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RESUMO

CERQUEIRA, Gustavo Maia. Desenvolvimento de ferramentas para a
manipulacao genética e metodologias para a identificacao de fatores de
viruléncia de Leptospira spp. 2009. 145 f. Tese (Doutorado) - Programa de Pés-

Graduacao em Biotecnologia. Universidade Federal de Pelotas, Pelotas.

Neste estudo, o Himar1 foi utilizado para a obtencdo de um total de 929 mutantes,
dos quais, 721 correspondem a sequéncias codificadoras (CDS) interrompidas pelo
transposon, cobrindo 551 genes diferentes. Alguns mutantes foram avaliados com
relacdo aos efeitos da interrupcdo génica sobre a viruléncia em modelo animal, e
dois mutantes atenuados contendo o transposon em genes hipotéticos foram
identificados. Outro estudo realizado buscou desenvolver uma nova ferramenta
genética para auxiliar no estudo da funcdo de genes especificos. Assim, foi
desenvolvido um sistema de expressao induzivel para L. biflexa. Este sistema de
expressao empregou como reporter o gene da proteina verde fluorescente (gfp) e o
gene da proteina flagelina B (flaB). L. biflexa fluorescente foi observada, assim como
leptospiras que voltaram a ter mobilidade ap6s a adicao do agente indutor (IPTG).
Finalmente, foi conduzido um estudo para a determinacdo da presenga dos genes
da familia /lig nas diversas espécies de leptospiras patogénicas, através da técnica
de PCR. O gene ligB apareceu amplamente distribuido, enquanto que ligA e ligC
foram detectados apenas em um reduzido numero de sorovares. Além disso, a
sequéncia de um fragmento especifico de 214 pb do gene ligB pode ser usada para
a constituicdo de um novo método para a classificacdo das espécies patogénicas de

Leptospira.
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ABSTRACT

CERQUEIRA, Gustavo Maia. Development of tools for the genetic manipulation
and methodologies for the identification of virulence factors of Leptospira spp.
2009. 145 p. Thesis (PhD degree) - Programa de P6s-Graduacao em Biotecnologia.
Universidade Federal de Pelotas, Pelotas.

In this study, Himar1 was used to obtain a total of 929 transposon mutants, of
which, 721 correspond to coding sequences (CDS) disrupted by the transposon in
551 different genes. Some mutants were evaluated regarding the effect of gene
disruption to virulence in the hamster model, and two attenuated mutants containing
the transposon into hypothetical genes were identified. Another study aimed to
develop a new genetic tool to help in the study of specific genes. Thus, an inducible
expression system for L. biflexa was developed. Such inducible expression system
employed as reporter genes the green fluorescence protein (gfo) and the gene
encoding for the flagelin B protein (flaB). Fluorescent L. biflexa (GFP) and motile
leptospires (FlaB) were observed after induction by IPTG. Finally, another study was
conducted to determine, by PCR amplification, the presence of the lig genes in
different pathogenic species. ligB appeared to be ubiquitously distributed, while ligA
and /ligC were detected only in a reduced number of serovars. In addition, a 214 bp
specific ligB fragment was used to constitute a new method for pathogenic

Leptospira species classification.
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RESUME

CERQUEIRA, Gustavo Maia. Développement de nouveaux outils pour la
manipulation génétique et methodes pour Il'identification de nouveaux
éléments liés a la virulence de Leptospira spp. 2009. 145 f. Thése (Doctorat) -
Programa de Pés - Graduacdo em Biotecnologia. Universidade Federal de Pelotas,

Pelotas.

Dans cet étude le transposon Himar1 a été utilisé pour I'obtention d’un total
de 929 mutant, parmi lesquels 721 correspondent a des séquences codantes (CDS)
interrompues par le transposon dans 551 génes différent. La virulence de quelques
mutants a été évaluée dans le modéle hamster, et deux mutants atténués,
lesquelles contiennent une interruption dans des génes hypothétiques, ont été
identifiés. Une autre étude a consisté a développer un nouveau outil génétique pour
I'étude de I'expression des genes. Ainsi, a l'aide du systéme Lac, il a été développé
un systéme d’expression inductible pour L. biflexa. Ce systeme a utilisé le gene de la
protéine fluorescente GFP ou le gene de la flagelline FlaB (dans un mutant flaB
immobile) comme génes rapporteurs. Des bactéries de L. biflexa fluorescentes ou
mobiles ont été observées apreés addition d'IPTG. Finalement, on a étudié par PCR
la distribuition des genes lig parmi les leptospires pathogénes. Le gene ligB a été
largement retrouvé, par contre ligA et ligC ont été détectés uniquement dans un
nombre réduit de sérovars. La séquence d’'un fragment spécifique de 214 bp du géne
ligB peut étre utilisé pour lidentification des souches pathogénes de Leptospira,
constituant une nouvelle méthode pour la classification des espéces pathogénes de
Leptospira.
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1. INTRODUCAO GERAL

Leptospirose € uma doenca infecciosa do tipo antropozoonose, e representa
um problema de saude publica que afeta principalmente paises em desenvolvimento
[LEVETT, 2001; BHARTI et al., 2003; McBRIDE et al., 2005]. Dentre as espécies
patogénicas que compdéem o género Leptospira, L. interrogans aparece como O
principal agente responsavel pela leptospirose. Diversas espécies mamiferas,
incluindo roedores, podem servir como reservatérios excretando espiroquetas na
urina. Humanos sao geralmente infectados através do contato com agua e solo
contaminados. A maior problematica causada pela leptospirose reside em ambientes
rurais pobres e em populacdes de favelas urbanas nos paises em desenvolvimento
[LEVETT, 2001; BHARTI et al., 2003; McBRIDE et al., 2005]. Mais de 500.000 casos
de leptospirose grave ocorrem a cada ano, com taxa de mortalidade entre 5 e 20%
[WHO, 1999]. Pouco se sabe sobre a patogenia de Leptospira, o que desfavorece a
identificacdo de novas estratégias de intervencao.

Leptospiras sdo bactérias altamente méveis e capazes de penetrar as
membranas da pele e mucosas e rapidamente se disseminar para outros tecidos,
logo apoés a infecgdo. Em hospedeiros suscetiveis (humanos e animais de grande e
pequeno porte — bovinos, equinos, suinos, caninos e felinos entre outros) a infecgao
sistémica produz manifestacoes graves em diversos 6rgaos, incluindo ictericia, falha
renal grave e hemorragia grave nos pulmdes e outros 6rgaos. Entretanto, em
reservatérios animais como o rato doméstico, a infeccdo produz carreamento
persistente assintomatico nos tubulos renais [LEVETT, 2001; BHARTI et al., 2003;
McBRIDE et al., 2005].

Atualmente sdo conhecidas 8 espécies patogénicas [MOREY et al., 2006;
SLACK et al.,, 2008]. Dentro das diferentes espécies, encontram-se sorovares
antigenicamente relacionados, que constituem os sorogrupos. Ja foram descritos
quase 300 sorovares o0s quais estdo distribuidos entre aproximadamente 28
sorogrupos [LEVETT, 2001].

Ha muito se discute sobre a necessidade de uma vacina protetora de amplo
espectro contra a leptospirose. Dessa forma, diversas proteinas de membrana
externa de Leptospira tém sido investigadas para esse fim. Antigenos candidatos
incluem as proteinas LipL32 [BRANGER et al., 2001; 2005], OmpL1 e LipL41
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[HAAKE et al., 1999], as proteinas LigA e LigB [KOIZUMI e WATANABE, 2004;
PALANIAPPAN et al., 2006; SILVA et al., 2007; FAISAL et al., 2008; YAN et al.
2008; FAISAL et al., 2009], entre outros antigenos [CHANG et al., 2007].

Os mecanismos de viruléncia, e a compreensao fundamental da biologia dos
agentes causadores de leptospirose permanencem desconhecidos. Até 0 momento,
apenas poucas proteinas tém sido caracterizadas como fatores ligados ou
supostamente associados a viruléncia [MATSUNAGA et al., 2005; STEVENSON et
al., 2007; CHOY et al., 2007; RISTOW et al., 2007; CRODA et al., 2008; MURRAY et
al., 2009a,b,c]. Estudos anteriores tém mostrado que leptospiras patogénicas
expressam adesinas [BARBOSA et al.,, 2006; MERIEN et al., 2000], hemolisinas
[LEE et al., 2002] e um grande numero de lipoproteinas que podem eventualmente
atuar na interacao patégeno-hospedeiro [CULLEN et al., 2005]. Entretanto, o papel
desses supostos fatores de viruléncia permanece especulativo. A recente publicacao
da sequéncia completa dos genomas de sorovares patogénicos e sapréfitas de
Leptospira [REN et al., 2003; NASCIMENTO et al., 2004; BULACH et al., 2006] tem
fornecido uma base para auxiliar na compreenséo da patogénese de Leptospira spp.
e permitiram avancar inclusive na tentativa de se identificar novos candidatos ao
desenvolvimento de uma vacina. A falta de ferramentas genéticas para manipular
leptospiras patogénicas tem dificultado a elucidagdo do papel destes determinantes
na viruléncia.

A evidéncia da transferéncia genética em L. interrogans, por meio do uso de
um elemento transponivel de origem eucariotica [BOURHY et al., 2005], abriu portas
para a identificacdo de proteinas ligadas a viruléncia de Leptospira. Até 0 momento
quatro importantes genes de Leptospira, os quais codificam para as proteinas Loa22
[RISTOW et al., 2007], LipL32 [MURRAY et al., 2009b], LigB [CRODA et al., 2008] e
Heme oxigenase [MURRAY et al., 2009c] foram interrompidos pela tecnologia de
transposon mutagénese, entretanto apenas Loa22 e Heme oxigenase demonstraram
uma influéncia direta sobre a viruléncia de L. interrogans.

Neste estudo, um banco de mutantes de Leptospira foi construido onde mais
de 900 mutantes foram obtidos pelo método de transposon mutagénese, entretanto,
apenas uma pequena parte destes mutantes foi testada quanto a sua viruléncia em
modelo animal [MURRAY et al.,, 2009a]. Um dos mutantes obtidos, o qual se
encontra em analise, perdeu completamente a viruléncia quando um gene

codificador de uma chaperona foi interrompido. Além disso, outras alteracdes
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funcionais foram constatadas em funcédo da perda da expressao desta chaperona.
Foi observado que o numero de cepas mutantes vidveis com mutacdo em genes
housekeeping foi baixo, possivelmente por resultarem em mutagbes letais. Para
possibilitar a obtencdo de mutantes letais condicionais, uma nova ferramenta foi
desenvolvida. Esta ferramenta é capaz de expressar de forma controlada genes
heter6logos ou da propria Leptospira sob a regulacdo de um promotor de E. coli ou
de Leptospira, sendo este ultimo modificado pela insercdo de um sitio operador do
operon da lactose. Assim, o sistema pode ser facilmente controlado pela utilizacao
de IPTG, um agente indutor ndo hidrolisavel. Por fim, outro estudo foi realizado o
qual buscou identificar a presenca dos genes lig de Leptospira entre sorovares
patogénicos, intermediarios e sapréfitas. O Unico gene que apareceu presente entre
todas as cepas patogénicas foi ligB, cuja analise da sequéncia possibilitou a
discriminagao entre as espécies patogénicas de Leptospira.

A tese estd apresentada na forma de artigos cientificos. Inicialmente é
apresentada uma revisdo que abrange os campos de taxonomia, filogenia e
epidemiologia molecular Leptospira spp. Nesta revisdo foi apresentado um histoérico
da utilizacdo de todas as ferramentas ja empregadas na classificacdo de Leptospira
spp. nos niveis de espécie, sorogrupo, sorovar e isolado. Este artigo “A century of
typing of Leptospira strains” foi solicitado pelo editor chefe Dr. Michel Tibayrenc para
publicacdo na revista Infection Genetics and Evolution. Em seguida, no artigo
“Genome-wide transposon mutagenesis in Pathogenic Leptospira species” (artigo 2),
foi descrita a construcdo de um banco de mutantes gerados por transposon
mutagénese. Alguns dos mutantes foram usados para infecgdo em modelo de
hamster onde se identificou novos mutantes atenuados. Este artigo foi publicado no
periddico Infection and Immunity. O artigo 3 trata da construgdo de um sistema de
expressao induzivel em Leptospira spp. Este sistema pode ser facilmente induzido
pelo uso de IPTG e é controlado pelo repressor Lacl. Para a validagao deste sistema
dois repérteres foram testados: o gene que codifica para a proteina GFP e o gene
flaB. Este ultimo codifica para a proteina flagelina B e o sistema que o inclui foi
utilizado para complementar um mutante flaB de L. biflexa. Este trabalho sera
submetido para publicacao no periédico Applied and Environmental Microbiology.

Na continuidade (artigo 4), a presenca e distribuicdo dos genes lig de
Leptospira foram avaliados por PCR. Neste trabalho foi mostrado que o gene ligB é

0 Unico presente entre todos os sorovares de Leptospira testados. Inclusive, foi
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também demonstrado que um fragmento de 214 pb do gene ligB é capaz de
identificar corretamente as espécies de Leptospira. Esse trabalho sera submetido

para publicagéo no periédico Journal of Medical Microbiology.
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2. OBJETIVOS

2.1. OBJETIVOS GERAIS
Os trabalhos aqui gerados tiveram por objetivo desenvolver e utilizar ferramentas e
métodos para a manipulacao e caracterizacdo genética de Leptospira spp.

2.2. OBJETIVOS ESPECIFICOS

1. Desenvolver um banco de mutantes por transposon mutagénese, utilizando o
transposon Himar 1, e demonstrar a aplicabilidade deste método para
identificar a participacédo de proteinas em processos biol6gicos.

2. Desenvolver um sistema de expressao induzivel para L. biflexa e avaliar suas
potenciais aplicacoes.

3. Desenvolver um método de deteccdo das regides codificadoras das

importantes proteinas lig de Leptospira nas diferentes espécies.
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3. ARTIGO 1

A CENTURY OF TYPING OF Leptospira STRAINS

(Artigo de revisao solicitado pelo editor chefe do periddico Infection Genetics and
Evolution)
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Introduction

Leptospira and leptospirosis

The spirochetes, which include medically important pathogens such as the
causative agents of Lyme disease, syphilis, and leptospirosis, constitute an
evolutively unique group of bacteria. First described by Weil in 1886, leptospirosis is
a zoonosis of world-wide distribution. Rodents are the main reservoir of the disease,
excreting the bacteria into their urine. Humans are usually infected through
contaminated water. Leptospirosis has been identified as a re-emerging infectious
disease, particularly in tropical and subtropical regions. More than 500,000 cases of
severe leptospirosis occur each year, with a mortality rate >10% and severe
haemorrhage syndrome >50% (McBride et al., 2005).

Antibiotic therapy is beneficial but must be administered in the early stage of
the disease. However, leptospirosis is often lately diagnosed, due to its wide
spectrum of symptoms, ranging from a flu-like syndrome to renal failure. The
symptoms mimic the clinical presentations of many other diseases, including Dengue
fever and Malaria. Laboratory diagnosis of leptospirosis is therefore important in
order to provide better patient care. Characterization of leptospires is also essential
for understanding the epidemiology of the disease. Serovar is the basic taxon of
leptospires and it is defined based on the structural heterogeneity in the carbohydrate
component of the lipopolysaccharide (LPS). Historically, the genus Leptospira is
divided into several hundred serovars of two species: L. interrogans and L. biflexa,
which contained pathogenic and saprophytic strains respectively. Based upon DNA-
DNA hybridization data, the genus is now classified into 19 species,(Yasuda et al.,
1987; Ramadass et al., 1992; Perolat et al., 1998; Brenner et al., 1999; Levett et al.,
2005; Levett et al, 2006; Matthias et al, 2008; Slack et al., 2008). However,
identification is further complicated because serovars of a same serogroup can be
distributed between different species.

Taxonomy and classification

Leptospires were first seen in silver-stained tissues from a patient by Stimson
in 1907 (Stimson, 1907). At that time, the agent of leptospirosis was identified as
Spirochaeta interrogans without any more information on the bacterium. The naming
of the species was therefore not in conformity with the requirements of the
International Code of Nomenclature. The first valid description of saprophytic
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Leptospira is given by Wolbach and Binger (Wolbach & Binger, 1914) and that of
pathogenic ones by Inada et al. (Inada et al,, 1916). The genus Leptospira was
initially divided into two groups: the pathogenic leptospires referred to as Leptospira
interrogans sensu lato and the saprophytic leptospires referred to as L. biflexa sensu
lato. The saprophytes are ubiquitous in the environment and usually found in fresh
surface water. Unlike pathogenic leptospires, they have rarely been associated with
animal hosts and reportedly do not produce infections in experimental animal
models. The two groups also differ in nutritional requirements and other phenotypic
properties. For example, growth of pathogenic leptospires is inhibited by the purine
analogue 8-azaguanine, whereas saprophytic leptospires are able to grow (Johnson
& Rogers, 1964). In addition, pathogenic leptospires have a generation time of about
20 hours and are considered as slow-growing bacteria, in comparison with
saprophytes (generation time around 5 hours).

Serological classification

Serotyping is a useful epidemiologic tool because establishing the causative
serogroup or serovar is the first step towards identifying reservoirs and generating
control strategies. For example, rats are generally maintenance hosts for strains of
the Icterohaemorrhagiae serogroup. Agglutination tests for leptospiral antibody were
developed soon after the first isolation of leptospires, which occurred a century ago
(Martin & Pettit, 1918). The reference method for serological identification, the
Microscopic Agglutination Test (MAT), is a complex and fastidious test since it
requires live cultures of collection strains that will be used as antigens to detect
agglutinating antibodies (Turner, 1968). The results are also difficult to standardize
because they depend on the biologist operating the microscope (Levett, 2001).
Several studies conducted worldwide are published annually, which employ MAT for
the serological identification of leptospires. A previous study evaluated the ability of
the MAT to infer the serovar identity of infecting leptospires, but for more than one-
half of the patients in that study this was not possible (Levett, 2003). In addition, MAT
does not permit early diagnosis because it relies on detection of antibodies to
leptospiral antigens and cannot detect infection until one week after the onset of
symptoms. In a non-endemic area, if a low titre (>1/100) is obtained in the MAT test
with one or a number of antigens, this may indicate leptospirosis. In endemic areas, a

high titre (>400-800) against antigens is required to suspect leptospirosis. However,
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confirmation of leptospirosis is obtained by examination of a second serum sample
about one week later with a 4-fold rise in titre or seroconversion (WHO, 2003). High
agglutination of the serum to one of the antigen will then predict the presumptive
infecting serogroup (Dikken & Kmety, 1978). The interpretation of the results is
complicated by the frequent cross-reactions that occur between serogroups, i.e.
cross-reactions against the serogrop Semaranga strain Patoc 1, which are due to the
absence of local isolates into leptospiral panels (Ooteman et al., 2006). A broad
range of serogroups should be represented in the panel of antigens used in the MAT
to maximize the probability of detecting an immune response to one of the 24
reported pathogenic serogroups (Turner, 1968; Faine, 1982). Serogroups have no
official taxonomic status but serve the practical purpose of grouping strains that
share common antigens. A high degree of cross-reaction occurs between different
serogroups, especially when working on acute-phase serum samples. The use of
MAT for serovar determination is also complicated by the often observation of similar
titers to all serovars of an individual serogroup (Ahmad et al., 2005). To overcome
this current serovar determination is done using monoclonal antibodies.

Analysis by cross agglutination absorption test (CAAT) led to the definition of
serovar, which is considered as the basic systematic unit of leptospires. Two strains
are considered different if, after cross-absorption with adequate amounts of
heterologous antigens, at least 10% of the heterologous titre regularly remains in
either of the two antisera. For decades CAAT has been used to classify leptospires
(Kmety & Dikken, 1993) and now approximately 250 pathogenic serovars have been
recognized. About 80 serovars have been identified in L. interrogans sensu stricto
(Brenner et al., 1999); among them, 60 serovars are validly described (Kmety &
Dikken, 1993). Antigenically related serovars constitute serogroups; thus, 24
serogroups have been described in pathogens. The list of serovars is updated
periodically and, recently, two new pathogenic serovars have been described
(Corney et al., 2008; Valverde M de et al., 2008) (Table 1). However, CAAT is
cumbersome and time-consuming for routine typing, mainly because of the time
needed for the preparation of immune serum in rabbits. Although serovar
identification of isolates is essential to understand the epidemiology of the disease,
few laboratories are able to perform CAAT (Terpstra et al., 1985) and therefore most

isolates are not identified at the serovar level.
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With the emergence of molecular typing methods, it has become increasingly
clearer that the serovar concept is no longer fully satisfactory as it may fail to
adequately define epidemiologically important strains. For example, molecular typing
was found to better discriminate strains from the Grippotyphosa serogroup than
serological typing (Hartskeerl et al., 2004; Steinen et al., 1992).

Alternatives have been evaluated to serogroup leptospires with modifications
to improve upon data reliability and interpretability. An immunoblotting of whole-cell
bacteria was performed and evaluated as an attractive method in comparison with
the reference standard MAT, because its simplicity, feasibility and suitability for
laboratory diagnosis (Doungchawee et al., 2007). Although immunobloting also
produced cross-reaction, it was more easily distinguishable. Immunobloting was also
successful in discriminating pathogenic leptospires from the non-pathogenic L.
biflexa.

Classification based on DNA relatedness

Yasuda et al. demonstrated by genomic DNA-DNA hybridization that the
different strains of L. interrogans constitute not one but at least six distinct species
(Yasuda et al., 1987). Based on further DNA hybridization experiments, a total of 19
species, including 13 named species (L. interrogans, L. kirschneri, L. borgpetersenii,
L. santarosai, L. noguchii, L. weilii, L. inadai, L. alexanderi, L. broomii, L. fainei, L.
biflexa, L. meyeri, and L. wolbachii) have been described in the genus Leptospira
(Brenner et al.,, 1999; Levett et al., 2005; Levett et al., 2006; Perolat et al., 1998;
Slack et al., 2008; Yasuda et al, 1987). More recently, other species, called
“Leptospira licerasiae” and “Leptospira wolffii”, were also described (Matthias et al.,
2008; Slack et al., 2008). Based on their pathogenic, saprophytic or doubtful nature,
leptospires are clustered in three groups: the pathogens (L. interrogans, L. kirschneri,
L. borgpetersenii, L. santarosali, L. noguchii, L. weilii, L. alexanderi, L. wolbachii and
L. genomospecies 1), the intermediates (L. broomii, L. inadai, L. fainei, L. licerasiae
and L. wolffii), and the saprophytes (L. biflexa, L. meyeri and L. genomospecies 2-5).
Phylogenetic analysis reveals three clades, representing species that contain
pathogenic serovars, non-pathogenic serovars and an intermediate group (Matthias
et al., 2008; Paster et al., 1991; Schmid et al., 1986). However, there is a poor
correlation between the serological and genotypic classification systems (Brenner et
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al., 1999; Yasuda et al, 1987). A given serogroup is often found in several
Leptospira species. For instance, the 9 validly described serovars from Bataviae
serogroup are distributed among L. interrogans sensu stricto species (2 serovars), L.
santarosai (4 serovars), L. kirschneri (1 serovar), L. noguchii (1 serovar) and L.
borgpetersenii (1 serovar) (Levett, 2001). Several studies have thus shown that the
system of serogroups was not related to molecular classification. Nowadays, the
classification system based on genetic similarities is therefore being used in

conjunction with classical antigenic classification.

Phylogeny

Sequencing of the rrs gene is a standard approach for differentiating species
in all branches of the phylogenetic tree of life. Leptospira belongs to the bacterial
phylum of spirochetes, which has a deep branching lineage in Bacteria, as indicated
by 16S rDNA analysis (Paster et al, 1991). Based on comparative 16S rDNA
sequence analysis, Figure 1 depicts the phylogeny of all known Leptospira species.
The clades contained branches that, with few exceptions, reflected species
designations based on the “pathogenic” status (i.e. pathogenic, saprophytic and
intermediate strains of unclear pathogenicity), MLST analysis (Ahmed et al., 2006),
S10-spc-a locus analysis (Victoria et al., 2008), and DNA homology data (Brenner et
al., 1999; Yasuda et al., 1987). The “pathogenic” status of the group of intermediates
remains controversial. For example, inoculation of the intermediates L. inadai and L.
licerasiae, both recovered from patients, in the hamster model of infection does not
produce death or clinical signs of leptospirosis (Schmid et al., 1986; Matthias et al.,
2008). The other species L. fainei and L. broomii have been isolated from humans
but have never been tested for reproducibility of the virulence in the hamster model
(Perolat et al., 1998; Petersen et al., 2001; Arzouni et al., 2002; Levett et al., 2006).
The subgroup of saprophytes, which includes L. biflexa, forms the deepest branch
within the genus. The emergence of pathogenic leptospires may have arose as the
result of changes in the ecology of its mammalian host. However, lateral genetic
transfer among leptospires (McBride et al., 2009; Haake et al., 2004; Ralph &
McClelland, 1994) prevent the construction of species phylogenetic trees by whole
gene sequencing.

Other genes have been examined for the purpose of species discrimination
within the genus Leptospira, this includes rpoB (La Scola et al., 2006), gyrB (Slack et
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al., 2006) and more recently the partial ligB (Cerqueira GM, manuscript in
preparation). All proposed taxonomic markers corroborate the findings of the 16S
rDNA gene sequences with respect to the clustering of strains into three major

groups composed by pathogenic, intermediate and saprophytes.

Molecular typing

In the 1990s, typing methods began to evolve from phenotype-based methods
toward genotype-based methods such as pulsed-field gel electrophoresis (PFGE)
and PCR-based methods. Identification at the species level is not informative, except
in identifying pathogenic species, for epidemiological studies. Since each serovar is
usually associated with a particular host, identification of serovars is essential to
epidemiological studies and strategies of prevention (Faine et al., 1999). Serovars
can be characterized by different molecular methods such as RFLP-based methods
(Perolat et al., 1993; Thiermann et al., 1985), AP-PCR (Ralph et al., 1993), and
PFGE (Herrmann et al., 1991; Herrmann et al., 1992; Galloway and Levett, 2008).

Ribotyping

Grouping of bacteria by ribotyping (i.e. restriction fragment patterns of
digested-chromosomal DNA probed with rRNA) has been frequently used for both
taxonomic purposes and subgroup characterization of microorganisms belonging to
different genera and species (Grimont & Grimont, 1986). Leptospires possess two
sets of 16S and 23S rRNA genes and one or two 5S rRNA gene that are not closely
linked to each other, but are dispersed throughout the large chromosome (Baril et al.,
1992; Zuerner et al., 1993b). Because of the low number of rRNA genes, this typing
method is not very discriminative (Kositanont et al., 2007; Perolat et al., 1993).

Insertion sequences

Bacterial typing methods based on Insertion Sequence (IS) elements have
considerable epidemiological value. Two, IS71500 and 1S 1502 (Boursaux-Eude et al.,
1995; Zuerner & Huang, 2002), and one, IS1533 (Zuerner, 1994), were initially
identified in the pathogens L. interrogans and L. borgpetersenii, respectively. The
copy number of these IS varies widely between different serovars and among
isolates of the same serovar as demonstrated by Southern blot analysis employing
as probes the fragments of the IS elements (Boursaux-Eude et al., 1995; Boursaux-



O 00 N o v b~ W N R

W W W W N N N N N N N N NN P P R R P R P R R p
W N P O VW 0 N O U1 B W N P O VO O N O U1 D W N P O

23

Eude et al., 1998; Zuerner, 1994; Zuerner & Bolin, 1997). It was previously
demonstrated that the insertion sequences 1S7500 and IS 1533 can be successfully
employed in taxonomy and typing (Zuerner et al., 1995; Zuerner and Bolin, 1990)
While IS1533 is able to differentiate among serovars of Leptospira spp. and even into
some of them (Zuerner at al., 1993, Zuerner et al., 1995), IS1500 can discriminate
among L. interrogans (sensu stricto) isolates (Zuerner and Bolin, 1997). On the other
hand, the IS 1500-based assays developed by Zuerner and Bolin (1997) complement
the 1S1533-based techniques and extend the number of serovars that can be
analyzed, although genomic DNA from some serovars tested with the IS7500 assays
failed to yield either PCR products or detectable hybridization patterns (Zuerner and
Bolin, 1997). Zuerner and colleagues (2002) identified a new IS1502 in L. interrogans
genome that is assumed to have a functional transposase by internal frameshifting. It
was undetectable in some strains, suggesting its recent introduction into the genus
Leptospira (Zuerner et al., 2002). Polymorphisms among Leptospira isolates can
therefore be revealed by RFLP followed by sequencing (Boursaux-Eude et al., 1995).
PCR-based methods were also developed to detect repeated insertion sequences
and for the diagnostic identification of Leptospira spp. These techniques took
advantage of the high-copy number of IS (and consequently the number of priming
sites) to increase the sensitivity of detection (Cameron et al., 2008).

Restriction Endonuclease Analysis and Pulsed-Field Gel Electrophoresis

Non-sequence-based methods rely on the comparison of restriction profiles in
agarose or acrylamide gels. Restriction Endonuclease Analysis (REA) of total
genomic DNA proved to be a reliable method for typing some Leptospira strains (Ellis
et al., 1988; Ellis et al., 1991; Venkatesha & Ramadass, 2001). However, this
technique is labor-intensive and requires significant volumes of culture. In addition,
the presence of a high number of bands makes the interpretation and interlaboratory
data comparisons difficult. REA can also be performed on PCR products.
Identification of leptospires can then be based on the analysis of fragments obtained
after restriction of the PCR product amplified from 16S and 23S rDNA (Heinemann et
al., 2000; Ralph et al., 1993; Woo et al., 1997), a repetitive sequence (Savio et al.,
1994), and flaB loci (Kawabata et al., 2001; Woodward & Redstone, 1993). However,

these methods exhibit a low discriminatory power.
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Genomic macrorestriction using rare cutting endonucleases such as Nof
followed by pulsed-field gel electrophoresis (PFGE) is considered a powerful typing
method for classifying Leptospira strains. The use of computer-assisted gel analyses
allows the relationship between strains to be measured, allowing dendrograms to be
constructed. Interlaboratory data comparisons is also possible due to a recent
improvement in the execution of this technique (Galloway & Levett, 2008). Variations
in the macrorestriction profiles in both size and number may be due to sequence
rearrangements, insertion or deletion of DNA, or base substitution within the
restriction sites (Tenover et al., 1995). Hermann et al. found good concordance
between results of PFGE and serotyping (Herrmann et al., 1992; Zuerner et al.,
1993a). Serovars produced PFGE patterns that were unique to each serovar. For
example, classification of strain Dadas | as a new serovar Dadas of serogroup
Grippotyphosa was strongly supported by a unique pulsed-field gel electrophoresis
pattern (Herrmann et al., 1994). However, discrepancies between PFGE and
serological methods have also been described. For example, PFGE was not able to
discriminate between L. interrogans serovars Icterohaemorrhagiae and
Copenhageni. Despite this, almost 90% of the serovars can be identified by unique
PFGE patterns, including that belonging to the pathogenic species (Galloway and
Levett, 2008).

For all these reasons PFGE is considered as the gold standard for molecular
typing of Leptospira serovars to which all other techniques are compared to.
However, this method is labor intensive and not accessible to most of the
laboratories in tropical and sub-tropical countries where the incidence of the disease

is the highest.

PCR-Based typing

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

Randomly amplified polymorphic DNA (RAPD) fingerprinting (Williams et al.,
1990) or arbitrarily primed PCR (AP-PCR) (Welsh & McClelland, 1990) use low-
stringency PCR amplification involving primers with an arbitrary sequence to
generate strain-specific fingerprints. Ralph et al., (1993) used AP-PCR to classify a

group of 48 Leptospira reference strains into L. interrogans, L. kirschneri, L.
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borgpetersenii, and L. santarosai and demonstrated that this method was in
agreement with 16S rRNA gene sequencing and DNA-DNA homology. The ability of
species discrimination was later confirmed by several studies (Brown & Levett, 1997;
Ciceroni et al., 2002; Collares-Pereira et al., 2000; Letocart et al., 1997; Ramadass et
al., 2002). Random amplified polymorphic DNA (RAPD) fingerprinting has proved
useful for epidemiologic investigations of leptospirosis in regions of high endemicity
(India) (Natarajaseenivasan et al., 2005; Roy et al., 2004; Roy et al., 2005). This
technique provides a simple and rapid identification of leptospires species
(Ramadass et al., 1997) and serovar comparison (Corney et al., 1993; Gerritsen et
al., 1995), which could be useful in molecular epidemiological studies of
leptospirosis. However, these techniques do not allow large scale studies and the
reproducibility and interlaboratory comparisons of the data is difficult.

Amplified fragment length polymorphism

AFLP (amplified fragment length polymorphism) is a three-step procedure in
which genomic DNA is restricted, ligated with adapters and then fragments are
amplified for generation of fingerprints. FAFLP (fluorescent amplified fragment length
polymorphism) have been used (Corney et al., 2008; Slack et al., 2006a; Vijayachari
et al., 2004). The use of computer-assisted gel analyses makes it appropriate for
clustering analysis. However, it requires large quantities of purified DNA in
comparison to other PCR-based methods.

Species-specific PCR/DNA sequence analysis

PCR amplification with species-specific primers, in which the conserved 16S
rBRNA gene or species-specific gene loci are targeted, can be used directly for
species identification of Leptospira spp. Use of two primer sets is able to discriminate
between L. interrogans and L. kirschneri (Cameron et al., 2008). Quantitative Real-
Time PCR with primers specific for Lfb1 is able to distinguish between pathogenic
species by analyzing melting curves (Merien et al., 2005). DNA sequence analysis of
some highly conserved gene loci can be used as an identification method at the
species or subspecies level. DNA sequence analysis of the DNA region amplified by
primers G1 and G2 allows the detection of pathogenic species (Gravekamp et al.,
1993). Similarly, rrs, gyrB, rpoB, have been used for this purpose with Leptospira
spp. (Morey et al., 2006; La Scola et al., 2006 ; Slack et al., 2006b). More recently,
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(Victoria et al., 2008) demonstrated that one gene belonging to S710-spc-a locus,
which codes for SecY preprotein translocase, could be satisfactory employed to
identify species. However, disadvantages of sequencing a single gene include the
occurrence of horizontal transfer among strains from different species and the low
extent of polymorphism into some of leptospiral genes. Mosaicism was found to
occur among several Leptospira spp. genes (Haake et al., 2004, McBride et al.,
2009) including the 16S rRNA genes of L. broomii, where L. fainei- and L. inadai-like
sequences were identified (Levett et al., 2005). The use of mosaic genes for species
classification represents a problem due to misidentification. Otherwise, Leptospira
spp. have been traditionally classified by the sequencing of the nearly full-length 16S
rBNA gene (Postic et al., 2000; Morey et al., 2006), demonstrating agreement with
DNA-DNA hybridization, the golden standard for Leptospira species classification
(Brenner et al., 1999; Yasuda et al., 1987).

The evaluation of partial rpoB gene as taxonomic marker revealed a higher
number of polymorphic sites, among Leptospira strains belonging to different
species, than the 16S rRNA gene. Additionally, its shorter length (600 bp vs. 1500
bp) was able to retain the ability to cluster the species in three clear branches
containing pathogens, intermediates and saprophyte species (La Scola et al., 2006).
A short 504 bp fragment of the gyrB gene was also tested in conventional and real-
time PCR for the same purpose (Slack et al., 2006), but focused only the
identification of pathogenic leptospires. This gene is also more variable than the 16S.
One common limitation observed among all taxonomic markers was their failure to

distinguish between leptospiral serovars.

Molecular typing at the genomic era

In the past few years, the genome sequences of six strains from the
pathogens L. interrogans and L. borgpetersenii and the saprophyte L. biflexa were
released (Bulach et al., 2006; Nascimento et al., 2004; Picardeau et al., 2008; Ren et
al.,, 2003). The genomes, with a G + C content ranging between 35% and 41%,
possess two circular chromosomes: one of approximately 4 Mb in length, and a
smaller of 300 kb in size. The presence of a 74 kb replicon has also been reported in
L. biflexa (Picardeau et al., 2008). Numerous repeated sequences have been found

in Leptospira genomes. For example, several insertion sequences (IS) have been
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identified (Data not shown). The genomes also contain an abundant number of small
repetitive DNA sequences. Among these DNA repeats, structure of short sequence
repeats is typical of tandem repeats. Tandem repeats consist of head-to-tail
repetitions of short sequence motifs of about 10 to 100 base pairs. Polymorphic
tandem repeats also called Variable Number of Tandem Repeats (VNTR) have been
extensively used for fingerprinting in higher eukaryotes, including humans.

A database of tandem repeats (Grissa et al., 2008) reveals that L. interrogans
genomes contain a high number of tandem repeats with sequence motifs of less than
100 bp, which is convenient to observe polymorphism by analyzing PCR products of
polymorphic loci on agarose gel. However, these repetitive DNA elements are not
found in high number in the pathogen L. borgpetersenii, thus MLVA (multi Locus
VNTR Analysis) requires primers specific for each species (except for the closely
related L. interrogans and L. kirschneri). MLVA is specific for pathogenic strains and
can distinguish between the serovars belonging to the most frequently reported
pathogenic species of the genus Leptospira (Majed et al., 2005; Pavan et al., 2008;
Salaln et al., 2006; Slack et al., 2006a; Slack et al., 2005). Further studies should
also evaluate the stability of these minisatellites over time and geographical
distribution. VNTR typing could also provide an accessible mean of testing for
research and public health laboratories, particularly in developing countries. Further
improvements to this method are required, so that MLVA can be applied directly to
biological (serum or urine of patients and samples from animals) and environmental
samples without the need to culture the pathogen. Genome analysis also allowed the
identification of one Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPRs) in the L. interrogans serovar Copenhageni strain Fiocruz (Grissa et al.,
2008) that may be useful for molecular typing.

Multilocus sequence typing (MLST), a typing method that is based on the
partial sequences of 7 housekeeping genes, has also been applied to Leptospira
spp. (Ahmed et al., 2006; Thaipadungpanit et al., 2007). In these studies, two
different set of genes, adk, icdA, lipL32, lipL41, rrs, secY on the one hand and pntA,
SucA, pfkB, tpiA, mreA, gimU, fadD on the other hand, have been used (Ahmed et
al., 2006; Thaipadungpanit et al., 2007). Applications of MLST allow the identification
of clusters of closely related isolates in outbreaks and epidemics (Thaipadungpanit et
al., 2007). Another study that aimed to reveal new potential loci for MLST identified

the S10-spc-a locus, which is a 17.5 kb cluster of 32 genes encoding ribosomal
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proteins, as a target for Leptospira species classification (Victoria et al., 2008). MLST
presents a simple and cheap molecular technique that does not require large
quantities of purified DNA, the methodology can be implemented as a routine
worldwide, produces reliable, reproducible and easy-to-interpret results and whose

are widely exchangeable.

Implications for diagnosis and epidemiology

A Dbetter understanding of the epidemiology of leptospirosis requires the
isolation and serological characterization of leptospires. The isolation of the organism
from clinical specimens (usually blood or urine) is difficult and requires several weeks
of incubation, but the isolation of leptospires allows for identification of the infecting
serovar. The Microscopic Agglutination Test (MAT) remains the gold standard for the
serological diagnosis of leptospirosis and usually gives an indication of the
presumptive serovar or serogroup of leptospires involved in an infection (Levett,
2003). However, most of the institutions or hospitals may not have facilities to
perform this test. More simple and rapid diagnostic tests detecting antibodies are
usually used (ELISA-based tests). However, the sensitivity of these tests is usually
low. In addition, these tests do not identify the presumptive infecting serogroup. One
of the molecular techniques used for the early diagnosis of leptospirosis in recent
years is the amplification of specific fragment of leptospiral genomic DNA in clinical
samples using PCR. Again, these techniques do not identify at the serovar/serogroup

level and have therefore no epidemiological value.
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Tables

Table 1

Distribution of serogroups among the several Leptospira species'.
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Serogroup/Species

L. interrogans

L. kirschneri

L. noguchii

L. borgpetersenii

L. weilii

L. santarosai

L. alexanderi

L. wolffif

L. licerasiae*

L. inadai

L. fainei

L. broomii

L. wolbachii

L. biflexa

Andaman
Australis
Autumnalis
Ballum
Bataviae
Canicola
Celledoni
Codice
Cynopteri
Djasiman
Grippotyphosa
Hebdomadis
Hurstbridge
Icterohaemorrhagiae
Javanica
Lyme
Louisiana
Manhao

Mini
Panama
Pyrogenes
Pomona
Ranarum
Sarmin
Sejroe
Semaranga
Shermani
Tarassovi

DL, meyeri

o

11

w

14

N —

N N )

[ 2 =S

[CJN N

- O

—_

—_ O = 2

12

" based on Levett, 2001.
*No cross-reaction based on Slack et al., 2008.
*Titre of 1/100. Matthias et al., 2008.

P — Pathogens, | — Intermediates, S — Saprophytes.
Numbers represent serovars per serogroup, distributed into each respective species. Total of 274

serovars through 15 species and 28 serogroups.




AY461871 {H) L interrogans Icterohaemorrhagiae
AY996798 {(M8) L interrogans Canicola
AY996794 (M6) L interrogans Australis
EF537002 (T) L interrogans Mujunkunmi
EF536999 (T) L interrogans New
AY461870 (H) L interrogans Lai

AY996800 (M6) L interrogans Pomena
AY996792 (M6) L interrogans Bulgarica
EF536990 (T) L Interrogans Pyrogenes
EF536975 (T) L interrogans Grippotyphosa
EF536992 (T) L interrogans Bataviae
AY461868 (H) L interrogans Kremastos
AY996796 (M8) L interrogans Hardjo
EF537000 (T) L interrogans Muenchen
AY461864 (H) L interrogans Autumnalis

EF537003 (T) L interrogans Nanla
DQ991479 (S6) L kirschneri Ratnapura
AY996801 {MB) L kirschneri Bim
AY461877 (H) L kirschneri Grippotyphosa
AY631895 (M6) L kirschneri Cynopteri
DQ991478 {S6) L kirschneri Butembo
DQ991477 (S6) L kirschneri Bafani
D(Q991476 (S6) L kirschneri Agogo
AY461879 (H) L kirschneri Mozdok

AY461878 (H) L kirschneri Kambale

AY481874 (H) L kirschneri Erinaceiauriti
AY631886 {(M8) L noguchii Panama

DQ991498 {S6) L noguchii Claytoni
DQ991497 {86) L noguchii Cristobali
r— AY461881 {H) L noguchii Orleans

m DQ9Y91499 (S6) L noguchii Huallaga
e
2

3l — AY461880 (H) L noguchii Nicaragua
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17— DQY91490 {S6) L weilii Vughia
L] D(Q991489 (86) L weilii Sarmin
9% AYB31877 (MB) L weilii Celledoni
52 DQ991488 (S6) L weilii Langati
16— DQOY1487 {S6) L weilii Hekou
L DQ483058 {C) L weilii Topaz
69
5
[3
13

AY461857 (H) L bergpetersenii Hardjo
AY461861 (H) L borgpetersenii Tarassovi
%4 AY461855 (H) L borgpetersenii Srebarna
) AY461880 (H) L borgpetersenii Ceylonica
I DQ991485 (S6) L borgpetersenii Tarassovi
AY481859 (H) L borgpetersenii Mini
AYB87899 {M8) L borgpetersenii Javanica
AYB831884 (M6) L borgpetersenii Ballum

— DQ991480 (S6) L genomosp 1 Pingchang

93l AY631881 (M6) L genomosp. 71 Sichuan

&7 AY461884 (H) L santarosai Canalzonae
[ AY996805 (M6) L santarosai Gecrgia

13 DQ9Y91496 (S6) L santarosai Weaveri
AYB31883 (MB) L santarosai Shermani
65 DQ9Y91493 (S6) L santarosai Alice
5 DQ991495 (S8) L santarosai Kobbe
12 DQO91491 (S8) L santarosai Alexi
9% I: EF025496 (S8) L wolffii Khorat
EF612278 (V) L licerasiae Varillal
AY831885 (M6) L fainei Hurstbridge
AY796065 (M6) L broomii strain 5399
AY631887 (M6) L inadai Kaup
a5 AY631896 (M6) L inadai Lyme
2 AYE31891 (M6) L inadai Aguaruna
AY631897 (M6) L genomosp. 3 Holland
AY631892 (M6) L meyeri Semaranga
AY631878 (M6) L meyeri Ranarum
AY631889 (M6) L meyeri Hardjo
AY631882 (M6) L genomosp. 5 Saopaulo
AY631888 (M6) L genomosp. 4 Hualin
AYB31876 (M6) L biflexa Patoc
AYB31893 (MB) L biflexa Andamana
AYB31890 (M6) L wolbachii Gent
AYB631879 (M6) L wolbachii Codice

Pathogens

Intermediates

Saprophytes
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Figure legends

Fig. 1. Phylogenetic tree of the 16S rDNA sequences. The tree was built from a 1155
bp-based alignment of nucleotide sequences of the leptospiral rrs genes. This
phylogenetic tree was constructed by the Neighbor-joining method, using 1,000
bootstrap replications. Major clusters, containing saprophytes (red), intermediates
(green) and pathogens (black), were observed. H, M6, S6, S8, T and V refer to
Haake et al., 2004; Morey et al., 2006; Slack et al., 2006; Slack et al., 2008;
Thaipadungpanit et al., 2007 and Vinetz et al., 2008, respectively. Accession
numbers are presented and they are followed by the species and serovar
designations, respectively.
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4. ARTIGO 2

GENOME-WIDE TRANSPOSON MUTAGENESIS IN PATHOGENIC
Leptospira SPP.
(Artigo publicado no periddico Infection and Immunity V. 15 (4): 810-816, 2009)

A minha participagdo neste artigo foi na transformagédo de L. interrogans
Canicola Kito, cujos mutantes gerados constam na tabela suplementar 1 (anexo).
Além disso, realizei trabalho de bioinformatica para determinar a existéncia de um
sitio consenso de insercao do transposon e participei ativamente na redacao do

manuscrito.
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is the most common camse of lepiospiross in homans and animals, Genetic analysis
of L. bas been severely hindered by 2 lack of iools for peaetic e
the ﬂwwhwhh&l“hLmﬂmm-
wun‘?ﬂl bocated in the M(;.l“ﬂdlh e While I:ld.ﬂilh:
mutants, 721 were 35 peaes, sequence
LA posin sites indicated thal raasposition oocurred in an esentially random fashion o the
genome, 13 uniqoe transposon metants were foend to echibit nsertions into penes encoding 165 or 235 ritNAs,
mm are insertionsl bot spots in the L. insrropens In comtrast,

genes iovolved in and heme showed few trans
Insertions. of & selected set of defined mulants was igvest

Leprspimn intewrogons is & spirochens tha is the main cas-
aive agent of lepeospirosis. This soonoss has cmenged as a
major public health problem in much of the developng workd,
with moee than 500,000 cases of severe kepuospincss reporied
each year, for which the morality raie is more than 10 (1T).

The genus Leospien 5 composed of both sprophyic snd
pathogenic specics. The genome sequences of mwo apidemic
siraing of L. imeerropans serovars Lai and Copenhageni have
hoeen derermimed (20, 25). More recently 3 bomen snd an
animal [. bovgperarsenii isolae were sequenced (3), and this
yeaf, we dewermingd the genome saquence of the sapropine
L. biflexa (22). The resuliing sequences provide an invalnsbles
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source of imformanon for idemification of genetic dewermi-
nams imvolved in the pathogeniciny and emvironmental biology
of the organsm. For example, the host-adapued . bogpererse-
nil gesome B 16% smaller and has many mose pscudogencs
than the [ inewogans genome. These findings suggest than
genome reduction has resuled inoa reduced environmental
rransmission potential (1), [, dusrogaas has 627 genes tha are
ahsem in the [ hiflexa genome, and more than 500 of these
genes have pnknown fonctions, suggesting the presence of
povel virulence mechanisms (22). However, the lack of waols
fior [ irserropae gemetics has hindered elucidavion of the role
of these genes in parthogenesis.

Paibogenic lepuwspires are difficull o propagaie wnder in
virro conditions. [ suidemoping is 3 diow-growing organism with
a gencration ime of 20 h, @nd colonies ke up w4 weeks o
eppear on sodid medinm. Furthermore, unlike saprophyic lep-
wspares, these bacieria are generically intractable, with no rep-
licaning wecuors (21, 27), and oaly one muuzm has recenly been
obmmed by homologous recombinavion (3). The lack of ge-
petic systems has hampered molecular analyses of pathogenic
leprospires, with po method 1w assess directly the role of L.
imtdripiad genes in virnbence. Recemly we demonsirated gene
wransfer in a pathogenic Lepnospira strain, involving the wrans-
position of Himarl, 3 transposon of enkaryouic origin (2). We

600T "¢ Amrwer v wisolem 200 g fowse el wog pepeoLaO]
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TABLE 1. Bacterial strains wsed for mndom transposon mutagenesis
Specias Serovar” Sirain® Trunstormation frequency®
I. L T {.'n:lf.cuh:l.r_uni L1130 0L T 'II]_j
L. brterrogans Copenhageni L1 130 HF Tw "
L. interrogans Lai By 7= 10-*
L. interrogans Lai Saell HE LRSS
L. imterrogans Ieterohaemarrhagine Werdun HP 1 x 107"
L. tuterrogans Mamilie [ 4495 B |
L. neguclhil Autumnalis Bomite =1 s
L. inrerrogans Canicola L1 I35 LF % 10"
L. inferrognns Canicola Eite LP L L
L. frterrogans Posmicsni PO =027 ="
L. wellif Hebomadis EL‘!ﬂI.‘I“ﬂ.‘!IHL‘ LF S=ans

“ When an entry is underlined, only the serogroup of the studied strain is indicated {the serovar was not identified).

Y LP, kw-passage strain; HE, high-passage strain.

* Transformntion frequensy is defined ns the number of transposon mmtnms divided by the nenvber of eells which survived ebectroparation (appromimately 1) A
transformation requency of =1 % 10°% represents the limit of detedion in these translormations,

identificd genes interrupted by Himar! insertion in 3% mutants
of L. inerrogans serovar Lai. Since that study, transposon mu-
tagenesis in L. inferogens has allowed the identification of a
mutant, lacking expression of Loa22, exhibiting attenuated vir-
ulence in animal models (26) and o motant obiained by inser-
tion of the transposon Mimard inte a gene encoding heme
oxvgenase |19

Lovar electroporation cfficiency and a low growth rate have
limited the generation of L. feervsgans random mutants ancd
mean that the generation of high-coverage libraries, commnon-
place in most mutagenesis siudies, is not feasible for L. arer-
rogans, Under these circumstances, each mutant isolated is
waorth characterizing. Motably, there have been only three stud-
ics published on the topic in the last three years. Over this
periesd, we have generated libraries of random mutants for
different pathogenic strains, In this study we present a library
of approimately L0000 defined mutants with characterized
transposon insertion points, This collection of insertonal mu-
tants constitutes an extremely valuable resource for functional
studics of pathogenic Leprospirs. The library will be particu-
larly uscful for identifying new genes, validating the functions
of predicted proteins, and discovering novel virulence factors,

MATERIALS AND METHOS

Bucterial strains and growth comditions, The siraics wsed for this study are
Tistisd in Talbde 1. All strams were alstamed from the collection of the Centro de
Pesqueisas Crengalo Mosiz, Fundagio Cawaldio Cruz, Salvador, Brazil, except the
L. dmeerregons serovars Lai ond Manilee, L. imveregars serovor Manilne was
provided by M. Koizumi, National Institute of Infectious Diseases, Tokyo, Tapan,
while L. ieterrogoey serovar Lot was obtaingd from the Mational Dnstitute for
Commuunicalsle Dscase Comtrol s Frovemtion, Beijing, Chins (251, High-pas-
s strains refer io strains thor were subeulivred in EMIH liquid medium more
than 10 fimes. All strains were cultured at 306°C in liquad EMIH medium {7, 1)
ar on EMIFL plates contaming L.5% agar. Kanomyoin or spectinomycn wis
aclded at 40 pgiml when required.

For UV irradintion, cells were spread at appeopriate dilutions an EMIH agar
plates ond irradinted under UV light (234 am, 10 wWicm®) for various time
periads [from 2 eo 10 sh UV sensitivity was evaluated by colony counting, with
utreated cells serving as a control, Medmm for westing the ability of Leptosping
slraing 10 wse hemin was propared by supplementing EMIH medium with 50 pdd
L2 digrichd (Sigma-Aldrich, Si. Lowis, MO, Bovine hemin wos then sdded a1
a final concentration of 10 phd.

Transposon mulagenesis,. The plasmid pSCIRSC0IE L was constrocted by ams
plifying the CoAED arigin of replcation from pBluescnipt 1 (uwsing prinors 55
AAATACGTAAGUAAAAGGCCAGGAAC-3 and 52-AAMACTGCAGGAT
CAAAGHATCTTCTTG-37), nnd the product was digesied with SaaBl and Psl

then ligated imlo smalady digested pSC189, replacing OriRak. The plasmids
pSHT. pEMars (14}, and pSCIRICAIE] were uwsed to perform random ranspo-
sof muiagenesss in Lo bieeeagaes stenine os deseribed previonsle (20, Briefly, L,
inferrepans was gromn b espanential phase and then wished and concentrated in
water. For clectroporntion, approximately 10" cells in — 100 pl were mixed with
1 g o plasmicl DMNA in 2-mm chilled cuvettes, The cleciroporator was sel o L8
KV 25 wF, and 200 88 Qe millilicer of EMIH medivm was imnediately added
1o the covetie, amd the oclls were incubated cvermight ar 20 Finally, transfor-
mants were plated on EMIH agar plates comiaining noiidotic. Plates were
incubated for 4 weeks at 3PC i sealed plastic bags or wrapped in loil g0 avoid
desdeeation. Tramsformants were then picked and subcultered in 5 mil of EMIH
liquied medimim, Cienomic DMA wis extrocted, and the Himar? insertion site was
identified by ligntion-mediated PCR (LM-PCR) (15, M) or direct ssquendng
{19} Conbirmation of genolypes was performed by PCR with primers locted in
the flamking sequences of Lhe predecied trmsposon nserism sile, We did nol
cluerve poy Kananiyein-resisant colonics that did sor comtain e transposes,

Hamsier mndel of infection, Faur-wesk-old hamsiers were injected infraperi-
tanzally with lepdospires at the stated iroculum in 100 el of EMIH. The 500
lethal dose for L intermgaes serovar Manilae was approximately 10 Jeplospires.
Hamsters were wonitored For 14 days postinfection amd cuthanized if moribund
in aceordanee with animal cthics requirements. Lunps were inspected for bem-
awrhoge to confirm infection with Lepraspine. Culture isolation was performed
with krdney tissues from hamsters for approximately balf of the strains lested.
Their genodype of the recovened beplospines was confirmed by PCR amplifying the
regiony across the franspesan insertion

Soqmenee analysis. The Himard insertion site sequenees were compared with
the complete genome sequence of L aremragars serovar Lai strain 56601 by using
the SpiroSeope (hitps wwe genoscope.cns. g mage ) (30) and Wasabs (3 da-
tabases, Multiple sequence alignments of a conserved +15-bp replon sarmound-
ing coch insertion point were gerernted with seripts coded in Perl, Consensus
sequences were visualized with Sequence Loge analysis usng WebLoago (htop:
Shavew. bivccmoac.ukfogi-hin/seqlopeloge.cgn).

RESULTS AND IMSCUSSION

Random transposon mutagenesis in pathogenic Leptospira
spp. The genetics of the pathogenic Lepiosping spp. is in its
infancy, Transposon mutagenesis is a powerful, broadly appli-
cable ol for the peneration of libraries of random mutants,
Himarrd, of the marirer Tamily, s one of the most widely ased
transpasins for random mutagenssis in bacteria and other
organisms (230 In this article, we deseribe methods for the use
of Himerd for (ransposon mutagenesis in L. fotomogens.,

We have applied the method previously used with the sa-
prophyte L, ffievr (14 130 for use with pathogenic Lepeosping
spp. Initially, the plasmid vector pSCIRY (4), containing both
the hyperactive transposase O9 and transposon terminal in-
verted repeats Hanking a kanamycin resistance gene, was used
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tor deliver Hinarl into the L. fweragans genome (23, The only
origin of replication present in the plasmid construct was that
from the Evehericlio cofi plasmid vectors, which is nonfunc-
tiomal i Leprespien spp. Thus, any resistant colonies ansing
after electroporation of this plasmid into L. tmemogans are the
result of ramdom msertion into the host genome.

We made a number of modifications of the original vector to
potentially improve its use in transforming . interrogans. The
ColED replication origin was infroduced o replace Crild Gk
from the original pSCLEY w0 simplify preparation of vector
DMNAL Increased expression of the hyperactive transposase C9
gene by substituting a spirochetal promoter for the native pro-
mter increased the vield of transtormants in L. frecrrogans
10-Fexld 2] In sddddition, a transposon carrying a spectinamyein
resistance genc has been constructed; electroporation of this
plasmid construct into L. oy resulted in spectinomycin-
resistant colonies af a frequency similar o that generated by
the Kanamycin-resistant transposon. Since there is no replica-
tive plasmid vector available for pathogenic Lepaspiva, rein-
troduction of an intact copy of disrupted genes can be achieved
via @ transposon with alternative selection (26) or by homolo-
gous recombination {3).

Transformation of L. inerrogans was optimal at 9 kY cm ™
for a pulse tme of 5 ms. This field strength resulted in approx-
imately 107 viability for all pathogenic strains tested. The L.
dradervogzany straing exhibited maximal electrocompetence when
harvested in mid- 1o late exponential growth phase. Use of
more than 2 e of DNA did not significantly improve the yvield
of transformants, although there was o reduction of transfor-
mation efficiency observed when using up @ 50 pg of DNAL
The inserted transposons remained stable after 10 genera-
tions in the absence of antibiotic selection. In addition, all
random mutants that were recovered from animals maintained
the antibiomc resistance cassette (data not shown ), indicating
hal transposon mseriions are exiremely stable.

The penus Leprosping is composed of more than 16 patho-
genic and saprophytic species (12). To identify a strain with
improved fransformation efficiency, we examined the trans-
formability of laboratory and clinical isolates of pathogenic
Leptospira spp.. including pathogenic strains from L. eogeehi
and L. wedfii (Table 1), with plasmids delivering Simard . For all
the tested sirains. ransformation of Hisard in pathogenic
leprospires occurred at & low frequency. There was significant
strain-dependent variation in transformation competence, with
frequencies varving from 1007 to @ % 1005 some strains were
completely resistant o transformation {Table 1) The plating
efficiency (the ratio of number of CFU 1o number of bactena
enumerated inoa Petroff-Hauser counting chambery of patho-
genic strains ranged between T and 90%, suggesting that the
low-transformation efficiency was not due to poor viahility of
pathogenic strains in solid medium. We did not observe dif-
ferences in the transformation efficiency between high and low
in vitro-passaged variants of the same strain.

The poor transformability of leplospires may reflect the in-
volvement of DNA restriction and modification mechanisms.
The genome sequences of L. ey showed one complete
putative type 1 restriction and modification system (LA3197 1o
LAZIH, which s not found in the saprophyie L. bifer, and
a total of 12 putative DNA methvironsferase genes, However,
transformation efficiency did not inerease in any of the sirins
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when transtormation was carried out with plasmid DNA pro-
duced from a dee dene double mutant of £ cofi. In addition,
treatment of plasmid DINA with crude protein extracts from
Leptespera strains (0] prior o ¢lectroporation bad no effect on
the transformation efficiency (data not shown). These results
suggest the absence of a strong restriction-modification system
in pathogenic leptospires. The transformable character of in-
dividual strains could be due to variations in leptospiral cell
surface properties, as previously suggested for the poorly trans-
formable mycobacteria and Bomefio (8. 29), For example, the
low-level-transformable Fiocruz strain was found o aggregate
more than did the Lad strain in lguid coltures, reflecting as yet
undetined differences in surface propertics.

Transposon integration sites were identified by either LM-
POR (243 (304 mutants) or direet genome sequencing of the
genomic DMA (19) {624 mutants). LM-PCR is a commonly
used technique for amplifying the DNA flanking sequences of
transposon msertion sites, However, we have found that this
method i laboriows and tme-consuming, [n addition, using
this amplification method, we could not amplify insertion sites
in 60% of the mutants. Several mutants remained uncharac-
terized by LM-PCR, despite repeated efforts and modifications
o the procedure. Sequencing directly from the chromosome
using a primer within the ransposon was successful in more
than 75% of reactions. Typically, 200w LODO bp of gquality
sequence was abtained, though only 30 bp or so were required
o logate the transposon on the chromosomes, Since signal
strength was usually low, reactions were improved with a larger
amount of emplate {up o2 pg ol DNA)L

Library of transposon mutants. Sequences werg compared
with the complete genome sequence of Lo fremogons serovar
Lai strain 56000 to identity the genomic location of the trans-
poson. A total of 929 different genomic sites for transposon
insertion were identified in L. frterrogans strains (see the table
in the supplemental material): 617 in Lo inferrogans serovar
Manilae strain L4955, 2500 in L. imiervorans serovar Lai strain
6601, 32 in L. dwerrogans serogroup Candcola strain Kit, 17
in L. imervogens serovar Pomona strain PO-06-047, 9 in L.
inferrogans serovar Copenhageni strain Fioeruz L1-130, and 4
in L, frrigrrogans serovar Canicola strain L1-133. The insertion
sites of two random mutants were also identified i Lo oweifif
serogroup Hebdomadis strain EcoChallenge. All of the se-
quenced insertion sites could be mapped wsing the available L.
fnferrogeiies serovar Lai genome sequence. This is consistent
with the fact that gene content is highly conserved between L.
fiiferrogis serovars, with sequences of L. inforogons serovars
Lai and Copenhagent having 95% identity at the nocleotude
level (200, The position of the ransposon i every mulant was
plotted on a dreular map representing the Lo inerrogans sero-
var Lai strain 30601 chromosomes (Fig. 1.

To evaluate the distribution of Hismel in the L. Sserrogos
genome and determine anv site specificity, we analyzed the
imseriion site sequences. The wo possible orientations of the
tramsposon with respect o the direction of replication or tran-
scriplion were present in nearly equal proportions, indicating
that neither orientation is favored (data not shown ), We found
that transposcen insertion was uniformly distributed across the
rwo chromesomes (4,333 and 358 kb in size), The mapping of
B2 imsertion sites over a 460kkb egel penome vields o
density of approximately ong lransposon integration per 5 kb,
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FIG. 1. Mapping of tansposon insertions on the genome of L. Seerogans. Insection sites of Hiveed in 826 transposon mutants {excluding
insertions into 165 and 235 rRMA and transposases) of L. imerrogans were mapped onto circular representations. From the outside in: first,
coordinates of the circular chromosome: next, insertion sites of the random mutants in (i) L. inferrogans serovar Manilae strain L495; (i) L.
interrogars serovar Lai strain S6800: (i6i) L. premagans serovar Copenhagent strain Fioeruz LI-130; (iv) L interrogars serogroup Caneola strain
Kito; (v) L. frsemogans serovar Pomona steain POSDS047; and (i) L. isterrogans serovar Canteola strsin L1-133 (no random mutants in the small
chromosome for this stram). Positions of the LPS and fume loct are imdicated on the boge (C1) and small (CT1) chromosomes, respectively.

Although the profile indicates a random distribution through-
out the penmme, some regions of the genome showed few
insertion sites. These regions generally contained genes that
are notionally essential, such as the lipopolysaccharide (LPS)
hiosynthetic locus in the large chromosome and the heme
biosynthetic genes in the small chromosome (Fig, 1), For the
LPS locus (position, kilobases 1370 to 1682 of the large chro-
maoseme ), the few insertion sites (Y inscrtions, in comparison 1o
21 predicted, if random insertion was normally distributed)
mip o an intergenic region or genes encoding hypothetical
prosteins.

We examined the accurrence of bases in 15-bp sequences
upstream and downstream of the target site. Consistent with
mariner-based mutagenesis systems used for other bacterial
species (23], all Hivar! insertions in L. inferogans ocourred al
a TA dinucleotide. Statistical target site analyses revealed an
absence of any additional targer site preference (Fig. 23, The
proportion of Hivar! insertions in coding sequences was TH%E
(7208297, a frequency that closely approximates the propor-
tion of the genome that is protein coding (735 of the genome ).
With only one exception (mutants FLaiSZT0 and AManSay,
no two ransformants contained a transposon insertion at ex-

[
N .
. = =

actly the same genomic location, further suggesting that
Himard inserts randomly into chromosomal DNAL Surpris-
ingly. the ransposon insertion sites of several mutants were
within the 165 (18 mutants) or 235 (7 mutants) rBNA gene,
with each mutant showing a different insertion site. In Lepyo-
spirg spp., rRNA genes are ot linked, and L. iniermagans con-
Lo one e, tworrd penes, and two re senes, encoding 35,
235, and 165 tTRNA moleoules, respectively. Whether there is
something unwsual about the architecture of these highly tran-
seribed regions that favors transposon integration remains to
b determined. Excluding insertions in 165 and 235 rRNA
genes and transposases, 531 individoal genes have heen inter-
rupted in L. iferrogans. OF these, 200 (45% ) encode hypothet-
cal protems. Among the disrupted genes, 437 have orthologs
in the pathogen Lo borgpetersenii, 312 have orthologs i the
saprophyte Lo biffean, and notably, 139 are unique o patho-
genic strains {Table 27 (see the table in the supplemental
miaterial ).

These observations, mgether with the high A+T content of
the L. imferrogerns genome, suggest that the smonner transposi-
tien system is suitable for the generation of libraries of random
mutants, The L. feerogans genome contains approximately

FIG, I, Himsard target site consensus sequence. Sequence logo s drewn frome 100 distinet Hinseed insertion sites i L, fiverogins serovar La
strain 56601, The degree of sequence conservtion @ each position is indicted by the height of letters (mugimum of 2 bits for @ nocleotide

seuence ).
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TABLE 2. L. interrogans mutant librarics

Characteristic Walue
Mo, of mutants with defined inscition bocations uza
Mo, of mutants:
For L, irferogens serovar Manilze strain L4935 aln
Fow L, ieterrogens serovar Lad strain 3646001 249
Fuoa L. feterrogans sevogroup Canicobn stoin Kito 32
EF3
Fou L. inrerrogans scrovar Pomona stiain EUA 17
For L. interrogans serovar Copenhagen strain 9
Fioeruz L1-130
o £, r'm'cw'r.»grm.t serovier CUamicola straun L1133 4
Mo, (%] of mutations:
I clwomeosome 1 {92.4% of gewome)” A20 (9
In chromosome I {7.6% of genome® 92 {10)
In coding region T21*
In transpospse 1
In rENA gene 25
II:I il“l_':l‘ll.'.j.'l'lil.' II.'l.[i(HI ITE
o, of ORFs disrupted: 551
Eneoding hypothetical proteins 266
Encoding proteins with predicted L. biffew 312
q1|1|1n||,1-g\.
Encesling proteins with predicted £ 437
Beagpetersenit onthologs
Eneoding pathogen-specific protein 139

* Excluding, insertion locutions corresponding to mulliple locations {brans-
posases),

*47% in L. Inrerropans seronar Monilae strain L4%35, 00 in L. (eeeropens
serivar Lai stram 56601, 24 in L. feferragens serogroup Canicola strain Kito, 13
in L irderrogns serovar Pomena siiain PO-06—047. 7 in L. interreguns sorovar
Capenhngeni stroin Fiocruz LI1-150, and 4 in . dntereogons serovar Candoola
sirain L1-133,

© 8 in Lo (ererogand serovar Lad strain 56601, Four in L. Interroguns serovar
Munilne sernim 1495, and one in L. neemagers serogroup Comicela strain Kito

* Ningteen in Lo frerogane serovar Manilae stirain LAYS, five in L, ivieregons
sepovar Lai strain 56601, and one in L. Ouerogies serogrop Candoola sirain
Kiten

3400 predicied protein coding regions (excluding transposases
amd pseudogenes), of which half have been assigned no bio-
logical role whereas the remainder have been assigned roles
that await experimental validation, Based on recent whole-
genome analyses of essential genes in hacteria (Y], it is reason-
able o assume thit approsimately 300000t of @ total of 3,400
are nonessential and can therefore be mutated. Therefore, at
this stage the transposon msertion lbrary for L. isterregons 15
clearly not saturated.

Phenotypic analysis of a subset of mutants, Some mutants
were further characterized by comparing their phenotypes to
that of the parental strain. L. imerrogons has periplasmic fla-
gella, essential for motilivy, that are inserted at cach end of the
cell and extend toward the middle of the cell Body. Approxi-
mately 80 genes encode proteins involved in metility (200,
Mutants were identified with transposen insertions in putative
modility genes, including LAZS (encoding FliG, one of the
four paralogs, associated with the fagellar motor switch in £
colf), LAZAT {eneoding the flagellar hook protein Flgl-1, one
of four paralogs ), LA206Y {encoding FIN. a putative flagellar
motor switch protem, one of two paralogs). LA2215 (encoding
a putative fagellar motor protem, one of three or more para-
logs), and LAZFH2 (encoding Flil, a putative fiagellum-specific
ATE symthase ), Unexpectedly, these mutants were motile in
liguid culture and did not exhibic any in viteo growth defects
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compared to the parental strain (data not shown ), This may be
due to functional redundancy: as indicated above, these genes
of L. dweropans have multple paralogs that may compensate
for the motility-associated mutations.

Leptospires have a full nucleotide excision repair system
(UveA, UnviB, U, and UvrDd), A mutant with transposon
disruption in worli was assayed for its ability o recover from
DA damage produced by exposure to UY irradiation. In
three independent experiments, there were no detectable col-
onies of the sl mutant at the lowest UV dose tested, com-
pared w 0% survival for the wild-type strain. This treatment
therefore had a significantly greater elfect on mortality of the
el mutant than on that of the wild-type strain. We also
identified transposon mitants in a locus containing genes in-
volved m beme acquisition (LE191, encoding a TonB-depen-
dent transporter) and utilization (LBE1S6, encoding o heme
oxygenase) {1, 1%). The iron chelator dipyridyl was used o
produce iron-limited conditions that inhibited the growth of
Leprespirn straing (130, Addition of 10 M hemin restored the
ahility of the L. inerrogans wild-type strain o grow under iron
starvation conditions, but not in the mutant strains. These
results suggest that disruption of LBISG and LBIYI, which
encode the heme oxvoenase amnd o TonB-dependent receptor
(1. 199, resulted in mutants that were impaired in their ability
Ly s REITin 4% an iron source.

We obtained several mutants exhiliting insertions in the 165
and 235 rRMA genes. The growth rates of all mutanis were
comparable to that of the parental stram, with o mutants
showing altered motility or morphology, consistent with the
noticn that the mutanis are functionally able o overcome
inactivation of ope of the two copies of the 165 and 235
rEMAs.

To establish a system for the identification of virlence-
associated genes, 29 mutants were sclected for vinwlence test-
ing wsing the hamster model of acute infection (Table 3).
Analysis of the L. imerogans genome identified few obvious
virulence factors, most likely due o the evolutionary distance
between L. dnferregans and prototvpic bacterial pathogens,
This is consistent with the notion that Leprospirg has unigue
virulence mechanisms, Therefore, mutants were selected based
on the following criteria for the disrupted gene: the absence of
an orthologous gene in L. Siffevr, a predicted outer membranc
location, indicating likelihood of interaction with the host, and
a potential role in signaling, motiiy, or chemotasis, all of
which may be reguired in the in vivo dissemination of L.
interrogans. Mutants recoverad from host animals were tested
for stability of the transposon by PCR. In each mutant tested,
the transposon remained in st indicating a high degree of
stability.

The majority of mutants retained full vinilence (Table 31,
indicating that the mutagenesis process and the necessary as-
sociated in vitro passage do not per se lead o aenwation, Two
mutants, with mutations in LATGH] and LADGLS, were identi-
fied to have lost virnlence, with all hamsters surviving infection
and exhibiting no lung pathology or signs of discase. Kidneys
from these hamsters were also culture negative Tor Lepiospin,
In both instances, the mierrpied gene had no predicted func-
tion and showed normal in viteo growth. LATG is located in
the LPS bicsynthesis locus and is found only in L. frieroganes,
The mutant expressed a lower-molecular-weight LFS structure
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Vo, T, He TRAMSFOSON MUTAGENESIS IN PATHOGENIC LEPTOSPIRA SFF. 515
TABLE 3. VWirulenee of mutants in hamster seodel of acute infection

Sirnin® Lawation of insertion Predicied function of nutated gene or description® Laweation’ L. bifleza® [hoee|s T Hinmseer supvival’
La9s Wild-tvpe control 1 W5
EMIH Megative control 55
MY LBI125 Chemataxis-related protein Unknoawn ¥ 1ee, 1F 4
MTIE LE32R OmpA Guomily protein | ™ 109, 107° 2R
MTT6 LAa1ssT Fur paralogue C Y 1P, 107 Lk
M7 intergenic Intergenic mutant control 1, 107 W
MTE0 LAZ4a4% CheX. inhibitor of MCP methylation C A s 10F, 1F (4
M TEY LAacns HP, contains leusing-rich repeats Unknown ™ 109, 10F (W4
5 L LAaszss TonB-dependent recepto [ Y 109, 10° (N4
Masn® Ladia Metallopiotease Seereted M 1P, 10° 4
ME34 LAZER] HF oM M L, 10* W4
Mias* LAJ4 Hr M ™ 1, 10F 44
MG LAl Ty Hr I ™ 109 1/5
MTns* L30T LipL71 [ 08| ¥ 10 W3
MI224* Laddaa HF Lt N 107 W5
MARG" LA HF [N N Li¥ W5
M 106" LAdi24 HP, ankyrin repeat protein Unknoan o] 1 V5
MET4® LAadis HP Unkrswn M 109 55
M421 Ladi2d LenE L8| ] 1 15
M Lad 2 HF Unknown N ¢ W5
MUFT LAZI03 LenB Unknown ™ iy W5
M LE36T L Unknwn ™ 1y U]
K0S Lagxs2 CheB, chemotaxis response regulato S Y 10¢ 215
Mi115* LannTa MCP I ¥ 1 W5
MI1225* LD 36 HF. LipLAS-related protein Unknown Y 1 W5
MI014* LA2ZLS Flagellar motor protein/OmpdA family protein Unknoan Y 1Y &
MIO7e" L1137 P Unkniwn M 108 15
WG LAZNTS 1.i5f.' Unknown N 1 W3
M1020* LAnzos HFP Unknown Y 1 s
Ml0o50* LAd122 EMA polymerase sigma subunif C ¥ Ly L3
M1220* LAazaT HP Unknoan M 1y 5

* butants were constructed in L, dwreropens serovar Manilae L495, = the genotvpe of reiselarss was confirmed by PCR; #, bocteria could not be recovered from

animals,

# Predicted function of proteim eecoded by dismpied gese. P, hypothetcal protzin; MOP, methylaccepling chenstaxis proteim.
* Predicted subcelhular location of disrupeed gene procluct using the pserih software program faww.psortorgipeorth’l; O, aveoplosmics OM, owter membrone; 1M,

inmer membrane.

& Lndicates the presesss of  deduced peatein in L bifess with =50°% dailarity by BLASTE, Y, ves M. o,
* Mutants were injected intraperitoneally in fwo deses { 107 and 10 leptospires) into groups of twoe or four hamsters, or a single dose was injected inlo groups of five

hamsters.
Mo, surviving otnl. Sunival data nre pocled for both doses i approprinte.

{unpublished data) and was selected for the virulence assay
because mutations affecting LPS can lead o attenuation in
other bacterial pathogens (0L 18y LADRS 5 located down-
stream of the gene encoding LipL4l amd was selected for the
virulence assay becavse the gene is unigque o pathogenic spe-
cies of Lepriospirg, The system outlined here demonstrates the
feasibility of using random transposon nMuiagenesis in conjunce
tion with the hamster animal model to identify novel virulence
factors in F. interropans.

A number of mutants of particular interest were examined.
These include the fpd” mutant (LA30TS, an intact gene in L,
irnteyrogans serovar Manilae), Members of the fg family of
genes in Lo fferrogany encode outer membrane proteins with
immunoglobulin-like repeats {16). The lack of attenuation in
the fgi” mutant is consistent with fed being a pseudogenc in
the pathogenic scrovar Copenhageni amnd the recent observa-
tion that mutation of Gz does not impaic virnlence in the
hamster model of miection (3 ) An unexpected fnding was that
mactivation of a number of chemotas-related genes dud not
result in attenuation. It is possible that chemotaxis is not im-
portant in the hamster model of infection, but 2 more likely
explanation is that the mutations may be compensated for by

other genes; the L. fmerogons genome has a high degree of
apparent gene duplication and redundancy, with at least 24
chemotaxis genes, including 12 encoding methyl-accepting che-
motaxis profeins. Likewise, mutation of the putative Ompa
family protein LB32S (with 7 paralogs in the genome), the
TonB-dependent receptor LA32Z5S (with 10 paralogs), or the
Juer gene LATEST (4 paralogs) may have been compensated for
theough functional redundancy. Finally, strains carrving muta-
tions in fewdd and fenk (with six paralogs in the genome ), which
encode proteins binding host extracellular matrix components
im vitros (28}, did not show an attenuated phenotype {Tahle 3).
Fedundancy in the genome may make the identification of
virulence factors in L. dererrogans more difficult: only one at-
tenuated fransposon mutant has been described o date, with a
mutation in the gene encoding LADZZ2, an OmpA family pro-
tein (26). Although the majority of mutants do not demaon-
strate an impairment in growth in vivo, further studies may find
that these penes play o role wnder different conditions, such as
al the mucosal surface.

This study presents the results of an extensive mulagenesis
project generating Y24 transposon insertion mutants. Given
the low grosvth rate and genetic intractability of L, inferroges,
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this work represcnts a major sdvance. C.‘Ir:.'trl:.'. alditional work
is required e fully understand the phenotypes of randomly
constructed muliants. Cﬂm]‘l!-_'m-_'nlzll[un of the disrupted genes
ad/or independent generation of further muetants in the same
gene will need o be performed to provide confirmation for the
phenctvpes observed, However, the identification of two ap-
parently attenuated mutants demonstrates the value of this
work in identifying novel virulence mechanisms of L. fema-
pans. The wse of different routes of inoculation, quantitative
PCR, and histopathological analvses may further reveal the
role of different genes in spirochete burden and tissue pathol-
ogy. Further increases in transformation efficiency, through the
identification of more ransformable strains or the develop-
ment of new genetic ools, will provide opportunities o gen-
erate extensive mutant libraries that may subsequently be used
to screen for phenotypes alfecting diverse aspects of the phys-
iclogy of Leptoaspin.
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DEVELOPMENT OF AN INDUCIBLE EXPRESSION SYSTEM AND
CONTROLLED COMPLEMENTATION OF MUTANTS IN Leptospira biflexa
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Complementation of Mutants in Leptospira biflexa

Running title: INDUCIBLE EXPRESSION SYSTEM FOR L. biflexa
Gustavo M. Cerqueira,? Odir A. Dellagostin,? and Mathieu Picardeau'*
Unité de Biologie des Spirochétes, Institut Pasteur, 75015, Paris, France' and Centro
de Biotecnologia, Universidade Federal de Pelotas, P.O. Box 354, 96010-900,
Pelotas, RS, Brazil®
* Corresponding author. Mailling address: Unité de Biologie des Spirochetes, Institut

Pasteur, Rue du Docteur Roux, 25-28, 75015, Paris, France. Phone: 33 (1) 45 68 83
68. 33 (1) 40 61 30 01. E-mail: mpicard@pasteur.fr




© 00 N o v b~ W N R

O o )
au D W N Rk O

53

ABSTRACT

The sequencing of pathogenic and saprophytic Leptospira spp. genomes revealed a
number of coding sequences without any function assigned. The development of new
genetic tools is an important goal of Leptospira research. Although advances have
been made in the genetic manipulation of Leptospira, there still remains the need for
basic molecular systems for assessing protein functions. In this study, we describe
for the first time the generation of an inducible expression system for L. biflexa.
Fluorescence was promoted by GFP-reporter expression. The fluorescence levels
were maximum one hour post-induction with 1 mM IPTG and reduced considerably at
one week p.i. In addition, the IPTG inducible system was employed in the
complementation of a non-motile mutant. A flaB mutant was transformed with the
shuttle vector containing an inducible copy of the flaB gene and recovered its motility.
This system is now available for assessing further the function of the hypothetical
genes and for engineering L. biflexa for generation of conditional mutants.
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INTRODUCTION

The spirochete Leptospira biflexa is a saprophytic species which has served
as an important model for functional studies and gene characterization in the genus
Leptospira. Although there is some discrepancy regarding the genome contents of L.
biflexa and the pathogenic leptospires, 2189 coding sequences were found to be
highly conserved or identical to other leptospiral genomes (25, 8, 28). Among
these, 1226 hypothetical proteins have their function obscured by the lack of precise
information about their role and participation in the biology of Leptospira (28). In
addition, a number of these are predicted to be essential for Leptospira.

Targeted and random mutagenesis studies have enabled the function
assignment of several sequences in both saprophytic and pathogenic Leptospira (7,
20, 29, 21, 23), however, one limitation remain with respect to the study of essential
genes due to the instability of mutants in housekeeping genes. A recent publication
from our group has demonstrated the development of a library of mutants generated
by random transposon mutagenesis. But, despite the large number of mutants
generated, only a small amount of them correspond to leptospiral essential genes
(22). Thus, the development of an expression system for Leptospira, which may be
controlled tightly and in a simple way is of great interest for the clarification of the role
of this group of genes, by the potential to generate conditional mutants. At present,
similar methods are available for the clinically important spirochete Borrelia
burgdorferi and it appears to work successfully for the purpose of heterologous
protein expression in that species.

Different reporter genes are available which are suitable for assessing the
regulation of an inducible system in L. biflexa. Among them are the green fluorescent
protein (gfp) (9, 10, 11, 13, 14), antibiotic resistance genes such as the
chloramphenicol acetyltransferase (cat) (1, 29, 30) and the luciferase gene (/uc) (4).
Although the instability of the gfp and cat genes appeared to preclude their use
among other spirochetes, new alleles of gfp gene in association with different
promoters, should be tested for their ability to overcome previous limitations. In
addition, alternative reporters may involve the recomplementation of mutant strains in
L. biflexa. Thus, a Paramecium caudatum codon-biased gfp gene (34) and a copy of
the L. biflexa flaB gene were evaluated in the development of an inducible
expression system for Leptospira.

The major advantages of this system and the rational of this study is that both
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reporters have been expressed already in L. biflexa or at least in other spirochete
species (27, 24). In addition, two different promoters, Ptac and Phsp10, which are
responsible for coordinating the reporter’s expression, have been previously tested in
L. biflexa (Unpublished results).

Inducible systems, such as the Jac operator/repressor and tet
operator/repressor, were originally derived from E. coli (2, 3, 15) and adapted to be
utilized in several bacterial species, including spirochetes (12, 16, 17, 18, 26, 32, 35,
4, 5). The development of a leptospiral-inducible expression system, which was
adapted to respond to the E. coli Lacl repressor protein, is expected to improve the
genetic study of Leptospira as we may be able to coordinate the heterologous
expression of any given target. Additionally, this system may serve as a model for the
generation of new leptospiral expression systems controlled by promoters induced by
a multitude of factors, and thus allow the study of the influence of environmental
conditions over reporter’s expression. In the present study, we demonstrate the first
development and functionality of an IPTG-inducible expression system for L. biflexa.

MATERIALS AND METHODS

Bacterial strains and culture conditions. All strains and plasmids used in this
study are described in Table 1. E. coli strains XL1-Blue (Stratagene, La Jolla, CA)
and TOP10 (Invitrogen, Carlsbad, CA) were used as cloning hosts. Culture and
transformation of L. biflexa were carried out as previously described (19). FlaB
inducible expression experiments employed the previously characterized flaB" mutant
(Table 1) (27). L. biflexa serovar Patoc strain Patoc 1 (Table 1) was utilized for
expression experiments involving both gfp and spectinomycin resistance reporters.
For fluorescence production validation, propagation and analysis, L. biflexa strains
were cultured in liquid EMJH supplemented with 1% albumin and 50 ng/ul
spectinomycin or 50 ng/ul kanamycin when needed. Leptospiral density was
assessed by dark-field microscopy and spectrophotometry at 460 nm.

Generation of constructs. Primers used in this study are described as supplemental
material in Table 1. The construction containing PflaB promoter plus lacl repressor
gene was initially amplified from the plasmid pJSB104 (Table 1) and cloned into
pGSBLe24 and pSLe94 to generate pGL and pSL. The promoters chosen to
constitute the inducible system were Ptac and Phsp10 and they were engineered in

the reverse primer to contain one /acO site and a 6x His-tag. Both promoters were
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cloned in pCR2.1 (Invitrogen) and used to transform E. coli XL-10 strain by heat-
shock. Recombinant colonies were propagated in liquid Luria Bertani (LB) medium
supplemented with 50 ng/pl kanamycin and the plasmids were extracted and
submitted to restriction analysis and sequencing to confirm the presence of the
engineered promoters. To validate the functionality of these promoters we cloned gfp
downstream of each one and amplified the final construction to clone it into the
shuttle vector pSLe94. Both pSTG and pSHG were used to transform L. biflexa strain
Patoc 1. Recombinant colonies of Patoc 1 strain were propagated in liquid EMJH
supplemented with 1% albumin and 50 ng/ul spectinomycin, and used for
epifluorescent microscopy analysis. To validate the inducible expression system we
first tested gfp as the reporter gene. Only Phsp10 promoter was evaluated in this
case. The gfp gene was cloned downstream Phsp10 promoter and the construction
was amplified and cloned in both pGL and pSL constructions, and used to transform
E. coli Top 10 strain (Invitrogen). Recombinant colonies were selected but only those
cloned in pSLe94 were selected for further analysis. The flaB reporter was also
cloned in pCR2.1 downstream Phsp10 promoter and used to transform E. coli Top 10
strain. Then, the construction was amplified and cloned in both pGL and pSL to
generate pGLHF and pSLHF, though only the last one was used in the study. gfp
inducible expression system was introduced by electroporation in Patoc 1 strain,
while that containing flaB gene was used to transform Patoc 1 flaB mutant (Table 1).
Recombinant colonies were observed in solid EMJH after one week incubation at 30
°C and then propagated in liquid EMJH as mentioned in the previous section. All
constructs were confirmed by restriction analysis and direct sequencing.

Induction assays. Leptospires were cultivated at 30 °C in the presence of 50 ng/ul
spectinomycin or kanamycin when appropriate, up to 10° cells/ml and then induced
with 1 and 10 mM IPTG, or non-induced. . Culture growth density was determined by
optical density using Biomate 3 spectrophotometer (Thermo, USA) at 420 nm.
Epifluorescence microscopy. Slides were prepared using 10° spirochetes/ml
cultures. One ml of each culture was centrifuged at 4,000 x g for 20 min and
ressuspended in the same original volume using sterile deionized water. Five
microliters (5 x 10°) of each ressuspension were deposited onto slides and covered
with cover slips previously coated with poly-L-Lysine solution (Sigma). Slides were
incubated for 4 h in the dark before fluorescence analysis. Conventional
epifluorescence microscopy was performed with a Zeiss Axioplan2 fluorescence
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microscope mounted with a Hamamatsu charge-coupled device camera, a narrow
band GFP filter (480 -/+ 10 nm excitation wavelength; 510 -/+ 10 nm emission
wavelength: and exposure time of 2000 ms. Images were acquired using the
software program OpenlLab. Identical image capture and adjustment settings were
used for all images.

Fluorescence assays. For quantification of GFP fluorescence 10° spirochetes/ml
cultures were harvested (one ml) at 4,000 x g for 20 min and ressuspended to 10’
leptospires/ul (300 pl) in sterile deionized water. The assay was performed in
triplicate and 100 pl of each culture were deposited per well in a black microtiter plate
Optiplate-96F (Corning Inc., Corning, NY). GFP fluorescence was determined in a
plate reader UV-light spectrophotometer, BertholdTech (Mithras, France) using a
wavelength range between 485 (excitation) and 535 (emission). Before each
measuring the number of cells was normalized. Culture growth was determined by
optical density as described in previous section Induction assays.

Motility analysis. Leptospires were let to grow up to 10° cells/ml and then picked
into 1% agar EMJH plates without antibiotics. Plates used for induction were
supplemented with 1 mM IPTG. Plates were incubated 1-2 weeks under 30°C.
Immunoblot analyses. Leptospires carrying the GFP inducible expression system
was cultivated as previously mentioned in the presence of spectinomycin and when
cell density reached 107 they were induced with 1 mM IPTG and incubated for one
week at 30°C. Approximately 10° spirochetes/ml (one ml) were collected and
processed for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blot. A mouse IgG anti-6x histidine-tag antibody (Clonetech,
USA) was diluted 1:2,000 in 1x TBS and incubated with the membrane for 2 h at
room temperature. Then a secondary antibody, anti-mouse IgG alkaline phosphatase
conjugate, was diluted 1:1,000 and incubated with the membrane for 1 h at room
temperature. Membranes were washed for 15 min between each step using 1x TBS
supplemented with 0.05% Tween-20 (T-TBS). Blots were developed using the
BCIP/NBT alkaline phosphatase chromogenic substrate according to the

manufacturer’s instructions (Uptima, France).
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RESULTS

Functionality of lac operator (/lacO)-containing promoters in L. biflexa. The
promoters Ptac and Phsp10 were modified and tested for functionality into L. biflexa
strain Patoc1. Ptac promoter derives from pILL2150 plasmid (5). This promoter
contains one lac operator (lacO) site, located between the -35 and -10 regions.
Phsp10 promoter is a leptospiral promoter which was engineered to include one lacO
site. To demonstrate their functionality into L. biflexa gfp was cloned downstream of
both promoters into pCR2.1 to constitute pCRTG and pCRHG (Table 1). After
selection of green fluorescent E. coli colonies both Ptac-gfp and Phsp10-gfp
constructs were amplified and inserted in pSLe94 E. coli-L. biflexa shuttle vector to
constitute pSTG and pSHG (Table 1 and Fig. 1). This shuttle vector is able to
replicate in both E. coli and L. biflexa due to the presence of the oriColE1 (E. coli)
and LE1 (leptospiral phage) origins of replication, respectively. Interestingly, it was
noted that E. coli colonies transformed by the shuttle vectors took approximately 48
hours for a visible fluorescence, even when transformed by the construction
containing Ptac promoter. Fluorescent E. coli colonies were propagated and the
constructs were then used to transform L. biflexa. Once fluorescence cannot be
directly observed in Leptospira colonies, a number of clones either carrying pSTG or
pSHG was cultivated and used for epifluorescence microscopy. Low levels of
fluorescence were detected among L. biflexa transformed with either pSTG or pSHG.
The age of the cultures was also evaluated as a parameter affecting fluorescence
production, but appeared to have no influence over fluorescence production (data not
shown). A non-transformed culture of L. biflexa was employed as the control.

Other experiments from our group employed a similar Phsp10-gfp
construction, but without any /acO site, thus expressing constitutively gfp, and
detected considerable levels of fluorescence among transformed Leptospira. Such
findings lead us to speculate that the modification of both promoters by the insertion
of one lacO site may have influenced GFP expression and fluorescence production.
However, a system based in low expression levels can be more tightly controlled,
what may be of interest for a number of applications.

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

previously demonstrated in B. burgdorferi the functionality of a Lacl repressor-based
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inducible system (4). In that study Lacl repressor was codon-adapted to better fit the
genome content of B. burgdorferi. In addition, the /ac/ gene was cloned downstream
of a strong promoter (PflaB promoter). Considering the similar AT% content between
L. biflexa and B. burgdorferi (approx. 40% GC) we decided to base our system on the
pre-engineered lacl repressor construction.

The promoters used to constitute this inducible system were Ptac and Phsp10,
as mentioned before. As an inducer, it was chosen IPTG, a nonhydrolyzable inducer
of the Lacl repressor that is capable of crossing the membrane of numerous
prokaryotes (12) and eukaryotes (33), even in the absence of the LacY permease,
which is absent from L. biflexa genome. To construct the inducible system, the
cassette containing the PflaB promoter plus the lacl gene was amplified from the
pJSB104 (Table 1). For further cloning of reporters a Smal site was included in the
reverse primer (Fig. 1B). To test the /ac inducible system, constructs were generated
in both pGSBLe24 and pSLe94 E. coli-L. biflexa shuttle vectors to express both GFP
and FlaB proteins (Fig. 1A and B). For L. biflexa transformation purposes only
pSLe94-encoded inducible systems were used due to the higher stability of this
plasmid, which is motivated by the presence of a higher number of partition genes
from LE1 temperate (6) (Fig. 1A). Thus, pSLHG, was electroporated into L. biflexa
strain Patoc 1, while pSLHF was introduced in flaB" mutant strain (Table 1 and Fig.
1B).

Induction of fluorescence in L. biflexa. Inductions were performed by growing
Patoc 1 strain and Patoc 1 transformed with the pSLHG shuttle vector up to a cell
density between 10® and 10° spirochetes/ml. Then, cultures used for induction
purposes were supplemented with 1 or 10 mM of IPTG. No cell clumps were
observed to occur in the cultures that were used for fluorescence assays. Samples to
be assayed were collected at 1 week post-induction (p.i.) in triplicate. Treatment of
the cultures with IPTG was able to induce fluorescence up to the last time-point
evaluated, one week p.i., and the culture treated with 1 mM yielded the highest levels
of fluorescence (Fig. 2). Though minimal differences were observed between the
fluorescence level induced by 1 and 10 mM IPTG, 1 mM appeared to be an ideal
concentration for induction of expression. The non-induced culture also produced
some fluorescence signal, when compared to wild-type Patoc 1 strain, demonstrating
the occurrence of leakage during repression of protein expression. However, it
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appears that expression is lower than when the culture is induced by IPTG. Thus, to
evaluate the moment of the highest level of expression we performed kinetics of GFP
expression. Fractions of both non-induced and induced cultures were collected at 0,
1, 3,6, 9, 12 and 24 h, and one week p.i. (Fig. 3). The maximum expression level
was achieved immediately after the first hour p.i., and did not change during the first
24 h p.i. However, it was observed a considerable reduction (27%) in the emission of
fluorescence at one week p.i. (Fig. 3). Despite this, the fluorescence measured at
one week p.i. was still more than 3-fold higher (average 22,579 arbitrary units) than
the level observed in the one week non-induced samples (average 7,301 arbitrary
units) (Fig. 3). Additionally, for further applications as target mutagenesis of
housekeeping genes, it is convenient to employ a system that is able to hold protein
expression as long as one week, the minimum time to observe L. biflexa colonies in
plates.

Western blot analysis was employed to demonstrate that the GFP protein
expression is different between induced and non-induced treatments. One mM IPTG
was the concentration of choice once it appears as the best concentration between
both treatments evaluated for fluorescence induction. For this purpose, the one week
time-point was employed and, here, difference in protein expression was also
observed between induced and non-induced cultures (Fig. 4).

To evaluate the in vitro fluorescence produced by GFP when expressed by the
inducible expression system we performed an epifluorescence microscopy. Despite
the considerable levels of fluorescence obtained by using this system and the
successful detection of GFP by Western blot, leptospires exhibited an in vivo
fluorescence lower than expected (Data not shown). Explanation for this observation
includes the unstable influence of a lacO site into the promoter, which may cause
reduction in gene transcription. Despite this, clear differences in in vivo fluorescence

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

Induction of motility and complementation of a flaB mutant L. biflexa. To
demonstrate an immediate application of our system, we decided to use a previously
constructed L. biflexa flaB° gene mutant for transformation with shuttle vector
containing the flaB inducible expression system. Dark-field microscopy analysis
showed this mutant lost motility due to the absence of the endoflagella (27). FlaB
protein has a central role in leptospiral endoflagella formation. Thus, we cloned this
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gene in both pGSBLe24 and pSLe94 (Table 1 and Fig. 1), under the control of
Phsp10 promoter, although only pSLe94 constructs were used for transformation and
analysis. Thus, we were able to complement the absence of the native copy of the
flaB gene and recover the motile phenotype in flaB" mutant, under induction with 1
mM IPTG (Fig. 5). Indeed, plating of the strains Patoc 1, flaB mutant, and both
induced and non-induced clones was decisive to confirm the functionality of this
system into L. biflexa. We observed a significant difference in the spreading of the
induced clone when compared with both non-induced and non-recomplementated
flaB mutant (Fig. 5). The 1 mM IPTG concentration was used to induce motility in the
plate, based in previous results obtained with GFP inducible expression system.
Interestingly, when the 1 mM induced clone was observed by dark field microscopy
the motility appeared to have been recovered, in comparison with the flaB" mutant,
but not homogeneously as in the wild-type Patoc 1 strain since some of the cells still
appeared to be non-motile (data not shown). This is in agreement with the low level
of fluorescence presented by the GFP-inducible clones. Also, in this case, we
speculate about the low transcription levels of the flaB gene or the misfolding of the

expressed protein.

DISCUSSION

Inducible expression systems have been developed for a number of bacterial
species, including the spirochete B. burgdorferi, and have demonstrated a great
applicability for genetic studies or as a controllable expression system (12, 18, 4, 5).
For Leptospira there is no similar tool available, so far. The inducible expression
system developed for B. burgdorferi by Blevins et al. (4) successfully employed a
Lacl repressor-based system, which can be regulated by the use of IPTG. In
addition, the codon usage of the lac/ gene used to constitute that system was
adapted for borrelial genome content, in order to promote a more strict control of the
expression. Considering the simplicity of the functioning of a lac-based system we
focused this study in the development of a similar tool which is functional also in L.
biflexa. The Lacl repressor used to engineer our system was based in that described
by Blevins et al. (4). Given the codon adaptation of that /acl/ allele for borrelial
genome content maximization was achieved in its expression, and this observation
was associated with a tighter repression of the expression system. Additionally, in
that study, the /acl gene was put under the control of the strong PflaB promoter.
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These features together favored Lacl repressor expression in B. burgdorferi. Thus,
due to the similarity in the AT% content between Borrelia and Leptospira species
genomes (28) and previous evaluation of the functionality of PflaB promoter in L.
biflexa (unpublished results), it seemed rational to base our system in that
construction. As an IPTG-inducible promoter we initially choose the E. coli Ptac
promoter and the L. biflexa Phsp10 promoter. Both promoters were used to express
the gfp reporter, which was initially selected to enable us to determine and quantify
optimal IPTG treatments. The gfp, in this case, was not biased to favor its expression
in L. biflexa. However, a recent study employing this allele as a reporter obtained
high levels of fluorescence in pathogenic B. burgdorferi (24). Despite this, Leptospira
transformed with pSHG plasmid (Table 1) exhibited low in vitro fluorescence (data
not shown).

The optimal IPTG concentration to induce the pSLHG expression system was
determined as 1 mM, which induced a slightly higher level of fluorescence than 10
mM (Fig. 2). The fluorescence levels produced by L. biflexa transformed with this
construction, and induced by 1 mM IPTG, were highest immediately 1 h
postinduction (p.i.), and was kept in similar levels for 24 h p.i. (Fig. 3). The treatment
of cultures with 1 mM IPTG has been demonstrate to be optimal and promote the
best expression results for other inducible systems (16, 35, 4), however, our findings
about the kinetics of the fluorescence levels contrast to that obtained by Blevins and
colleagues in B. burdorferi (4). In than study, which also employed a spirochete as
the model, it was found that the maximum fluorescence levels obtained by Luciferase
expression were between 3 and 15 h p.i. A number of reasons may contribute to the
differences observed in our study including (/) the differences among promoters
chosen to induce these reporters, (i) the in vivo stability of the plasmid vectors or the
protein expressed, or (/i) the differences among spirochetal genetic machinery. A
fluorescence signal was also detected among non-induced cultures. However, only
low signals could be observed among them and which are lower (3-fold) than IPTG-
induced cultures (Fig. 2 and 3). Western blot analyses were also performed and
confirmed the expression of GFP in IPTG-induced cultures, whereas no protein was
detected among that non-induced (Fig. 4). This demonstrates the functionality of the
borrelial-adapted Lacl as a repressor in Leptospira.

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

-10 and Shine-Delgarno regions. Previous studies mentioned the need to use two
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lacO sites to achieve a better control of the expression. However, in our case, we did
not observe a high-level of expression. Thus, it was not necessary to reengineer our
promoter to obtain a more strict control. In fact, we speculate if the insertion of one
lacO site into the Phsp10 promoter was responsible for the reduced expression of
GFP. Supporting this hypothesis is the observation of a strong expression of GFP
under the control of the native non-modified Phsp10 promoter, in another study from
our group (data not shown). This leads to the conclusion that this system should be
modified to make it suitable for maximal expression applications by replacing the
PHsp10 promoter by an E. coli Lac-inducible promoter, other than Ptac, or a
spirochaetal promoter whose expression control is not influenced by the insertion of
lacO operators.

To validate our inducible system we used the flaB gene as a reporter to
complement the loss of motility of a L. biflexa flaB" mutant. The flaB gene was cloned
downstream the inducible Phsp10 promoter and used to generate pSLHF (Table 1).
Plating of the induced culture produced a spreading pattern similar to that found for
the wild-type Patoc 1 strain, whereas the non-induced culture behave as the flaB
mutant strain (Fig. 5). Dark-field microscopy analysis of the complemented culture
demonstrated a heterogeneous motility among induced leptospires, when compared
with the wild-type Patoc 1 strain and Patoc 1 flaB" mutant (Data not shown). Western
blot analysis produced negative results concerning the detection of FlaB protein
expression (data not shown). Thus, we speculate similarly to GFP inducible system,
FlaB is being very poorly expressed.

The successful development of an IPTG inducible expression system opens
the opportunity to carry out new studies of molecular genetics in L. biflexa. The
immediate application of our inducible system will be to generate conditional mutants
of essential genes and study their function and participation in Leptospira physiology,
but a number of applications may involve the use of an inducible expression system.
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FIGURE LEGENDS

FIG. 1. Diagram illustrating the two L. biflexa shuttle plasmids used in this study (A)
and the relevant regions and restriction sites of derivative constructs generated and
transformed into L. biflexa (B). pSLe94 shuttle vector is more stable than pGSBLe24
due to the presence of a larger number of partition genes. pSTG and pSHG were
used to assess the impact of the insertion of one /acO operator into Ptac and Phsp10
promoters. pSL was constructed to receive further lacO-modified promoters-reporters
constructions and generate the pSLHG and pGLHG, which contain a gfp inducible
system, and pSLHF and pGLHF, which contain a flab inducible system under the
control of the /ac-inducible expression system.

FIG. 2. Kinetics of green fluorescence induction from the Leptospira lac
repressor/operator expression construct (pSLHG). Cultures of Patoc 1 (wt strain) and
Patoc 1-gfp (containing PSLHG) were induced with various concentrations of IPTG.
A culture of Patoc 1 was induced with 10 mM IPTG, while Patoc 1-gfp was untreated
(0 mM IPTG) or induced with 1 and 10 mM IPTG; samples were collected at one
week postinduction. Fluorescence levels (OD) from triplicate samples of each culture
were standardized according to a cell density of 1 x 10® spirochetes. Four

independent induction studies were performed with equivalent results.

FIG. 3. Kinetics of green fluorescence production from the /ac repressor/operator
expression construct (pSLHG). A culture of Patoc 1-gfp was untreated (0 mM IPTG)
or induced with 1 mM IPTG. Samples were collected at the designated times (h), and
fluorescence assays were performed. GFP activities (OD) from triplicate samples of
each culture were standardized according to a cell density of 1 x 10® spirochetes;
results are presented as the mean OD/ 1 x 102 bacteria + standard deviation.

FIG. 4. Western blot analysis of GFP using anti-6x His monoclonal antibodies.
Cultures of Patoc 1 and Patoc 1-gfp (pSLHG) were untreated or induced with 1 mM
IPTG. Cells were collected at one week postinduction. Total protein from 1 x 10°
spirochetes was loaded in each gel lane for the GFP immunoblot. GFP detection was

included to confirm that equivalent concentrations of lysates were loaded per gel
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lane. Values at left denote relevant molecular masses (kDa) of Bio-Rad Precision
Plus standard (MW).

FIG. 5. Spreading of Patoc 1, Patoc 1 flaB mutant and Patoc 1-flaB (pSLHF).
Bacteria were picked into solid agar (1%) and incubated for growth during one week.
At One week of growth, the wild-type Patoc 1 strain and induced (1 mM IPTG) Patoc
1-flaB presented the same colony morphology and dissemination through the agar. In
the absence of IPTG, both the Patoc 1 flaB" mutant and Patoc 1-flaB presented as a
non-spread colony. Several independent induction studies were performed, and
similar results were obtained between Patoc 1 wild-type and induced Patoc 1-flaB,
and Patoc 1 flaB° mutant and non-induced Patoc 1-flaB, either in solid (1%) or soft
(0.5%) agar.
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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-spc This study
pCRTG pCR2.1-Ptac-gfp This study
pCRH pCR2.1-Phsp10 This study
pCRHS pCR2.1-Phsp10-spc’ This study
pCRHG pCR2.1-Phsp10-gfp This study
pCRHF pCR2.1-Phsp10-flaB This study
pJSB104 pJdD7::PpQE30-Bbluc+ and PflaB-Bblacl (tandem); Spec/Strep’ 4
pGSBLe24 ori pPGEM-72f ori LE1 lacZ rep spc’ 6
pGL pGSBLe24-PflaB-Bblacl This study
pGLHG pGSBLe24-PflaB-Bblacl-Phsp10-gfp This study
pGLHF pGSBLe24-PflaB-Bblacl-Phsp10-flaB This study
pSLe94 ori pPGEM-72f ori LE1 lacZ rep parA parB spc’ 6
pSL pSLe94-PflaB-Bblacl This study
pSTG pSLe94-Ptac-gfp This study
pSHG PSLe94-Phsp10-gfp This study
pSLHG pSLe94-PflaB-Bblacl-Phsp10-gfp This study
pSLHF pSLe94-PflaB-Bblacl-Phsp10-flaB This study
Strains
L. biflexa

Patoc1 wild-type 28

Patoc1 flaB mutant

27
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6. ARTIGO 4
DISTRIBUTION OF THE LEPTOSPIRAL IMMUNOGLOBULIN-LIKE (LIG)

GENES IN PATHOGENIC LEPTOSPIRA SPP. AND APPLICATION OF LIGBTO
TYPING LEPTOSPIRAL ISOLATES

(Artigo formatado segundo as normas do periddico Journal of Medical Microbiology)
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SUMMARY

The family of Leptospiral immunoglobulin-like (Lig) genes includes ligA, ligB, and
ligC. We demonstrate by PCR the presence of the lig genes among serovars from a
collection of leptospiral strains and clinical isolates. While ligA and ligC genes appear
to be present in a limited number of pathogenic serovars, the ligB gene is
ubiquitously distributed among all pathogenic strains. None of lig genes were
detected among intermediate or saprophytic Leptospira species. We also show that a
short specific PCR fragment of ligB can be used to properly identify pathogenic
strains of Leptospira. These findings demonstrate that ligB is widely present among
pathogenic Leptospira spp. and may be useful for their reliable identification and

classification.

Abbreviations: FAFLP - fluorescent amplified fragment length polymorphism; Lig —
leptospiral immunoglobulin-like; VNTR — variable number tandem repeat.
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INTRODUCTION

Leptospirosis is a re-emerging zoonotic disease caused by Leptospira spp. that are
transmitted to humans through direct or indirect contact with contaminated urine from
a reservoir host, usually rats or other rodents (Faine et al., 1999). DNA-DNA
hybridization studies have identified 19 Leptospira genomospecies to date (Levett
2001; Levett et al 2006; Matthias et al., 2008; Slack et al., 2008). Among these L.
interrogans, L. borgpetersenii, L. santarosai, L. noguchii, L. weilii, L. kirschneri and L.
alexanderi are considered to be the main agents of leptospirosis (Levett et al., 2006).
Serologic methods have identified >300 serovars of which more than 200 are
considered pathogenic (Faine et al., 1999; Levett, 2001; Bharti et al., 2003).

The lig genes, ligA, ligB and ligC, code for virulence determinants in pathogenic
strains (Palaniappan et al., 2002; Matsunaga et al., 2003; Choy et al., 2007; Lin et
al., 2007). The Lig proteins were identified as markers for the early diagnosis of
leptospirosis (Croda et al., 2007; Srimanote et al., 2008) and as potential vaccine
candidates (Koizumi et al., 2004; Palaniappan et al., 2006; Silva et al., 2007; Faisal
et al., 2008; Yan et al., 2008). Previously, we determined that the /ig genes are highly
conserved (70-99%) in virulent pathogenic Leptospira isolates (McBride et al 2008).
ligB was present in all isolates, ligA was limited to L. interrogans and L. kirschneri
strains and ligC was a pseudogene in several isolates.

Molecular tools employed for the classification of Leptospira spp. include PFGE
(Herrmann et al.,, 1992; Galloway & Levett, 2008), restriction endonuclease assay
(Brown et al., 1997), RFLP (Barocchi et al., 2001), arbitrarily primed PCR (Perolat et
al., 1994), FAFLP (Vijayachari et al., 2004) and VNTR (Majed et al., 2005; Salaln et
al., 2006; Slack et al 2005). However, these techniques lack reproducibility or have
low sensitivity or specificity (Levett, 2006). 16S rDNA sequencing has been used in
phylogenetic analyses (Hookey et al., 1993) but the rrs genes exhibit a low degree of
polymorphism, limiting their usefulness in typing. A limitation of the previous
investigation of the lig genes was the small number of isolates studied (McBride et al
2008). To this end we proposed to determine the presence of the lig genes in an
expanded collection of strains using a PCR-based assay. Given the lack of a
definitive molecular-based method for typing pathogenic leptospires we describe the
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use of ligB sequencing for the molecular characterization of pathogenic Leptospira
isolates.

METHODS

Bacterial strains and culture conditions. Reference and clinical strains belonging
to nine species and including 39 serovars were obtained from the collections
maintained at the Gongalo Moniz Research Centre, Salvador, Brazil and the National
Reference Centre for leptospirosis at the Institut Pasteur, Paris, France. Clinical
strains were isolated from both humans and animals and from diverse geographical
regions, including Brazil, Russia, Croatia, and Guadeloupe (Majed et al., 2005; Silva
et al,, 2008). All strains were cultured at 30 °C in liquid Ellinghausen-McCullough-
Johnson-Harris modified tween 80-bovine albumin medium (Ellinghausen and
McCullough, 1965; Johnson and Harris, 1967). The microscopic agglutination test
(MAT) was carried out using the standard method for putative serogroup
determination (Cole 1973; Levett et al 2003).

Oligonucleotide design. Primers were designed using Vector NTI® 10 software
(Invitrogen). lig gene sequences deposited in GenBank were aligned, conserved
regions were identified and degenerate primers designed. Fragments from each of
the lig genes were amplified and sequenced with the following primers: ligA: PSAF 5'-

CKGAWCTTGTRACYTGGARKTCYTC, PSAR 5'-
TTGTTAATGTTTTCATRTTAYGGC (ligA); ligB: PSBF 5'-
ACWRVHVHRGYWDCCTGGTCYTCTTC, PSBR 5'-
TARRHDGCYBTAATATYCGRWYYTCCTAA; ligC: PSCF 5'-
GAGAAATAYAATCTCCTTCTTCCGG, PSCR 5'-

CCTRTTCGTGTTGGARGAATTCC.

DNA manipulation. Genomic DNA was extracted using the GFX Genomic Blood
DNA Purification Kit following the protocol for Gram-negative bacteria recommended
by the manufacturer (GE Healthcare). PCR amplification was performed using Taq
DNA polymerase (Invitrogen) and the following cycling conditions: one denaturing
cycle at 94 °C for 2 min; 35 cycles of denaturing at 94 °C for 30 s, annealing at 54 °C
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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.
The amplified products were analyzed by 1 % agarose gel electrophoresis.

Sequencing. PCR products were purified by the use of GFX PCR DNA and Gel
Band purification kit according to the manufacturer’s instructions (GE Healthcare).
The sequencing was performed using a MegaBACE 500 DNA sequencer (GE
Healthcare) and the Dynamic ET-terminator technology. The assembled sequences
were analysed by BLAST alignment (http://www.ncbi.nim.nih.gov/BLAST) against the
available lig gene sequences in GenBank. The lig sequences were aligned by the
use of AlignX® software (Invitrogen).

Phylogenetic analysis. The ligB gene sequences from 47 pathogenic strains (Table
1) were used to assemble a phylogenetic tree with the MEGA 4 software (Tamura et
al., 2007). 16S rRNA gene sequences were obtained from GenBank and aligned as
described (Table 1). One thousand bootstrap replications were used to provide
confidence in the nodes. The trees were constructed by the Neighbour-joining
method using the Jukes-Cantor model (Tamura et al., 2007). The synonymous/non-
synonymous data were calculated using MEGA 4.1 beta software. rpoB sequences
used for comparison were obtained from GenBank, and were previously deposited
under the accession numbers DQ296129 to DQ296147 (La scola et al., 2006).

Southern blotting. A total of 3 ug of genomic DNA was digested with 20 units of
BamHI| (Invitrogen) and separated by agarose gel electrophoresis. DNA was
transferred from the gel to a positively charged Hybond-N nylon membrane (GE
Healthcare) with a vacuum blotter (Bio-Rad). Probes to each of the lig genes were
based on pooled PCR products amplified using the primers described and labelled
using the ECL Direct Nucleic Acid Labelling and Detection System (GE Healthcare).
Prehybridization was carried out at 42 °C for 1 h in hybridization buffer supplemented
with 0.5 M NaCl and 5 % blocking agent. Hybridization was carried out overnight at
42 °C in roller bottles. Following hybridization, the membrane was washed twice for
10 min at 55 °C in wash solution (0.4 % SDS, 0.5x SSC). Finally, the membrane was
washed twice in 2x SSC, 5 min per wash at room temperature. After incubation with
ECL detection reagents, hybridization products were detected by exposure of the
membrane to Hyperfilm ECL X-ray film (GE Healthcare).
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RESULTS AND DISCUSSION

Distribution of the lig genes in Leptospira spp.

In our previous study, pair-wise alignment of the /ig genes allowed the identification
of highly conserved regions within the lig genes (interspecies identity ranged from 68
to 99 %) (McBride et al., 2008). Based on these regions, primers were designed to
successfully amplify lig gene fragments from the Leptospira strains described in this
study (Table 1). For ligA the primers spanned nucleotides 3482 — 3693 at the C-
terminus, the ligB primers spanned nucleotides 2125 — 2504 within the non-identical
region and for ligC the primers spanned nucleotides 1487 — 1734 (Fig. 1). The
expected sizes of the amplicons were 211 bp (/igA), 380 bp (ligB) and 248 bp (ligC).
The PCR results indicated that /igB was conserved in the genome of 100 % (52/52)
of the pathogenic strains tested (Table 1). Notably, ligA was limited to L. interrogans
and L. kirschneri strains, and was only found in 26/44 isolates. As well as being
present in certain L. interrogans and L. kirschneri strains, ligC was also detected in
several L. noguchii and L. weilii strains (31/44 strains in total).

To confirm the negative PCR results as true negatives a Southern blot analysis was
carried out (Table 1). The hybridization results corroborated the PCR assays findings.
These results support previous studies that suggested the lig genes are only found in
pathogenic strains and that of the three lig genes only ligB was conserved in all
pathogenic Leptospira strains (Matsunaga et al. 2003; McBride et al. 2008). The
findings presented herein add to the growing body of evidence that suggests the Lig
proteins are essential virulence determinants in Leptospira spp. (Matsunaga et al.,
2005; Choy et al., 2007, McBride et al., 2008). To ensure that the PCR products were
not artefacts a selection of amplicons (see Table 1) were sequenced and analyzed
with those lig gene sequences available in GenBank.

Sequence variability of the /ig gene fragments

The ligB amplicons exhibited considerable DNA sequence polymorphism, particularly
at the 5' and 3' ends of the 380 bp fragment. Therefore the ligB sequences were
trimmed to remove these hypervariable regions and a 214 bp region (nucleotides
2236 — 2449, L. interrogans Fiocruz L1-130 strain) was identified that exhibited a

high level of conservation. The overall level of pair-wise DNA sequence variability
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was determined to be 21.2 + 3.9% and 20.6 + 3.8% at amino acid level for the ligB
amplicon (Fig. 2). This DNA fragment demonstrated some interspecies
polymorphism, but it was not significant (Fig. 2). The mean pair-wise DNA sequence
variability was 0.8 + 0.4, 3.7 £ 1.5, 0, 1.2 £ 0.9, 0.9 = 0.9 and 0% among the L.
interrogans, L. kirschneri, L. noguchii, L. borgpetersenii, L. santarosai and L. weilii
strains, respectively (0.8 £0.4,3.7 £1.5,0,1.7 £ 1.2, 0.9 £ 0.9 and 0% at the amino
acid level, respectively). Furthermore, 17 ligB different orthologs were identified
among the 48 Leptospira strains that contained one or more base substitutions within
the amplified region.

The ligA amplicons demonstrated a mean pair-wise variability of 21.5 + 2.4% among
L. interrogans strains and 0.8 + 0.8% among L. kirschneri strains (25 £ 3.9 and 0% at
the amino acid level, respectively). The overall mean pair-wise DNA sequence
variability of the ligA amplicons was 22.2 + 2.7% (26.8 * 4.4% at the amino acid
level) (Fig. 2). The alignment of the ligA sequences revealed the presence of indels
in some of the L. interrogans sequences that corresponded to the loss of an amino
acid codon. The ligC gene exhibited a mean pair-wise variability of 1.9 + 1.7 and 0%
(1.9 £ 1.8 and 0% at the amino acid level, respectively) among the L. interrogans and
L. kirschneri strains, respectively. The overall mean pair-wise variability was 4.4 +
2.8% (4.4 £ 2.8% at the amino acid level) (Fig. 2).

The lig genes encode for an important family of outer membrane proteins that are
characterized by the presence of immunoglobulin-like domains (Palaniappan et al.,
2002; Matsunaga et al., 2003) and are potential virulence determinants of Leptospira
spp. (Choy et al., 2007; Lin et al., 2007). These proteins are surface-exposed and are
up-regulated within mammalian hosts (Matsunaga et al., 2005; Choy et al., 2007).
Previous studies have demonstrated their usefulness as markers for diagnosis of
leptospirosis (Croda et al., 2007; Palaniappan et al., 2004; Palaniappan et al., 2005;
Srimanote et al., 2008) and as potential vaccine candidates (Koizumi et al., 2004;
Palaniappan et al., 2006; Silva et al., 2007; Faisal et al., 2008a,b). More recently,
their presence and conservation among virulent pathogenic strains of Leptospira spp.
was confirmed (McBride et al., 2008). Of note, inactivation of ligB does not result in
attenuation of virulence in animal models (Croda et al., 2008). This is probably due to

functional redundancy of the Lig proteins as LigA was expressed in the LigB
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knockout strain. The findings of this study confirm the ubiquitous nature of LigB in
pathogenic Leptospira spp. and that LigA and LigC are not present in all strains.

Phylogenetic analysis of ligB

The relatedness of the 48 ligB 214 bp DNA sequences is presented in Fig. 3A, the
Leptospira strains resolved into two distinct clusters. Those sequences from L.
interrogans, L. kirschneri and L. noguchii grouped together in one cluster, while those
from L. borgpetersenii, L. santarosai and L. weilii formed the second cluster. The
clustering pattern is similar to the phylogenetic tree based on the full-length ligB
sequences (McBride et al. 2008). The individual Leptospira species are easily
determined based on the ligB internal sequence.

The ligB amplicon is situated within a region of the ligB gene that was found to be
phylogenetically clonal based on a multiple-change-point (MCP) model in the majority
of strains (McBride et al. 2008). Of the two strains that showed evidence of
rearrangements (L. interrogans and L. kirschneri) the amplicon is located outside
these recombination hotspots. The results demonstrate that the internal ligB
sequence can be used to discriminate Leptospira to the species level. Within each
major cluster there was evidence of further sub-clustering. For example, 3/5 of the L.
interrogans serogroup Icterohaemorrhagiae strains clustered together, including
serovars Copenhageni and Icterohaemorrhagiae. Within the L. kirschneri and L.
borgpetersenii cluster various sub-clusters were identified but they did not
correspond to the serogroups (Fig. 3A). However, there was insufficient
discriminatory power to type the serovars beyond the species level. This is a similar
situation as reported for the 16S rrs gene in Leptospira spp. (Morey et al., 2006).

The number of synonymous substitutions (dS) within the ligB amplicons was equal in
number or higher than those of non-synonymous substitutions (dN) per site. The
probability of the existence of recombination among the several ligB nucleotide
sequences was not confirmed (overall P = 1.00) and the ratio between the non-
synonymous (dN) and synonymous (dS) substitutions (dN/dS) was 0.34. This
supports the hypothesis of sequence stability due to absence of positive selection
over this ligB locus. Rejection of neutrality hypothesis (positive selection suggestive

of recombination) in ligB was only seen in the L. borgpetersenii Poi and Veldrat
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Batavia 46 strains where the dN/dS was 1.72 (P = 0.04). However, this does not
preclude the use of ligB for species typing, as both belong to the same species. The
G + C content of the several ligB loci ranged from 37.8 in L. kirschneri to 50 in L.
borgpetersenii (data not shown).

Phylogenetic analysis of the 16S rDNA sequences

The phylogenetic tree based on the available 16S gene sequences (Table 1) is
presented in Fig. 3B. The tree describes the relatedness for 36 sequences and the
clustering pattern is similar to that described in previous studies (Levett et al. 2006,
Haake et al. 2005). The strains clustered according to species: sequences from L.
interrogans, L. kirschneri, L. noguchii and L. santarosai formed one cluster; while
those from L. borgpetersenii and L. weilii formed a second cluster. The major
difference between the predicted relatedness patterns is the clustering of the L.
santarosai strains. In Fig. 3B these strains clustered with the L. interrogans, L.
kirschneri and L. noguchii strains.

Traditionally, 16S rRNA genes sequences have been used for Leptospira species
classification (Postic et al., 2000; Morey et al., 2006). However, this gene has few
polymorphisms throughout its 1,500 bp length in Leptospira spp. (Janda et al., 2007).
Efforts to identify new markers for species differentiation focused on the evaluation of
partial rpoB (La Scola et al., 2006) and wzy (Wangroongsarb et al, 2007)
polymerases, the gyrase subunit B, gyrB (Slack et al., 2006), the preprotein
translocase secY (Victoria et al., 2008), and the genes encoding the surface proteins
LipL32, LipL41 and OmpL1 (Haake et al., 2004; Ahmed et al., 2006). The main
advantage of selecting housekeeping genes for classification is that the constant
selection pressure over these genes in the genome. However, as is the case for the
16S genes, this is associated with a low accumulation of polymorphisms and hence a
lower resolution power in terms of strain differentiation. Genes such as rpoB and
gyrB offer the advantage of being shorter and more polymorphic. Recently, La Scola
and colleagues (2006) described 3 nucleotides that accounted for the differences
between the L. kirschneri serovar Cynopteri and L. interrogans serovar Canicola rrs
genes. In addition, Morey and coworkers (2006) reported that the difference between
L. interrogans and L. kirschneri type strains was due to only two nucleotides. This is

consistent with descriptions of the high degree of conservation of the 16S rRNA
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among other bacterial species (Janda et al., 2007). The rpoB was found to contain 51
polymorphisms over 600 bp when the Cynopteri and Canicola serovars were
compared. In this study, the 214 bp ligB sequence contained 23 and 24
polymorphisms between the Cynopteri and Canicola serovars and the L. interrogans

and L. kirschneritype strains, respectively.

The taxonomic analysis performed in this study demonstrated the discriminatory
power of the ligB gene. We showed that /ligB is a molecular marker that is able to
differentiate the serovars into their respective species (Fig. 3). Recently, we showed
that some ligB genes contain mosaic sites, but they were located at the carboxy-
terminal end of the gene (McBride et al., 2008). Furthermore, some of the ligB
domains were involved in the duplication events that led to the creation of /ligA. In this
study we specifically chose a region outside of the potential mosaic region and that
did not include the domains involved in the gene duplication events. In conclusion,
the ligB molecular typing scheme demonstrates several major advantages (/) the
ability to differentiate strains to the species level; (i) differentiation between
pathogenic and non-pathogenic strains and (iii) the potential to be employed in MLST
or MVLST analysis for identification of clonal derivation events during the seasonal

epidemics and outbreaks associated with urban leptospirosis.
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Legends to figures

Fig. 1. Diagram of the main features of (A) ligA, (B) ligB and (C) ligC genes. The solid
black regions indicate the exact location of the target PCR amplicon. In (C) the PCR
product included the stop codon (X) present in ligC from the L. interrogans Fiocruz
L1-130 genome. The identical domains (green), the non-identical domains of /igA
(red) and ligB, (blue) and the carboxy-terminal domains of ligB (hatched) and ligC

(boxed) are indicated.

Fig. 2. Comparison of the variability of the DNA sequences from the 16S (rrs), rpoB,
ligA, ligB, and ligC genes from Leptospira spp., the error bars indicate standard
deviation. The number of individual sequences used for the determination of
sequence variability is indicated (n). The presence (+) and absence (-) of each gene
in pathogenic (P), intermediate (), and saprophyte (S) strains is shown. The
nucleotide positions used during the alignment analysis were: 75 — 1255 (rrs), 1891 —
2462 (rpoB), 3482 — 3693 (ligA), 2236 — 2449 (ligB) and 1487 — 1734 (ligC).

Fig. 3. Unrooted phylogenetic trees were constructed from (A) the ligB (214 bp) and
(B) the 16S gene (1181 bp). The bootstrap consensus values are indicated. Asterisks
indicate serogroups instead of serovars.



TABLES

Table 1. Distribution of /ig genes.

, . " PCR
Species Serovar Strain 16S 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 + T
Canicola Mex 1 + +F 4
Copenhageni Fiocruz L1-130 + (AY461869) +F 4+ 4F
Copenhageni M 20 + (FJ154542) + + +
Hardjo-prajitno Hardjoprajitno + (FJ154553) + + +
Hebdomadis Hebdomadis + (FJ154551) + + +
Icterohaemorrhagiae RGAS +(FJ154549) L . +
Kennewicki LT 1026 + (FJ154571) + + +
Lai 56601 (AY461870) - + +
Lai Lai + + + +
Manilae LT 398 + (FJ154545) + + +
Muenchen Munchen C90 + (FJ154565) + + +
Pomona PO-06-047 + +F 4 4
Pomona Pomona + (FJ154544) 4+ + +
Wolffi 3705 + (FJ154558) + + +
L. kirschneri Cynopteri 3522C% +(FJ154546) 1 4+ 4+
Djatzi HS 26 + +* + +
Erinaceiauriti Erinaceus auritus 670 + (FJ154560) +* + +
Grippotyphosa 2.002.2977 + ND +* ND
Grippotyphosa 2.002.306" + ND +* ND
Grippotyphosa 2000.11.449" + ND +* ND
Grippotyphosa RM52 + +F 4 4
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Saprophytes [
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. noguchii

. weilii
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biflexa

Kambale
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ND
Ceylonica
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Javanica
ND
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Poi
Hardjo
Hardjo
Tarassovi
Bataviae'
Orleans
Panama
Hebdomadis'
Celledoni
Coxi
Vughia
ND
Alexi
Shermani
Trinidad
ND
Hurstbridge
Lyme
Semaranga
Semaranga

Kambale
5621
Musa
2E02

Piyasena
M 181

Veldrat Batavia 46°
2002.10.110"
Sari
Poi
L550
JB197
Perepelicin
Cascata
LSU 2580
CZ214 K8
Eco-Challenge
Celledoni®
Cox
LT 89-68
2007.025.921
HS 616
LT 8218
TRVL 34056
2008.010.55"
But 6°

108

Veldrat Semarang 1738

Patoc 1%

+ (FJ154562)

+ (FJ154559)

+ (FJ154573)
+

+ (FJ154596)
+

+ (FJ154600)

N
+ (FJ154592)
+ (FJ154597)

NC008508

NC008510
+ (FJ154595
+ (EU349495
(FJ154588
(FJ154582
(AY034037
(FJ154580

N
+ (FJ154590)
+
+ (FJ154585)
+(AY631883)
+ (FJ154598)
+
+ (FJ154578)

+

~ —

~ ~ ~—

+ + 4+ 4+

+

+ +

+

+
*
+

+ o+

*

+

*

+

*

++|-+>(-+ ++|-+>(-+ + + +

=+

*

+ . + + + +

* PCR products not sequenced.

* Confirmed by Southern blot analysis.



ND - Not determined.

¥ Type strain.

Y Clinical isolate.

"nternal PCR control (Postic et al., 2000).
' Serogroup.

in brackets: accession numbers
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7. CONCLUSOES GERAIS

Artigo 2

- O transposon do tipo mariner, Himar 1, € uma ferramenta eficaz na transformagéo
genética de Leptospira spp., conforme comprovado pela criagcdo de um banco de
mutantes;

- O método de transposon mutagénese pode ser aplicado para a identificacédo de
fatores de viruléncia e processos biologicos ligados a patogenicidade de leptospiras

patogénicas, mediante a avaliacdo dos mutantes gerados em modelos animais;

Artigo 3

- Um sistema de expressao induzivel, baseado no sistema Lac, permite a expressao
controlada de antigenos e complementagcao de mutantes em L. biflexa.
- A proteina GFP nao é toxica para L. biflexa e pode ser utilizada como um reporter

para sua manipulacao genética;

Artigo 4

- Os genes lig estdo presentes apenas em sorovares patogénicos de Leptospira, e
ligB é o Unico presente entre todas as cepas e isolados;

- O gene ligA esta 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. wellii;

- A sequéncia do fragmento amplificado do gene ligB pode ser usada na
diferenciacao das espécies patogénicas de Leptospira.
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ANEXO |

O ANEXO | é o material suplementar do Artigo 2. Neste anexo estdo
apresentados os dados de identificacdo dos genes interrompidos pelo transposon
Himar 1 nos sorovares Lai, Manilae, Copenhageni, Canicola, Bataviae e
Hebdomadis. Nesta tabela constam a identificacdo dos mutantes, suas coordenadas
de localizagdo com base no genoma de L. interrogans Lai, o nome do gene
interrompido, sua funcdo, a existéncia de ortblogos em outras espécies de
Leptospira e comentarios gerais. Os mutantes marcados em amarelo correspondem
aqueles interrompidos mais de uma vez no mesmo gene. Mutantes em negrito foram

utilizados para infeccdo experimental no modelo de hamster.
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143600 144002
143600 - 1445012
143972 - 1455964
144972 - 15964
146075 - 147730
146075 - 147730
146075 - 147730
147727 -151320
14T727-151320

Maf ke prowiz

G | flapellar motor switch proteis FEG
G 1 fl2pellar motor switch prowiz FEG

hypothetical protein
beta palaciosdae
GMC ovidoredactas
GMC onidoreduactase

LEC 100 1 LEPBIaD0| &1LEL_29761LRJ_3012 Septum formation protein Maf
LICIDIZVLE] OIWLEL_D0IWLEPELM23

LICIDIZVLES_ DOIVLEL_DOIVWLEPEL423

LICIOSLEL, D0BIVLEBJ 2SR5 Cytechrome ¢, mono- and dibeme variants
LECI0031 LEJ_298% LBL_0077 LEPBIaD024

LEPEL3 ILICI 0057
LEPBL3 ILICT 0057

FADMNADNP). binding damain
FADNATNI). binding domain

LAY (methy| accepting chemnotmis protein) pro
LCI004VLBL,_ 299 1/LRJ_DOSLEPRLA0%S methy| accepting chemata is profein
LEPRISINLEL_I970LAI_ D038LIC1 0084 Permeases of the majar Facilitabor superfamily 67M
LBC 1004 LA _ D041 ALRL_299%LEPRIAFIAS 3ITM Putative membrane- ascc iabed phospholipid
LEPRES TN LRI DOEVLAL, I997 1001 0089
LBC 1003 WILE_ 0051 LEL_J00VLEFRLaXM|
LEPRIOONLEL_JO0VLAIL DOSALIC) 0057
LIC 10039 1LEL._ 301 VLRJ_DOSTVLEFRIAEE | BTM Sodism: dicarbary late wymparier
LBC 10060 LAY _DOSVLAL_J0I VL EPRIa} 28] BTM Putative chemota b mnsory iranudecer; pulal
LIC 10060 LR _OOSVLRL,_I01 2T EPRIAY 2] BTM Putative chemotas by mnsory iranaducer; pulat
LB 1006W 1R _D0SIVIRL_J0 14T EFRIAN2E] |0TM Putative chemot i sensary iransducer; pulz
LRJ_O0 L RL_MRGLIC 00T VLEPRLO58 Phospholipld/gly cerol acy biranafernse
LEC1007T LA OOVLRE,_MOZRAEFRLLE]

LIC 10080
LEFRL IALAL_OATRL 01 L0 5P
LIC 10053 6T™

LECI0IOVILEL, 00410 DOSU EPRLOIRY

LICI0I207LEL, 356 VLRI DI IVLEPRIS3S0| Two- comporent scnscr histidine kinas
LICI0120LBL, 256 NLRY_01 ILEPRIa290| Two- component sensor histidine kinae
LICI0IZYLEI_OI 131 BL, 29651 EPRI1 %0

LICI0IZYLES_OI IZLBL,_J96NLEPALI 560

LECI0I2WILRI_01 IWLBL, 259661 FPRExTE9S Lipl 45 e prokin

LICHMIVLE] 61IWLEL 281 FPRIaXR Lipl &5 like prodein

LICIDI LB DI MVLEBL 29T

LICI0I MBI _DIMVLBL 20T

LEICHNZALE] 0IDWILEL 29T

LICI0IXSLEI_DI21LBL 2R FPRISTRIT
LICI0ISLRI_DI21ALRL 2R FPRE.TRO7
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MamBS 1 154948
FLaiTKTE 154973
FLaiPCR3S 158128
FLaiS3% 161192
FLaKI43  I6231E
FEitGE42 163911
JAMands®  IGIESE
JAMan632 165900
|FFC3 1ETE10
JAMan|365  [T3500
|AMamG2 1 174060
|AMan 0TS IT4ITD
FLaiPCR42  [T4250

Mamt3 1 74978
FlLaids 77449
FLaiS6S mear
|AManBI 1 1E2695
JAManO0D  IB9ETE
A Mami 2 192132
(A Man 001 159127
FLaK-235 7438
FLaiS| 1MI54R
FlLail 57504
JAManlOT1 257620
JAManB2I 257906
|FKisCKE? 159285
JAMandTE 159860
JAManl 152 265903
AMaTd  T73517
JAManD93  I75T96
|FLaiPCREKID I7 6425
JAManTT2  TTd56
[AMan 042 2E0G1T
JAManl 189 IR0T43
|FPomid 224102
JAManT1l  IEBSEG
JAMandod  IR99ED
JAManl 16T 07635
JAManBSD 307748
JAManOTE  30E340

LADLAS (+)
LADI43 LADIAA
LADLAS (+)
LEPIND145 (4}
LADLSD ()
LADISO ()
LADLSI (+)
LADISS (+)
LADIS3-LADISE
LADIGI-LADIED
LADIE3 LADIGL
LADIG4-LADIGS
LADIGLLADIES
LADLES (+)
LADIGE ()
LADITI {+)
LADITZ (+)
LADIEI {+)
LADIE (+)
LADIST-LADISS
LADZ09 (+)
LAOZIE ()
LADZEZ ()
LADTES ()
LADZE2 (-
LADDES (+)
LADTES (+)
LAOZ69 LAGITD
LA (+)
LAGZEL (+)
LAOZEZ (+)
LAODED LADTES
LADZES (+)
LADTES (+)
LAOIES LATIG0
LAD203 ()
LADZ0 ()
LADID{-}
LADBIO()
LAOLL ()

154281154549

157912160011
160928161056
162352164172
162352164172
164345 - 164559
165126 -1 66595

174924 - 176297
ITT350-1T7457
1795 16- 180078
150854 -1 83208
159124 - 1937
191138 - 193216

25534 M0T741
245221033
2573213258112
257313 258122
257313 258122
250001259509
250701 -259579

T3R8 274106
273430 -276114
IT6107-2T6214

ZED400 -ZB1 158
ZED400 -2B1 158

ZETOE-TRU36]
ZR03E3 -ZROCED
3008 15-307ET D
3068 13-307E70
30TEE] -309131

hypothetical protein

nif& | Nif-specific regulatory prokein

hiypothetical probei; putative exporied protein

LICIDI29LAT_( 24181 2557 EPRIa0SS]

LICIDI3YLE]_ (M XWLBL 20547 EPRIa0556 Transcriptional = gulaor

kv | Hemnolysin sacretion ATP binding prLICI0]367LA]_(ZNLAL_2951 ABC mransporer ATP binding protin
by | Hemnoly sin secretion ATP hinding prLICID1 367LAI_(13LAL_2951 ABC transporier ATF- hinding protei

ACT Emily protein LICIDIIVLAL (1 33LAL_295)LEPRIa06 [prok in. PI] aridy lylmansfems

hypathetical protein LEFRIal | 37/LE]_0I3VLEL_J94WLICI013E HOLGYP hydrolase domein protein

hypathetical protein LICIDI43

hypathetical protein LICII322

aminotransfers: LICIDI SYLEFRL0605

hypathetical protein LEPBIZ06/LE]_0I4VLEL 294¥LICIOIS]

NADP.dependent malic e myme LICIDIGYLBL,_4780VLAL 2932 EPEIaDl43

hypathetical protein LICIDIGILBL, 293 /LAY D152

phage like protein LICIDITE Prohable haceriophage tail protein, membrame prow
outer membrane proein Ompd family  LICIDIGULA] (1 S&/LEL_76051EPRIa3140 Loall

Peptidase family MI3/M3T LICICZ24LR]_TTENLAL,_(3EWLEPRI2I933

Peptidase family MI3/M37 LICICEA4TLA]_TTENL AL, (3591 EPRI2933 Membrane proins relsted io metallcendopeptid
Peptidase family MZ3/M3T LICICZ24LB]_TTENLAL, (28VLEPEI2933 Membrane protins relzted to metallcendopepéd
hypothetical protein LICIC2&TLR]_TTEVLAL,_(091/LEPRIaI930

hypathetical protein LICIOE2LA]_TTE0VLAL_(091/LEPEaI930

hypathetical protein LICICE3LAI_(664AL_1415LEPRIa0 |65

DA -3 methy ladenine ghycoeylass LICIDZ3LAI_(66LLAL_1417

hypothetical protein

hypothetical protein LICICZ44LE]_2606/LAL, (506

hypathetical protsin LICICA4LR]_2606LAL_[506

prmine MTPas= LICICES LB, 242 /LB]_(6SE1LEPRI21905 RadS) like proin

hypathetical protein LICICESYLAL, 2430VLA]_[65WLEPRIa906 DMA mpairexomcleas

probable catshalite pene activator LICIC26WLE]_(37&/LAL_269%LEPEL2l 150 Putative oA MF binding prokein

probable catshalite pene activator LICIC26WLA]_(3751AL,_I6991EPRLal 150 Putative oA MF binding prokein

probable chlorchydrolas LEFBIal | 51/LE]_03T9LEL_JSORLICIIIT Amidokydrolas
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FWeik I0EINE
ManB32 316141
ManT0G  31E05E

FEilT6 318541

FLakK-211 330122
Mam|258 351712

FLaiZ348 367510

FLaTKI13 38I54T7
ManBES  3ETEO2

FLais43 05504

FLai2l ET0

JAMan DIl 401672

JAMan 304 419913

|AMan1 157 420736

JAManl68 419536

|FLaidd 441469

|AMan 030 442995

IAManTOT 445967

|AManl 157 447220

FLaiPCRE S 462662

FLaiSE 467990

JAManTE 475198

JAMpnI020 49ED0S

|FL.|n'-H 4073

FPomd5 S5

JAMan 265 503470

AManBST 515507

JAManTST 513508

|FLaiPCRAD 519109

|AManBed  53T3EI

JAMan 0G4 FIESTE

JAMan 240 338513

FFCI1 S3BE23

FLais] S3BE55

|Amant4E 542408

JAMan|328  36ITTS

IFL.m'S‘ISE 5 1M7

FlLaild SE0530

|AMan 0TS SE2NM

|AMan 27T 52132

LA ()
LAD3 5 LADIG
LADIN {+)
LAD3N0- LAGSZE
LAD330 LA
LAD3SLAG3G0
LADTTA ()
LADIES ()
LAD391.LAOIID
LA LADA0N
LAG400-LADADE
LAG4D5 ()
LAD4T? LAG4Z3
LADITS ()
LAD430 (+)
LADB442 ()
LAD444 (+)
LADGL4E LADAST
LADLE (+)
LADES (+)
LAG4ES LAGGD
LADT T-LAGATE
LADBSDS (-}
LADSOE (+)
LADSIS ()
LADSI2 LAGS1A

JTEE1-309131

31BDOT -31B510

3463935368005
3823 16-383619

401414 -$02355

4312421754
420451430009
441059441522
42683 443762

447243 440183
4671 42-464 108

AFTIT 4498474
49855949975
SO2I79-502461

LADS246- 238 ribosomal RNA
LA0S524- 735 ribosomal RNA

LADSIE ()
LAD544 ()
LADSAE (+)
LADSAE (+)
LADS4E (+)
LADSAE (+)
LADSAE (+)
LADSE? (+)
LADSEE )
LADSTS (+)
LADSTE ()
LADSTE ()

5100355192597
S36BOB-537083
S3BIOE- 540633
S3BI0E 540633
F3BIOE-S40e33
S3BI0E-340633
542037 -542501
S62637 -563119
ST430-571851
SEMOE-3E1415
SE 1650 -SEIEX
SE 1650 -SE2EX

probable chlorchydrolas

LICIDITIFLEI_037TLBL_ 26981 EPRlal 151 Potmtive deami or mzlaied metal-dependent bydi

Thiol-disulfide isomerase and thioredoxins LICIDCTRLA]_D328471 01, 2693 EPRIal 157

ARC tramsporter, ATP-binding proiein
TPR-zpeat-coninining profeins

LBJ_TTa0LEL 031 13C10321 cailed-coil
LICI0E36MLR]_2767/LBL_ 03047 EPRIa5T | 2-methylthicad: nine: synthetas

LICIO3S4TLBL 240018 D6TELEPEa] 126 mutations in ksgA causes mesistance to the tanslati

LICI03T VLBL,_| 162/LA1_| 108 putative lipeprotein
LICIOETT putative Fpoproiein
LICID3ESLA]_J8T0VLAL,_(201 Em like ribonucleoprokins
LICI03ENVLE]_2867/LBL, 0204

LICIDGBYILA]_ 2864 BL._0MVLEPREIA02T74
LICI0SLA)_250GT.BL. 3SLEPEI22 138

LEL_03T5/LE] 269 LIC 1 MSNLEFRInZETD
LICIMAYWLEPBI26T I/LE] 26987 BL, 0374

LIC13034

LICI32YVLBL 226181 08XV EPRI21385
LICIXM2IMLEFBIa2 599 R] D& IWLEL, 1262
LICIM2IVLEPBIa2590 B D2 IWLEL, 1242
LICI}M2IMLEFBIa239%LE) D& IWLEL, 1242
LICI32VLEFBIa2 59T B D& IWLEL,_ 1267 c AMP-hinding domain-like
LICIMNYLEPBI2260VLE] D21 1/LEL,_126%

LICI3NTLR]_ 240181 0702

LIC13002
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FLai37
[A M anB5E
[A ManT25
[AManl 115
[A M an326
|AMan 1227
[A M anT 66
| A ManTES
A M 101
|A M am | 107
| A Mam [ 245
FECE
FLaiS |20
|AMan | 148
[A M anBAE
|AMam 207
JA Mlam D02
JA Mo | 365
FLaiTKES
Mfam 024
FLaiS325
[AMand93
[A M an T
A M amisd
| A Mam [ 232
|A Mo 1077
|AMam | 344
FLaiS13
Mofiam | 208

3SR
Rl

G19339

LADSED (+)
LADSE4 (+)
LADGD )
LADED2 {+)
LADGIS ()
LADG36 LADGTT
LADGAE (+)
LADGAT (+)
LADGS0- LAGESE
LADGS0LADES I
LADGES (+)
LADGES (+)
LADET 1 LADETZ
LADGT T-LADGTE
LABGTE(-)
LADGTE ()
LADTE ()
LADET 5 LADETS
LADGSELADGS
LAOTOI(+)
LADTIE (+)
LADTIE (+)
LADTIE (+)
LADTEE (+)
LADTIS (+)
LADTLS {+)
LADT3 (+)
LAOTSE (+)
LADTSE (+)
LADTSE (+)
LADTT 3 LAGTTA
LADTED ()
LADTES ()
LADTEE (+)
LADBOS (+)
LADEDS ()
LADEDS (+)
LADE3S ()
LADEED {+)
LADBESLATETD

597157- 590055
01342 503761
&7461-80B054
GOETEE -6 10044
E19238 619621

GE2006-653574
53581455581

66517 2666457
GEEIT 5-669357

651902 -GEISED
81902 5RISED
65 1902 -GRISED

TIZS46-TIIT L
T2IS46-T3197 1
T22546-T3197 1
TII54E-T319T 1
T22546-T3197 1
T34684 -TIT 342
T3B344 -T38010
TS638E -T56537
THOGOT -TT1 149
THGOT -T71149
THGO7-T71 149

THNIT4-TODEET
TO3BEE -TH4592
EDG6ES -B0T452
E13245 -513848
E25197 -B2G108
EX00CE E3ME9
E3I7ET -B356E2
ESTO04 ESRI0E

hypothetical protein

heavy metal- transporting A TPase
Peptide methionine sulfouide redootms
Lipopedein

Eypotheticnl prosein

hiypothetical protein

wvrB | Excinnclease ABC subamit B

hypothetical protein
Cytochrome © peroxidase:

Methyl- nccepling che motmis probein mo LICI2921/LE] 0536 LEL_254WLEPBIa2436
Methyl-accepting chemotmis protein mepBLIC 12921/ LAT_05361B1,_25451 EPRla3436
Mizthyl-accepting chemotmis protein mepBLIC 12921/ LAJ_(536/LEL 15431 EPE2436

Lipid-A-disaccharide synthetase(lpeB) like LICIZ83¥LA]_(T4HLEL_2335LEPE21039 UDP-Clycosyliransferase/phycopen phosgphorylase

prohable anti-sigma facior antagoaist

LICII9B&LAI_41551LE1_ 1339
LICIT9BYLBL 2491/LA) (559 LEPRE2ITIATTM

LICIXETE

LICIZ9TGLEL 248601 05 LEPEI20ESD Predicied NADVFADbinding protein
LICIZ9TLE] 031¥LBL._IT5E

LICIT94YLEFBI0BIAT R 235MLEBL,_ 0756 Ant-sigma regulatoay factor
LICII941LEPBI0B4SLA]_235WLEL, 0755 nuclectide excision repair subunit B

LICI2930 Fimk-like: prodein
LICI292VLEFBLa2430VLEL 057 VLRI 1533

LICII8%6

LICITEG:

LICIXE96

LICITEGG

LICIXE96 cailed-coil 240kDa
LICITE9

LICIZEY

LICIZETRILBL, 2297/LA) (752 Thiaredaxin-Hke
LICIZESALA] 2640V BL. D32 EPRL 1946
LICIZESALAT 2640 BT M3 EPRLa 1946
LICIZES4LAI_ 2640VLEL_ M3 EPRLx 1946

LICIXE37

LICIZE2YLE]_(751/LAL_2371LEPRLx 1046
LICIZZ1¥LE]_(75%LAL_2319 Pepsidass, trypsin-like serine and cysieine proieme:
LICIZE0ILE]_0546/L AL, 2534 alphaibets Hydmlass
LICIZT94

LICIZTILEI_I33%LBL,_1564

LICIZ766'LR]_(359
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Mamt1T
FLaiS |6
[A M anT34
|AManB9E
|FLaiS (TS
| A Man 1201
|A Mam | 339
[A M anBOT
| A M an 34T
[AMamBlE
[A ManT |5
[AManT4%
[A M anDeD
[AManTT3
[AManT 68
|AMan | 147
|AMan2
[A M ant3E
|FLaid3
[A M ant 2
A Man 325
[A M anGd5
|FEGsds
LA M 300
A M am BT
| A Man | 321
FLaiS330

ManT63
FLaid3
[AManBTS
|A LT
|4 Mz | 340
|A M am | 307
| A M an 32T
[A ManB20
[A M and7 5
|A M 35T
|FLaiS345
| A Mam 039
|AMam | 773

BT 5497

Bo311E
Suaz3l
opIx20
DI3590
ou4zIT
ol4335
DI4338
DI9zlE
LX2TE
S2Easl

G 1S
Sz
SuiSad
Cdssd3
CE3ET4
S&n190
o514
CoR195
121008
102513
123463
m4lm
1024221
1025792
127356
1031432
10553
I 1e7
1T el
147341
1052635
1057575
10BN
1074433
I0EI2ER
1105172

LADET & LADETT
LADBES ()
LADESE (+)
LADSIS- LADYIS
LADDLE (+)
LAD9I ()
LADI9LADGID
LADSI9.LAGGID
LADI9-LAGIID
LAD9IT ()
LAD930 ()
LAD93 (+)
LADDS (+)
LADDYS (+)
LADDSS (+)
LADDS (+)
LADIS1{+)
LADSS 1 (+)
LAD9G2 ()
LADITS (+)
LADI0D (+)
LADIGE ()
LALDI3 (+)
LALDIS ()
LAIDIG ()
LALDIS ()
LAIOIS ()
LAIDIT ()
LALDIF ()
LALDZS (+)
LALD9 ()
LAID35 LAI03E
LALO3T ()
LALD3E (+)
LALMS ()
LAIME LAIMD
LA M9 LAIOSD
LALOTO ()
LALDES (+)
LALIDELAILNG

EEISGAEESSDE Mol | NADH dehydrogenase I chain L
FIT717 803118 hypothetical protein

Q1035391 1598  hypothatical protein
Q134CE 914005 hypothetical protein

QIBBO3 -920044  hypothetical protein
921642-923039 Sugar and cither tramsporter
925932-9ITE4E  hypothetical probein

S4DIIE 40070 ERMNA preudouridine synthase B (EMNA pe= LICIZTOVLE]_ 09481 B1. 20BN EPEL2 1527 Peendowridine synthass
Q40128 940979 ERMNA peeudouridine synthase B (RMNA ps= LICIZTOVLEI_ 09451 B1. 208V EPEL2 1527 Peendouridine synthass
S4012E -3405T9  tRNA pseudouridine synthase B (RNA pse LICIZTOVLB]_094ET.BL. 20E5LEPE2 1517 Psendouridine synthass
SEDIIE Q40070 (RMA peeudouridine synthase B ((EMNA pe= LICIZTOVLE]_ 094271 B1. 20BN EPEL2 527 Peendouridine synthass

Q45089 Q46852  hypothetical protein
Q45089 Q46852  hypothetical protein
961645 964173 Putative lipoprotein
9T9RI2.9812%  Fimhlike prokin
Q95677 906375 hypothetical protein
997153 90263 Mechanosensitive jon channel

1020602 1021606 hypothetical protein

1025242 - 102607 5 TPR.-epeat- coninining profeins
1026573- 1077364 NiflEke probein

1030504 - 1034397 hypothetical probein
103BE9E- 100769 wph? Sphingoamyelinass C I precursor

1047045 1047215 hypothetical protein
10472689 - 1047568 hypothetical protein
1051915 - 1054401 Pemicillin_binding protein LA

107385 1-1074951 ademylate oy clase
IDETER - 10E9E5E A TP dependent DA helicase pord

promoier sigX Probable RNA polymerase BECF-yp
LICIZTSYLRI_05IVLBL 256V LEPRI2 1305
LICIZTAVLBL, 257 WLAJ_0500

LICIIT24NLR)]_2INLEL ML EPREL0TTY
LICIIT24NLARI_2IVLEL_2M L EPRIa08E%

LICIITIWILERI_ 220871 B1. 2301 EPRIAEST TPR wpeat
LICIZTITVLRI_2206M1.81. 2 199LEPRIa?%] 12 TM Transporier, MFS superfamily; putative mes
LICIZTI3LBI_415%1LBL_4210

LICI2698 IT™

LICI2608 IT™

LIC 12690

LICI26BYLA]_(461

LICIZ6TYLAI_I7 IVLAL_2359 ATM MADH ohiquinons axidoreductsss subuit 5 |
LICI267 VLBI_(7 IWLAL_23&7 5TM Small conductance mechanosnsitive channel
LICIZ6AYLBL, 261 LAY (M&T

LICI2642 &P

LICI2641 SP coiled-coil, down- mgulated 2t physiologic csmc
LICI2641 EP coiled coil, down. mgulsted 2t physiologic cemc
LICI2641 &P criled-coil, down. mgulated 2t physiologic cemo
LICI2640

LICIZ638LA]_ TS AL,_2353LEPTla 034

LICI263

LICIZE3LR]_0291/LBL._ITES

LEFIC2671
LICI2636LBL, TTHVLA] (286
LICI263YLE]_(2831 BL,_I79%1LEPRI2143] Membrane carboxy peptidase {penicillin- binding pr

LEPBIaZ|28/L.8)_ (7 SLEL_237 IFLICI 2598 intrace llular signaling cascade
LICITSERILAR]_230WLEL 0802 EPEaNEE Soperfamily | DNA and BNA helicass
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A ManT32
[A M an3T0
A Mo | DO
|A Mam 1259
JA M an D40
|FLai- K233
[A M anil3
|AMam [ 170
[AMan2TE
[A M anD85
[AManBT &
|FLaiS242
|A M | 056
| A ManB21
|AMan 209
[A M an 332
|AMan | B
|FLailk]

| A Mam | 184
[AMan 181
[A M an250
|AMan 131
A M am | 052
|FLai- K221
| A Mam | 047
|AMan 206
[AManT 1
FLaiPCR33
FlLai-E71

| A Mam | 370
|A M amT 6T
[A M anT 14
|AMan | 338

1107354
1107361
1110753
i
1116245
191m
13319
1132675
113164
1133372
1140670
1155817
155108
1155191
1156476
11462822
113485
16E05d
1179781
1IT3831
1185235
1188629
1188633
1190744
1191930
1191933
1194641
1197935
IXIT750
IMIB555
1217568

1232331
1232710
IX500ES
1252285
1Z58060
1257512

LALID ()
LALID )
LALLDE {+)
LALLDT {+)
LALLIZ{#)
LALLIA{H)
LA LALIID
LALIZE )
LALIZS (4}
LALIZS(+)
LALI35LALLE
LALIS{#)
LALIS2(4)
LALIS2(#)
LALIS2(4)
LALISE LALISS
LALISE)
LALIEN ()
LALIT3 ()
LALITALALITY
LALIED()
LALIB()
LALIB)
LALIES (+)
LALIES (+)
LALIES (+)
LA+
LALIE2()
LALI05 {+)
LAL206 {+)
LAIZIALAITIS
LAIZNI{+)
LAIZZ3LAIT24
LAIZI4LAITIS
LAIZ3I()
LAIZHI)
LAIZS(+)
LAIZS1 {4}
LAIISI{+)
LAIIST(#)

11067 86-1107415 chaperone: Dinal

11067 86-1107415 chaperone Dnal

110886111 10756 hypothetical probein

1110788 - 1111424 hypothetical protein

1115799 - 11 1 TE0E Glyoerol-3-phosphate dadry drogenace
111B414-11 19547 Rimske 225 family prokin

1132502 - 1133404 hypothetical protein
1139061 - 1140236 hypothetical protein
1139061 - 1140236 hypothetical probein

115545911 55734 hypothetical protein
115505511 56644 hypothetical probein
115595811 56644 hypothetical protein
115595511 56644 hypothetical protein

1162939 - |1 64147 hypothetical protein
11657841 167241 Bty acid transport / Fadl

1ITTE3S - 1 ITE 17 acetyl Cod sy mthe e

11B60% - 1 186401 hypothetical probein
11BBASE - 11 9009C ademylate oy clase
11BB49E -1 190090 ademylate oy class

1190272-11591981 Resp gulator receiver d
1190272-1191981 two-component esponse regulaior
1190272-1191981 fwo 1

1194600 - 1 195541 hypothetical protein
1197671-1196242 hypothetical protein

LICIXST VLBI_08TOVLEL_DER1/LEPEI=IE16
LICIZST VLB]_D8TOVLBL. DER1LEPREIaIE 16

LICIIS6%LRI_08421 81, 08831 EPRIalS14 6TM Potative permeassr putative: membranes profedc

LICIZ56RLRI_D8sT/LBL DEE4LEPRIalE]]
LICIT56VLAI_2684/LB1L, (3EVLEPRIa1936
LICI2562 electron ansport

LICIIS5YVLBL 03B47L.B1 268W
LICIZ5S4LBL 0H0/LA) 2681 LEPRIZIT2Y
LICITS46NLBL 040 /LA) 2681LEPRIZIT2Y

LA 1136 promoter
LICIX532
LICIZ531
LICIZ531
LICIZ531
LICIT523LAI_24E8/LBL_ 0617 putative poprodein

LICITS24LR]_21451LEL 213V L EPRE0FM Outer membrane fatty-acid tansport prodedn
LICIZS16TLRI_2139 Firefly luciferme.like

LICIISMWILEPIR I T4 LEFLS 11724

LICI2S06

LICIX506

LICIXS05

LICITS0SLB]_406WLBL_ 4063 EPE23] Response m=gulstor receiver
LICITS0SLBI_A06BL._ 40591 EPEI2C93] Responss m=gulstor receiver
LICIISOLBRI_2I&1LBL_2Me

LICI249%LEFBIa04923 P

1207444 1208064 rpoEl | Probable RNA polymerase ECFayp LICIIO0LEL_000&81.01 0893 LEPRELa2 150

1208045- 1208632 hypathetical protein

1220575 - 1221531 Metallo hydrolassfoxidoedisctass

LICIZ4B%LEL,_90LA] 84T EPRIaT 149

LICIMTRILRI_21T7/LEL 2124 EPRL 1009

LA 1224 promoter
1232167 - 1233287 hypothetical probein LICIZ4TD
1232167-1233282 hypothetical probein LICIZ4TD
1240643 1252855 Ch is prokein histidine kinas and =l LICI245LBL, 2 0GR 0527 LEPEI2Y3] CheW-Hlke protein

1249643 1252855 cheA | | Chemotaxis prodein histidine kinas LEFBIa2350L0]_09ITVLEBL,_2106/LIC] 2456 che operan
11528461 - 125 3934 Chemobaxis response regulnior protein.g LIC12455/L.EL_2105LE]_M2SLEFRIn2Y Response regalstor recsiver

12567 12- 1257629 tyrA | Prephenat: dehy dmgenase

LICIZ450LEBL, 2 10VLB)_ 0533 EPRIaT3EE tyrosine: biosy nthesis
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Mfam 1220
ManT13
ManB32
FLaiS3IT
FLai%
FLaiSTE
Mam 172
FLai39
|AMan 1337
[AMant2E
|4 Mam [ 254
|AMan | 258
[A M an240
| A Mam 1231
[AManT43
|A M an 333
|AManT 12
| A Mam [ 238
[ A ManBAT
|AMan| 123
A M an D48
A Man532
| A Mam | 267
|4 Mam [ 249
[AManT33
[A M anD1 &
| A Mam | 325
|AMam | 159
| A Mam [ 248
|FLaiTK 108
[ A Ml | 049
A Mz | D400
A M an 39T
| A Mz [ 045
| A Mam LOF 1
[A Man | 146
|4 Mam [ 2505
|AMan ] 101
|AMan | 143
|AMan TS

1263341
1269841
1X70481
12790944
1291385
1795824
1296875
1308319
1308771
1MIEETD
1312921

13XMIE
1322152
1325864
1326648
1326704
1326TER
1345357
1345647
1347435
1383365
I3ESRED
1391800
1397251
1399565
1406063
1419045
1419151
1419830
1435
4211
1421835
1423509
1424128
1424519
1424712
1425230
1425400
1425588

LALZEA (+)
LAITTG(+)
LAITIG(+)
LAI299 ()
LAI299 ()
LAL304 {+)
LAL306 {+)
LAI3IS ()
LAINT ()
LAIIT(H)
LAI321LAIT2D
LAI326 ()
LAI3D6 ()
LAI3ZE(+)
LAI332()
LAI333 (4}
LAI333 (4}
LAI333(4)
LAIFT2(#)
LAITT2(#)
LALTTA{H)
LAL3E9 (+)
LAL3S1 {+)
LAL357 ()
LA 1400 {+)
LA1402 {+)
LA 1406 )
LAIAT2 ()
LAI4Z2 ()
LAL4T2 ()
LAIAT2 ()
LAI4Z2 ()
LAL422 ()
LAL472 ()
LAL4T3 ()
LAIAT3 ()
LAI424 ()
LAI424()
LAI424 ()
LAL424 ()

1263237 - 1264244 Fatty acidiphospholipid symtesis protein plLICIZ44VLEL_29%LA]_(S40LEPRI2159|

1269050, 1770963 hypothetical protein
1265050 1770963 hypothetical protein
1200785-1292543 Ankyrin mpeat proteins
1200785192543 Ankyrin mpeat protein
1205266 1255916 hypothetical protein
1206750 - 1296997 hypathetical protein
1308257 1308376 bypothetical protein
1306724-1309281 hypothetical protein
1306724 1306281 hypothetical protein

1320157 - 1320927 hyputhetical protein
1320157 - 1310977 hypothetical protein
1371399132324 hypothetical protein
1325508- 1326491 anky rin-like proiein
1326606 1378108 amidas

1326606- 1328108 amidas

1326606 1378108 amidas

1365 1061366335 permense

1365 106- 1366335 permens:

1367 191-1368 198 Pirin-=laied protein

1382216 - 1384540 hypathetical protein

LICIZ4MLBL 201 LBY 1023 5TM Alkaline phosphatae.- |ike
LICIZ3LBL 201 1LBY 1023 5TM Alkaline phosphatae- |ike
LICIZ41%
LICIZ419

LICI24 16TLRI_1035/LB1L._ 1599 LEPREIal413 putative membrame prokein
LICIZ414TLR]_1037/LBL._ 1997

LBL_I450/LE1_ 1268

LICI240c

LICI2406

LICIZ39WLE)_226%LB1. D838 EPEa 03T
LICIT30WLR]_ 226 Bl 0&83R1 EPEL 1037
LICIZ390LAI_2267/LBL. D840/ EPEIa 1748
LICIT39¥LA]_22651.B1. 0842

LICIX392 G-aminchexancake-cyclic-dimer hydrolase
LICIZ392 -aminchexancake-cyclic-dimer hydrmlas:
LICIX392 &-aminchexancale-cyclic-dimer hydrmlae
LICIZ361/LBI_D8EVLEL. 0870 13TM Tetracycline pesistance protein
LICIZ361LB]_D8E0VLBL. 0&70 13TM Tetracycline mesistance protein

LICI36VLR]_(8TR1BL. 0873
LICIZ34%LEBL IG1AR1 2133 EPRIa0ET | 6TM TolASTonB C-terminal domain

1383284613861 B8 Ribosomal prowein L1 | medhy trmsferase (ILICII30NLA] 22311 21047 EPRI2SS
1389834 13527090 Prokin m port membrane protein SaclVBec LICIT34YLA] 22121 A1, 2321 Predicted exporiers of the RND superfamily

1395464 1397410 hypothetical protein
1306325 1400319 hypothetical probein
1404577 1406255 stemnd desanmse. relzied protein

1418327- 1413669 Serinefthreonine protein kinass
1418327- 141356659 Berinefthreonine protein kinass

1418327- 1423569 Sexine/th pruotein ki

1418327- 1413669 Serinefthreonine protein kinass
1418327- 141356659 Berinefthreonine protein kinass
1418327- 1423669 Serine/threonine protein kinass
1418327- 1413660 Berinefthrecnine protein kinass

LICII34LBL 2503/.8) 0577

LICIZE3WLEL, 2503/L.8) 0577

LICIXE336MLEPBIal I2WLE)_163WLEL,_ IE538TM

LICIT2NLBL 2 [TYWLAY 2 IESLEPREx D646

LICIE24LEL 2 ITWLAN 2 IRSLEPRIaD646

LICIE24LBL 2 ITYLA) 2 IRSLEPE22646 Signal transduction prodein with multiple domains
LICIT2NLBL 2 [TYWLAY 2 IESLEPREx D646

LICIE24LEL 2 ITWLAN 2 IRSLEPRIaD646

LICIZ324NLBL 2 1TYLA) 2 IS5 LEPRIaD646

LICIE24NLBL 2 [TWLAY 2 IESLEPREIx)G46

1473654 1424662 3 cmoacy]-Jacyl-camier. protein] synthase [DLICIZ323LAL 2 [TSLA1_T15
1473654 1424662 3 cxoacy] Jacyl-camies. protein] synthas [LLICIZ323VLEL 2 [TSLA] 2184
1424696 1476477 Probable succinyl CoA:3 ketoacid coenzynLICIZ320LEL 2 (T7/LA]_2183
1424696 1426477 Probable succinyl- Ca:3-ketoacid-coenzynLICI2322LBL, 2 [TT/LBJ_ 2183
1424696 1476477 Probable succinyl CoA:3 ketoacid coenzynLICIZ320LEL 2 (T7/LA]_ 2183
1424696 1426477 Probable succinyl CoA:3 ketoacid coenzynLICIZ320LEL, 2 (T7/LA]_1153
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FlLaik 44
A Man652
A ManTdT
|Flaigs2
A MO
A Ml
A ManHIT
A Manl224
FlLaSI75
Man 140
FRILEIG
A M | 347
A Man | 1650
[FLais3 13
A M | 267
A MBI
A Ml 118
A 1121
A Man | 182
|FLaiS38
A Ml | 320
A M | 102
A M | 255
|FLaiPCR4E
JA MpnEos
A Ml B33
[A M anT 30
JA M amid

1529925
1542218
1542266
1545356
1547461
ISEZRIB
1591382
1613714
13853
JEXE2
1ETO282
IETOT 1S
1ET24T2

LA ()
LAI4Z5 ()
LAI42T (#)
LAI4ZE ()
LAI4ZE(#)
LAI430 ()
LAI430 ()
LAI430 )
LAI432LAN1433
LAI433 ()
LAI440(+)
LAI446 (+)
LAIAS1 (4)
LAI455 (4]
LA 1866 LA 46T
LAIET I (4)
LAITELAILTS
LAJ481.LALSE2
LA1454 (4)
LATE9(.)
LAL4% ()
LAL45 ()
LAISOT (+)
LAISIN)
LAIS2E ()
LAISIE(+)
LAIS3 ()
LALS3 )
LAIS43 ()
LAIS43 ()
LAIS43 ()
LAISIE ()
LAISET ()
LA1S99 (+)
LAIGIELAIGIS
LAIEI9(+)
LATGA1(+)
LAI6E3 (+)
LALETO(#)
LALETA(#

1424694 1426477 Probable saocisyl Cod-3 ketcacid cosarya LICI232VLEL, 2IT7ALBI 2183
1426E97- 1437 76D hypothetical proteim LICII3ZLBIL, 2IT&LRI 2182

148115 1428885 Roxoecy l{acy] camier protein)) mductese  LICII3MYLEL 2ITHLE)_2151LEPBLIGET

1479583 1430377 proein phosphates
1429553 - 1430591 prowin phosphatase
1430905 . 1432200 3-ozoacy | acylcarries protein] systhee  LICIZ3IVLEL_ 2ITVLRI 2178
1430905 . 1432200 3-oznacy | jacyl caries protein] systhee.  LICIZ3IVLEL,_2I72LEI_2ITE
1430905 - 1432200 3-oznacy | acyl.carries proein] yathee.  LICIZ3IWLEL,_ 2ITULRI_ 21T

1434755 1435568 hypothetical protin
1480832 1842391 hypothetical proteis

1487015, 1845200 Cobalt-rinc cadmiun resistance protsin O LAJ_2132LAL_21 390LIC 1 2306 LEPRIaI 315
1451555 1452353 pash | Phosphutidy Iplycerophonphate synth LIC 1230V LEPRIal 300/LRI_1981/LAL,_1067 phospholipid biosynthesis
20TRLEPRIaDN3S

1455724 145504 bypothetical proteis

14TITEL 1473593 Fyrophonphate.coerpined vacwcls membra LIC 1 22EV1LA]_097 WLAL_J060VLEPRIaLLA Inorganic pyrophosphatas

1454125 144358 hypotitical proteia

ISITTIT. 1506008 hypotheticsl protcis

1324677 . 1325192 Bpopeotein

1525564 1526004 hypothetical protcis

1526376 1577842 rwo-componest reaponse Pegeluer
15284077 1528510 hypothetical probein

1529847 - 1526581 hypotheticsl protein

1541 152 - 1544448 Puistive cation ol sysies peokein
1541 152 - 1544448 Putstive cation effluy sysiem peoteis
1541152 - 1544495 Putstive cotion offluy sysiem peotein
ISATISE 1540411 mupd | Msl+WH{+) sstiporter
1562735 - | S63495 hypothetical protein

1590161 - 159141 4 hypotheticsl prowss

1613744 1615552 prokeble cxbamoy] ransioze
1637246 - 163849 hypothetics] prowin
16TO0ES. 1670499 hypothetics] protsin

15TO55T - 16TOT35 hypothetical prowin

16T3131 - 1674360 hypothetical protsin

LA 1432 promoter

LICIZ3IS putative lpoprotin/Lenld
LICIZ300LEL_ 216VLAI_ 2| TVLEPRIaI 999 TPR mpeat

LIC 12298 1LE_D9SSLEL,_

LA 14TH promater

LICIZ25HLAL, 1530VLRY_I7 | I/LEPRLsI S0 SPY outer membrane protin /Hacterial surface aniiy
LICIZ2W1LRI_ 1606/ RL_191VLEPRLOM0
LIC1Z20&/LA_I6RULAL,_ 15| VLEPRIS?Y| 1CRS demsin prossin
LEJ_ISEVLEL_1512LICI 225 LEPRISO08 | Signal transduction histidine kinas
LICI22M Leucine. rich repeat

LECIIILR] (TS ALI07TRLEFRLG 142 1ITH
LECIEVLRL TS B I0TREFRLS 142 12TH
LICIZ24LEI_IT9/LAL_|0TALEPRLLY 142 12T
LICIZXVLRS_ITSWLEL_I081LEPRI008S caticn:proton sntiporier

LICIX20%1L AL, | VLR 1109 putative Hpoprodin
LICI2IE3
LA 1619 promoter
LICI2I&¥LERS 11 [TABL_ 1171
LICIXI 1ITM integral me mbrune protein
LICIX1 16
LICI21 ILRI_119MLBL_ 13441 EPRE? 102 Putative enzyme of poly-g; gl hicsynt
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|AMan | 113
|AMan 221
|4 Mam [ 035
|AMan| 179
[A M anT00
| A Mam | 359
[A Man 372
[A M antds
|AMan| 11T
FLaiS2185
FPomil3
A Mam | 264
|A M am | 372
|FLaiS220
[AManT22
|4 Mam | D58
FlLais | &
ManBO3
FLai380
FLaiPCR4%
MunT 76
FPom3
[A M andad
JA Mam | 142
|FLail4
|A Mz | | OB
| A Mam [ 258
|AMan | I7 3
|FLaiZ384
A M an D98
[AManB5
| A oz | 303
|AMam 08T
FLaiS263
FLaiK I5E
FEiGE 1T

|AManB23
|AManT21
|AManB53

1682431
IERA400
1691975
1693347
moTo

LALGES (+)
LALGET (+)
LALG5 ()
LAL634 ()
LAITOSLAITOS
LAITING)
LAITIALAITIS
LAITH )
LAITIE ()
LAITI3 (4
LAITAN ()
LAIT4S {+)
LAITIO)
LAITIO)
LAITT2(#)
LAITTSLAITTE
LAITTO(+)

LA RIS LAIEID
LAIBZE LAIES
LA IBS6. LALRST
LAISST ()
LAIBSE (+)
LAIBSE (+)

LA IB59.LA1IBSD
LAIBED{+)
LAIBSD(+)
LALBES (+)
LAIBES (+)
LAIETS ()
LAIETS (+)
LAIBES ()
LALESA {+)
LA1905 {+)

LA 1908
LAISI5 ()
LAISIE(+)
LAISI9LAIGD
LAI919.LA1920
LAI921.LAIG2D
LAIS22 (+)

1680107 - 16E252 1 hypothetical protein
1683586 - 168440 hypothetical protein
1691757 - 16978 Semsory transduction histidine kinas
1692897 - 1693553 hypothetical protein

1704173170489  histidine kinas snzor prokein

IT13813-17 14525 ABC tramsporter A TP-binding prokin

1T14622-17 16199 hypothetical probein
17200 15-172127T9 hypothetical protein
1T30975-1731724 acyltransfersse

17335955-1737 578 two-component by brid sensor and egulator LIC I 206G0LET_12500LBL 12997 ATPase domain of HSP) chaperone/DNA topoiso
1766629 1767801 Putafive transcriptional regulaine, AralC fa LAL_0655LE1_24147 ET™
1766629- 1767801 Putafive transcriptional regulator, AralC fa LRT_2414 /LBL,_D695 Genomic island

ITe823- 1768684 Putative regulatos, lambda mpessor-like  LBJ_0614TBL_2445

1773866 1TT4E5T hypothetical protein

IBT7966. 1828403 Ferric upinke regultion prokein
1828592 1829437 ankyrin like proein
IBI8892- 1829437 ankyrin like proein

1831 756- 1833505 fwo-component hybrid sensor and regulsior LIC 12031 by brid sensor and regulabor
1831284 1833505 two-component by brid s=nsor and e=golstor LIC 13031

1B39ED0. 1841 177 Asparagimyl tRINA synifuetane (A spamgine- LICI202VLAI_1650LEL_| S63LEPRI2I T2

1530530 1841177 A spamginyl t(RNA synthetass (A spamgine- LICIZ02VLAI_1650LEL_| S63LEPRIITIL

1848 186 - 1B3016] ATP-de-pendent DA helicas
1852280 1854862 Chaperone prokin clpB

1B 59656 - | B03 1 E hypothetical probein

1B6TE54- 1BEE303 hypothetical protein

18T el 1 BTT343 hypothetical probein
IETBEDS- 1 ETHIT2 hypothetical probein

18B2E%- 1886495 TPR-mpeat-coninining proteins
IEBBS46- 1 BEEE 5 hypothetical probein

1893 13- 1853920 hypathetical protein

LICIZI06LEFBI229NLA]_ | T0OVLEL,_ 1252 6TM Putative metal-dependent phosphobydrolas, |
LICIZI03

LICIHETLEPBaNT WLEN_I215LBL, 1266 Histidine kimase
LICI20%LEFBLa2084T.E]_ | ZIGLBL, 1247

LICIZ0ENLEI_1223/LB1._1274 PAS'PAC domain contzining protein

LICIHTYLAL 12360 B1._| 360LEPRI 866
LICIZOT&LA]_|23VLEL_|251/LEPRI2I8S5 Metal dependent phosphobydrolase, HID subdomais
LAJ_I237 LBL,_I286 /LICI 2071

LICI206WLAI_1247/LB1,_1296

5P, Genomic iskand

LICIMNALEL_IEISLE]_I6MVLEPEIa246]
LICIN3YVLEL, 1817/.81_1599
LICITN3YVLEL_1BIT/LR)_1599

LICIXNYILEPBIaITIWLEL_|61WLEL, 1831
LICIXNTLBRI_ 161 VLBL_ 1BV EPRI22574
LICIIYLBRI_ISIVLBL_IT35 ATM
LICIH05

LICII99¢

LICII994LR]_ 1458/ 81, 1722

LICII99Y LBI_ 14547 LBL._ IT1B/LEPBIa?964
LICII987

LICII9B3LBL,_ 181 /LB 1593 protein with MOEN epeat
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|.\um|1mi
FLai53

4 Mamdss
A Mam052
|4 Mam 1031
4 MamGE2
4 Mam 1259
|4 M 737
A Mam 1215
|FPamsa

| A Manp

& Mam 141
|FLainz
et
|4 Mamc?

4 Mam1 175
|FLai 542
4 M5 1
4 Mamels
|4 Mami22
& Mam 1 154
|FLai 53

|AMam | 053
[AManTTE
[AMan515
FLaiS25%
FLai- 557
[AManT23
[ A Ml | 2656
[A Mo | D55
FlLai-K237
FEidd
FPom13
JAMan 205
| A Mam [ 332
FEi38
FEitl2
FLaiK-224

|A MonES6
[ A Mz | 152

G148

NdFIca
2300

3533

LAI972 LA
LAI929 (+)
LALS30 {+)
LA1936 ()
LAL936 ()
LAIS40LAIGE
LAIB4E ()
LAIS49 ()
LA1954 {+)
LAL955 (+)
LALD55 (+)
LAISE] {+)
LAIBE] (+)
LALSEL (+)
LA1963 (+)
LALSET (+)
LAIST3 ()
LAI980.LAI9EI
LAI9ES. LAIGES
LA1957 ()
LA {+)
LA (+)
LATOO3{+)
LA (+)
LEPINITES (+)
LA LAY
LA ()
LAOTS (+)
LADE2 (-}
LADE2 (-}
LA (+)
LA (+)

LA LAZITD
LA 1 ()
LA 1 ()
LA ()
LAM2 ()
LAT2 (-}
LAY 3 LAY
LADE2 LAZ0R3

1B0RGE 1900843 Cyclic nucleotide binding protin /Cgs

1900861- 1900991 Acyl-Cod dehydrogenas
1907 103- 1908974 hypothetical protein
1907 103 1908974 hypothetical probein

19177 32- 19182 two-component msponss regulsior

1918291- 1915403 hypothetical protein

1923576- 1923932 hypothetical protein
1923054 1924966 hydmlas or acy]rmn s mss

1931541-1932995 heavy metal efflix pomp
1938620 1941940 cation efflux sysiem prokein
19479465 1948282 hypothetical protein

1974 104- 1976264 ghycosy Iirmsferase
19B1077-1982321 hypothetical protein
19B1077-1982321 hypothetical protein
19B10TT- 1982321 hypotheticnl profein
1903425 19537909 hypothetical protein
1994349 1954507 hypothetical protein

D001 2S - 3007263 hypothetical protein
2193 HNB5Y hypothetical protein

34032 2036236 medY | Doacetylhomasrine mslfiydrylase
034532 - 236236 med Y | O-acetythomaserine mslfiydrylase

365362035179 hypothetical protein

41572 H4T260 Flagellar motor switch protein M

LICHSTILBI_15847LB1._ 180X EPREI2D%)] CAP family transcription factor
LICIHSTILRI_15EWLAL._1B01ILEPRIZI%)2
LICIYTFLEFBI330 VLB | 5TTVLBL,_ 1795 alpha'beta Hydmlass
LICIHSTYLEPBI2330 VLB | 5TVLEBL,_ 1795 alpha'bets Hydmolass

LIC95ILAI_| 564/ B1,_|7S&LEPRIa093] Responss mpulstar mosiver
LIC119567LAI_1563/1A1,_|7TEWLEPRIaTE

LIC11950LE]_|SS&/LAL |75
LIC1I194%7LAI_|557/LA1,_|781/LEPRIa I 707 slpha/beta hydrolase superfamily
LIC1I94%LAI_I557/LBL_ITEVLEPRIaITG  alphatets Hydmimses
LIC1I94¥LAI_I551/LEL_|7 TSLEPRI2285 Inkpral cuter membrane prodein Tol, efflux pum
LIC1I94¥LAI_I551/LBL._|TT5LEPRIaIES3.

LIC1I94¥LAL,_1775/LA)_|551/LEPRIaTES3.

LIC1I94/LAI_|S4%LAL_|7T TLEPRIa0STS

LICH9FVLAL |5461 81, |7 VLEPRIa0ST? 12TM

LICII93/LE]_IS3LAL 1763 putative membrane prokin

LICIH91LBI_1521/LBL_1T45 TTM
LICIH9LBR]_197HLEL_1311
LICIH9MILBI_ 197 H1LEL_1311
LICIT9LE] 19T ¥ LEL_1311
LICTIEY

LEPIC1530

LICIISBYLBRI_ 195818113267 EPEIal ] 17 putative Bpoprodein
LBJ_1957 LEFBIa2| 16 LBL_1327 LICI 1884 Bacierial e tracellular solute-binding protein, famil
LICIIE5YLEPBIal 593

LICIIE5YLEFBIal 593
LICHESVLBI_1%YLBL_ 131 LEPEL2 ] ¥ implé3 § cytoplasmic membrane protein
LICHIS46TLAI_ 19388113487 EPRIa | 599

LICIEAYLBL 13META) 19361 EPRIa 6802 l[-imp“!ul-ﬂl. stamatin/prohibitin b

LICIISAVLBL_ 1381119361 EPEL2 1502 Memb in/prodibitin
LICIHE4LA)_ me._tmlmhmnummm mF:In'bil.lh
LICIHSAYVLBI_193W1LAL_ 1349 EPEL2 1503 Memb in/prodibitin

LICIHE4YLB]_ 19351LEL 149 LEPEI21603 mmm mFdn'bi:.lh

LAMIE - Lipl45 {-52),down-regulaied at physicle
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| A Mam D21
[A M an 385
[AMan 151
|AMan 41
|AMam 305
FLaiS 170
FLaiPCR32
|AMan | 130
A Mz | 300
|AManSIT
FLaiK 10B
FLaiTE 103
FCanl3
Mfam 1033
FLaiPCR43
FEidl
Mfanll 04
FLak 149
|4 Mam [ 226
[AManB26
A Ml | 305
A Mam | 053
|A Mam 1027
[A ManT03
[AManT 26
|A Mz | 158
FLaiS324
FLaiZ340
FCan2
[A M anT0E
[A M aniE
|FLaiTETS
|AMam 1083
A Mpn 014
A Mo | D
[A Mam | 150
[AMan 1217

| A Mam | 222
A M | 207

M53ITE

MTILS
w7533

2S8R
Tl
HsRI3
2004454
2107054
2118243
2112481
e
2137795
2143035
2145337
21a3471
2163773
2171753
21T
3N
2ITE141
2ITE146
JIBS1IE
21907 e
2191684
2193407
P sy

18419

LADES (+)
LA084 ()
LADES ()
LA097 (+)
LANGT (+)
LAZID (+)
LAZIIILATZIIZ
LAZLIT ()
LAZLIT (-}
LAZLIT()
LAZIZZ ()
LAZIZT (+}
LAZIIT (+)
LAZI33 ()
LA2137 ()
LAZ146 ()
LA2149 (+)
LAZIED (+)
LAZIEE (+)
LAZIT2 (+)
LA2ITS (+)
LAZIES (+)
LAZIET (+)
LA2IG3 ()
LAZISS ()
LAZIGS ()
LAZIST ()
LAZIST ()
LAZI07 ()
LAZII ()
LAZII I LATZIZ
LAZIIZ (+)
LAZ2I3 (+)
LAZIS ()
LAZIIS ()
LAZ2I (+)
LAZII3 (+)
LAZ227 (+)
LAZI32 LATIIS
LAZIIE (+)

LICIIZ34LE]_I1924/1 AL, 1358 putative lipoprodein

LICIHEIVLEI_192WLEL_ 1359 LEPEI2l613 3T, MiN3 and saliva mlaied transmembrane prote

LICIHIENYLBRI_19201BL._ 1342
LICHE2NLBI_ 191 1LBL_13T3LEPEI2 1628
LICHEAVLBRI_191LLBL_13T3LEPEIx 1628

0736502075890 clpA | ATPases with chaperrone activity, ATLICIIEL4ALBI_1905 /ALBL_I37T%LEFBIa1852

HIETH 2087518 Anti sigma B factor antaponist
20672042087 518 Anti-sigma B factor antaponist
0BT 207518 Anti sigma B factor antaponist
0916472097977 putative sigma B regulatar
2096320-2097225 hypothetical protein
0963202097215 hypothetical protein

Z102914-21 04536 sodivm: salute symporier family protein

21067662171 hypothetical protein

211576521 18311 MutS proteinDMA mismatch repair prokein

211939821 19907 hypothetical protein
2129703.21 79967 rpmil | ribazomal protein L8

Z1IT054 2138364 hypothetical protein
2141722-2143032 glycowy | trnsiemase
2145742 21470173 hypothetical protein

2157784 2163588 hypothetical protein
2163751-21658B0 Peicillin-binding protein IF

2ITO218-2172236 ATP-dependent DMA helicass werly

2ITIT71-2173124 hypothetical probein
217I771-2173124 hypothetical probein

LICIISDLBI_1BSHLEL 1391/ EPRIaIT41
LICIIEDLBI_1BSHLEL 1391/ LEPEI2IT4]
LICIE0ILBI_IBSXLEL 1391 EPEIaIT41

LICIIT9¢ LRI 1588 LBL,_ 1396 Sigma factor PP2C-Hke phosphatase:
LICHTSYLBL 1 4FLBJ_|BE4TEFB2al04 Galacios mutaroiae and mlated emcymes
LICHTSYLEL_14000LR)_1E54T EPEal014 Galactns mutarotases and mlated amrymes
LEFBIal IDVLECIITET/LE]_IETWLEL, 140517TM  Na+fsolute symporier
LICIHITEYLBI_IET6 /LBL_I408LEFBIal 142
LICHTTALBI_1BETLBL_1417LEPRIaDE3] Mismatch repair ATPas (MutS family)
LICHTTI

LICHT6YLRI_IB5T/LBL_ 147V LEPELx 10Xy

LEPICITOVLRI_ISSILBL, 1433LEFBILT4
LICHTSYLBI_1847/LBL_ 1437 LEPELx | 00
LEPBI0|SGLECEHITAWLED | B4WLEL. 1441

LEFBIaI ZTWLE]_ 135VLEL,_ISTSLICLIT3%

LEFBIA0S3LRT 135ILEL, ISTGLICL IT38

LICHTIVLAI_ 1356111 581/LEPRLa 1736

LEPICITETLRI_I3587LBL, 158NWLEFBIalTd

LEPICITETLRI_I3587LBL, 15BNLEFBIalT3

21Ta665-2 17867 fadH | L 4-dienoyl-Cod reductas: (NADPHLEFBIaZ481/LB)_ 1 360VLEL,_ISESLICL IT29
21T6665-21TR6TS fadH | 2 4-dienoyl-Cod reeductas (MADPHLEPBIAZ4EILR] 1360LEL_ISBSLICLIT29

2IB4EH0.21B5606 hypothetical protein
2IBIETS.2191614 signal peptide peptidae A

2197242154570 wvrA | Excinucleas ABC subunit A

219464522 195636 hypothetical protein
2196745 2197764 Chemotaxis moth protein

21967 45-2197 Tt Chemotaxis motB prodein

LICHT2LEPBLaI B4 IVLE]_139WLEL,_ 1425 putative membrame prokein (§TME)
LICIITIMLEPBIal B3E&TBL_|6281T.R]_ 1402 Peptidase

LICHTITLEPBIaIBIT/LE]_140WLEL, 1620

LICHTIGLEFBLal B3TE]_14MLEL 163 AcylCoA dehy drogenase, middle and N-temminal

LICIITIMLE]L 135 LEBL_159VLEPRIalS34
LICUHTIVLBI_1365LB1L 15901 EPRIalE34

ZR0REI2- 2206300 two-component by brid sensor and regulstor LICTHTOYLE]_ 1362811593
26332207487 two-component by brid sensor and regulstor LICHITOSILAI_ 1363 LBL_ 1594

2209464 2200907 hypothetical protein

Z2IB20-22 19456 palysaocharide deace ty lose

LICHTLBEL 1 396LR1_ 13T LEPElal &3

LIC 1S9 LEI_1381LEFBIal 5TI/LBL,_ 1607
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BT LATE (#) TIDEESL TITRNED Misthyl accepting chemotmis protsin LIC1 163 VLEL_014210J_7971/LEPEL20109 Patative methyl accepting chemotaxis prokein; puts

130515 LAZ249 (4] TFIIG5T-22UEIE hypothetical protein LEC11655
131457 LAZZS(-) IT31152- 2230072 Mucleaw 51 LICI 165N LE)_MOSLEL. 1631 5P

1T4R0ES LAZ2ET () T24R192- 2250180 hypothetical protein LEC1I6T0LE]_I3%51LEL_ 16 VLEPEE2 104 Putative TPR-repeat containing protein
2259361 LAZIBOLATZE]

153432 LAZIRO LATZE] LATIR| promoter

26N LAZZEZ (+) 2259613226029 Phospharibory ighy cimamide formyltransfen LIC1 1656/LEJ_133WLEBL_|353VLEFRIa1470

11207 LAZIEZ () 2259613-2260239 par | Phosphoribsony ighy cinamide Sormy s LEPEL 470 LBJ_1330 LBL_1555 LIC1 1636

1261968 LAZZR4 (4) I26ITEI- 2262407 hypothetical protein LICTI65VLEI_1¥SLAL_|55V1EPRLal 468 5TM putative membrane prokein

palinpir] LAZZB4 (4] IGITE-Z262407 hypothetical protein LICTI6VLE]_1¥LEL_|55VLEPRLal£68 5TM putative membrane prokein

el v LAZIES(4) INEIAME I263 168 hypothetical protein LICIISS¥LEI_I3TALRL_|35VLEFRLal 457 5P

TIER59 LAZ290{-) I2GRO5S. TEETIS riul | rib l lege mb F doridin LIC | | 6OVLEI_ I3IVLEL_ | = LEFRLal£563

1RITO LAZI0T (4) IIRIZNLIIR5 18] Phosphotamfoae ordem, emyme | LICHIGIYLEI 13 IVLAL_ | 53¥VLEPRIal RS9

IR4619 LAZ307 (4) IIRIH.Z265 18] Phosphotranferae ardem, eacyme | LIC1I63NLEI_ 13 IVLEL_ |53 LEPRIaI RS9

22901180 LAZ311-LAZNA

plii L] LAZIZI) IFRTS0. 130095 DNA = pair proteis RecN LICHEXLE]_ 1 MMLEL_ | SIVLEPRIal630

2301 3o LAZ321-LAZN22

FEINE L ) LAZIIZLAZNI

picteaciin) LAZMS () 216032323042 ATP- depoadont kil protoass ATP-bindag = LIC1 I EOVLEI_ 1I2SVLAL_ |30V EPRIAINSY

DT LAZ3%6 (+) INIINE.ZIN506 Faomuckase VI, Lepe asbusit LEPRLI Bs0ARI_ I TTALEL_149¥LICI 15991

2354054 LAZNTELAZNTG

255004 LAZNTS(+) AT 2155712 hypothotical proteis LIC 11 36t LR JAIVLAL_ | &8 EPRIsIST | Mg chelatae.mlaked prodein

FLligh]] LAZIES () IAFTO91-2A5EITS hypothotical protcis LICTI3aVLAD_ MIVLRL_ 1632 /LEPRL 168 Putative meial dependent phoapholydrolas
pLL L] LAZIEN () IANT091-2A5EITS hypotheticsl proteis LRI_1428 LRL_ 1652 LIC11363 LEPRIal 663 Pulative meial dependent phoapholyyidrolase
PLLLLTE] LAZIES () INIRSNE-2IS0ITH hypotiatical procis LIC1I 36 VLED_J4MVLAL_ 1658

Das024 LAMIT(+) TYRSSO7- 23800 Pomdhle hool smocisted protein, Flafl  LICHISXYLAL I2%VLAL_ 14841 EPRIs 1T Nage lin femily

YRR | B LAMIELAZAG

239%941 LA2422(+) 2MOTTOT-2GET two-composent maponse pegelter LECIISTWLEL, 14740 B | 301 EPRL1 386 Response re gulstar rece jver /Putative transcriptiona
13a%041 LAY (+) FWONGE0 IR0 MY ren compress o pegeleee LEC1ISML AL, 14T WLRL 110V EPRL] 585 Responss e gulsior rece iver Chemob is prodein Ch
4433 A3 () 401504 JAMONGE hypothetics) prowsis

TA0E044 LA435 () 4TS5T-24 00573 Sigens Factor sigh mgelstion protein nbl]  LBJ_1E30 LEL_ 1463 LEPRIsISTS LIC1 1513 phoaphatae

2401046 LAMAT(+) 2410584 2411668 hypotheticsl proten LIC11512

2412974 LA2439(+) 41225 2415467 h:-,-:lﬂ-cl'h:n LICIISH0VLEBL, 14591 R 152471 FPREsISTY LITM

413553 LA2439(+) 2122752415467 heanvy metsl efflo pemp LICTISIOLBL, 145901 R) 15241 FPBRIaIST2 1ITM

413654 LA2d39 {+) BNIFE 341 546T ooy enesn] =il prmmpy LIC1ISI0BL, 14590 B 8241 FPRE.I572 1ITM

2416832 LA2440 1.A2441

TAETI LAZA3 () BASEIL PATT 16T hypothetics] protsis LIC11507 P, Lamcine rich repeat

2421204 LAZ443 () I4ASEL P16 hypotheticsl protsin LIC1150 SP, Lewcine. rich rege at

21703 LAZ443 () J4ASEL- 47163 hypothetical prowsin LICT1IS0 5P, Lewcine.rich repeat

M2ITIO LAI43 () TASEL IATT NS hypothetical protein LIC11S0T EP, Lewcine rich repeat



| A Mam 1021
|A Ml | 48
|FLaiS252
|A M nnT 50
A M [ 043
| A Mam [ 269
FKit58
FLaiS263
FLaiS335
[A M amBOE
|AManBED
JAManT73
[A M an 320
| A Mam | 134
[AMan 141
FLaiZ41
FPomé
|AMamBIT
|AMan 151
FLai-K215
Mfam 304
FLaiS3 11
FEitlT0
| A Mlzm | 100
|AMan 129
|FPom2E
[A ManT46
[A M an 340
JAMan 303
|A M anTET
|A M anBET
JA M am3d
|AMan 1327
|FLais44
[A ManT 36
[ A Mam 1341

JAMan| 125
A M anT o4
A Man333

43906

TR
=247
513991
514202
IF14248
1514850

I5IEIM
1534508
1537200
I54526R

B5I15
554021

55738
IS581X

1547587
1572583
I5TETES
1583541

2E03R43
0TS

2430818-2440756 berA | Bacitracin transport ATP-binding prcLICTI495LR)_ 146381 | E8VLEPREIA0S gldAF ABC transporter ATP-binding prokin /glidin

2506 149-2507 141 Putative GGDERmspons: regulator msceive LICT444LR]_ 167 HLEL_|E91/pl EFEHOG3
2506 149-2500 141 Putative GGDERmspons: regulator posive LICTH444TLR] 16T 2LEL_1E91/pLEPRIOS3

Z509850-25 11301 two-component by brid sensor and egulstor LEFBIaZ557/LB)_|6TALEL,_IES5LIC] 1440

2514161-25 14419 ppiA | Probable peptidyl-prolyl cis-trams isoLIC1I4387LA)_16TWLEL_ 190 LEPEI2 12| protein folding
2514161-25 14619 Probable peptidy l-praly | cis-trans isomemee LICTI4380LBL 190%LB) 16TYLEPEIZZIZI

2523475-2524944 two-component by brid sensor and egulstor LICHI433LE]_1684TEL_| S04 EPRIa2442

LAZMSE LAZSD
LAZSE LAZ4S0

LAED (+)

LAZ4E9{+) 2448158 2448622 chemotaxis protein CheX

LATI() 4408772450872 hypothatical protein

LA} 4406772450872 hypothetical protein

LAMET LATEE

LAZSI9() T408414 2458917 hypothetical protein

LAZSIS- LA2SID

LAISI3 LATSA

LAISIE ()

LAZSIE ()

LA2S30 (+) ISTT24- 2508182 hypothatical protein

LAZS3Z ()

LAZ534 LATS3S

LAS35 ()

LAZS3S ()

LAIS3E (+) 25 14BN 25 [T T2 A denylze cyclase

LAZSA0()

LAZS40(-) 2573475.2524944 two-component by brid sensor and egulator LICTI43VLEL_1904LE]_| 584
LAZSAZ () 2578310 2518TRG prohable cyclic nuclectide binding protein
LAZSS1 () 5363372536732 ghycine-rich RNA hinding protin
LAZ552 (+) 2536843 25ITER0 peedicted kinase

LAISE0 LAZS62

LAZ562 () 254541 1-2546043 acyl-Cah thinestermse

LAZSTO () 2551653 2553431 acetolactaie symihas larpe subunit Dy
LAISTZ (+) 2553792 2554901 TPR-m=peat contining protein
LAISTZ(+) 2553792 2554901 TPR-mpeat-containing protein

LAISTI (+) 2553792 2554901 TPR-mpeat containing protein

LAZSTS (+) 255BI071- 2558340 hypothetical protein

LAISTS (+) 255BI071- 2558340 hypothetical protein

LAISED (+) 567456 2568508 Peplidase family MZLMIT
LA2SET-LAZSES

LA2SOD (+) 25TEE11-2580175 il | fagellum specific ATP synthass fil
LAZSOT LATSIE

LAZG05 () 2SBOGES. 2550800 minlk mlaed A TP binding prokin
LAZG0S () 25BOGES. 2500800 minlk relaied AT binding prokein
LAGIT (+) 2603634 2604500 hypothetical protein

LA (+) 260077 45 260790 hypothetical protein

LAZGIT (+) 2620070 2610888 Lipl32 proin

LICIM4EELE] 14TV LEL_I3LEFEIa266]
LICII4B&LBL 16951LA1_14T1LEPE2)GE] TPE- ke
LICII4B&MLBL_ 1695/1LA1_14T1LEPEI22652

LICI1447 LBL,_IS89 LBR]_ 1670

LICII44YLBI_16T4LBL._ 129X EPEILNTT

LICII43WLR]_1630VLEL_ 12081 EPRIa0546

LEFBIa2338/LB)_ | 6SSLEL 1902LIC] 143] cAMP-binding domain-like 9
LEFBIal541/LB)_ 169 1/LEL_IE9WLIC] 1423 RNA-binding prodeins
LICII422LBR]_I0ERT.BL._ 1145

LICII414TLR]_1081LBL_| I35 EPRIalaG6
LICII4DWLERI_107T&TRL_ 1 13V LEPRIZ1%2
LICII4087LBRI_ 107 SLEL_| 132 EPRI21343
LICII4087LR)_ 107 SLEL_| 132 EPREI203%63
LICII4087LR)_107SLEL_| 132 EPRI21343
LICI406LBI_ 107 HLEL_| 130V EPEI20883
LICIH406LRI_ 10T HLEL_| I3VLEPEI20EE
LICHZ9WLEL 11231811068 Membrane proteins related to metalloendopeptides:

LICIH39LEPBIa0OS LAY IOSULBL, 1115

LICHI3TEM: VLBI_16ZVLBL._ | B4VLEPEIa ATPases invalved in chromosome partitioning
LICTI3TEM: VLBI_162VLBL._ | B40VLEPRI2 ATPases invalved in chromosome partitioning
LICH3LBI_163NLBL_ 1851 LEPEIZISSS

LICH362LBL_ 1856 EFBIa?S5E

LICHI35YLBI_1647/LBL_1848
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[AMan 326 1624005
[AMan 323 1626506
[AManl46  163ZEI0
[AMan 000 2637474
[AMan| 104 263TO50
FLaiS163 2691330
FLaKI¥@ 1591489
[AMan 254 2697752
IAManZlS  IG9EIST
AManBOI  TTO59T1
AMan314  TOTIITD
[AMan 345 IT0M054
|AManBOT 7 IB085
|FLaiKSE I7 19988
[AMan 205 I720GI3
|AMan 038 T7 20827
A L2CS naimn
FPomdT ITM5T4
FLaTKIOT I726347
FLaiTK??  I741454
[AManBET  T742404
[AMan 0EE  T749900
|FLaiZ324  I730350
[AManG2D  TTa5dld
|AManB3®?  ITTI120
FLaKISS 91571
FEit55 IT91806
FLait3 Pl ki
[AMan D60 T796486
[AMan31%  I7998I0
|FLaiA3 1B05059
[AManS08  1R0G4TI
|AMan 356 1B1B4T4
FLaiS344  IEZIOTR
FLaiPCRE 13 1827413
|AManTEE  IEFR4ES
[AMan 360  IE33B0O7
|FLaiS2eE  IE3GTER
[AMan 234 1R40640
[AMan1241 21841450

LATIZE (+)
LATIIT()
LATTIE()
LATTIELAZTIS
LATII(+)
LATII9 {4}
LATTA3 ()
LATTE (+)
LATTEN (+)
LATTE2 (+)
LATTTO)
LATTTOLAZTTI
LATTE ()
LATTN ()
LAZROG ()
LAZBILLAZELD
LAZRIO(+)
LAZRI4LAZELE
LAZEI9LAZEID
LAZRT? LATEI3
LAZEYS (+)
LAZEIM ()
LAZEID(+)

2677335 2674095 acyl Cal dehydropenase
2625561267801 Tonkl dependent mceptar
2632602 2634152 Deox yribodipyrimidine photolyase

D6O0GTA 26590608 hypothetical protein
2600674 2651608 hypothetical protein
26OTTE]- 2658215 Bensory fuction histidine kinas

269718 1-2658215 Semsory transduction histidine kinas:
TT05381-2T06211 hypothetical protein

7088652709284 hypothetical protein
27 1B39T-27 19194 acylmansfersss
719428 TTI0537 hypothetical protein

IT26334 TTIRN21 hypothetical protein
7401532741745 Exapolyphosphatase
7742198 2742530 hypothetical protein
TTAU0TE ITS0214 hypothetical protein

3765 179. 2765964 hypothetical protein
IT66IE-2TT IRTT hypothetical protein
27910092751 590 2-Cys thioe doxin perovidas

7919182752031 hypothetical protein

TE05T % 2ROGERT Eipoproein
28 1B641-2819912 adenylate oy clase
TEII061-2821234 hypothetical protein

ZEITIFE-2B293 20 oGMP-dependent ¥, F-cyclic phosphodieste LIC1 1 1B%LB]_07ES1.01._2291/LEPEIal 194 Response n=gulator with HD-GYF domain

284178028424 16 hypothetical protein

LICH3SYLBEI_ 1648181, |BSTVLEPELa | 259
LICII34¥LBL 111 1B 1058
LICHZ3WLEL_ 1 10S1LAD_ 176V LEPRI22409

LICII295

LICII295

LICII29YLEL 10321.8) 2018
LICIIZ9YLBL 10321.8) 2018
LICII2BVLEPBLal 260

LICIIZBYLBI_1TI3LBL_ 15942
LICIHZTELBRI_IT I4LBL_ 1933 EPRIaD552
LICIIZT4LRI_ITISLBL, 1934LEPRI20S5]

LICIHZITYVLBI_17ISLEL_ 17 16 LEPRLOSSD
LEPBIa0SSOVLEL_19351LR) 17 16LIC 1273
LEFBIal 153

LICIIZ68MLBI_17IWLEL_ |41 EPRIZ3035
LICIHZSVLBI_1T4XLBL_ 1596 MLEPBIaD44T
LICII25MLEPIB 2 | S0FLEFLS 1 1399
LICIIZ4WLBI_1T441BL._ 1965 EPRIa0R]3

LICIIZ3SLEL_197%1LA)_1740
LICIIZ3D
LICHZIYLERI_I0ISLEL 2019 LEPELx 1358

LEPICI247

LICIH2LRI_1STOVLBL, 0972
LICII198

LICII1BL

12TM putative membrane: protein
12TM pustative membrane protein

Putative metal dependant hy drolas
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B4R 199

IER2540
JESZETY
omali3
55365

2891506
181014

2000821
2501706
23150
119860
1GR3
038755

LAZEGT ()
LAZET1()
LAZET1 ()
LAZET1 (-}
LAZEED (+)
LAZEET LATERS
LADIE (+)
LADID (+)
LA2922 ()
LA (+)
LAUDE (+)
LA927 (+)
LA030 (+)
LAZDE (+)
LA2955 (+)
LA960 ()
LA9GE ()
LA969 ()
LA9T1 ()
LA976-LAZITT
LA0GT (+)
LAI0OZ ()
LAIDOS ()
LADOS ()
LAMIZE(+)
LA ()
LAIS ()
LA3IDSS (+)
LA ()
LAITS (+)
LANTS (+)
LA ()
LAIES ()
LASDES ()

ZRABOEL 2845151 rhomboid like proein
TE51461-2R57960 hypothetical protein
I851461-2852960 hypothetical protein
2851461-2857960 hypothetical protein
TR04 14 2REDITS hypothetical protein

TERY260-2891200 Algha palactosiduse
IHO1 197-2851 730 hypothetical protein

28G5394 2R96209 hypothetical protein

TROT214 2808650 pyrovate Kinass

Z900067-29010126 sensory bonAGGDER family protein
2901 147-29000%4 sensory boaSGGDEF family prodein

F938615-2938T758 hypothetical probein
Z943766-2945091 cyah 11 | ademylate oy clase
945895 2046TRE Putative glycosyl tamsfemes

2947 162-2945222 hypothetical protein

30197 - 3020060 serine proteese D0
3021440-3021817 hypothetical probein
3036303035398 hypothetical protein

LA3DET- 165 ribosomal ENA

LA ()

LA3DGS (+)
LAMSS(+)
LA3DGS(+)
LA3DST (+)

3069370307 1262 Peptidess family MIWM3IT

3072283300407 Cheewine tRMA-ribosyltransirase ((RNA-g LICHIDSLA]_D83Z1AL 214471 EPRILD320
JITITER-307 3T Quewine tRMA-ribosylmansirass ((RNA-p LICTHMSLA]_D83S1LAEL 2144 EPRI2O32Y
J0TIIER-307 3407 Cruewwine tHMA-ribosylransirass ((BNA-gLICHIDISLA]_D83ZTAL 214471 EPRIL0320

30738461-3075528 LiplT1

LICIHNTSLRI_20251LEL_ 1025 LEPREI2DET2 TTM
LICINTYLBL 123LA) 200VLEPR21924.
LICINTYLRI_2077/LEL._ 1023 EPRIa0924.
LICINTYLEI_2007/LBL_ 1023 LEPRI22924
LICII164TLBL, 057 5L.A)_2537

LICI I4YLRE]_Z2831 1. (8251 EPRIaITT2 Alpha glucosidas

LICIE 13%LE]_22831 AL, 08341 EPRIa0TH

LICI1 13¥LE]_2286/LBL._0821/LEPEIalTS6

LICI1 13YLE]_Z3851 AL, 0819 EPRIaI764

LICII 131/LE]_228%1 AL, 0818

LICII I3¥LB]_Z28%LBL, (815

LICII I28LB]_ZI8%1 AL, 0818

LICI 11 ¥LBL, (9981 A1 205N EPRI2¥N4.

LICI! 10G/LBL, 099 1/LB]_205FLEPRL 197

LICHE 100

LE]_2064LEL_[SB41LICL 1095 intrace llular signaling cascade, TMS>6
LICII09¥LEL (983 /LRI J06WLEFBIal N Gly cosyliranferass imvolved in cell wall bingenes
LEJ_206&1LEL_[SEVLICL 1092 &P 13TM Lipid A core - OLantigen Egase and relai

LIC11068 cell wall catabalism
LIC1 1065 LEB]_1950VLEL,_|06VLEPEL2] 356 RNA processing
LIC1106YLEFBI3357 Putative methylransierase

LIC1 106V LEFBIZ3357 Pulative methylranerase

LICI WS 1/LE] M3¥LEL_I01T Leucine-rich repeat contnining proiein
LICI1046

LICHI0FVLAI_2250LBL,_081¥LEPEL29] | Peptidass 510, hrid fdeg
LIC11036/LBL_081 ¥LE]_ 22951 EPELa0910
LIC1I026/LB]_22581 B1. 02091 EPELaDX06.
LICHMSYLE] 0609 LEL_2470 Backrial Ig-like
LigC preudngens in Lxi
LICHIOTVLE]_DB46BL 273
LICH0YLB]_DB42LEL,_ 2240 EPRla2324
LICHI0IYLB]_DB4XTBL. 23401 EPRIaT324.

LICT 00&/LAI_0835/1A1,_7247LEPRIaT33] protecdysis and peptidoly s

LIC1 D03 LEI_D840/LB1. 22421 EPRIaT32T
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|A MpnT 65
|A MonSTT
[AMand]
FLaiS246
FLaiTEE4
FLaiSI73
[A M anT 38
JA M an23
Flaik-209
Mfan |55
FLaiST?
A ManT 53
A ManhaD
|FL|.|TI€ 1
FLaPMCRES
A Man | |85
A M | 260
A Man'tis
[FLaikix?
A ManidD
A Manfid
FlLalSIT0
FlalkeR
A ManTHI
A ManTO2
A ManBdd
A ManTED
A ManTel
A Ml |79
[AMan 111
|FLais335
A M | DEE
jAMan 1145
|AMan| 174
|FEipGE2
A M an 356
[A M an3T3
[A ManG35
FLaiTKT 0
Mfam 1204

ATE410
APEXROG
IETTI0
AL
IR
IZETTE
I XB0
33802
36525
3 HITEY
33aTm
I TGRS
I ETM
JIENTIE
1933w
98564
B0Te0
] ks
128080
Remm
e
12RO
NWTL
1548
1243450
3246012
KVES oy
A1ek3Ee

LAMST (+)
LAZIRE{-)
LAJIOE ()
LAII0R)
LAII44 ()
LAIL4 ()
LA3AS LA 46
LA3IAT(+)
LAISZ{)
LAII3G(+)
LAJTT (4)
LAZIGT (+)
LAI2MLLAIN
LAI2LLAYMN
LAI2IT ()
LAZIT ()
LAIZH ()
LAIZN ()
LATZI6.LA32T
LAI4Z (4]
LABZEH(-)
LAI260 ()
LAY262 ()
LAXTTO-LAST
LAY
LAXTTT(4)
LATIRE ()
LAZI0I ()
LAI3I2 ()
LAINI4 ()
LAIINI(+)
LA333 ()
LA3333 ()
LATI33 ()
LA {+)
LA ()
LA33S(+)
LA33S6(+)
LAIISQ L ATRED

3131403132203 Futative bydrolase. alpha’beta Irpdmlase vy LIC 1096GTE]_DGGULRL 23 IGTEPBLAI |
I3 6ETT peedicted sl 3 copls falIC 10962

3 3959%6-31 41007 Aavis-costsining monooTy rame
JIFMEA I MM aldehyde redactase
JTGITA-FITRBOGES Ty pe | svtriction exryme

3193262 3194268 hypothetical protia
J19ITEL 3194268 hypothetical prowis

E211265.32 14244 Toall depeadont oo plor
249143107 Tonlh dependent meorplar
MIIRASL BI2R%G] hypothotac ol prowss
A1 3220600 pensive Hpoprokin

XRANATO-B2ME1D hypotheticsl proteis
X2461T4- 32465958 hypotheticsl pross
2NRSA0-F255E5] ademyluie oy clase
Fluk2ie 3IeRAAT byt o prowss
NITS416- 3275841 ghyon slese

JZEIRED 32EV51S Lewcine rich mpest costsining proe s
3204133330105 hypotheticsl protsin
3254133.3301057 hypotheticsl protein
3300 526- 33004 10 hypotheticsl prowsis
3098483310132 hypothetical protsin
331134933121 19 hypotheticsl protesis
3319731-3320405 ghutwthione S-trasvdierse
3319731-33M0405 glutathione S-eramfermse

LICIHMALE] 0S4 LEL _AMLEPEILINT

LICHe9T/LE] IDFLEL_I1I19

LEC 1095y

LIC10953 4TM histidine kinase semsor prodein
LICI09YLE]_[56T/LBL_25 | ¥VLEPBLZY metabolizm
LICID9SYLE]_[56TLBL_23 | VLEPBLI) metabalizm

LIC I095¥ LEFBIa0Z43

LICIPYLEFBIa MSLEL_DI59 Aldalleto reducioe
LIC1093¥1LEAL,_ 277 ULRJ_0005

LICI091 ¥1LEB1,_049LAJ_26 |41 EPRLa06ES

LICI091 ¥1LE1,_049LII_26 141 EPRIaD6E3

LIC 10906/ LA D6 VLB 246t ™

LI 10906/ LR 06 ) WLELL_ 2l ™

LI 1085 LRI 07 IWLRL_23 11 EPRIAMG] Outer membrans rece plor jrote na, mosily Fe rans
LICISELLB] 2I8WLEL_IT21

LIC 10830

LBC10879 LRI 0807 LAL_277) LEPRIal Y74

LIC 10858

LIC 10845

LBCI0RENTRY_06 1A AL 093 1LEPRL®A06 6TM Adenylyl and gussylyl cyclase catalytic doma
LICISLVILR)_DS01ALBL_D9 16 TPR mpeat

LIC 10838 iy analase/Tleomycin maistance prowin iy pen
LICIDRYT

LEJ_IS70LBL_13140IC 10831 Phosphopeotein phosphatae

LIC10835 3ITM Iniegrin sipha N-erminal domain
LIC10835 3ITM Iniegrin sipha N-erminal domain
LICIDETS 3T™ Iniegrin aipha N-ierminal domain
LICIDER/ LBL._ 742 BT 1517 IT™

LICIDE LB 3 T/LBL 7o 3™
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A Mon 1229
[A M anBaS

[ A Mo [ DT
|AManT 1B
EVE

A M an D08
|FLaidT

[A Mo 1035
|AManBTE

1331158

I35
3345004

L9561
51957
45196l
51836
M7 I

MEl4E7
BTG
3501586
IHE5E
3510954
1518356
3518508

LAINT ()
LAITG()
LAITIG)
LAITG()
LAIIE0 ()
LATIES ()
LATINT ()
LA (+)
LAMIE LAY
LAMIELARMID
LAIMITLAGIE
LAI432 ()
LAMIE(+)
LA3450(+)
LA3459 (+)
LA3EE ()
LAMT 1 LARTD
LA3EA ()
LA3AET(+)
LAMET (+)
LA345T ()
LAIS06 ()
LAISI0LA3SLE
LAIS2 {#)
LAISIT.LAISIE
LAIS3 ()
LAISE3 (+)
LAIS5LATSSY
LAISELLASG
LAISELLASG
LAISED ()
LAISE ()
LAISHTLAISIE
LA3SI3 ()
LA3GT3 ()
LA3GAA ()
LA3644 ()
LA3G44 ()
LA )
LA3649 ()

3331017-3331448 hypotheticnl protein
3342172.3343149 flagellar flament ouker layer prokin A
3342172.3343140 flagellar filament outer layer prokin A
3342172-3343149 flagellar flament ouker layer prokin A

3343 143-3343862 flaA D flagedlar filament outer kayer protein JLICI0TENVLA]_07O3/LEBL_2376L EPRI20336

334485933451 13 hypothetical protein
3358111-3358935 hypothetical protein
3364728 3365162 hypothetical protein

3301359.3350957 hypothetical protein
3307796 3308308 hypothetical protein
34027434 10070 e pulation protein
3420315.3427453 palyphaosphate kinas
TTO7A 3425476 thermal ysin

344001T72-3445995] 3-owoacy]-{acy|-camier prodedn) redoctas
34517 40-3451976 hypothetical probein

3451740 -345197¢ hypothetical probein

34E06ED- 34670 hypothetical probein

Z4TOSZE-347 2240 Methyl-accepting chemotmis protein

34B1487-3482623 TPR-mpeat-coninindng proéein

35014T23501921 hypothetical probein
5093335 10301 tRNA- difry drousidine synthass A

353059235311 10 hypothetical protein
3536040 3538367 hypothetical protein

35TIEIT- 3574603 hypothatical protein
357IELT- 3574603 hypothetical protein
3507973559600 ency] CoA hydraias
350RTTT- 3500600 ency ] oA hydratas
3507 9T-3559600 ency - Co hydrains:
3600628 3601 T4 hypothatical protein
3603T5H0. 3604167 hypothetical protein

LIC1O0798

LICIOTRELBR]_07O4LBL. 23T LEPRIZI335
LICIOTRELA]_07D4LEL. 23TSLEPRILI335
LICIOTBELB)_(7O4LBL 23THLEPRIZI335

LEPIC0802
LICIOTTYLRI_238X1R1. 07 M EPRIal352
LICIOT66NLAT_238271.B1. 07X

LICIOT4LLB)_25E0VLBL 0532
LICIOT3SLRI_25THLBL 053V LEPEIx1E5] 4TM

LICIOTZVILB]_ 064471 B1. 2435 TTM Prodein phosphatase 20 e
LICI07 1% LEFBI205TWLE]_233¥WLEL, 0769

LICIOTIS Peptidase M4, thermaly sin

LICIOTOLER]_(451LBL_ 26XV LEPELa005)
LIC 10697

LIC 0697

LICIDEOLR]_ (456181, 2672
LICIDSBYILAI_23741L.B1._0734 Bacierial chemotaxis snsory tramsducer
LICIETYLAR]_ 0653123857 EPRL 1930

LICIOESS
LICIs46TLRI_0295LB1L._I7 THLEPRIa2545

LICIDG 19

LICIDS 1¥LBL,_TT4E1.0) 0328 ™

LICIOSBRMLBI_ 256N A1, 0550 plutamine amidatransfarace
LICIOSBEMLBL, 0550/L.R1 2542 plutamine amidotransferase

LICID56YLEPRINNG LB (255/LEL TE5
LICIDSGSLEPREMS LR (12SS/LEL, 2525
LICI066YLEFRINS LA (I2SSLEL, 1525
LICIDS6YLEPRIRITIE! Uncharacterined protein SO01/SanCrPrr, imvalve:
LICIOS6/LEPRI2ZT6 |
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[AMan 1052 3616636
JAManlITE 3616960
[AMan 080 3&1TEIS
JAman 244 3GITHEE
[AManBId 3624364
[AManBEE 3634060
[AManl 133 3635414
FLaiPCRS  3édla0l
FLaiS35 Ty ]
FLaK-219 3687140
| A Mamf2 = ]
[AMan 263 3624539
|AManl 155 36095781
|AMan 250 3697539
AMan32%  JTOTDIE
JAManD13 3715200
|AManT4 3715289
[AManOdd 3TN
FLaiSIT6 3749656
FLaiS68 I
[AManl1B8  FT&1381
AMan937 3771321
FLaiTKT2  FTERMG

Man22  ITEETSS
FLaiPCRIT 789743

A0S IR0B0ES
FLaiPCRK23 3262
FEit5e IETER4D

ManB34  32MI53

ManBl3 329000

ManBil 324477

Mun83d  IZ45185
FlLai- K216 3847449

Manl124 3250641
FLaiK IS IRBSRETD
FLaiSITT  3ETRMG
FEifT1 B33

Mannl IETI649
FLail 33 IZTaRE0

ManBDG  IERIEM

LASGEL LABGES
LA3GGL LASGES
LA3GES (+)
LAIGEES (+)
LAIMTS ()
LA3GEL ()
LAIGEA ()
LAIGOE (+)
LATTIZ ()
LATTIS ()
LATT2E ()
LAITI0-LASTII
LAFT3I()
LAFT31()
LATTIE (+)
LATTAS ()
LATT4S5 ()
LATTED (+)
LAITES ()
LATTES. LATTEY
LAITOE ()
LAIEDS (+)
LA3IBI9.LAZEID
LAIEIS LAZEIE
LEPIN3351 (4)
LAIEA3 LATRAL
LAIESS ()
LA3IBG1 ()
LA3IBGE (+)
LAIBEA (+)
LAIEEI ()
LAJEEI ()
LA3IBEL ()
LAIEE3 ()
LAIEGS ()
LAI0S LATHG
LA3ID0A (+)
LAINZ(+}
LAIDIZ (+)
LAIDIELATILS

341770236 18295 Mucleoside- triphospl {Mucleoside mipl LICIDS4WLE]_2E7T WLAL 009 EPRIa26ET
361TTI2-36 18295 Nucleoside- triphosphatass (Muclkoside mipl LICI054%LEI_2ET HWLBL_ 013 LEPE2DGET
34623015-3615405 hypothetical protein LICIOS44LR]_IT0ET I (34651 EPRIa0ST |

F433806-3635440 ABC transporter, A TP-binding prokein LICIDS38TLAI_IET4LAL_DI9TLEPRI2D6ES
3633806-3635440 ABC transporter, A TP-binding prokin LICIOS38MLA)_2ET4LBL._DIYVLEPREI2)665

3641402 3643828 Penicillin-binding protein LA LICIDS3LA]_ 2676 AL, (ML EPRIaEsT

366447 1-3667 008 umknown prokin LICIOS 1¥LE]_253%LBL_(STHLEPRIai}; Permeass companent of an ABC mansporier compk
34TUT12- 3657560 probable phenarine hiomynthesis family pro LICI0G06- LIC10510

I6ETT 103689242 hypothetical protein LICIDS01 putative poprotein
40T 3658210 hypothatical protein LICIMOTLEFBIZ2088

3USIEL 3698210 hypothetical protein LIC IO LEFEIZ2 085

IT05231-3T083 11 Mulfidrug efflm transporter AcrB transmen LICID431LE]_2054/LBL_0956' 1ITM
371460237 15377 hypothetical protein LICIMBSLA]_25481 AL (5641 EPRIaleh

37146002-37 15377 hypothetical protein LICIMBYLE]_2548/LBL_(564LEPRI2IM6H

3TIRERE 37291 14 hypothatical protein LICIMTATLR]_2406/LBL_ (625 EP 4TM

FT40420. 3750748 A dencsine deaminas LICIDMSYLAL_0617/LAL_46N EPRIa03E

IT61DI-3TEI6T2 hypothetical protein LICIMAWLEL_ 271 3HLA] (363

FTHO0F-377 1331 ammonium transporter LIC I LRI_037 ILBL_IT 04T EPRI20T 5P 12TM

ITRBES0-3TH0295 hypothetical protein LICIM424LA]_258N1RL,_0530 putative membrane prokein

3819673 3820578 Pirin-z=lake d protein LIC130B0LAI_2665/181,_(391/LEPRIa3351

3EIISHIRMNTT hypothetical protein LICI308VLAI 06551012424

3EIRSLR IRIOG00 Semsory transduction histidine kinas LICI3067LAI_(553/181,_T7 240

3206063830277 mspomse regulator LICI30B&LAI_(3531A1,_T725

IRAI0T6-3RATER] hypothetical protein LICI310/LAI_0954/1B1._428% SP Inteprin alpha N terminal domain
3844076387681 hypotheticnl protein LICI3I/LE] 6994 LEL_4283 5P Integrin alphn .-t rminal domain
IR4407T6-3847681 hypothetical protein LICI310VLA]_0954/LB1,_428% SP Inteprin alpha M-terminal domain
IESOS4E 3851 165 Urncil DMA ghycosy lase LICI3100LAI_0506/1 01, 1452

3561 6346- 3863960 two-component by brid sensor and egulator LIC131 1 LB]_0606T.B1._247T41 EPRI200TE signal tansduction/pair genes

3ETSEA0 3877404 hypothetical protein LICI31MVLAL_0602LAL_3510 EAL domain, di puamylar phasphodie steras
3ETU560-3880435 hypothetical protein LICI312VLAL_0599/LAJ_251¥LEPRI2] 161 5P FOG :HEAT mpeat
IETO560-38E0435 hypothetical protein LICI312LAL,_0599/1A)_7513LEPRIal 161 5P FOG -HEAT mpeat
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FLaiS3 06
FLaiz2%4

Mfam | 155
FLai 1905
FLaiz244
JA Mo DT
|AMan ] 161
FEitl ]

Mfam | 138
FLaiPCEEY
|A M anTOl
[A M an D45
[A M and80
|A MpnT TT
FLaiPCRSG

FLaiS 14

FlLaid
Mfam 343

FLaiK 16E

[AManT42
|AManTIT
|A M am | 126
|AMam | 109
FLai.PCRﬂ

A Man 1059
JA M 1086

|AMam | 105
[A M anBTD
|AMan 235

|z

12
3290517
IEFXT
3T
ITE2E
IBIB5ED
50548
3510
34T
351030
IB5H148

4014083
45365

4039501

4S5
A0TE61E
4077100
40T 52
A0HTE
A0 5
L
HEITS
ADERIT
40radnd
4100217
4103996
417713
4131796
4132301
4132419

LAI0LATIIL
LA LA
LAIIE (+)
LAIUIE (+)
LAID3 (+)
LAIDAS (+)
LAIGS. LAIGE
LAIEILATITD
LAIT3 ()
LAITTLASITE
LAI9E ()
LAIUEZ (-}
LAI0EE LATORT
LAI9ES LATOET
LAID9G ()
LADIL LASD03
LA +)
LAADIE ()
LAM3E LASIE
LAMMA (+)
LAADG (+)
LAADGE LAAOGT
LAMDGE (+)
LAMDGE3 (+)
LASIDZ (+)
LA4IDT-LAL10E
LA4IDE )
LALIT()
LA4IZI ()
LA4IZE ()
LA4LZL()
LA4IZO()
LASI31{+)
LA4I31(+)
LA4I31(+)
LA4135 ()
LA4ISE ()
LASIEL ()
LA4I&1 (-}
LA4IGL ()

3O00E01-3004588 FadE2 | acyl Cod dehydmpenass
I00E01-3045EE FadED | acyl-Co dehydropenase
391735330 18030 hypothetical protein

LICI31 3 LEPBIal 25%LB]_D3EVLEL, 2817
LICI3MLBL 2B17/LA) D33 LEPRIaI25%
LICI3I4BTLBL, 2T%LA) 0398

391B477-3920600 e | ATP dependent DNA belicase molz LIC1315LBL_2677/LBL_267 ¥LEPBIal349

LA3ISTD promoter

F46580 3048047 putative aldo/keto reductase-family protein LIC13ITGLEFBIa3328

3952359.3953147 glycemophosphoryl diesier phosphodiesteras LIC 13 IBYLA]_ 430V BL,_265TLEPRIal542

39532E2-3953665 hypothetical protein

LICI3BYLE]_(421LBL 265 LEPRIa0]44

F97 396- 30585 two-component by brid sensor and regulator LICI392LEL_281 1/LBY_ 2667 LEPEI200] 5P 6T

FIB02IT-3981903 sph3 | Ephingomyelinas: C preomrsor
3904551-39950 18 hypothetical protein

4024617006182 ATP. dependent RNA helicase
A0T76A5. 4038052 hypothetical probein

A06TT 4640614 1T Putative hy dmlase
40637 464064417 Putative hy dmlase

LICI3I98LB]_0291/.B]_0527
LICI3206LBL,_2R02.H) 0274

LICI3ZNYLAE]_02251.8B1. 28551 EPFEIM20E
LICI32LR]_(2IXLBL. 2849

LICI3Z6ALBL 2R91LA) D192 LEPEDIT ] MuToodix family protein
LICI3264LBL 2891LR) D92 LEPELD]T | MuTinudix family protein

06939407 00NT Putative response = gulator receiver, s LIC 13269181 2R9T/LA]_D1 56T EPRIa3 26

A(T76T 154077404 hypothetical protein
40BIT 75 A0E5370 Acyl-CoA dehydrogenams

0001014090610 RMA polymeras: ECE. type sigma Factar
£090101-40908 10 RMA polymeras ECE. bype sigma Factar

LICI3ZT4LBL, T9001R1_DIEL
LICI32BILEFBLal 112
LICI3ZRYLBL 2910181 DIT3LEPREIL0S2
LICI3ZESLBL,_2910VLA)_DITHLEPRILIOS3

09010140906 10 RMA polymersse ECF-{ype sigma fnctor LICI3285/LEL_2910WLE]_MT VLEFRILMNS 3

0965 24 4097 0% Ankyrin repeat projeins
S098641-4 100540 Peptidase family M4E
40986614 100640 Peptidase family MAE

40966614 100640 Peptidase family MAE
A100E5E 4105445 hypothetical protein
4177 119.41 7682 hypothetical protein
4130892-4133277 thermolysin
4130892 4133237 thermodysin
4130892413327 thermolysin

LIC13291

LIC13293 5P Zn-dependent profease with chaperone function
LIC13293 5P Fn-dependant prodeacs with chaperone function
LIC13293 SP Zn-dependent with chap function
LICI32%4LRI_ITTSLEL_1099 putative Hpoprodein

LICI3317

LICI13320 Peptidass M4

LIC13320 Peptidnse ¥4

LICI13320 Peptidase M4




4132057 LAJIEN () 4130892-4133237 thermal ysin LICI3320 Pepticace M4

4151828 LASIEI () 415184341 52835 crbonypeptidar putative LIC13337
4156451 LAIET (-} 4156160 41 56687 hypothetical proteim LICI334LRI_IETVLRI 572
4160081 LAAI%N (-} 415900841 60E12 hypothetical proteim LICI3344TLRI_IRIS1LBL. D255
4160831 LA4I91-LA4I93
4167287 LAAT9E-) 41663654167 336 hypothetical protem LIC13351
41 TEROT LAA20% () 4176024 1TTEST hypothetical protein LEBJ_2EM¥LBL_0241LICI3360 cailed-coil
41 TRSS0 LAAIR(-) JITTRMN.AITID6 hypothetical prowin LICI3SILE] IR} VLEL 0280 5P
4184843 LAAZIS (+) 41B623041 7306 patative sniciouidine wymtbome LIC13366LRI_28WVLAL_DI3WLEFRIAI6TT 5P
42111068 LAA240 (-} AI110011-4712633 usknoern profcin LIC 13350 LA _29INLBL_ DI SVLEFBLA031 2 polysaccharide deacety lase
4216454 LAA243(.) AT15330 4716812 Methy | acompting chemota is protein LIC13354 ) LEFRIal ISR
4218121 LA424L LALZ4S
4219117 LAA245 (4] 4218334219772 petative fla in-contaising moscorypeaase LIC 1339/ LEFBIa0243 electron transport
4224204 LAAZ49.LALZSD
4231298 LAA2S () LI2TA6AIHTH Acetylcoonryme A rathetae (Acstate—CLIC I M0VLES_2900LAL_012VLEPRIaMS0
4139388 LAaaZed (+) ONVBAITIT geedd | Glycorsl-1phapbate delordrgesa LIC 1M IYLEI_29SNLAL_0I | INLEPRIZOZT
4240146 LAA264 (4] ONURAITIT gredd | Glycorsol-1phouphate debordroge sa LIC 1M L VLRI_29VLAL_01 | ILEPRIOXT
4241579 LaaZed (+) ANMEATIT gredd | Glycorsl-1phoupbate debrydregeaa LIC 1M IVLRI_2SNLAL_OI | VLEPREOZIT
4245420 LAaazes () 2454794247 1 10 imanscriptional regelator Aral Eamily LEC 128 L VLRI_29SULRL_01 IVLEPRISMBISP §TM
4252200 LA4XTS(+) L5000 4252672 hydmyponan-4 componest | LICIMIYLRI_VLAL 01 20LEPRIa2L2ISP 13T
4154HT3 LAATTE(+) AT 124235320 by dropeame.d componeat F LICIMIVLAL, 08 ITARI_ 2946 EPRIAZE0 5P 1 2TM
4241 380 LA4AZBLLALZRY
4267525 LAA2%0 (+) A A 26T AT dibydrocrorst debydropensee LICIMIVLA] NOWLRL 01 MVLEPRILON?
A2ERGIS LAA2GI (+) AD6TE41 42600 hypothetics] proteis LBC MR 250V RL_D1 MLEPHL01 28 Metalloproteases
4275684 LAL2%6 (+) ATI264-4TT40% Putstive sodiam/y deoges c1chenger LIC MR 5001 BE,_ 01 2WLEPRLO00 | 2T
FLaPCRE2? 4276073 A3 (+) A2TEITA-ATTT 138 Thil Pipl family proeis LICIMAVILRD 2SSWLAL. D108 Putative intracelluler professe/amidase
4278337 LA43D {+) LT 4TRSS kol | Clutstbirns. regulsie d potssiees o (1) LIC 1 044400 BI_Xald B 01041 EPRES? 123
428EIM LAdDII{+) ATHTAG]-42ERSET reeallopeptidee LICIMIVLR]_ M4LAL. D09%1LEPRILMIR
4198996 LA4MM(+) LIVBE 15 40000 by pestheticsl protein LIC1 M - type bectin like
4314334 LA4340(.) ABI3561-43 14370 deon yribonmclesse, wal) family LICIMEVLAL, 2579 R)_ OO0 EPRLa AR Metallo. dependent hydrol
A3 LAAME () ANI9B0E- 4320572 Gloooe inksbised divisicn proweis pdB LIC1I %01 EPRIG NLR)_ O3 IALBL,_T9ES
A3 1R LAdME() ABI9B0E 43MSTY Glevoe inkibited dividos proteis fidl  LICIM90 EPRIAT LAY DO31/LBL, 2985
RS LBOCS (+) ITTS 3B hypothetic s protsin
3110 LB00G- L ROT
5568 BT i+) 5399 5754 hypothetic sl prowsis LECMO006T B _ 4006 BT 4006 Predicied hydrolmes of the HAD superfamily
28ET LBOG3 (-} 290337112 hypothetical prowsin
45799 LB i+) 45867 46710 TPR-mpest comtsining prois LECIDDMYI BT, S047LRY_ 4047
47891 LBOSE (+) ATEBAT-496T0 et shock protein S0 LICH044T BY, 20491 B_40:451 EPEIL000S Molecular chaperone, HSPS0 family
54118 LBDSS i+) S4100-3491E  hypothetical prowsin LECH0G0

G1498 LBOT2 (+) 1294 L1851 hypotheticsl protein LICH0SSTLBL, A0eV B 408l




| A M am T
[A Mam |65
ERAETRS RS
|AMam 1230
[A M an T3
|AMan | 159
[A ManT 6%
|FLaiS48
[AMan31E
[AManBT3
| A Mam 1037
|A ManBIT
|AMan 109
|FKisGKS
|Aman3 |15
A MnnT 39
A M aniHiG
| A M an | 348
FRCI4
ManB93
FLaiS303
|AManTES
|4 Ml L 0O
[ A Mam | 54
[A Manti | 3
JA L")

[AMam 306
|AManT2E
[AManG 10
|4 Mand8d
FlLai- K21
FLailg
FlLai M2
|A M ami
|AManG55

GEI2S
Tl
71487
T24TE

EX03

SIELD

105763
110760
115124
15176
115210
115216
117366
119588
119736
127119
128332
132936
137877
138044
138095
145266
144933
157732
159746
159837
163265
168635
169521
71626
nmI
74715
IEI753
IEIE3T
184452
1E534T
1E5907
IER3R4

LBEOTS (+)
LBOED +)
LBOE0 LA0E]
LBOS0-LBOE]
LBOED (+)
LHEDED {+)
LBD92 )
LBIO2 (+)
LBIIZ (-}
LBIIG -}
LELIY (+)
LBI19-LEI2}
LEIZ0 (+)
LEIZ0 (+)
LBIZ2 (-}
LBI3S )
LBIZ5 (-}
LBEI33 (+)
LEI33 (+)
LBI38 (-}
LBI42 ()
LEI42 ()
LEI42 ()
LBISO0 )
LBIS1 -}
LBIST -}
LBISS ()
LBI&S ()
LBI&T (+)
LEIT2 (+)
LEIT2 (+)
LBIT6 (+)
LBITT (+)
LBITE (+)
LEIEG (+)
LBISG (+)
LEI90 -}
LBI91 -}
LEI9L i}
LEI94 )

L S
TO345.T IR0

T9I79 ROT35
T9I79 -BT35
EI913-BT335
Q167252481
1045 17- 106262
109072 -1 10814
114803 -115147

115154116291
115154-116291
117 163- 118068
119577 -1 20128
119577 -120128
126078 -1 28532
126978128532
132172 -133629
137659 138250
137659 - 138250
137659 - 138250
144510 -145457
143461~ 146533
151967- 153460
159516 - 160685
1595 16- 160685
163042165 165
168134 - 169744
168134 169744
171585 172128
172166 - 173680
17360517578
181530 -1 8207
181530 182207
183575184105
184996187 128
154006 18T 128
IETE33 - 188411

hypothetical protein LBJ_4063LEBL_40aWLIC05VLEPRIBI0S TTM ABC transporier
hypothetical protein LICM06YLA]_ (47T XLBL_ 2607 o™
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ANEXO Il

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. |.;
Dellagostin, O. A, publicado no periédico Infection Genetics and Evolution, 2009, v.
9, p. 196-205.

Este artigo foi derivado de uma colaboracdo entre o Centro de Pesquisas
Gongalo Moniz e a Universidade Federal de Pelotas para sequenciar completamente
os genes ligA, B e C em sorovares patogénicos de Leptospira spp.

A minha participacao foi na construcao das bibliotecas e sequenciamento dos
genes, além de realizar ensaios de PCR e Southern blot para confirmar a presenca

ou auséncia dos genes nos diferentes sorovares testados.



Infection, Cenerics and Evalution 9 (200 196-105

Contents lists available at SciencelDirect

Infection, Genetics and Evolution

journal homepage: weww . elsevier. com/locate/meaegid

41

Genetic diversity of the Leptospiral immunoglobulin-like (Lig) genes in

pathogenic Leptospira spp.

Alan |.A. McBride ™!, Gustavo M. Cerqueira ™!, Marc A. Suchard “*, Angela N, Moreira ",
Richard L. Zuerner', Mitermayer G. Reis?, David A. Haake®", Albert I. Ko™, Odir A. Dellagostin™*

A Cengra de Feapnisn CGongalo Moalz, Fusdagio Gowalda Crng, Setvider, BA, Brazl

® Comino de todecmolagls, Universidmde Federal de Peioms, Peloras, RY, Snaod

T Depairment of Biemorhemacics, David Geffen Schod of Medicine of D004, Los Aigefes. CA 54

* Deparmaenr of Hiiman Gemedics, David Geffen Schaol of Medidne e UCLA, Los Angefes, CAL 154

* tepartment of Blostedstics, UCLA Schonl of Pubfic Heaith, Los Argeles, CA, 054

' Watioma Animed Divense Cemire, Agricufeurad Kesearch Service, L5, Deportmem of Agricuihure, Ames, fowe, US4
Eheterany Afui: Greater Loy Angeles Heakisore Sptem, Los Angeies. CA, U534

B D partrseal of Maficiive, David Gellen Sclionl of Medicime ar UCLA, [oe Aageies, CL LS4

" Dhvisioa of farernar i) Mo and Infeciions Evsmase, YT Malioal Collee of Comnel Undversioy, o Yarks VY. D54

ARTICLE INFO

ABSTRACT

Artigle hisrery,

Receivid 27 Aupgust 2006

Hecelved inorevised form 23 Octaber 2008
Accepted 28 Ootaber 2008

Available piline 6 Movember 2008

Revwords:
Leplospirosis

Lig

IPathogenests
Falecular evalwtion
Spquence analysis

Recent serelogic, immunopratection, and pathegenesis studies identified the Lig proteins as key
virulence determinants in interactions of leptospiral pathogens with the mammalian host, We examined
the sexpuence variation and recombination patterns of SgA, Hel, amd ligl ameng 10 pathegenic strains
from fve Leptospirg species, All strains were Foumad o have intact Jigh genes and genetic drift accounting
for most of the g8 genetic diversity abserved. The lgd gene was found exclusively in L. interragans and L
kirschneri strains, and was created from NgE by o pwo-step partial gene duplication process. The
amineterminal domain of Ligh and the Ligh paralog were essentially identical {95.5 + 0.8% mean ientivy |
In strains with both genes. Like lig8, ligC gene varation alse followed phylogenetic patterns, suggesting an
carly gene duplication event, However, g0 is a pseudogens in several strains, suggesting that LigC is not
essential for vinulence, Two figh genes and one gl gene had mosaic compositions and evidence for
recombination cvents between related Leprospin species was also founed for some Fzd genes. In conclusion,
ther pesylts presented here indicate that Lig diversity has important ramifications For the sekection of Lig
palypeptides for wse in diagnosis amd as vaccine candidates. This sequence information will aid the
identification af highly conserved regions within the Lig proteins and improve upon the perfformance
characteristics of the Lig proteing indiagrostic assays and in subunit vaccine lormulations vath the potential
1o confer heterologous protection.

@ 2008 Elsevier BY. All rights reserved.

1. Intraduction

mucous oF conjunctival membranes (Faime et al, 1999, In the
majority of infected individuals, leptospirosis is a self-limited

Pathogenic spirochaetes belonging to the genus Llepiaspira are
the agents of leptospirosis, which is considered to be the most
widespread zoonosis in the world (Faine et al. 1999; Levert, 2001,
Bharti et al., 2003). Susceptible animals, including humans, are
infected by divect contact with urine from a reservorr lost, vsually
rats of other rodents, or indivectly threugh contamnated water,
Transmission occurs via dermal abrasions or inoculation of the

* Correspancing authar. Tel.: <55 52 3275 73%90; faoc +55 53 3275 7555,
E-mil seddress: odir@tufpel edu br [ GA. Dellagpstind,
! The first two authoes contributed equally o this work

1567-13484 - sew frant matrer © 2008 Elssvier BV, All rights reserved.
ded: 1 101 G meepgid 2008, 10012

disease characterized hy flu-like symptoms (Faine ef al., 19949),
However. hepatorenal manifestations, as chserved in Weil’s
disease, are frequent complications and are associated with
significant [10-15%) mortality (Bharti et al, 2003%; McBride
el al, 2005), In addition, leprospiresis causes severe pulmonary
haemeorrhage syndrome (SPHS), for which case fatalicy is =30%
[Segura et al. 2005 Gouveia et al, 2003) Leprospirosis is
considered to be an emerging infectious disease in endemic
regions of Asia (Karande et al., 2003, 2005: Lakocque et al., 2005
Yanagihara et al, 2007; Peacock and Mewton, 2008) and Latin
America (Ko et al, 1999; Sarkar et al., 2002; Romero et al., 2003;
Johnson et al, 2004} and is a major public health concern in
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poverty stricken regions of the world (McBride et al., 2005; Ganoza
et al., 2006; Riley et al., 2007,

The tepraspirg genus is sub-classified into 18 genomospecies
that includes bath saprophytic and pathogenic species (Leveir,
2001, Levert et al, 2006; Matthias e al., 2008]. Classification based
on serologic methods has identified - 300 serovars, of which more
than 200 are considered o be pathogenic (Faine et al, 1995%; Levett,
2001; Bharti et al., 2003 The availability of genomic sequence
data [rom [ive Leplospirg strains, Loinlerrogans serovars Lai (Ren
et al. 2003} and Copenhageni (Nascimenio et al, 2004) L
Borgpetersenii serovar Hardjo strains L350 and JB197 (Bulach
ef al., 2006, and the saprophyie L diflesa serovar Patoe | {Ficardeau
el al, 2008), is driving the discovery of new diagnostic tools and
vaccines for leptespiresis, Considerable effort has been expended
towards identifying conserved surface-exposed antigenic deter-
minants that could improve diagnosis and provide heterologous
profecrion via subunit or DNA vaccines,

A number of leptospiral outer membrane proteins (OMPs ) have
been characterized (Cullen ¢t al, 2005), including OmpL1 [Haake
etal, 1993, LipL4] (Shang et al., 1996), LipL36{ Haakeet al., 1998),
the major outer membrane protein, LipL32 (Haake et al., 2000},
LipL21 (Cullen et al., 2003 ), LipL4G (Matsunaga e al, 2006], LenA
[Werma € al, 20060, and Lhe OmpA-like proteins Loa22 | Koizumi
and Watanabe, 2003 ) and OmpS2 (Hsieh o al., 2005 However,
their performance in<diagnostic assays for acule [pLospirasis or as
vaceine candidates has been problematic (Haake er al., 19249;
Branger et al., 2000; Flannery et al. 2007 Guerreiro et al, 2001,
Liga and Ligk, belonging te a family of leprospiral immunoglobu-
lin-like (Lig) proteins, appear to be promising antigens [Palaniap-
pan et al, 2002; Matsunaga et al., 2003 ). The gene encoding a third
Lig protein, figl, was identified as a pseudogene in L interrogans
serovar Copenhageni and L kirschoerd serovar Grippotyphosa
[ Matsunaga et al, 2003 ), but was lound o be intact in L interregans
serovar Lai (Ken et al, 20031 The Lig proteins contain @ serics of
bacterial immunoglobulin-like (Big) repeat domains that weree
originally identified in virulence determinants [vom Escherichio coli
and Yersing psewdotabercalosis (Hamburger et al., 1999; Lue et al.,
20000

The lig genes are of greal interest because emerging serologic,
vaccine, and pathogenesis studies indicate that Lig proteins are key

Tahle 1

virulence determinants invelved in hoest=pathogen interactions,
Lig proteins mediate interaction with multiple host extracellular
matrix proteins. incleding fibronectin, fibrinogen, collagen. and
laminin {Choy et al., 2007, Several studies have provided evidence
that the Lig prateins are protective immunogens in animal models
of leptospirosis [Koizumi and Watanabe, 2004; Palaniappan et al.,
2006 Silva et al, 2007). In addition, we recently demonstrated that
a recombinant pelypeptide containing Big domains 2-6 from Ligh
was able to protect hamsters against homologous challenge by L
incerragans serovar Copenhagent (unpublished datal. Vieolent
forms of Lointerrogans and Lo kivschoer steains express higher
levels of Lig proteins than culture-atienvated forms (Matsunaga
el al., 2003 Lig expression 15 strongly induced by shifting the
osmelarity from low levels used in EMIH culture medium to
osmelarity levels found in host tissues (Matsunaga et al, 2005),
Up-regulation during early host infection is consistent with the
strang serologic response to Lig proteins observed during acute
leptospirosis (Croda et al., 2007).

Considering the large number of pathogenic Leptospire serovars
and the broad distribution of leptospiral hest reservoirs, the
potential effect of selective pressure on the genetic diversity of the
Lig proteins was unclear, Given Lhe potential of the Lig proteins as
diggnestic antigens aml vaccine candidates, we examined their
sequence diversity in the serovars most often associated with
leptospiross.

2. Materials and methods
2.1, Leptaspira streies and cullure conditions

Virulent leprospiral strains {Table 1] were obtained from
culture collections maintaimed by the authors, The isolation
conditions of a number of the strains used in this smudy were
previously described (Koet al., 1999; Haake et al_, 2002; Silva et al.,
2008). The identity of each of the strains used in this study was
confirmed by 165 rRNA gene sequencing (Hookey et al., 1993) and
serogrouping based on the microscopic agglutination test {MAT)
{Cole et al, 1973). Strains were cultured in liguid Ellinghausen-
MeCullough-Johnson-Harris modified tween 80-bovine albumin
medium (Ellinghavsen and MoCullough, 1965 Johnson amd Harris,

Leplespiin sLiains, the spatis of their g genes and Level of identity compared to that of seroyar Copenhageii

Leprsping species Leragroape Lerouar Sirain lig gene status | POR{SRISeq) % fig DBA ssquence
identity vs. Copenhagers
liga figh Hge ligA figh Mg
[ e e Hardjio L550° NDHD— +NDY+ N — NA GET Ma
Hardjo JE18T NN — +HMY+ L [T L GT.H i
L. falermogans Icrerahaemorrhagiae Copenhageri Fiocruz L1-130° titfe it =¥+ 1 (M 100 (LUH
Icterahaemorrhagiae Laz SEGE01 S [T +f++ =+ HA a7 o5
Canicala HD Kitar® Hlafe wfele =0+ 403 967 085
Pornana Porneana Kenrewicki Comel +{HD[+ *+r =MD+ LR a71 5.5
Poimana Moimena Kenrewicki PO-06-047 L b b =M+ W3 A6TF i
L. #rschner Grippotyphasa Gnppotyphnsa KMS2E += +l++ =+ A4 93 1,5
L. magrechii Bataviae NI Cascata® o e e — MDY - NA 743 MA
L. werli Hebdonmudis L[] Eco-Challenge! f={] w4+l =0+ NA GG 78

PCR! PCR sereening assay! SE: Southern blac: Seq: gene sequenced: MO: ned decermined: NAD nar applicable,
* Bsolated from a chronically infected boviee, Australia, genome sequenced (Bulach e al, H00&E)
b \eolated from a patient during a leptospirsis epidemic, Brazil (Ko et al, 1999), genome sequenced (Hasdmentoe et al,, 2004
£ Causanive agent of mural leptospirosis in Ching, genome sequenced (Rem er 2L, 20031,

O Jsalared fromy an infecred canine, Bragdl [5ilva et al. 2008},

* Isalated fram an abored equine foetus, USA G Nlamdappan o al, 2002,
! lspdated from an ahorted swine foetus, USA.

B lsolated froms an infected swine, USA [Shanyg =t al., 195461

" |salated froms a patiert. Brazil {Silva er al, 2008].

! Iselated Frem 2 rriathlete diagnosed with leprespirosis, Malaysia (Haake et al.. 200E),
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1967 ac 30 C virulence of each Leprospirg strain was evaluated in
the hamster model of lechal leptospirosis as previously described
(Silva et al, 2008,

22 Genomic DNA extraction

Leptospival gepomic DA was extracted [rom 7-day-old
cultures using the GFX Geromic Blood DMNA Punlication Kit (GE
Healtheare) according te the instrections provided for Gram-
negative bacteria, The concentration was determined by absor-
bance at 260nm and the quality of the genomic DNA was
confirmed by agarose gel electrophoresis,

23, PCR detection of lig genes

A PCR-hased screening method for the detection of the lig genes
was developed. Degencrate primers (Table 54) were designed to
amuplify ligA, ligB and tigC based on sequence information deposited
in GenBank, Additional pricers were designed 1o amplify eB from
L oweilii strains due o the heterogeneily of Iigh from this species
compared 10 Uhe other leplospiral species, The DMA sequence of
each Iz gene was aligned using Align X (Yector NTL Invitrogen) and,
based on homalogy between the sequences, seitable regions were
identified and primers, degenerate where appropriate, were
designed. PCR (30 cycles) was carried out using recombinant
Tog BMA polymerase (Invitrogen) folleowing the protocol provided,
PCR products were analysed by agarose gel electrophoresis. The
expected product size for ligd was estimated (o be 211 bp, 336 bp
for gk [ 1076 bp for figh from L neguchii and 1625 bp for B from
L weilii) and 248 bp for Nigl Quality contrel PCR amplification of
the 165 rDNA and [ipL22 genes was used wo verily the quality of the
genormic DNAL

24, Southem Motring

Southern blotiing was carried out as described previously
(Sambrock and Russell, 2000, Briefly, 3 pg of senomic DNA was
digested with 20 units of BamHl (Invitrogen) and separaced by
agarose gel electrophoresis, DNA was transferred from the gel o a
positively charged Hybond-N nylen membrane (GE Healthcare)
with @ vacuum hlotter (Bio-Kad), Probes to each of the lig genes
wiere based on pooled PCR products amplified using the primers
described in Table 54 amd labelled using the ECL Direct Mucleic Acid
Labelling and Detection System (GE Healtheare ] as described in the
provocol provided. Prebybridization was carvied out at 42 Clor 1 h
in hybridization buller supplemented with 05 M NaCl and 5%
blocking agent, Hybridization was carried cul overnight at 42 “Cin
oller bottles, Following hybridizatcn, the membeane was washed
twice for 10 min at 35 T in wash solution (04% 505, (1.5« 55C),
Fimally, the membrane was washed twice in 2= 55C, 5 min per
wash ar room temperature, After incebation with ECL detection
reagents, hybridization products were detected by exposure of the
membrane to Hyperlilm ECL X-ray film (GE Healthcare

25 DNA sequencing

Dependant on their presence, full-length figd (~3.7 kb, ligB
(~3.7 kb) and ligC (~59 kb) genes from L inlerrogons serovars
Pomwona and Canicola, L neguchil serogroup Bataviae and L weilii
serogroup  Hebdomadis were amplilied wsing Elongase bix
(Invitrogen), which contains a proof-reading polymerase, and
subsequently clened using the TOPO=TA cloning kit {Invitrogen).
Each gene sequence was determined by direct sequencing of PCR
praducts amplified using the cloned genes and internal primers
{Table 54), Ambiguous bases or those different to previously

published sequences were reselved by direct sequencing of PCR
products amplified from genomic DNA. Each base was sequenced
on both strands a minimum of two times resulting in each hase
being sequenced a minimum of four times. Previously unpublished
sequences were submitted o GenBank and assigned accession
numbers EUFO0267 (o EUT002735.

20, DNA and protein sequence analysis

Rawe DMNA sequences were analysed for the quality of base
calling using Phred {Ewing et al., 19493), the 5 and ¥ ends were
trimmed accordingly wsing Finch v {Geospiza Inc.) amd each
contig was assembled using Contig Express (Vecter NI Invitro-
gen] at the default sertings, Consensus DMA sequences were
exparted and coding sequences (CD%) identified using Vector MTI.
05 were aligned vsing AlignX (Vector MTI, Invitregen), based on
the Clustalw algorichm (Thompson et al,, 1994), at the default
seltings, Protein sequences were generated by translation of the
(DS and were aligned vsing AlignX at the default settings. The
number of observed synonymous (5,0 and nonsynonymaous (M)
substitutions in the Hg genes were caleulated vsing Syn-5CAN
(Gomzales et al, 20020 The evolutionary listory relating the ligd,
Tigl, and HgC genes from a total of 14 strains was examined using a
statistical phylogenetic approach, Alignments of the genes were
based on their amine acid translations to maintain rexding frames
and then reverse translated back to their nucleatide sequences
using the Geneicus Pro 3.0.1 software package [ Drummaond et al.,
2007, Possible intragenic recombination was examined using the
DualBrothers plugin for Geneious. Default settings were used with
the [ollowing exceptions: chain length 220,000, subsampling
frequency 1000 and bum-in length 10,0000 DualBrothers is a
recombination detection algorithm based on a phylogenetic dual
multiple change-point model (MCP) (Suchacd e al, 2002, 2003;
Minin et al., 20031 The MCP model allows for changes in
evolutionary relationships and rates across sites in a multiple
sequence alignment by assuming that the sites separate into an
unknown number of ontiguous segments, each with possibly
different topologies or mutation processes, Differing evolutionary
tepologies on either side of a break-point suggests recombination
{Lietal, 1938}, The Dual Brothers implementation takes a Bayesian
approzch that employs Markov chain Monte Carlo to simulate fnom
Lthe posterior distnbution of model parameters. One strength of the
Bayesian model is that it can measure uncertainty in break-point
lecations, determne the most hikely parental sequences of the
putative recombinant and assess the statistical significance of
recombination simullaneously: tus simultanesus approach avoids
e patfall inherent in sequential testing for recombination found in
many recombination detection programs (Suchard et al, 2002, For
each putative cecombinant. break-points were inferred  and
parental representatives and the significance of recombination
using the approach of Suechard et al, (200EF] were assessed.

sratistical analysis was carried our using Graphpad Prism 501
{GraphPad Software, 5an Dicgo, CA, USA)L The Mann-\Whitney test
was used to calvulate differences between populations and two-
tailed P values <0005 were considered significant.

1. Resuwlis
31 The lig genes in potlogenic Leprospira spp.

APCR screening assay demenstrated that ligl was present inall
10 streains studied, lgA in fve strains and M0 0 seven strains
(Table 1), Using the lig sequences deposited in GenBank, primers
were designed to screen for the presence of fig genes in the
leptespival species most commonly associated with  heman
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Fiw. 1. Genoanic orpanization of the g genes i Lepdospinrg sp. The individual Sz
wenes are repiesenled by armows, e presence of & stop codon 14 indicated by Clw
b symbol aved tramsposase genes ane designated by che W siemibol. The Bz (solid
arrawand Ughharched arresy | genes are lacared within D9-1.4 kb ofeach etherin
the same arientation within the gename im an aperon-like arrangement, The fgc
gene (open arraw] s distally Bcarsd oo che appesice sde of the genome (~715 kb
distant]. Genamic argarazaiien inthe Leprasping strains fell into cne of four distinct
graups: (a) full-kength intact lig genes: L imterrogans serovar Canicola ard serovar
Pomona: (bl incan igd, HeB oand N peeudegene: Lo imlenogans serovar
Copenhageni and L kirachioet serowar Gripporyphosa: (c) mcact el and Hec: L

inerrapans seravar Lal and Lowell seragroup Hehdamadis: (d) incaor IgF only: ©

bargperersenil serovar Hardje and L soguchil serograup Batavias strains,

leprospirasis (Table 1), L inrerregars serovars Copenhagen] Fiocrz
LT-T30, Pomona Bemnewicki, Canicela Kito and L, kirschineri sercvar
Crppotyphosa RM32 were fouind to contain three g genes (Fig. 1),
Lo interrogans serovar Lal 36601 and L weilil serogroup Hebdomadis
Eco-Challenge were found to contain gl and HzC while L noguchii
serogroup Bataviae Cascata and L borgpetersemii serovar Hardje
slrains |B197 and L5530 contained only B {(Fg. 1000 note, in place
of the ligA gene in L ointerragans serovar Lai and the two L
borgpetersenii serovar Hardjo genomes there were transposases
(Fig. 11 In serovar Lai, upstream of Ngh and where ligd woukd
normally ke located, two transposase genes were wdentified, Tng
and an integrase, and a corB ortholog (encodes camphor resislance
in bacterial, L bovgpetersenii serovar Hardpo strain |B197 contained
4 transposase, 151533, aml the C-terminal of the cord ortholog, L
borgpetersenii serovar Hardjo L550 contained an 151533 pseudo-
gene and the C-terminal region of the cord gene, The JB197 strain
has a genome layout similar to that of serovar Lai with a genome

inversion [Ren et al, 2003), while the genome organization of

strain L550 more closely resembles that of the serovars Copenha-
weni, Pomona and Canicola.

Tocanficm the integrity of the [ig genes in pathogenic Leplospirg
spp. Lhey were doned and sequenced lrom L interrogans serovar
Canicola, serovar Pomona, L nogechii serogroup Bataviae and L
weilii serogroup Hebdemadis. The presence or absence of the lig
genes was also confirmed by Southern blotting (data not shown).

Ther figA and ligB genes in serovars Pomona and Canicola were of

the expected sizes and genome locations, with figd situated
upstream of ligh in both strains. We previously reported that the
ligC gene was a pseudogene in L interrogans serovar Copenhageni
and L kirschneri serovar Grippotyphosa (Matsunaga et al, 2003 In
this study we found ligC to be present in L. inferrogans serovars
Pomona and Canicola, and £ weilii serogroup Hebdomadis, but
absent in L noguchii serogroup Balaviace.

3.2 Lip seguence consenation

Ligh was the only lig gene ortholog found in all 10 pathogenic
strains of Leptospire spp. studied (Table 1) and was compared by
estimating pair-wise sequence distances. Ligh was found to be
significantly more variable than ligd (P < 00057 and g {F < 0.005],
ranging from 679 to 99.9% (mean 80.2 & 13.1%) and 62.6 to 99.9%
(mean 77.% £ 15.3%) for pair-wise DNA and amino acid sequence
identity, respectively (Table 51} The base substitutions in ligh were
found throughout the gene, although there was increased variabiliny

within a region of the carboxyterminal domain (amino acids 1518-
1669), When phylogenetic groupings were analysed, [ inferragans
serovars Copenhageni, Canicola, Lai and Pomona had a 95,4 and 94,45
mean pair-wise DNA and amino acid sequence identity, respectively,

The mean number of observed synonymous substitutions [54) was

77.8. the mean number of observed nonsynonymous substitutions
[Mg) was 655 and the ratio of synonymous £0 nONsyNORYMoWs
substitutions {dsjdy] was 4.01. Inclusion of L kischreri serovar
Grippotyphosa in this grouping reduced, but not significantly, the
mean ientity ahserved to 910 and 90.6% for DNA and amino acid
sequences, respectively [defdy =4.88) The two L borgpelerseri
serovar Hardjo strains and the & weilii Eco-Challenge strain had a
08 and 90025 mean DNA& and amine acid sequence identity,
respectively, and the majority of the base substitutions were
SYTONYMoUs  (mean  5p= 1827, mean Mg=1257. mean  ds
ey = 4240, Ligh froim the L aoguchil steain did not Gl within elther
of these two groupings and inclusion im eiher group increased the
lewels of sequence variability by 20-30% (Tahle 510

Ligh from five strains (Table 1) was highly conserved, ranging
from 854 to 99.8% [mean 91,8 £ 59%) and 80,5 to 9985 [mean
BEH + G.8%] DMA and aming acid sequence identity, respectively
[Tabkle 523 The carboxyterminal region of Ligh, comprising Big
domain repeats 11-13 (see Fig 2a) exhibited the highest level of
warlabality, with 78,1 and 71.2% mean pair-wise DNA and aming acid
tdentity, respectively, Although Ligh sequence conservation was high,
the majority of the single-nuclestile polymorphizms resulied in
NONSYNonymous aming acid substilulions {mean 5= 1197, mean
Ma= 1749, mean defdy = 2890 O note, the serovar Pomona Ligh
aming acid sequence previously deposited in GenBank ([ Palaniappan
el oal, 2002), accession number AANS2495), contained 4 region
[amino acids T40-T74) of very low identity (< 106] compared e the
other Ligh sequences, specifically, point-insertions at nucleotide
positions 2218, 2315 and 2322, We resequenced Uie lizd gene [rom
thie serovar Pomona Kennewicki PO-DG-047 strain. accesston number
EUPO0 70, and did not find the point-insertions.

The lipC gene was present in 7 of the 10 strains evaluated in
this study. Furthermore, it was the most conserved Lig protein
LigC DMA and aming acid sequence identity ranged from 77.0 Lo
100% [mean 912 £ 8.9%) and 83.6 to 99.9% (mean 94.1 £+ 6.2%),
respectively [Table 53} Similar to figh, the base substitutions are
spread throughout the gene. The majority of the base substitulions
WEPE NONSYNONYMous [mean 5y = 96.1, mean My = 342.9, mean dsf
ey = LO3L Previously we found that the figl genes (rom L
interregons serovar Copenhageni and L kirschoen serovar Grippo-
typhiosa appear Lo be pseudopenes. Serovar Copenhageni contained
a point mutation while serovar Grippotyphosa contained a frame-
shift mutation, both of which resulted in stop codons [Matsunaga
el al, 2003 The major difference between the variouws ligC
sefuences was a gap towards the middle of ligC (nucleotides
2839-310d ) from the Eco-Challenge strain, as there wias one less Big
repeat domain in the L oweilii ligC.

3.3 Phylogeneric analysis af Lig domains

Translation-based alignment of nudeotide sequences of the
immunoglobulin-like domains of Ligh, Ligh, and LigC of L
interrogans serovar Copenhageni revealed clustering of Ligh
domains 5-10 with Ligh domains 8-13 (Fig. 2b). The same
relatedness pattern was found for the Big domains of Ligh, B, and C
of L. kirschneri serovar Grippotyphosa (data not shown), This result
suggests that the ligh genme was derived from che Nigh gene in a
partial gene duplication event [Fig. 2a). The ligd genes were found
anly in L ieterrogans and L kirschnen strains, indicating that the
partial gene duplication event occurred in a progenitor of the L
interrogans-L, kirschueri branch of the leptespiral evelutionary
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tree. Ligs domains were morne distantly related than the Ligh and
Ligh domains, consistent with the more ancient origin of ligC (see
below ).

34, Phlogenetic analysis of g

The relatedness of the 10 full -length ligh sequences is presented
inFig, 3a, The figh sequences of L. iargperersenil and L wellii cluster
together in one region of the tree while the L. inrerrogons and L.
kirschieeri sequences cluster together in a separate region of the
tree, with the lgh sequence of L moguchii occupying an
intermediate position, This relatedness pattern is consistent with
a phylogenetic tree based on 165 rDNA sequences (Haake et al,,
2004), Analysis using the multiple change-point (MCP) medel
revealed that all figh senes except two were phylogenetically
clonal [no evidence of rearrangements), The Ngh sequence af L.
imterrogans  serovar Copenhageni was found fo have twe L
kirschneri-like regions; a 153 nucleatide region in Big domain

11, and a 500 nucleotide region in the carboxyterminal domain
(Fig. 3b). The ligh sequence of L kirschneri serovar Grippotyphosa
was found to hawve a large 1300 nucleotide rearrangement
containing an L interropans seravar Lai-like sequence in the region
codding For the carboxyterminal domain (Fig. 3c).

25, Phlogeneric analysiz of ligd

There were two different phylogenetic trees for the 5
(nuclectides 1-28200 and 3 regions (nucleotides 2821-3675) af
the ligd gene sequences, The phylogenetic tree for the 5 region
(Fig. 4a] showed low levels of sequence non-identity (ranging from
1 o 9% for the five strains In contrast, the tree for the 3' region
(Fig, 4b) revealed that while the ligA sequences of the Canicola and
Parmona strains are 1004 identical, their NgA sequences were 334
non-identical to the Grippotyphosa and  Copenhageni  igd
sequences, a 4-10-fold increase in sequence non-identity, One
possible interprecation of this difference in sequence variation for
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the two different regions of the ligA gene is the recent acquisition
the 37 iigA region, encoding the repeats 11-13 [Fig, 4c),

L6 Phytegenedic analysis of ligC

In contrast to the distribution of the ligl genes, the figC genes
were found ned only in L interrogans and L kirschnerd, but also in L
weellll, The sequence identity between the lgi and lig sequences of
L interregans and L. weilii was similar {69 and 78%, respectively),
suggesting that the fgB and figd genes cosvelved wilh leplospiral
evolution, rather than the £, wellii ig0 gens representing a maore
recent horizontal acguisition. MCP analysis of the seven lipC genes
revealed a single tree strocture consistent with  leplospiral

evolution throughouwt, except for an L interrogans-like G40
nucleotide  inserton  (4660-533000 into e carboxyterminal
damain coding region of the ligC gene of L weilii serovar Eco-
Challenge (Fig. 51 In addition. the lipd gene of L weilii serovar Eco-
Challenge was feund 1o lack one Big repeat domain (domain 110

4. Discussion

Genome sequencing studies have demonstrated that patho-
penic Leplospirg spp. contain figB together with wp to two fig
paralogs, Hgd and Hgd (Ren et al, 2005 Mascimento et al, 2004;
Bulachet al., 200G), while they are absent from the non-pathogenic
saprophyte, Lo biflexe (Matsunaga et al, 2003; Picardeaw et al.
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Fig. . Exviglence for revombxnation in dgd. Comparizon ol five Jigd gemes revealed two dilferent evolutiosany rates foe the 5 ad 3' regicos {a) The phylogenelic tree for the 5
regcion showed low levels of sequerce non-icke ity (ranging ey | oo 5% For the five strains (ke branch length circled in red) (b In conorast. e e for the 3 region
reswgaledd thar while the (pd sequences of the Canicnla and Pamana strairs are 1005 sdentical, their (g4 sequences were 33% non-glennical o the Gripponephasa and
Copenhagen Hgd sequences {key branch bength circled in green). (o) One interpretation af this result is that the last thres Big domains of Candcala and Pamena strains wers
acguired by horizomtal DMA transfer (For interpretation of the references to color in this figure begend, the reader 15 referred to the web verson of the article]

2008 ). Howewer, little was known about the distribution of the lig
genes among pathogenic leplospiral strains or their interrelation-
ships, Our study demonstrates that an intact g8 gene is ound in
all leplosparal pathogens studied to date, suggestng an imporlant,
or perhaps essential, role in viralence, The ligA gene appears (o
have Been devived from gl by a two-step partial gene duplicatien
process, Ligd is structurally similar to Ligh and g gene variation
Also follows phylogenetic patterns. suggesting an early gene
duplication event. However, the role of LigC in virnlence is less
clear, as some strains have lost gl while in others, such as L
interropons serovar Copenhageni and L kinscforert serovar Grippo-
typhosa, ligd is a pseudogene. Of note, we were unable (o
demonstrate any association between the number of fig genes,
their diversity, or the hosts from which they were isolated and the

degree of virulenoe in the hamster model (data not shown). There is
streng evidence that Ligh s expressed during infection { Palaniappan
el al, 2002; Matsunaga et al, 2003; Koizumi and Watanabe, 2004;
Silva et al, 2007: Samancte et al., 2008) and yel several vinlent
pathogenic Lepiospinag strains donot contain fgA {Table 1), A possible
explanation is that figA and NgB are involved in virulence but Chat
both copies are not required, an example of gene redundancy,
Indesd, a recent repert showed that a ligh kneckoat in L inremagans
strain Frocrue L1-130 did not alter the virulence of the g strain
(Crodaet al, 2008) As Ligh was expressed in the ligB— strain it would
appear that Ligh can replace LigB during infection, although the role
of the Lig proteins in virulence is not yel clear,

Phylogenetic analysis based on Ligh, which is conserved in all
strains, sorted the strams into three distinct growps: (1 L kischmert

o 500 1000 1500 2000
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2504 3000

3500 4000 4500 S000 S500

Fige, 5. Mosaicizm i the Hel gene FOP analysiz of the Hed e ne fomy e Loweiiid semog roap Hebdamadiz Eco-Challenge sirain, The el feneof Lowellil Das a 640 puckeatide
inperregans-like insertion in the carbaxyrerminal demain (ned ), In addivion, the Lowedd Boo-Challenge strain lacks Bg damain | (For interpretacion af the relenenoes i oolor

in this Agure legend, the reader is refermed oo the web versian of the arricle )
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amd L wreerrogens: (i) Lo bovgperersent and Loweilits and (i) &
mreguchil (Fig. 1), Amine acid sequence alignment of Ligh reveals
that averall the carboxyterminal domain is the mast conserved
region [=60% mean identity), although there are short, highly
variable regions within this domain. However, when aligned by
phiylogeretc group the amimotermnal region (Big demains 1-12)
exhibited a similar level of identity when compared with the
carboxyterminal domain (=890% mean identity), Ligh, although
only present in L interrogans and L, kirschnerd strains, demon-
strated a high level of conservation of Bigdomains 1-10[89% mean
identity], while the full-length LigA had a mean identity of B0E.
LigC was the maost conserved of the Lig proteins (90% mean
identity ) however, it appears to be a pseudogene in L interropoes
serovar Copenhageni and L Airschneri serovar Grippotyphosa
[Matsunaga et al, 2003] and is absent in L borgpetersenii and L
soguchii steains (this work), The most widely vsed method for
identifying non-functional genes is the defdy test. which
compares the rate of synonymous to nonsynonymaous mutations
[Mei and Kumar, 2000]. Pseudogenes have no functional restric-
tions as they are not expressed and are therefore expected to have
adgfdy ratio that does not differ significantly from one. Analysisof
lipC revealed a mean defdy ratio ol 1.03 suggesting that (igd may
have lost or 15 in the process of losing its role in virulence and
strains that contain this gene may be subject (o a genome
reduction event in the future,

Evidence is presented For horizontal recombination events
affecting all three lig genes. The results indicate that several types
of evolutionary mechanisms have been acting on the lig genes,
including genetic drift, gene duplication, and haorizontal gene
transfer, We fimd that genetic drift accounts for most of Hgh genetic
diversity, suggesting that figh was acquired early during the
evolution of leptospires from free-living saprophytes to colonizers
of host tissues. Although the level of BNA and amino ackl sequence
diversity for the Ligh was similar to what had been observed
previously for the gene encoding the porin, OmpL1, it would have
been difficult to anticipate what level of diversity to expect
without a sequence analysis study of this type. Our previous study
found surprisingly large differences in the rates of sequence
variation among genes encoding surface-ex posed leplospical outer
membrane proteins {Haake #4 al, 2004), Sequences of ipli2 genes
encoding the major outer membrane  protein were  highly
conserved (3.1% DMA and 0.9% amino acd sequence non-identity ).
Strong lipl32 sequence conservation was nol anticipated because
LipL32 is highly immunegenic; =95% of patients with leplospirosis
have an antibody response o Lipl32 (Flannery el al, 20010 In
contrast o Fplid2, genes encoding OmpL1 exhibited significantly
Iigher raves of sequence variation [ 14.9% DNA and 262 amino acid
sequence nen-ideniity). Kates of sequence variation and recem bi-
matien for the lig genes were comparable to those obhserved for the
ampl] genes. However, there were some notable differences
compared to the earlier study. For example, DMA sequence
variability was higher than amino acid sequence variability for
fipta2, Nipldd, and compld, In contrast, the rates of DHA and amine
acid sequence variation for the lig genes were comparable,
indicating that fig genes had a higher overall rate of nonsynon-
YVIMOUS sequende changes,

Cur amalysis revealed evidence for a second mechanism of
sequence diversity for all three lig genes: recombination events
and horizontal DMA transfer between related bacterial species.
Tweo ligh genes and one lipC pene were found Lo be mosaics. The ligh
gene of L interregons serovar Copenhageni was found te conlain
twirl. kirschmeri-like insertions: one insertion in Big domain 11 aml
a second mmsertion in the carboxyierminal domain (relative
probability of recombination event =1000:1), The {igl gene of L
kirschneri strain RM52 and the figl gene of L owellii strain Eco-

Challenge included L interrogons-like insections in the regions
encoding their carboxyterminal demains (relative prebabiliy of
recombination event = 10040: 1], We previously reported mosaicism
for 20% of genes encading the outer membrane protein, Ompl1.
Maosaicism does not affect all leptospiral outer membrane proteins,
as no evidence of recombanation events was found [or the gene
encoding the magor cuter membrane lipopratein, LipL32, and caly
ane recombination event affecting a second cuter membrane
lipoprotein, Lipl41. from 38 different strains representing six
pathogenic Leprospira spp. (Haake et al, 2004 In the case of ligd,
three of five strains appear te have acquired the same DMA
encading their last three ligd Big domains. Phylogenetic compar-
ison of the transferred DNA encoding the exogenous ligA Big
domains 11-13 with all known lig Big domains shows that they are
mast closely related w theie figA orthologs in Lointerrmegans serovar
Copenhagent and L kirscloert serovar Grippotyphosa (data not
shown), However, imsulllcient Ngd sequence data is available o
determine the phylogenetic origin of this exogenous ligd DNA.

Of note, wee found that the first six Big domains from ligh and the
first six Big domains from ligd were essentially  identical
(98.5 + 0.8% mean identity). This is an important observation for
the Tuture development of diagnestic reagents, Kecombinant LigB
pelypeptides containing Big domains -6 from L interrogons serovar
Copenhageni and L. krschrerd serovar Grippotyphosa were evaluated
as antigens for the diagnosis of leplospirosis, Sensitivity and
specificity were reported to be =90 and =97%, respectively, during
the acute-phase of leptospirosis (Croda et al, 2007 Furthermaore,
there was no evidence of major genetic rearrangements in this region.
The lack of genetic drift within the identical regions of figh and figA is
evidence of selective pressure, intragenic recombination or gene
conversion, The remaining Big donsains(7-12in gk and 7-13 in liga}
were considerably more variable (342 £ 1.6% mean identity], This is
an important observation, as our previous findings indicate that these
Big domains are imvolved in binding extracellular matrix proteins and
fibrinogen (Choy et al, 2007 Tagether these findings support a role
for the Lig proteins during the transmission of leptospirosis. The
carboxyterminal Big domains may have evolved 1o recognise specific
host extracellular matrix proteins, This region was subject o
horizontal recombination between Leptospirg spp. suggesting that
increased variabality in the carboxyterminal Big domains of ligd amd
ligB may have contributed towands the adaption to novel hosts and
potentially accounting for the extensive serovar-host specificity that
Lypifics leplospirosis.

Our study had several potential limitations. The status of the
fight gene of L interregans serovar Manilae remains 10 be clarilied
since Lhe figh gene sequence has been reported to lack the
carboxyterminal domain due toa poing mutation that created a
stop codon (Koizumi and Watanabe, 2004), Due e the difficuliies
inherent in sequencing the Ny genes it is possible that the ligh
sequence for serovar Manilae contains an erroneous stop codon in
the carboxyterminal domain. Bacterial genes containing indels
resulting in premature stop codons are defined as pseudogenes and
are not functional (Ochman and Davalos, 2006). Yet, experimental
data suggested thar Ligh was expressed in L inlerragans serovar
Manilae, Koizumi and Watanabe [2004) showed that sera from
leptospirosis patients specifically recognized recombinant Ligh
cloned from serovar Manilae. The partial ligh sequence (accession
number ABOSE517) demonstrated =95% identity with the same
region in the other digh orthologs (data not shown). However, we
weere unable to obtain the serovar Manilae strain to evaluate this
paossibility and therefore excluded the serovar Manilae Ny gene
sequences from Turther analyses. Nevertbeless, sequence dala
[romother serovars from Lhe same Ioterohaemorthagias serogroup
{serovars Lai and Copenhageni) as well as ather strains from the
same species (serovars Canicola and Pomona) provided consistent
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findings for ligh (see Tahle 1)L Sequence alignment suggests that
the previously sequenced ligd from L interrogans serovar PFomaona
strain Kennewicki [GenBank sequence AANS2495) contains a
highly variable region [« 10% amino acid identity) due to three
indels that alter the coding sequence of this region. These indels
are either representative of sirain-to-strain variation within
serovar Pomona Kennewicki or of PCR artelacts, The igd sequence
data in this study was derived from three independent PCR
products sequenced in both directions far the region in question,
Each base was therefore sequenced a minimum of six times to rule
out the possibility of PCR antefacts amd sequence errors. As the
strains are probably different, our strain was isolated from an
aborted swine foetus while the other was isolated from a case of
equine recurrent uveitis (Palaniappan et al., 2002}, more serovar
Pomona strains would need to be sequenced to resolve this issue A
further limitation is that we were only able toinclude 10 Leptospina
strains in ouranalysis however, all of these strains were considered
virulent.

To date, Lig research has focused mainly on the Big demains,
which are highly antigenic and are the focus of most of the anti-Lig
antibody response during leptospiresis infection, Ligh and Ligh
repeats have been shown to provide protective immunity in
animal models of leptospirosis (Koizumi and \Watanabe, 2004;
Palaniappan et al, 200G; Silva et al., 2007). Lastly, Big domains 7-
13 of Ligh and domains 7-12 of Ligh have been shown to function
in binding to host extracellular matrix proteins (Choy et al., 2007).
The results presented here serve o highlight the potential
importance of the carboxyterminal domains of LigB and te prompt
studies investigating its cellular location and function. Sequence
analysis of lig genes from multiple strains is important in the
ongoing efforts to develop new Lig-hased serologic tests and
vaccines. Ligh has been found in all strains studied. making it an
ideal candidate for vaccine and diagnostic applications. Further-
more, sequence conservation of Ligh from Lo ieterrogons, which
contains the serovars most important 1o public health, was high,
=96%, The sequence information provided here will improve the
performance characteristics of the Lig proteins in diagnestic and
subunit vaccine [ormulations. Knowledge of sequence varialions
among Lig serodiagnosiic antigens sheuld prampt cross-reaction
studies using sera from different human and animal populations
and possibly inclusion of homologous antigens from antigenically
distinct strains. Future Lig vaccine studies should evaluate cross-
protection using antigens and challenge strains with different lig
sequences inorder to assess the signilicance of sequence vanation
on immunoproteclion.
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