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Genomic characterisation of Leptospira inadai serogroup
Lyme isolated from captured rat in Brazil and comparative
analysis with human reference strain
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Leptospira inadai is classified as a species of the Leptospira intermediate group that has been poorly studied due
to its apparent insignificance to human and animal health. Nevertheless, over the last two decades the species has
been described in human cases in India and in carrier animals in Ecuador. Here, we present the first identification
and genomic characterisation of L. inadai serogroup Lyme isolated from captured rodent in Brazil. Even though the
M34/99 strain was not pathogenic for hamsters, it was able to establish renal colonisation. The M34/99 strain pre-
sented high similarity with L. inadai serogroup Lyme human reference indicating that animal strain could also infect
humans, although it does not represent high risk of severe disease. An extrachromosomal sequence was also identi-
fied in M34/99 strain and presented high identity with previously described L. inadai phage LinZ 10, suggesting that
phage-like extrachromosomal sequence may be another feature of this understudied species.
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Leptospirosis is a worldwide zoonosis, with higher
incidence in tropical climates, caused by bacteria of the
Leptospira genus (Levett 2001, Evangelista and Coburn
2010). To date, the genus comprises 10 pathogenic spe-
cies, seven non-pathogenic species, and an intermedi-
ate group containing five species (Bourhy et al. 2014).
The intermediate clade includes Leptospira inadai, L.
broomii, L. fainei, L. wolffii and L. licerasiae, of which
L. wolffii and L. licerasiae have been associated with
mild leptospirosis (Matthias et al. 2008, Slack et al.
2008, Zakeri et al. 2010), while L. broomii and L. fainei
have been reported from severe cases of the disease (Ar-
zouni et al. 2002, Levett et al. 2006).

L. inadai was first isolated from a skin biopsy of a
patient with Lyme disease, in 1981 (Schmid et al. 1986).
Even though the strain was classified as pathogenic to
laboratory animals, it was also considered only a con-
current infection in the patient. The isolated strain (strain
10) is considered the species type strain that was only
formally described by Yasuda et al. (1987). Over the last
two decades, L. inadai was only reported in two fatal
human cases in India (Gangadhar et al. 2008) and in car-
rier animals in Ecuador (Chiriboga et al. 2015). Here,
we present the identification, genomic characterisation
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and comparative analysis of L. inadai serogroup Lyme
isolated from captured rodent in Brazil.

The M34/99 strain was isolated in 1999 from the kid-
ney of a captured urban brown rat (Rattus norvegicus)
in Sao Paulo city. The strain was included in the Lepto-
spira collection of the Laboratory of Bacterial Zoonosis
- University of Sao Paulo, with inconclusive results for
identification, and stored in Fletcher’s medium (DIFCO/
USA), enriched with 15% rabbit serum and maintained
in EMJH broth (DIFCO/USA) at 30°C.

Serogrouping was performed at the Laboratory of
Veterinary Bacteriology -Fluminense Federal Univer-
sity. The isolate was subjected to microscopic agglutina-
tion test (MAT) using a panel of polyclonal rabbit anti-
sera of 32 reference serovars representing the 24 known
serogroups (provided by Royal Tropical Institute - KIT,
Amsterdam). The M34/99 strain presented high aggluti-
nation rates with serogroup Lyme antisera (25,600).

Virulence assessment was performed with five
Golden Syrian hamsters (Mesocricetus auratus), ani-
mals were infected with M34/99 strain (10% leptospires)
through intraperitoneal route. The animal experiment
was conducted with the approval of the Ethics Commit-
tee from the School of Veterinary Medicine and Animal
Science - University of Sdo Paulo (2244/2011). Clinical
symptoms were checked daily for 21 consecutive days.
All animals survived the challenge and were euthanised
and necropsied to assess renal infection. Kidney samples
were aseptically collected, homogenised in 50 mL of So-
rensen saline and 100 pL aliquots of 10! to 107 dilu-
tions were inoculated in Fletcher medium and incubated
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at 30°C for six weeks. Even though the M34/99 strain
was not pathogenic for hamsters, it could establish renal
colonisation as the hamsters kidney samples enabled re-
covery of the M34/99 strain.

For species identification and complete genetic
characterisation, the M34/99 strain was submitted to
whole-genome sequencing. Genomic DNA was purified
with illustra™ bacteria genomicPrep Mini Spin Kit (GE
Healthcare do Brasil Ltda, Sao Paulo, Brazil) and used
for paired-end library preparation with Nextera™ DNA
Sample Prep Kit (Illumina®) and sequencing through
[lumina® Miseq platform. The de novo assembly was
performed with Geneious R10 (Biomatters Ltd, Auck-
land, New Zealand) and resulted in 59 scaffolds with
a N, of 163,176 bp. Automatic genome annotation was
performed with NCBI Prokaryotic Genome Annotation
Pipeline (Tatusova et al. 2016).

The species identification was confirmed by phyloge-
netic analysis of 16S rRNA and rpoB sequences performed
with Mega 5.10 software (Tamura et al. 2011) with max-
imum-likelihood method and Tamura-Nei model, using
reference sequences from GenBank. Strain identification

was also confirmed by pairwise comparison of average
nucleotide identity (ANIb) trough JSpeciesWS (Richter et
al. 2016). The phylogenetic analysis resulted in the L. ina-
dai identification for both genes (Supplementary data). The
ANIDb results (Table) also confirmed the species identifica-
tion (> 99% of nucleotide identity with L. inadai serovar
Lyme strain 10 genome) and differentiation from the re-
maining species of the Leptospira intermediate group.

The obtained scaffolds were ordered according to L.
inadai serovar Lyme strain 10 (NZ_ AHMMO00000000.2)
using Mauve Multiple Genome Aligner (Darling et al.
2010). Due to the unavailability of a complete L. ina-
dai reference genome, the chromosomes of the studied
genome were not individualised. The M34/99 draft ge-
nome (MCRMO00000000.2) comprises ~4.56 Mb and
only one scaffold (scaffold 22, ~87 kb) did not align with
the reference strain 10. BLASTn against non-redundant
NCBI database was applied for the extrachromosomal
sequence and resulted in high identity (>99%) with L.
inadai strain 10 phage LinZ 10 (KF114880).

The L. inadai drafts genomes (strains 10 and M34/99)
were compared to the closely related species L. broomii

TABLE

Pairwise comparison of average nucleotide identity (ANIb) for M34/99 strain and the Leptospira intermediate group

Strain

Nucleotide identity (%)

L. inadai M34/99

L. inadai 10 99.97
L. broomii 5399 89.88 89.89
L. fainei BUT6 85.69 85.70 86.55
L. wolffii Khorat-H2 70.46 70.46 70.32 70.19
L. licerasiae VARO10 69.94 69.94 69.89 69.91 73.23
e L. inadai str 10 lsza00  |10asso0 1574700 |zosseon  [z624soo  [sraavo  [s67asoo  larsszoo

L. inadai

L. inadai
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Fig. 1: whole genome comparative analysis of Leptospira inadai serogroup Lyme strains 10 and M34/99 (NZ AHMMO00000000.2 and
MCRMO00000000.2) with L. broomii serovar Hurstbridge (NZ_AHMOO00000000) and L. fainei serovar Hurstbridge (NZ_AKWZ00000000).
(A) BRIG plot displaying genomic similarity. (B) Artemis Comparison Tool (ACT) synteny visualisation.
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Fig. 2: comparative analysis of Leptospira inadai phage-like extrachromosomal sequences from Brazilian M34/99 strain and strain 10 phage
LinZ 10 (KF114880). (A) Mauve alignment blocks. (B) Artemis Comparison Tool (ACT) synteny visualisation of extrachromosomal element
(blue blocks link regions that are homologous but inverted with respect to each other).

serovar Hurstbridge (NZ_ AHMOO00000000) and L. fain-
ei serovar Hurstbridge (NZ_AKWZ00000000) through
Artemis Comparison Tool (ACT) (Carver et al. 2005)
and BLAST Ring Image Generator (BRIG) (Alikhan et
al. 2011). L. inadai chromosomal content presented high
synteny and 99% identity at DNA level among studied
strains (Fig. 1). It is also worth noting a few deletion re-
gions in L. broomii and L. fainei compared to L. inadai,
although the species present some similarity of content
(> 80% genetic similarity) (Fig. 1A), the sequences also
present arrangement variation (blocks of inverted se-
quences among the genomes) (Fig. 1B).

With regard to the virulence genes, M34/99 strain
presents only a few genes encoding lipoproteins (/ipA)
and flagellar proteins (fliG/F’), as expected. In addition,
resistance genes were identified, including antimicro-
bial resistance genes (fet4), efflux pumps (mdtC, norM),
and heavy metal and antiseptic resistance genes (merR,
sugE, gacA). Fouts et al. (2016) had already demonstrat-
ed that L. inadai serovar Lyme strain 10 lacked some of
Leptospira major virulence factors, such as LipL32 and
LipL41, which are markers of pathogenic Leptospira and,
therefore, could explain L. inadai isolation from asymp-
tomatic hosts. Considering that fatal L. inadai infection
has only been reported in India (Gangadhar et al. 2008),
these strains require further study to ensure the species
and genetic mechanisms of virulence identification.

Regarding the L. inadai extrachromosomal content,
M34/99 phage-like sequence was deposited in GenBank
as Lin_34 under the accession number KX656785. The
sequence, of 87,3 kb, only differs from the reference L.
inadai serovar Lyme strain 10 LinZ 10 bacteriophage

by ~2,3 kb due to the absence of IS66 family proteins in
strain M34/99. Both sequences are mostly composed of
hypothetical proteins and although the gene content is
very similar, Mauve and ACT analyses demonstrate that
there are blocks of inverted sequences (Fig. 2) that ap-
pear to be related to the presence of insertion sequences
in LinZ_10 bacteriophage.

This is the first report of L. inadai in Brazil and the
second of this species in South America; it is an im-
portant epidemiological data of the Leptospira species
circulating in the country. L. inadai has been described
as highly adapted to rodents in India (Gangadhar et al.
2000) and in Ecuador the species has also been recov-
ered from dogs, pigs, bovines and rats (Chiriboga et al.
2015). The identification of a Brazilian L. inadai strain
isolated from urban rat corroborates that the species is
adapted to rodents as a reservoir and it also suggests that
L. inadai presents a wider dissemination that probably
goes unnoticed because it is not part of the routine anti-
gen battery of diagnostics laboratories.

The high similarity of L. inadai serogroup Lyme ro-
dent stain with the genome of the human strain indicates
that the species could able to infect humans even though it
does not represent a high risk of severe disease. Consider-
ing the geographical and chronological distance and the
high genomic similarity observed between strains, this
may suggest a possibility of a similar lineage of L. inadai
serogroup Lyme in the Americas. The phage identifica-
tion in the Brazilian L. inadai serogroup Lyme strain, as
well as in strain 10 original description (LinZ 10), also
suggests that phage-like extrachromosomal sequence may
be another common feature of this understudied species.
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