the flaB- mutant, 12 

but not homogeneously as in the wild-type Patoc 1 strain since some of the cells still 13 

appeared to be non-motile (data not shown). This is in agreement with the low level 14 

of fluorescence presented by the GFP-inducible clones. Also, in this case, we 15 

speculate about the low transcription levels of the flaB gene or the misfolding of the 16 

expressed protein. 17 

 18 

DISCUSSION 19 

Inducible expression systems have been developed for a number of bacterial 20 

species, including the spirochete B. burgdorferi, and have demonstrated a great 21 

applicability for genetic studies or as a controllable expression system (12, 18, 4, 5). 22 

For Leptospira there is no similar tool available, so far. The inducible expression 23 

system developed for B. burgdorferi by Blevins et al. (4) successfully employed a 24 

LacI repressor-based system, which can be regulated by the use of IPTG. In 25 

addition, the codon usage of the lacI gene used to constitute that system was 26 

adapted for borrelial genome content, in order to promote a more strict control of the 27 

expression. Considering the simplicity of the functioning of a lac-based system we 28 

focused this study in the development of a similar tool which is functional also in L. 29 

biflexa. The LacI repressor used to engineer our system was based in that described 30 

by Blevins et al. (4). Given the codon adaptation of that lacI allele for borrelial 31 

genome content maximization was achieved in its expression, and this observation 32 

was associated with a tighter repression of the expression system. Additionally, in 33 

that study, the lacI gene was put under the control of the strong PflaB promoter. 34 
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These features together favored LacI repressor expression in B. burgdorferi. Thus, 1 

due to the similarity in the AT% content between Borrelia and Leptospira species 2 

genomes (28) and previous evaluation of the functionality of PflaB promoter in L. 3 

biflexa (unpublished results), it seemed rational to base our system in that 4 

construction. As an IPTG-inducible promoter we initially choose the E. coli Ptac 5 

promoter and the L. biflexa Phsp10 promoter. Both promoters were used to express 6 

the gfp reporter, which was initially selected to enable us to determine and quantify 7 

optimal IPTG treatments. The gfp, in this case, was not biased to favor its expression 8 

in L. biflexa. However, a recent study employing this allele as a reporter obtained 9 

high levels of fluorescence in pathogenic B. burgdorferi (24). Despite this, Leptospira 10 

transformed with pSHG plasmid (Table 1) exhibited low in vitro fluorescence (data 11 

not shown). 12 

The optimal IPTG concentration to induce the pSLHG expression system was 13 

determined as 1 mM, which induced a slightly higher level of fluorescence than 10 14 

mM (Fig. 2). The fluorescence levels produced by L. biflexa transformed with this 15 

construction, and induced by 1 mM IPTG, were highest immediately 1 h 16 

postinduction (p.i.), and was kept in similar levels for 24 h p.i. (Fig. 3). The treatment 17 

of cultures with 1 mM IPTG has been demonstrate to be optimal and promote the 18 

best expression results for other inducible systems (16, 35, 4), however, our findings 19 

about the kinetics of the fluorescence levels contrast to that obtained by Blevins and 20 

colleagues in B. burdorferi  (4). In than study, which also employed a spirochete as 21 

the model, it was found that the maximum fluorescence levels obtained by Luciferase 22 

expression were between 3 and 15 h p.i. A number of reasons may contribute to the 23 

differences observed in our study including (i) the differences among promoters 24 

chosen to induce these reporters, (ii) the in vivo stability of the plasmid vectors or the 25 

protein expressed, or (iii) the differences among spirochetal genetic machinery. A 26 

fluorescence signal was also detected among non-induced cultures. However, only 27 

low signals could be observed among them and which are lower (3-fold) than IPTG-28 

induced cultures (Fig. 2 and 3). Western blot analyses were also performed and 29 

confirmed the expression of GFP in IPTG-induced cultures, whereas no protein was 30 

detected among that non-induced (Fig. 4). This demonstrates the functionality of the 31 

borrelial-adapted LacI as a repressor in Leptospira. 32 

In this study, only one lacO site was inserted in Phsp10 promoter, between the 33 

-10 and Shine-Delgarno regions. Previous studies mentioned the need to use two 34 
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lacO sites to achieve a better control of the expression. However, in our case, we did 1 

not observe a high-level of expression. Thus, it was not necessary to reengineer our 2 

promoter to obtain a more strict control. In fact, we speculate if the insertion of one 3 

lacO site into the Phsp10 promoter was responsible for the reduced expression of 4 

GFP. Supporting this hypothesis is the observation of a strong expression of GFP 5 

under the control of the native non-modified Phsp10 promoter, in another study from 6 

our group (data not shown). This leads to the conclusion that this system should be 7 

modified to make it suitable for maximal expression applications by replacing the 8 

PHsp10 promoter by an E. coli Lac-inducible promoter, other than Ptac, or a 9 

spirochaetal promoter whose expression control is not influenced by the insertion of 10 

lacO operators. 11 

To validate our inducible system we used the flaB gene as a reporter to 12 

complement the loss of motility of a L. biflexa flaB- mutant. The flaB gene was cloned 13 

downstream the inducible Phsp10 promoter and used to generate pSLHF (Table 1). 14 

Plating of the induced culture produced a spreading pattern similar to that found for 15 

the wild-type Patoc 1 strain, whereas the non-induced culture behave as the flaB- 16 

mutant strain (Fig. 5). Dark-field microscopy analysis of the complemented culture 17 

demonstrated a heterogeneous motility among induced leptospires, when compared 18 

with the wild-type Patoc 1 strain and Patoc 1 flaB- mutant (Data not shown). Western 19 

blot analysis produced negative results concerning the detection of FlaB protein 20 

expression (data not shown). Thus, we speculate similarly to GFP inducible system, 21 

FlaB is being very poorly expressed. 22 

The successful development of an IPTG inducible expression system opens 23 

the opportunity to carry out new studies of molecular genetics in L. biflexa. The 24 

immediate application of our inducible system will be to generate conditional mutants 25 

of essential genes and study their function and participation in Leptospira physiology, 26 

but a number of applications may involve the use of an inducible expression system.  27 
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FIGURE LEGENDS 1 

 2 

FIG. 1. Diagram illustrating the two L. biflexa shuttle plasmids used in this study (A) 3 

and the relevant regions and restriction sites of derivative constructs generated and 4 

transformed into L. biflexa (B). pSLe94 shuttle vector is more stable than pGSBLe24 5 

due to the presence of a larger number of partition genes. pSTG and pSHG were 6 

used to assess the impact of the insertion of one lacO operator into Ptac and Phsp10 7 

promoters. pSL was constructed to receive further lacO-modified promoters-reporters 8 

constructions and generate the pSLHG and pGLHG, which contain a gfp inducible 9 

system, and pSLHF and pGLHF, which contain a flab inducible system under the 10 

control of the lac-inducible expression system. 11 

 12 

FIG. 2. Kinetics of green fluorescence induction from the Leptospira lac 13 

repressor/operator expression construct (pSLHG). Cultures of Patoc 1 (wt strain) and 14 

Patoc 1-gfp (containing PSLHG) were induced with various concentrations of IPTG. 15 

A culture of Patoc 1 was induced with 10 mM IPTG, while Patoc 1-gfp was untreated 16 

(0 mM IPTG) or induced with 1 and 10 mM IPTG; samples were collected at one 17 

week postinduction. Fluorescence levels (OD) from triplicate samples of each culture 18 

were standardized according to a cell density of 1 x 108 spirochetes. Four 19 

independent induction studies were performed with equivalent results.  20 

 21 

FIG. 3. Kinetics of green fluorescence production from the lac repressor/operator 22 

expression construct (pSLHG). A culture of Patoc 1-gfp was untreated (0 mM IPTG) 23 

or induced with 1 mM IPTG. Samples were collected at the designated times (h), and 24 

fluorescence assays were performed. GFP activities (OD) from triplicate samples of 25 

each culture were standardized according to a cell density of 1 x 108 spirochetes; 26 

results are presented as the mean OD/ 1 x 108 bacteria ± standard deviation.  27 

 28 

FIG. 4. Western blot analysis of GFP using anti-6x His monoclonal antibodies. 29 

Cultures of Patoc 1 and Patoc 1-gfp (pSLHG) were untreated or induced with 1 mM 30 

IPTG. Cells were collected at one week postinduction. Total protein from 1 x 108 31 

spirochetes was loaded in each gel lane for the GFP immunoblot. GFP detection was 32 

included to confirm that equivalent concentrations of lysates were loaded per gel 33 
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lane. Values at left denote relevant molecular masses (kDa) of Bio-Rad Precision 1 

Plus standard (MW). 2 

 3 

FIG. 5. Spreading of Patoc 1, Patoc 1 flaB- mutant and Patoc 1-flaB (pSLHF). 4 

Bacteria were picked into solid agar (1%) and incubated for growth during one week. 5 

At One week of growth, the wild-type Patoc 1 strain and induced (1 mM IPTG) Patoc 6 

1-flaB presented the same colony morphology and dissemination through the agar. In 7 

the absence of IPTG, both the Patoc 1 flaB- mutant and Patoc 1-flaB presented as a 8 

non-spread colony. Several independent induction studies were performed, and 9 

similar results were obtained between Patoc 1 wild-type and induced Patoc 1-flaB, 10 

and Patoc 1 flaB- mutant and non-induced Patoc 1-flaB, either in solid (1%) or soft 11 

(0.5%) agar. 12 

 13 
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TABLES 

TABLE 1. Strains and plasmids used in this study 

Strain or plasmid Characteristics Reference 
Plasmids   
pCRT pCR2.1-Ptac This study 
pCRTS pCR2.1-Ptac-spcr This study 
pCRTG pCR2.1-Ptac-gfp This study 
pCRH pCR2.1-Phsp10 This study 
pCRHS pCR2.1-Phsp10-spcr This study 
pCRHG pCR2.1-Phsp10-gfp This study 
pCRHF pCR2.1-Phsp10-flaB This study 
pJSB104 pJD7::PpQE30-Bbluc+ and PflaB-BblacI (tandem);  Spec/Strepr 4 
pGSBLe24 ori pGEM-72f ori LE1 lacZ rep spcr 6 
pGL pGSBLe24-PflaB-BblacI This study 
pGLHG pGSBLe24-PflaB-BblacI-Phsp10-gfp This study 
pGLHF pGSBLe24-PflaB-BblacI-Phsp10-flaB This study 
pSLe94 ori pGEM-72f ori LE1 lacZ rep parA parB spcr 6 
pSL pSLe94-PflaB-BblacI This study 
pSTG pSLe94-Ptac-gfp This study 
pSHG PSLe94-Phsp10-gfp This study 
pSLHG pSLe94-PflaB-BblacI-Phsp10-gfp This study 
pSLHF pSLe94-PflaB-BblacI-Phsp10-flaB This study 
   
Strains   
L. biflexa   

Patoc1 wild-type 28 
Patoc1 flaB- mutant  27 
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SUMMARY 54 

The family of Leptospiral immunoglobulin-like (Lig) genes includes ligA, ligB, and 55 

ligC. We demonstrate by PCR the presence of the lig genes among serovars from a 56 

collection of leptospiral strains and clinical isolates. While ligA and ligC genes appear 57 

to be present in a limited number of pathogenic serovars, the ligB gene is 58 

ubiquitously distributed among all pathogenic strains. None of lig genes were 59 

detected among intermediate or saprophytic Leptospira species. We also show that a 60 

short specific PCR fragment of ligB can be used to properly identify pathogenic 61 

strains of Leptospira. These findings demonstrate that ligB is widely present among 62 

pathogenic Leptospira spp. and may be useful for their reliable identification and 63 

classification. 64 

 65 

Abbreviations: FAFLP - fluorescent amplified fragment length polymorphism; Lig – 66 

leptospiral immunoglobulin-like; VNTR – variable number tandem repeat. 67 

68 
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INTRODUCTION 69 

Leptospirosis is a re-emerging zoonotic disease caused by Leptospira spp. that are 70 

transmitted to humans through direct or indirect contact with contaminated urine from 71 

a reservoir host, usually rats or other rodents (Faine et al., 1999). DNA-DNA 72 

hybridization studies have identified 19 Leptospira genomospecies to date (Levett 73 

2001; Levett et al 2006; Matthias et al., 2008; Slack et al., 2008). Among these L. 74 

interrogans, L. borgpetersenii, L. santarosai, L. noguchii, L. weilii, L. kirschneri and L. 75 

alexanderi are considered to be the main agents of leptospirosis (Levett et al., 2006). 76 

Serologic methods have identified >300 serovars of which more than 200 are 77 

considered pathogenic (Faine et al., 1999; Levett, 2001; Bharti et al., 2003). 78 

 79 

The lig genes, ligA, ligB and ligC, code for virulence determinants in pathogenic 80 

strains (Palaniappan et al., 2002; Matsunaga et al., 2003; Choy et al., 2007; Lin et 81 

al., 2007). The Lig proteins were identified as markers for the early diagnosis of 82 

leptospirosis (Croda et al., 2007; Srimanote et al., 2008) and as potential vaccine 83 

candidates (Koizumi et al., 2004; Palaniappan et al., 2006; Silva et al., 2007; Faisal 84 

et al., 2008; Yan et al., 2008). Previously, we determined that the lig genes are highly 85 

conserved (70-99%) in virulent pathogenic Leptospira isolates (McBride et al 2008). 86 

ligB was present in all isolates, ligA was limited to L. interrogans and L. kirschneri 87 

strains and ligC was a pseudogene in several isolates. 88 

 89 

Molecular tools employed for the classification of Leptospira spp. include PFGE 90 

(Herrmann et al., 1992; Galloway & Levett, 2008), restriction endonuclease assay 91 

(Brown et al., 1997), RFLP (Barocchi et al., 2001), arbitrarily primed PCR (Perolat et 92 

al., 1994), FAFLP (Vijayachari et al., 2004) and VNTR (Majed et al., 2005; Salaün et 93 

al., 2006; Slack et al 2005). However, these techniques lack reproducibility or have 94 

low sensitivity or specificity (Levett, 2006). 16S rDNA sequencing has been used in 95 

phylogenetic analyses (Hookey et al., 1993) but the rrs genes exhibit a low degree of 96 

polymorphism, limiting their usefulness in typing. A limitation of the previous 97 

investigation of the lig genes was the small number of isolates studied (McBride et al 98 

2008). To this end we proposed to determine the presence of the lig genes in an 99 

expanded collection of strains using a PCR-based assay. Given the lack of a 100 

definitive molecular-based method for typing pathogenic leptospires we describe the 101 
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use of ligB sequencing for the molecular characterization of pathogenic Leptospira 102 

isolates. 103 

  104 

 105 

METHODS 106 

Bacterial strains and culture conditions. Reference and clinical strains belonging 107 

to nine species and including 39 serovars were obtained from the collections 108 

maintained at the Gonçalo Moniz Research Centre, Salvador, Brazil and the National 109 

Reference Centre for leptospirosis at the Institut Pasteur, Paris, France. Clinical 110 

strains were isolated from both humans and animals and from diverse geographical 111 

regions, including Brazil, Russia, Croatia, and Guadeloupe (Majed et al., 2005; Silva 112 

et al., 2008). All strains were cultured at 30 °C in liquid Ellinghausen-McCullough-113 

Johnson-Harris modified tween 80-bovine albumin medium (Ellinghausen and 114 

McCullough, 1965; Johnson and Harris, 1967). The microscopic agglutination test 115 

(MAT) was carried out using the standard method for putative serogroup 116 

determination (Cole 1973; Levett et al 2003). 117 

 118 

Oligonucleotide design. Primers were designed using Vector NTI® 10 software 119 

(Invitrogen). lig gene sequences deposited in GenBank were aligned, conserved 120 

regions were identified and degenerate primers designed. Fragments from each of 121 

the lig genes were amplified and sequenced with the following primers: ligA: PSAF 5'-122 

CKGAWCTTGTRACYTGGARKTCYTC, PSAR 5'-123 

TTGTTAATGTTTTCATRTTAYGGC (ligA); ligB: PSBF 5'-124 

ACWRVHVHRGYWDCCTGGTCYTCTTC, PSBR 5'-125 

TARRHDGCYBTAATATYCGRWYYTCCTAA; ligC: PSCF 5'-126 

GAGAAATAYAATCTCCTTCTTCCGG, PSCR 5'-127 

CCTRTTCGTGTTGGARGAATTCC.  128 

 129 

DNA manipulation. Genomic DNA was extracted using the GFX Genomic Blood 130 

DNA Purification Kit following the protocol for Gram-negative bacteria recommended 131 

by the manufacturer (GE Healthcare). PCR amplification was performed using Taq 132 

DNA polymerase (Invitrogen) and the following cycling conditions: one denaturing 133 

cycle at 94 °C for 2 min; 35 cycles of denaturing at 94 °C for 30 s, annealing at 54 °C 134 
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for 30 s and elongation at 72 °C for 45 s; and a final elongation at 72 °C for 10 min. 135 

The amplified products were analyzed by 1 % agarose gel electrophoresis. 136 

 137 

Sequencing. PCR products were purified by the use of GFX PCR DNA and Gel 138 

Band purification kit according to the manufacturer’s instructions (GE Healthcare). 139 

The sequencing was performed using a MegaBACE 500 DNA sequencer (GE 140 

Healthcare) and the Dynamic ET-terminator technology. The assembled sequences 141 

were analysed by BLAST alignment (http://www.ncbi.nlm.nih.gov/BLAST) against the 142 

available lig gene sequences in GenBank. The lig sequences were aligned by the 143 

use of AlignX® software (Invitrogen).  144 

 145 

Phylogenetic analysis. The ligB gene sequences from 47 pathogenic strains (Table 146 

1) were used to assemble a phylogenetic tree with the MEGA 4 software (Tamura et 147 

al., 2007). 16S rRNA gene sequences were obtained from GenBank and aligned as 148 

described (Table 1). One thousand bootstrap replications were used to provide 149 

confidence in the nodes. The trees were constructed by the Neighbour-joining 150 

method using the Jukes-Cantor model (Tamura et al., 2007). The synonymous/non-151 

synonymous data were calculated using MEGA 4.1 beta software. rpoB sequences 152 

used for comparison were obtained from GenBank, and were previously deposited 153 

under the accession numbers DQ296129 to DQ296147 (La scola et al., 2006). 154 

 155 

Southern blotting. A total of 3 µg of genomic DNA was digested with 20 units of 156 

BamHI (Invitrogen) and separated by agarose gel electrophoresis. DNA was 157 

transferred from the gel to a positively charged Hybond-N nylon membrane (GE 158 

Healthcare) with a vacuum blotter (Bio-Rad). Probes to each of the lig genes were 159 

based on pooled PCR products amplified using the primers described and labelled 160 

using the ECL Direct Nucleic Acid Labelling and Detection System (GE Healthcare). 161 

Prehybridization was carried out at 42 °C for 1 h in hybridization buffer supplemented 162 

with 0.5 M NaCl and 5 % blocking agent. Hybridization was carried out overnight at 163 

42 °C in roller bottles. Following hybridization, the membrane was washed twice for 164 

10 min at 55 °C in wash solution (0.4 % SDS, 0.5× SSC). Finally, the membrane was 165 

washed twice in 2× SSC, 5 min per wash at room temperature. After incubation with 166 

ECL detection reagents, hybridization products were detected by exposure of the 167 

membrane to Hyperfilm ECL X-ray film (GE Healthcare). 168 
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 169 

RESULTS AND DISCUSSION 170 

Distribution of the lig genes in Leptospira spp. 171 

In our previous study, pair-wise alignment of the lig genes allowed the identification 172 

of highly conserved regions within the lig genes (interspecies identity ranged from 68 173 

to 99 %) (McBride et al., 2008). Based on these regions, primers were designed to 174 

successfully amplify lig gene fragments from the Leptospira strains described in this 175 

study (Table 1). For ligA the primers spanned nucleotides 3482 – 3693 at the C-176 

terminus, the ligB primers spanned nucleotides 2125 – 2504 within the non-identical 177 

region and for ligC the primers spanned nucleotides 1487 – 1734 (Fig. 1). The 178 

expected sizes of the amplicons were 211 bp (ligA), 380 bp (ligB) and 248 bp (ligC). 179 

The PCR results indicated that ligB was conserved in the genome of 100 % (52/52) 180 

of the pathogenic strains tested (Table 1). Notably, ligA was limited to L. interrogans 181 

and L. kirschneri strains, and was only found in 26/44 isolates. As well as being 182 

present in certain L. interrogans and L. kirschneri strains, ligC was also detected in 183 

several L. noguchii and L. weilii strains (31/44 strains in total). 184 

 185 

To confirm the negative PCR results as true negatives a Southern blot analysis was 186 

carried out (Table 1). The hybridization results corroborated the PCR assays findings. 187 

These results support previous studies that suggested the lig genes are only found in 188 

pathogenic strains and that of the three lig genes only ligB was conserved in all 189 

pathogenic Leptospira strains (Matsunaga et al. 2003; McBride et al. 2008). The 190 

findings presented herein add to the growing body of evidence that suggests the Lig 191 

proteins are essential virulence determinants in Leptospira spp. (Matsunaga et al., 192 

2005; Choy et al., 2007, McBride et al., 2008). To ensure that the PCR products were 193 

not artefacts a selection of amplicons (see Table 1) were sequenced and analyzed 194 

with those lig gene sequences available in GenBank. 195 

 196 

Sequence variability of the lig gene fragments 197 

The ligB amplicons exhibited considerable DNA sequence polymorphism, particularly 198 

at the 5' and 3' ends of the 380 bp fragment. Therefore the ligB sequences were 199 

trimmed to remove these hypervariable regions and a 214 bp region (nucleotides 200 

2236 – 2449, L. interrogans Fiocruz L1-130 strain) was identified that exhibited a 201 

high level of conservation. The overall level of pair-wise DNA sequence variability 202 
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was determined to be 21.2 ± 3.9% and 20.6 ± 3.8% at amino acid level for the ligB 203 

amplicon (Fig. 2). This DNA fragment demonstrated some interspecies 204 

polymorphism, but it was not significant (Fig. 2). The mean pair-wise DNA sequence 205 

variability was 0.8 ± 0.4, 3.7 ± 1.5, 0, 1.2 ± 0.9, 0.9 ± 0.9 and 0% among the L. 206 

interrogans, L. kirschneri, L. noguchii, L. borgpetersenii, L. santarosai and L. weilii 207 

strains, respectively (0.8 ± 0.4, 3.7 ± 1.5, 0, 1.7 ± 1.2, 0.9 ± 0.9 and 0% at the amino 208 

acid level, respectively). Furthermore, 17 ligB different orthologs were identified 209 

among the 48 Leptospira strains that contained one or more base substitutions within 210 

the amplified region.  211 

 212 

The ligA amplicons demonstrated a mean pair-wise variability of 21.5 ± 2.4% among 213 

L. interrogans strains and 0.8 ± 0.8% among L. kirschneri strains (25 ± 3.9 and 0% at 214 

the amino acid level, respectively). The overall mean pair-wise DNA sequence 215 

variability of the ligA amplicons was 22.2 ± 2.7% (26.8 ± 4.4% at the amino acid 216 

level) (Fig. 2). The alignment of the ligA sequences revealed the presence of indels 217 

in some of the L. interrogans sequences that corresponded to the loss of an amino 218 

acid codon. The ligC gene exhibited a mean pair-wise variability of 1.9 ± 1.7 and 0% 219 

(1.9 ± 1.8 and 0% at the amino acid level, respectively) among the L. interrogans and 220 

L. kirschneri strains, respectively. The overall mean pair-wise variability was 4.4 ± 221 

2.8% (4.4 ± 2.8% at the amino acid level) (Fig. 2). 222 

 223 

The lig genes encode for an important family of outer membrane proteins that are 224 

characterized by the presence of immunoglobulin-like domains (Palaniappan et al., 225 

2002; Matsunaga et al., 2003) and are potential virulence determinants of Leptospira 226 

spp. (Choy et al., 2007; Lin et al., 2007). These proteins are surface-exposed and are 227 

up-regulated within mammalian hosts (Matsunaga et al., 2005; Choy et al., 2007). 228 

Previous studies have demonstrated their usefulness as markers for diagnosis of 229 

leptospirosis (Croda et al., 2007; Palaniappan et al., 2004; Palaniappan et al., 2005; 230 

Srimanote et al., 2008) and as potential vaccine candidates (Koizumi et al., 2004; 231 

Palaniappan et al., 2006; Silva et al., 2007; Faisal et al., 2008a,b). More recently, 232 

their presence and conservation among virulent pathogenic strains of Leptospira spp. 233 

was confirmed (McBride et al., 2008). Of note, inactivation of ligB does not result in 234 

attenuation of virulence in animal models (Croda et al., 2008). This is probably due to 235 

functional redundancy of the Lig proteins as LigA was expressed in the LigB 236 
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knockout strain. The findings of this study confirm the ubiquitous nature of LigB in 237 

pathogenic Leptospira spp. and that LigA and LigC are not present in all strains. 238 

 239 

Phylogenetic analysis of ligB 240 

The relatedness of the 48 ligB 214 bp DNA sequences is presented in Fig. 3A, the 241 

Leptospira strains resolved into two distinct clusters. Those sequences from L. 242 

interrogans, L. kirschneri and L. noguchii grouped together in one cluster, while those 243 

from L. borgpetersenii, L. santarosai and L. weilii formed the second cluster. The 244 

clustering pattern is similar to the phylogenetic tree based on the full-length ligB 245 

sequences (McBride et al. 2008). The individual Leptospira species are easily 246 

determined based on the ligB internal sequence.  247 

 248 

The ligB amplicon is situated within a region of the ligB gene that was found to be 249 

phylogenetically clonal based on a multiple-change-point (MCP) model in the majority 250 

of strains (McBride et al. 2008). Of the two strains that showed evidence of 251 

rearrangements (L. interrogans and L. kirschneri) the amplicon is located outside 252 

these recombination hotspots. The results demonstrate that the internal ligB 253 

sequence can be used to discriminate Leptospira to the species level. Within each 254 

major cluster there was evidence of further sub-clustering. For example, 3/5 of the L. 255 

interrogans serogroup Icterohaemorrhagiae strains clustered together, including 256 

serovars Copenhageni and Icterohaemorrhagiae. Within the L. kirschneri and L. 257 

borgpetersenii cluster various sub-clusters were identified but they did not 258 

correspond to the serogroups (Fig. 3A).  However, there was insufficient 259 

discriminatory power to type the serovars beyond the species level. This is a similar 260 

situation as reported for the 16S rrs gene in Leptospira spp. (Morey et al., 2006). 261 

 262 

 The number of synonymous substitutions (dS) within the ligB amplicons was equal in 263 

number or higher than those of non-synonymous substitutions (dN) per site. The 264 

probability of the existence of recombination among the several ligB nucleotide 265 

sequences was not confirmed (overall P = 1.00) and the ratio between the non-266 

synonymous (dN) and synonymous (dS) substitutions (dN/dS) was 0.34. This 267 

supports the hypothesis of sequence stability due to absence of positive selection 268 

over this ligB locus. Rejection of neutrality hypothesis (positive selection suggestive 269 

of recombination) in ligB was only seen in the L. borgpetersenii Poi and Veldrat 270 
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Batavia 46 strains where the dN/dS was 1.72 (P = 0.04). However, this does not 271 

preclude the use of ligB for species typing, as both belong to the same species. The 272 

G + C content of the several ligB loci ranged from 37.8 in L. kirschneri to 50 in L. 273 

borgpetersenii (data not shown).   274 

 275 

Phylogenetic analysis of the 16S rDNA sequences 276 

The phylogenetic tree based on the available 16S gene sequences (Table 1) is 277 

presented in Fig. 3B. The tree describes the relatedness for 36 sequences and the 278 

clustering pattern is similar to that described in previous studies (Levett et al. 2006, 279 

Haake et al. 2005). The strains clustered according to species: sequences from L. 280 

interrogans, L. kirschneri, L. noguchii and L. santarosai formed one cluster; while 281 

those from L. borgpetersenii and L. weilii formed a second cluster. The major 282 

difference between the predicted relatedness patterns is the clustering of the L. 283 

santarosai strains. In Fig. 3B these strains clustered with the L. interrogans, L. 284 

kirschneri and L. noguchii strains.  285 

 286 

Traditionally, 16S rRNA genes sequences have been used for Leptospira species 287 

classification (Postic et al., 2000; Morey et al., 2006). However, this gene has few 288 

polymorphisms throughout its 1,500 bp length in Leptospira spp. (Janda et al., 2007). 289 

Efforts to identify new markers for species differentiation focused on the evaluation of 290 

partial rpoB (La Scola et al., 2006) and wzy (Wangroongsarb et al., 2007) 291 

polymerases, the gyrase subunit B, gyrB (Slack et al., 2006), the preprotein 292 

translocase secY (Victoria et al., 2008), and the genes encoding the surface proteins 293 

LipL32, LipL41 and OmpL1 (Haake et al., 2004; Ahmed et al., 2006). The main 294 

advantage of selecting housekeeping genes for classification is that the constant 295 

selection pressure over these genes in the genome. However, as is the case for the 296 

16S genes, this is associated with a low accumulation of polymorphisms and hence a 297 

lower resolution power in terms of strain differentiation. Genes such as rpoB and 298 

gyrB offer the advantage of being shorter and more polymorphic. Recently, La Scola 299 

and colleagues (2006) described 3 nucleotides that accounted for the differences 300 

between the L. kirschneri serovar Cynopteri and L. interrogans serovar Canicola rrs 301 

genes. In addition, Morey and coworkers (2006) reported that the difference between 302 

L. interrogans and L. kirschneri type strains was due to only two nucleotides. This is 303 

consistent with descriptions of the high degree of conservation of the 16S rRNA 304 
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among other bacterial species (Janda et al., 2007). The rpoB was found to contain 51 305 

polymorphisms over 600 bp when the Cynopteri and Canicola serovars were 306 

compared. In this study, the 214 bp ligB sequence contained 23 and 24 307 

polymorphisms between the Cynopteri and Canicola serovars and the L. interrogans 308 

and L. kirschneri type strains, respectively. 309 

 310 

The taxonomic analysis performed in this study demonstrated the discriminatory 311 

power of the ligB gene. We showed that ligB is a molecular marker that is able to 312 

differentiate the serovars into their respective species (Fig. 3). Recently, we showed 313 

that some ligB genes contain mosaic sites, but they were located at the carboxy-314 

terminal end of the gene (McBride et al., 2008). Furthermore, some of the ligB 315 

domains were involved in the duplication events that led to the creation of ligA. In this 316 

study we specifically chose a region outside of the potential mosaic region and that 317 

did not include the domains involved in the gene duplication events. In conclusion, 318 

the ligB molecular typing scheme demonstrates several major advantages (i) the 319 

ability to differentiate strains to the species level; (ii) differentiation between 320 

pathogenic and non-pathogenic strains and (iii) the potential to be employed in MLST 321 

or MVLST analysis for identification of clonal derivation events during the seasonal 322 

epidemics and outbreaks associated with urban leptospirosis.  323 
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Legends to figures 524 

Fig. 1. Diagram of the main features of (A) ligA, (B) ligB and (C) ligC genes. The solid 525 

black regions indicate the exact location of the target PCR amplicon. In (C) the PCR 526 

product included the stop codon (X) present in ligC from the L. interrogans Fiocruz 527 

L1-130 genome. The identical domains (green), the non-identical domains of ligA 528 

(red) and ligB, (blue) and the carboxy-terminal domains of ligB (hatched) and ligC 529 

(boxed) are indicated. 530 

 531 

Fig. 2. Comparison of the variability of the DNA sequences from the 16S (rrs), rpoB, 532 

ligA, ligB, and ligC genes from Leptospira spp., the error bars indicate standard 533 

deviation. The number of individual sequences used for the determination of 534 

sequence variability is indicated (n). The presence (+) and absence (-) of each gene 535 

in pathogenic (P), intermediate (I), and saprophyte (S) strains is shown. The 536 

nucleotide positions used during the alignment analysis were: 75 – 1255 (rrs), 1891 – 537 

2462 (rpoB), 3482 – 3693 (ligA), 2236 – 2449 (ligB) and 1487 – 1734 (ligC). 538 

  539 

Fig. 3. Unrooted phylogenetic trees were constructed from (A) the ligB (214 bp) and 540 

(B) the 16S gene (1181 bp). The bootstrap consensus values are indicated. Asterisks 541 

indicate serogroups instead of serovars.  542 
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TABLES 543 

Table 1. Distribution of lig genes.      

 
Species                            Serovar                          Strain                         16S† 

PCR 

 ligA ligB ligC 

Pathogens L. interrogans Australis Ballico + (FJ154556) + + +* 
  Autumnalis Akiyami A + (FJ154543) + + + 
  Bataviae Van Tienen + (FJ154566) + + + 
  Bratislava Jez Bratislava + (FJ154547) + + + 
  Canicola Hond Utrech IV + (FJ154561) + + +* 
  Canicola Kito + +‡ +‡ +‡ 
  Canicola Mex 1 + +‡ +‡ +*‡ 
  Copenhageni Fiocruz L1-130 + (AY461869) +‡ +‡ +‡ 
  Copenhageni M 20 + (FJ154542) + + + 
  Hardjo-prajitno Hardjoprajitno + (FJ154553) + + + 
  Hebdomadis Hebdomadis + (FJ154551) + + + 
  Icterohaemorrhagiae RGA§ + (FJ154549) + + + 
  Kennewicki LT 1026 + (FJ154571) + + + 
  Lai 56601 (AY461870) - + + 
  Lai Lai + + + + 
  Manilae LT 398 + (FJ154545) + + + 
  Muenchen Munchen C90 + (FJ154565) + + + 
  Pomona PO-06-047 + +‡ +‡ +‡ 
  Pomona Pomona + (FJ154544) + + + 
  Wolffi 3705 + (FJ154558) + + + 
 L. kirschneri Cynopteri 3522C§ + (FJ154546) +* + +* 
  Djatzi HS 26 + +* + + 
  Erinaceiauriti Erinaceus auritus 670 + (FJ154560) +* + + 
  Grippotyphosa 2.002.297¶ + ND +* ND 
  Grippotyphosa 2.002.306¶ + ND +* ND 
  Grippotyphosa 2000.11.449¶ + ND +* ND 
  Grippotyphosa RM52 + +‡ +‡ +‡ 
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  Kambale Kambale + (FJ154562) + + + 
  Mozdok 5621 + (FJ154559) + + + 
  Ramisi Musa + (FJ154573) +* + +* 
 L. borgpetersenii ND 2E02 + -*‡ +*‡ - 
  Ceylonica Piyasena + (FJ154596) - + - 
  Istrica M 18¶ + ND +* ND 
  Javanica Veldrat Batavia 46§ + (FJ154600) - + - 
  ND 2002.10.110¶ + ND +* ND 
  Mini Sari + (FJ154592) - +* - 
  Poi Poi + (FJ154597) - + - 
  Hardjo L550 NC008508 - + - 
  Hardjo JB197 NC008510 - + - 
  Tarassovi Perepelicin + (FJ154595) - +* - 
 L. noguchii Bataviae¦ Cascata + (EU349495) -‡ +‡ -‡ 
  Orleans LSU 2580 + (FJ154588) - + - 
  Panama CZ214 K§ + (FJ154582) - +* + 
 L. weilii Hebdomadis¦ Eco-Challenge + (AY034037) -‡ +‡ +‡ 
  Celledoni Celledoni§ + (FJ154580) - + - 
  Coxi Cox + - +* +* 
  Vughia LT 89-68 + (FJ154590) - + + 
  ND 2007.025.92¶ + ND + ND 
 L. santarosai Alexi HS 616 + (FJ154585) - + - 
  Shermani LT 821§ +(AY631883) ND + ND 
  Trinidad TRVL 34056 + (FJ154598) - +* - 
  ND 2008.010.55¶ + ND + ND 
Intermediates L. fainei Hurstbridge But 6§ + (FJ154578) - - - 
 L. inadai Lyme 10§ + ND - ND 
Saprophytes L. meyeri Semaranga Veldrat Semarang 173§ + - - - 
 L. biflexa Semaranga Patoc 1§ + -‡ -‡ -‡ 
* PCR products not sequenced.         
‡ Confirmed by Southern blot analysis.      
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ND - Not determined.      
§ Type strain.       
¶ Clinical isolate.      
† Internal PCR control (Postic et al., 2000). 
¦ Serogroup.     

in brackets: accession numbers 
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FIGURES 

Figure 1 
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Figure 2 
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Figure 3 

(A) 
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(B)

  



8 
 

  

7. CONCLUSÕES GERAIS 

 

Artigo 2 

- O transposon do tipo mariner, Himar 1, é uma ferramenta eficaz na  transformação 

genética de Leptospira spp., conforme comprovado pela criação de um banco de 

mutantes; 

- O método de transposon mutagênese pode ser aplicado para a identificação de 

fatores de virulência e processos biológicos ligados à patogenicidade de leptospiras 

patogênicas, mediante a avaliação dos mutantes gerados em modelos animais; 

 

Artigo 3 

- Um sistema de expressão induzível, baseado no sistema Lac, permite a expressão 

controlada de antígenos e complementação de mutantes em L. biflexa. 

- A proteína GFP não é tóxica para L. biflexa e pode ser utilizada como um repórter 

para sua manipulação genética; 

 

Artigo 4 

- Os genes lig estão presentes apenas em sorovares patogênicos de Leptospira, e 

ligB é o único presente entre todas as cepas e isolados;  

- O gene ligA está presente apenas entre os sorovares das espécies L. interrogans e 

L. kirschneri, enquanto ligC aparece, além destas, também entre sorovares das 

espécies L. noguchii e L. weilii; 

- A sequência do fragmento amplificado do gene ligB pode ser usada na 

diferenciação das espécies patogênicas de Leptospira. 
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ANEXO I 
 

O ANEXO I é o material suplementar do Artigo 2. Neste anexo estão 

apresentados os dados de identificação dos genes interrompidos pelo transposon 

Himar 1 nos sorovares Lai, Manilae, Copenhageni, Canicola, Bataviae e 

Hebdomadis. Nesta tabela constam a identificação dos mutantes, suas coordenadas 

de localização com base no genoma de L. interrogans Lai, o nome do gene 

interrompido, sua função, a existência de ortólogos em outras espécies de 

Leptospira e comentários gerais. Os mutantes marcados em amarelo correspondem 

àqueles interrompidos mais de uma vez no mesmo gene. Mutantes em negrito foram 

utilizados para infecção experimental no modelo de hamster.  
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ANEXO II 

 

Artigo “Genetic diversity of the Leptospiral immunoglobulin-like (Lig) genes in 

pathogenic Leptospira spp.” de autoria de McBride, A. J. A.; Cerqueira, G. M.; 

Suchard, M. A.; Moreira, A. N.; Zuerner, R. L.; Reis, M. G.; Haake, D. A.; Ko, A. I.; 

Dellagostin, O. A, publicado no periódico Infection Genetics and Evolution, 2009, v. 

9, p. 196-205. 

 

Este artigo foi derivado de uma colaboração entre o Centro de Pesquisas 

Gonçalo Moniz e a Universidade Federal de Pelotas para sequenciar completamente 

os genes ligA, B e C em sorovares patogênicos de Leptospira spp. 

A minha participação foi na construção das bibliotecas e sequenciamento dos 

genes, além de realizar ensaios de PCR e Southern blot para confirmar a presença 

ou ausência dos genes nos diferentes sorovares testados.  
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