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Leptospirosis is one of the most widespread zoonoses worldwide, with highest incidence
reported on tropical islands. Recent investigations carried out in a One-Health framework
have revealed a wide diversity of pathogenic Leptospira lineages on the different islands
of Western Indian Ocean carried out by a large diversity of mammal reservoirs, including
domestic and wild fauna. Using golden Syrian hamsters as a model of acute infection,
we studied the virulence of Leptospira interrogans, L. mayottensis, and L. borgpetersenii
isolates obtained from rats, tenrecs, and bats, respectively. Hamsters were inoculated
with 2.108 bacterial cells and monitored for 1 month. The L. interrogans isolate proved to
be the most pathogenic while L. mayottensis and L. borgpetersenii isolates induced no
clinical symptoms in the infected hamsters. High leptospiral DNA amounts were also
detected in the urine and organs of hamsters infected with the L. interrogans isolate while
L. mayottensis and L. borgpetersenii isolates mostly failed to disseminate into the organism.
In addition, histological damage was more pronounced in the kidneys and lungs of
hamsters infected with the L. inferrogans isolate. Altogether, these data support that
Leptospira strains shed by mammals endemic to this insular ecosystem (L. mayottensis
and L. borgpetersenii isolates) are less pathogenic than the L. interrogans rat-borne
isolate. These results may provide a relevant framework for understanding the contrasting
epidemiology of human leptospirosis observed among Western Indian Ocean islands.

Keywords: Leptospira, leptospirosis, virulence, hamster model, kidney, bats, tenrecs, Western Indian Ocean

INTRODUCTION

Leptospirosis is a neglected re-emerging bacterial zoonosis affecting over one million persons
annually and causing nearly 60,000 deaths worldwide (Costa et al., 2015). This disease is caused
by a spirochete from the genus Leptospira (Adler, 2015) and human infection most commonly
results from indirect environmental contamination with leptospires shed by the urine of infected
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Attenuated Virulence of Endemic Leptospira

reservoir animals. In humans, asymptomatic infection is more
common than the symptomatic disease which may be associated
with mild symptoms such as fever, headache, vomiting, or more
severe symptoms including pulmonary hemorrhage, liver and
renal failure, also known as Weil's syndrome (Evangelista and
Coburn, 2010).

Leptospirosis can reach high incidence in human populations
especially in the tropics where humid and warm climate can
promote survival of the bacteria (Simbizi et al., 2016). The
tropical islands of Western Indian Ocean report some of the
highest incidence worldwide (Pappas et al.,, 2008; Derne et al.,
2011). Despite their importance, unfortunately little is known
about the precise nature of pathogenic strains in this region,
partly due to the fact that very few have been successfully
isolated from either human clinical cases or animal hosts. Rats
are well-known reservoirs of leptospirosis worldwide, including
Western Indian Ocean islands, but they are not the only
mammals at play. For example, dogs and cattle were also
identified as potential reservoirs for the disease on Reunion
while Tenrec ecaudatus, introduced from Madagascar to Mayotte
as game meat, may play a role in human leptospirosis (Guernier
et al,, 2016; Lagadec et al,, 2016). In Madagascar, a wide range
of endemic mammals, including several tenrec and bat species,
has been reported to shelter a wide diversity of Leptospira
lineages although there is no evidence of their role as
disseminators of the disease (Lagadec et al., 2012; Dietrich
et al., 2014; Gomard et al., 2016; Guernier et al., 2016).

Recently, molecular studies have described contrasting
epidemiology of leptospirosis between the islands of Western
Indian Ocean. On Reunion Island, most cases of leptospirosis
are caused by Leptospira interrogans with sequence types (STs)
also distributed in other countries worldwide (Guernier et al.,
2016). By contrast, studies conducted on human cases from
Mayotte reported a variety of original STs belonging to
L. interrogans, L. kirschneri, L. borgpetersenii, and L. mayottensis
species (Bourhy et al, 2012, 2014). In addition, severity of
human leptospirosis is significantly different on the two islands
with 4.6% admission in intensive care unit and 0.7% mortality
rate in Mayotte while Reunion records 30% admission in
intensive care unit and 5% mortality (Cire Océan Indien, 2017;
Pages et al., 2017; Subiros et al., 2017).

In this study we aim to provide a first insight into differences
in virulence between Leptospira strains from Western Indian
Ocean islands shed by different mammal hosts through experimental
infection of golden Syrian hamsters. This rodent model mimics
the clinical symptoms of human leptospirosis and has already
allowed the description of several virulence phenotypes of different
Leptospira strains (Tucunduva de Faria et al., 2007; Silva et al,
2008; Villanueva et al., 2014; Matsui et al., 2015). To pursue our
goal, we tested three available Leptospira isolates obtained from
wild fauna during a previous research program. The L. interrogans
isolate was obtained from a rat on Reunion and displays a ST
associated with the majority of acute human cases on Reunion
Island (Guernier et al, 2016) and the L. mayottensis isolate
obtained from a tenrec on Mayotte has a ST previously reported
in several human acute cases on the island (Lagadec et al., 2016).
By contrast, the L. borgpetersenii isolate was obtained from a

bat endemic to Madagascar and has a genotype that has not
been reported from any human case thus far.

MATERIALS AND METHODS

Animal Experiments and Ethical Statement
Experiments were conducted following the guidelines of the
Office Laboratory of Animal Care at the CYROI platform. Female
golden Syrian hamsters (Janvier Labs, Le Genest, France), aged
from 6 to 8 weeks, were housed by 3 in enriched cages. The
appropriate number of animals was calculated using the Resource
equation method (Festing, 2006). All animal procedures carried
out in this study were performed in accordance with the European
Union legislation for the protection of animals used for scientific
purposes (Directive 2010/63/EU). Experimental procedures were
approved by the French Ministry of Sciences and Higher Education
under the number APAFIS#8773-2016111615105111 v2.

Bacterial Isolates

Leptospira strains used in this study were isolated from the
kidneys of animals trapped in the field. L. interrogans was
isolated on Reunion Island from Rattus rattus (2013RR GLM983)
(Guernier et al.,, 2016), L. mayottensis on Mayotte from Tenrec
ecaudatus (2014TE MDI222) (Lagadec et al, 2016) and
L. borgpetersenii on Madagascar from Triaenops menamena
(2014TM FMNH228863), an insectivorous bat endemic to
Madagascar (Lebarbenchon et al., 2017). Leptospires were grown
at 28°C for 14-70 days in Ellinghausen-McCullough-Johnson-
Harris (EMJH) liquid medium (Difco, Detroit, MI, USA)
supplemented with albumin fatty acid supplement (AFAS) and
5-fluorouracil (5-Fu) as previously described (Lagadec et al.,
2016; Biscornet et al., 2017). Of note, all used isolates were
passaged less than ten times in vitro before restoration of virulence.

Restoration of Virulence

As the virulence of pathogenic Leptospira tends to attenuate
during in vitro passages and freeze storage (Reed et al., 2000;
Samir and Wasfy, 2013), the assessment of virulence requires
a restoration step in hamsters by serial infections (Haake, 2006).
For this, two serial passages in hamsters were performed and
the resulting isolates were subsequently used for experimental
infection. Cultures were centrifuged at 9,000 rpm for 30 min,
pellets resuspended in 500-pl sterile phosphate buffer saline
(PBS) 1X, and bacterial cells counted using an improved Neubauer
cell counting chamber (Marienfeld Superior, Germany). Animals
were inoculated intraperitoneally (i.p.) with 1.5-3 x 10° leptospires
in 500 pl of sterile PBS 1X and sacrificed 3-7 days post-
infection (dpi). Urine and kidney samples were used to inoculate
EMJH liquid medium supplemented with AFAS and 200 pg/
ml 5-Fu as previously detailed,' followed by a subculture in
the same fresh medium without 5-Fu. Each strain was subcultured
less than 5 times in vitro in order to maintain the virulence
of leptospires used for experimental infection (Reed et al., 2000).

'http://dx.doi.org/10.17504/protocols.io.ifccbiw
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Infection and Sample Collection

Hamsters were inoculated ip. with 2 x 10° low-passaged
L. interrogans (n = 9 animals), L. mayottensis (n = 7), or
L. borgpetersenii (n = 7) resuspended in 500 pl of sterile PBS
1X. Control animals (n = 7) were injected i.p. with 500 pl of
sterile PBS 1X. Animals were monitored for 4 weeks. Urine
samples were collected from each hamster once a day and
subsequently frozen at —80°C. After 4 weeks or earlier when
moribund (characterized by significant weight loss, lethargy,
isolation, and ruffled fur), hamsters were anesthetized with
5 mg/kg xylazine and 25 mg/kg ketamine injected i.p. and
subsequently euthanized by cardiac puncture. The lungs, liver,
spleen, kidneys, and brain were collected and processed for
further experiments or immediately frozen at —80°C.

Bacterial Load Measurement

Up to 25 mg of frozen kidney, lung, liver, and brain, and up
to 10 mg of frozen spleen tissue were collected and lysed in
ATL buffer (Qiagen, Germany) for at least 3 h. DNA was extracted
from frozen organs and from up to 100 pl of frozen urine samples
using the DNEasy Blood & Tissue kit (Qiagen, Germany). DNA
amounts were quantified using a probe-specific real-time PCR
(Smythe et al., 2002) and a Quantinova probe PCR mix (Qiagen,
Germany). Each sample was triplicated and considered positive
if at least two out of the three triplicates led to positive PCR
with Ct < 45. For organ samples, results are expressed as mean
genome copies per milligram of tissue + standard error of mean
(SEM), determined using data of all hamsters within a group.
DNA amounts in urine were determined for each animal and
are reported as genome copies per microliter of urine. The number
of genome copies was calculated considering the genome size
of L. interrogans strain Fiocruz L1-130 (Nascimento et al., 2004).

Viability of Leptospires Assay

A portion of fresh liver, kidney, or brain was used to inoculate
fresh EMJH medium as previously detailed®. Cultures were
observed once a week under a dark-field microscope (Axio
Lab.Al, Zeiss France) and considered negative if no leptospires
were visible after 4 months.

Histological Studies

A portion of fresh lung and one whole kidney were fixed in 4%
paraformaldehyde for 24-48 h, dehydrated in five successive ethanol
baths (70, 90, 95, 2 x 100%, 1 h each) and two successive xylene
baths, 1 h each. Dehydrated organs were incubated in two successive
melted paraffin baths for 1 h and overnight, respectively, and
eventually in paraffin. Four- to six-pm-thick paraffin sections of
kidney were deparaffinized in three successive xylene baths, 10 min
each, and rehydrated in three successive ethanol baths (100, 70,
and 50%, 2 min each) and one bath of distilled water, 2 min.
Rehydrated sections were stained with either periodic acid Schiff
or Sirius Red and sections of lung were stained with hematoxylin

*http://dx.doi.org/10.17504/protocols.io.ifccbiw

and eosin. Stained sections were observed with a digital slide
scanner (NanoZoomer S60, Hamamatsu France).

Statistical Analysis

Log-rank test was used to compare survival curves of the different
groups of hamsters. Non-parametric Kruskal-Wallis followed by
non-parametric Dunn’s multiple comparison tests were used to
compare mean body weight percentage and Leptospira DNA
amounts in organs of hamsters. Statistical analyses were conducted
using RStudio 1.0.153 (RStudio Team, 2015).

RESULTS

Body Weight Monitoring, Clinical Signs,
and Survival Analysis

Groups of hamsters were inoculated i.p. with 2 x 10° bacteria
and subsequently monitored for 4 weeks. None of the hamsters
infected with L. borgpetersenii and L. mayottensis exhibited
any clinical sign and all challenged animals survived throughout
the whole experiment with a mean weight increase of 24 and
22%, respectively, comparable with the weight increase measured
on control hamsters (27%) (Figure 1A). By contrast, the
survival rate of hamsters infected with L. interrogans dropped
drastically from 7 days after the infection compared to hamsters
infected with L. mayottensis and L. borgpetersenii (p = 0.0019)
(Figure 1B): only one out of the nine L. interrogans-infected
hamsters actually survived during the 4 weeks of experiment
without any clinical sign and a weight increase of 23%.
Moribund L. interrogans-infected hamsters showed weight loss
averaging 7.08% in the first week, and reaching 16.65% between
7 and 12 dpi (Figure 1A). Other clinical signs included ruffled
fur, lethargy, and isolation.

Dynamics of Leptospira Urinary Shedding

The urine of hamsters was collected once a day whenever
possible in order to follow the dynamics of Leptospira shedding
following infection (Figure 2A). Leptospira DNA was detected
discontinuously in the urine of all L. interrogans-infected hamsters:
high peaks of Leptospira DNA, ranging from 820.62 (+£159.79)
to 1839.19 (+414.13) genome copies per microliter of urine,
were detected in the urine of five out of nine hamsters as
early as 5 dpi. Among these animals, the single hamster surviving
L. interrogans infection excreted high amounts of Leptospira
DNA throughout the 4 weeks of infection. The other four L.
interrogans-infected animals showed limited leptospiral excretion
during the whole experiment (<80 Leptospira genome copies/
pl). By contrast, hamsters infected with L. borgpetersenii and
L. mayottensis isolates shed little or no Leptospira DNA in
their urine (up to 2.54 and 35.72 genome copies/pl, respectively).

Quantification of Leptospira DNA

in Organs

Leptospira DNA was quantified in brain, kidney, liver, lung, and
spleen tissues of euthanized animals. As shown on Table 1,
highest DNA amounts were obtained in kidney tissues, the highest
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between hamsters infected by L. interrogans and control hamsters. Plus signs (+) indicate significant differences in body weight percentage between hamsters
infected with L. interrogans and two other groups of hamsters: control and L. borgpetersenii-infected hamsters. The hamster surviving the infection with
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FIGURE 1 | Hamsters monitoring. (A) Growth curves of control hamsters (black, n =
L. mayottensis (green, n = 7), or L. borgpetersenii (blue, n = 7).
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7) and hamsters infected with L. interrogans (red, n = 8), L. mayottensis

amount being detected in the single hamster surviving L. interrogans
infection (1.7 x 10° £ 2.9 x 10° genome copies/mg). Leptospira
DNA amounts were higher in L. interrogans-infected animals
for all tested tissues: DNA amount was increased by over 10-fold
in the kidneys and over 100-fold in the brain, lungs, and
spleen tissues of animals infected with L. interrogans as compared
to those infected with L. mayottensis or L. borgpetersenii
(Figure 2B). Leptospira DNA was detected in the liver of
L. interrogans-infected animals only. All kidney tissues from
L. interrogans-infected hamsters tested positive through PCR,
while only three out of seven L. mayottensis- and none of the

L. borgpetersenii-infected animals tested positive using DNA from
their kidney tissues (Table 1). DNA was detected at low levels
(< 40 genome copies/mg) in the spleen and brain of hamster
infected with either L. mayottensis or L. borgpetersenii (Figure 2B).

Viability of Leptospires

Considering previous detection of high levels of Leptospira
DNA in the kidneys and liver of infected hamsters (Coutinho
et al., 2014; Wunder et al., 2016), possible brain damage induced
by the disease (Panicker et al., 2001; Chang et al.,, 2003), and
culture constraints, we selected these three organs for detection
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FIGURE 2 | Quantification of Leptospira DNA in urine and organs. (A) Pathogenic Leptospira urinary shedding in hamsters infected with L. interrogans (red, n = 9),
L. mayottensis (green, n = 7), or L. borgpetersenii (blue, n = 7). Individual data are presented for each hamster. (B) Hamsters infected with L. interrogans are
represented in red (n = 8), L. mayottensis in green (n = 7), and L. borgpetersenii in blue (n = 7). DNA amounts in organs were calculated at the time of death for

L. interrogans-infected hamsters and after 4 weeks of experiment for L. mayottensis- and L. borgpetersenii-infected hamsters. Results are expressed as means +
SEM. Differences in DNA amount were tested with non-parametric Kruskal-Wallis test followed by Dunn’s multiple comparison test. After Dunn’s test, a p-value
below 0.025 indicated a significant difference; ** p < 0.01; *** p < 0.001. The hamster surviving L. interrogans infection was considered as an outlier and was not

of live leptospires through culture (Table 1). Live leptospires
were obtained from almost all kidney and brain homogenate
cultures and in one-third of liver homogenate cultures from
L. interrogans-infected hamsters. Intriguingly, no leptospires
were seen in any tissue culture prepared from the single
surviving L. interrogans-infected hamster. Organs from L.
mayottensis-infected hamsters led to lower isolation success
with no positive brain or liver homogenate cultures and only
2 out of 7 positive kidney homogenate cultures. Although lost
after one passage in vitro, live leptospires were obtained from
animals infected with L. borgpetersenii mainly using brain tissue
and to a lesser extent using kidney tissue (Table 1).

Differential Tissue Damages Revealed by
Histological Monitoring

The renal tropism of pathogenic Leptospira and the pulmonary
involvement in most severe human forms of leptospirosis
(Vijayachari et al., 2008) led us to consider kidneys and lungs
for histological studies. Gross external examination of organs
showed significant lesions in the kidneys of hamsters infected
with L. interrogans (Figure 3, see lower right inserts). Lungs
of L. interrogans- and L. mayottensis-infected hamsters harbored
some lesions while the lungs of L. borgpetersenii-infected
hamsters showed a normal phenotype, indistinguishable from
control lungs (data not shown).
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TABLE 1 | Rate of Leptospira positive samples using qPCR or culture on organs of experimentally infected hamsters.

Positive gPCRs/Tested animals (%)

Positive cultures/Tested animals (%)

Brain Kidney Liver Lung Spleen Brain Kidney Liver
L. interrogans 8/9 (88.9) 9/9 (100.0) 4/9 (44.4) 3/9 (33.3) 7/8 (87.5)" 8/9 (88.9) 8/9 (88.9) 3/9 (33.3)
L. mayottensis 2/7 (28.6) 4/7 (67.1) 0/7 (0.0) 1/7 (14.3) 1/7 (14.3) 0/7 (0.0) 2/7 (28.6) 0/7 (0.0)
L. borgpetersenii 3/7 (42.9) 0/7 (0.0) 0/7 (0.0) 0/7 (0.0) 1/7 (14.3) 5/7 (71.4) 2/7 (28.6)" 0/7 (0.0)

*Data missing for one hamster.
#The isolates were lost after one passage in vitro.

Data indicate number of positive gqPCRs and cultures at the time of death for L. interrogans-infected animals and at 4 weeks post-infection for L. mayottensis- and L. borgpetersenii-

infected hamsters.

Microscopic sections of kidneys from control hamsters and
from hamsters infected with L. borgpetersenii stained with
periodic acid Schiff showed glomeruli and tubules of regular
shape 4 weeks after infection. Slightly dilated tubules and some
hyaline casts were visible in kidney sections from L. mayottensis-
infected hamsters. Kidneys from hamsters infected with L.
interrogans showed retracted glomeruli with large urinary space,
focal infiltrates of inflammatory cells mainly around vessels,
and very important tubular damages characterized by tubular
dilation, atrophy, and hyaline casts (Figure 3). Sirius Red
staining further highlighted interstitial fibrosis in kidneys from
these animals (Figure 4).

Lung sections stained with hematoxylin and eosin revealed
a mild to moderate thickening of alveolar septa in the lungs

of hamsters infected with L. interrogans and L. borgpetersenii,
at the time of death and after 4 weeks of infection, respectively.
Dilated alveoli were also observed in the lungs of L. interrogans-
infected hamsters. By contrast, lungs of control and
L. mayottensis-infected hamsters euthanized after 4 weeks
showed a regular structure (Figure 5).

Given that no clinical sign was observed in the first week
of infection in hamsters infected with either L. mayottensis or
L. borgpetersenii, we chose to sacrifice only one hamster from
each group at two different intermediate timepoints, 10 and
17 (L. mayottensis group) or 18 (L. borgpetersenii group) dpi,
in order to explore possible internal damages. At 10 dpi, the
hamster infected with L. mayottensis harbored several petechial
hemorrhages in the lungs and histological analysis revealed

FIGURE 3 | Kidney structure from control and infected hamsters. Microscopic observations of kidney sections stained with periodic acid Schiff obtained from
control animals (A) and animals infected with L. interrogans (B), L. mayottensis (C), or L. borgpetersenii (D) 4 weeks after infection. Atrophic tubules (arrow), hyaline
casts (+), and cellular infiltrates (*) are indicated. Scale bars: 150 pm. Macroscopic observations of kidneys are shown in inserts.
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FIGURE 4 | L. interrogans-induced interstitial fibrosis. Microscopic observations of kidney sections stained with Sirius Red obtained from control animals (A) and animals
infected with L. interrogans (B), L. mayottensis, (C) or L. borgpetersenii (D) 4 weeks after infection. Arrows indicate areas of interstitial fibrosis. Scale bars: 150 pm.

FIGURE 5 | Lung structure from control and infected hamsters. Microscopic observations of lung sections stained with hematoxylin and eosin obtained from
control animals (A) and animals infected with L. interrogans (B), L. mayottensis, (C) or L. borgpetersenii (D) 4 weeks after infection. Scale bars = 150 pm.
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FIGURE 6 | Lung structure from L. mayottensis-infected hamsters sacrificed at intermediate timepoints. Macroscopic examination of lungs (A,B) and lung sections
stained with hematoxylin and eosin (C,D) from L. mayottensis-infected hamsters sacrificed at 10 (A,C) or 17 dpi (B,D). Scale bars = 150 pm.

focal areas of hemorrhage and thickening of alveolar septa.
At 17 dpi, no macroscopic lesion but thickening of alveolar
septa were observed in the lungs; no area of hemorrhage was
observed (Figure 6). Lungs of L. borgpetersenii-infected hamsters
sacrificed at 18 dpi harbored the same features as at the end
of the experiment (data not shown).

DISCUSSION

Western Indian Ocean islands harbor a large diversity of
pathogenic Leptospira lineages carried out by a wide range
of animal reservoirs (Dietrich et al, 2018). In this study,
we selected three regional Leptospira strains and evaluated
their virulence phenotype using golden Syrian hamsters as a
model of acute disease. The obtained data show that L.
mayottensis 2014TE MDI222 and L. borgpetersenii 2014TM
FMNH228863 isolates endemic to Madagascar and surrounding
islands are both less virulent than L. interrogans 2013RR
GLM983 isolate from Reunion. All but one hamster infected
with L. interrogans isolate showed significant weight loss and
had to be euthanized a few days after the challenge, in keeping
with previous experimental infections (Forster et al., 2013;
Villanueva et al, 2014). It was either difficult or impossible
to collect urine from these hamsters, likely as a result of
kidney failure, which was further confirmed by histological
examinations that showed tissue damages. Unexpectedly, no
areas of intensive hemorrhage were observed in the lungs of
challenged animals, which differs from previous studies reporting
foci of intensive hemorrhage in L. interrogans-infected hamsters
(Nally et al., 2004; Villanueva et al., 2014). The absence of
profuse pulmonary lesions could result from the high infectious

dose used in our experiments: the hamsters could have died
before the infection invaded the lungs (Diniz et al., 2011).
As for the single surviving hamster, a recent study has shown
that females are more resistant than males to L. interrogans
infection (Gomes et al., 2018). The obtained low survival rate
might be actually zero if males had been used instead of
females. Interestingly, as previously reported (Haake, 2006),
qPCR showed that this single survivor supported persistent
renal infection.

By contrast, L. mayottensis and L. borgpetersenii isolates
failed to induce clinical symptoms on the infected hamsters.
Intriguingly, necropsy at 4 weeks revealed macroscopic
pulmonary lesions in some L. mayottensis-hamsters but not
in L. borgpetersenii-hamsters although histological analysis revealed
a thickening of alveolar septa in the latter. The absence of
early symptoms in these two groups led us to euthanize
animals at intermediate timepoints in order to address possible
tissue damage in the course of the experiment. No damage was
observed at 10 and 18 dpi in L. borgpetersenii-infected hamsters.
L. mayottensis-infected hamsters showed pulmonary damage
at 10 dpi but not at 17 dpi. Histological findings confirmed
these observations with the presence of focal hemorrhage
and alveolar septal thickening at 10 dpi and only alveolar
septal thickening at 17 dpi. This pattern is suggestive of an
attempt of lung repair, a phenomenon previously described
in hamsters experimentally infected with L. interrogans
(Marinho et al., 2009). The confirmation of such pattern will
require the implementation of an experimental setup allowing
to monitor the dynamics of infection and tissue lesions induced
by L. mayottensis.

Leptospiral tissue tropism following experimental infection
differed among bacterial isolates. The high L. interrogans DNA
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amounts and the presence of live leptospires in the brain and
kidneys of infected hamsters suggest that these organs are
preferential targets of L. interrogans. Retracted glomeruli, dilated
tubules, and an abundance of hyaline casts in the kidneys
have commonly been observed in L. interrogans infection
(Arean, 1962; Zhang et al., 2012; Forster et al., 2013). Although
the induction of nervous system damage by L. interrogans has
been previously reported in human cases (Forwell et al., 1984;
Brown et al,, 2003; Chang et al,, 2003; El Bouazzaoui et al.,
2011), experimental infection studies mainly report damage
and high leptospiral load in the kidneys, lungs, and liver only
(Silva et al.,, 2008; Lourdault et al., 2009; Fujita et al., 2015).
Four weeks following infection, L. mayottensis was present
only in the kidneys as indicated by high leptospiral DNA
amounts and the presence of live leptospires. However, at 10
dpi the presence of live leptospires in cultures inoculated with
kidney, brain, and liver homogenates indicates that L. mayottensis
could actually disseminate into several organs in the early
phases of infection.

L. borgpetersenii isolate was found to be the least virulent
strain used in this study. This isolate induced no clinical sign
and very low leptospiral DNA amounts were detected in the
different organs. Leptospires were observed in some cultures
from brain and kidney homogenates albeit with low density
and with bacteria being lost after one passage in vitro. The
low Leptospira DNA amounts and the absence of cultivable
leptospires in the organs from hamsters sacrificed at intermediate
timepoints are suggestive of poor dissemination although
observation of alveolar thickening indicates that the lungs can
be affected by this Leptospira lineage. This differs from infection
patterns observed with other L. borgpetersenii strains inducing
important systemic damage and death in hamsters (Villanueva
et al., 2014; Matsui et al., 2015). A previous study comparing
the virulence of two L. borgpetersenii strains, both serovar
Hardjo, reported that the avirulent strain was able to efficiently
colonize the kidneys of hamsters even at a lower dose (Zuerner
et al,, 2012). Hence, the bat-borne Leptospira used herein clearly
behaves differently. Although genotyping defines this isolate
as L. borgpetersenii, Malagasy bats shelter a huge diversity of
unique L. borgpetersenii lineages (Gomard et al., 2016) and a
complete genome sequencing of this particular isolate is required
to determine its exact phylogenetic position.

We can hypothesize that these distinct virulence phenotypes
may partly explain the contrasted epidemiology of human
leptospirosis in Western Indian Ocean region. Indeed, MLST
profile of L. interrogans 2013RR GLM983 isolate, found in
other countries worldwide, is the same as that of L. interrogans
identified in most human leptospirosis acute cases on Reunion
while L. mayottensis 2014TE MDI222 isolate, considered as
endemic to Western Indian Ocean, has the same MLST profile
as L. mayottensis identified in clinical cases on Mayotte. By
contrast, L. borgpetersenii 2014TM FMNH228863 isolate, which
induced no clinical sign in hamsters, has not yet been identified
in human cases of leptospirosis. On Reunion, a narrow diversity
of mainly L. interrogans is involved in clinical cases while a
wider diversity of Leptospira, distributed in four distinct species,
is identified in clinical cases on Mayotte. On Reunion, mostly

introduced mammals like rats, mice, or dogs, were identified
as Leptospira carriers (Guernier et al., 2016), while on Mayotte,
endemic small mammals like tenrecs may also have
epidemiological importance in human leptospirosis (Lagadec
et al., 2016). The French islands of Mayotte and Reunion hence
provide an interesting environmental setup, as transmission
chains are distinct on both islands and associated with human
infection of contrasting severity. The understanding of such
epidemiological contrast could be addressed through a prospective
study to be conducted on Mayotte in which the symptoms of
each human case are described together with each associated
Leptospira lineage/species. This will allow addressing whether
one species or lineage is responsible for most of the fatal
cases, and testing whether the remaining endemic lineages
may be associated with milder symptoms.

In conclusion, our data suggest that the L. interrogans 2013RR
GLM983 isolate is significantly more virulent than both
L. mayottensis 2014TE MDI222 and L. borgpetersenii 2014TM
FMNH228863 isolates, endemic to Western Indian Ocean.
Golden Syrian hamsters provide a good experimental model
for exploring virulence features of Leptospira strains found in
Western Indian Ocean and the contrasted epidemiology of
leptospirosis observed in the islands of this region. Furthermore,
presented data pave the way for future investigations aiming
at illuminating genetic determinants and mechanisms of virulence.

It has been previously reported that the regulation of genes
encoding cytokines can differ according to the Leptospira strain
used to infect hamsters (Fujita et al., 2015). This differential
regulation of cytokine expression has also been observed among
human patients. More specifically, the up-regulation of cytokines
was more important in patients developing a severe disease
compared to patients with mild disease (Reis et al, 2013).
The inflammatory response may also have an involvement in
the development of the disease. A previous study reported an
absence of leptospires in the lungs of infected hamsters although
pulmonary damage was observed (Tomizawa et al, 2017). It
would be interesting to compare the inflammatory response
induced by the three isolates used in this study and determine
the impact of the potentially different regulation on the phenotype
of infected hamsters.

The determinants of virulence are poorly known in Leptospira
(Lehmann et al.,, 2014; Buyuktimkin et al., 2015; Patra et al.,
2015; Fouts et al., 2016), notably because genetic tools are
scarce, hence impairing reverse genetics approaches and because
the basal position of spirochetes is associated with a high
number of proteins of unknown function. The unique diversity
of pathogenic Leptospira sheltered by mammals mostly endemic
to Western Indian Ocean region provides a biological material
that is suitable for the investigation of virulence determinants
through genome-wide approaches such as comparative genomics.

AUTHOR CONTRIBUTIONS

CC, KD, PT, MR, and PM conceived and designed the
experiments. CC, MR, PT, MT, and J-LB performed the
experiments. CC, PT, PM, MR, and J-LB contributed resources,

Frontiers in Microbiology | www.frontiersin.org

March 2019 | Volume 10 | Article 382


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Cordonin et al.

Attenuated Virulence of Endemic Leptospira

reagents, materials, and analysis tools. CC wrote the paper.
All co-authors revised the paper.

FUNDING

The study received funding from FEDER INTERREG V
program ECOSPIR (GURDTI/20170789-6875). CC received
a PhD grant from the French Ministry of Higher Education

REFERENCES

Adler, B. (2015). Leptospira and Leptospirosis. Curr. Top. Microbiol. Immunol.
387, 1-293. doi: 10.1001/archneur.1967.00470290112018

Arean, V. M. (1962). The pathologic anatomy and pathogenesis of fatal human
leptospirosis (Weil's disease). Am. J. Pathol. 40, 393-423.

Biscornet, L., Dellagi, K., Pages, E, Bibi, J., de Comarmond, J., Mélade, J., et al.
(2017). Human leptospirosis in Seychelles: a prospective study confirms the
heavy burden of the disease but suggests that rats are not the main reservoir.
PLoS Negl. Trop. Dis. 11:¢0005831. doi: 10.1371/journal.pntd.0005831

Bourhy, P, Collet, L., Brisse, S., and Picardeau, M. (2014). Leptospira
mayottensis sp. nov., a pathogenic species of the genus Leptospira isolated
from humans. Int. J. Syst. Evol. Microbiol. 64, 4061-4067. doi: 10.1099/
ij5.0.066597-0

Bourhy, P, Collet, L., Lernout, T., Zinini, E, Hartskeerl, R. A., Van Der Linden,
H., et al. (2012). Human Leptospira isolates circulating in Mayotte (Indian
Ocean) have unique serological and molecular features. J. Clin. Microbiol.
50, 307-311. doi: 10.1128/JCM.05931-11

Brown, P. D., Carrington, D. G., Gravekamp, C., Van De Kemp, H., Edwards,
C. N,, Jones, S. R, et al. (2003). Direct detection of leptospiral material
in human postmortem samples. Res. Microbiol. 154, 581-586. doi: 10.1016/
$0923-2508(03)00166-9

Buyuktimkin, B., Saier, M. H., Jolla, L., and Saier, M. H. (2015). Comparative
genomic analyses of transport proteins encoded within the genomes of
Leptospira species. Microb. Pathog. 88, 52-64. doi: 10.1016/j.micpath.2015.07.019

Chang, A., Ranawaka, U.,, Gunasekara, H., and Wijesekera, J. (2003). A case
of primary neuroleptospirosis. Ceylon Med. ]. 48, 143-144. doi: 10.4038/
cmj.v48i4.3335

Cire Océan Indien (2017). Surveillance de la leptospirose a la Réunion en
2017. Le Point Epidémio 3, 1-2.

Costa, E, Hagan, J. E., Calcagno, J., Kane, M., Torgerson, P., Martinez-Silveira,
M. S, et al. (2015). Global morbidity and mortality of leptospirosis: a
systematic review. PLoS Negl. Trop. Dis. 9:¢0003898. doi: 10.1371/journal.
pntd.0003898

Coutinho, M. L., Matsunaga, J., Wang, L. C., de la Pefia Moctezuma, A., Lewis,
M. S., Babbitt, J. T, et al. (2014). Kinetics of Leptospira interrogans infection
in hamsters after intradermal and subcutaneous challenge. PLoS Negl. Trop.
Dis. 8:e3307. doi: 10.1371/journal.pntd.0003307

Derne, B. T, Fearnley, E. J., Lau, C. L., Paynter, S., and Weinstein, P. (2011).
Biodiversity and leptospirosis risk: a case of pathogen regulation? Med.
Hypotheses 77, 339-344. doi: 10.1016/j.mehy.2011.05.009

Dietrich, M., Gomard, Y., Lagadec, E., Ramasindrazana, B., Le Minter, G,
Guernier, V., et al. (2018). Biogeography of Leptospira in wild animal
communities inhabiting the insular ecosystem of the western Indian Ocean
islands and neighboring Africa. Emerg. Microbes Infect. 7:57. doi:10.1038/
541426-018-0059-4

Dietrich, M., Wilkinson, D. A., Soarimalala, V., Goodman, S. M., Dellagi, K.,
and Tortosa, P. (2014). Diversification of an emerging pathogen in a biodiversity
hotspot: Leptospira in endemic small mammals of Madagascar. Mol. Ecol.
23, 2783-2796. doi: 10.1111/mec.12777

Diniz, J. A., Rodrigues Félix, S., Bonel-Raposo, J., Seixas Neto, A. C. P,
Vasconcellos, F A., Grassmann, A. A,, et al. (2011). Highly virulent Leptospira
borgpetersenii strain characterized in the hamster model. Am. J. Trop. Med.
Hyg. 85, 271-274. doi: 10.4269/ajtmh.2011.11-0013

and Research. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation
of the manuscript.

ACKNOWLEDGMENTS

We acknowledge Matthieu Bringart for performing Sirius Red
staining and David A. Wilkinson for helping with writing.

El Bouazzaoui, A., Houari, N., Arika, A., Belhoucine, I., Boukatta, B., Sbai, H.,
et al. (2011). Facial palsy associated with leptospirosis. Eur. Ann. Otorhinolaryngol.
Head Neck Dis. 128, 275-277. doi: 10.1016/j.anorl.2011.02.011

Evangelista, K. V., and Coburn, J. (2010). Leptospira as an emerging pathogen:
a review of its biology, pathogenesis and host immune responses. Future
Microbiol 5, 1413-1425. doi: 10.2217/fmb.10.102

Festing, M. E (2006). Design and statistical methods in studies using animal
models of development. ILAR J. 47, 5-14. doi: 10.1093/ilar.47.1.5

Forster, K. M., Hartwig, D. D., Seixas, F. K., McBride, A. ]. A., Monte, L. G.,
Recuero, A. L. C,, et al. (2013). Characterization of a virulent Leptospira
interrogans strain isolated from an abandoned swimming pool. Braz. J.
Microbiol. 44, 165-170. doi: 10.1590/S1517-83822013005000029

Forwell, M. A., Redding, P. J., and Brodie, M. J. (1984). Leptospirosis complicated
by fatal intracerebral haemorrhage. Br. Med. J. 289:1583.

Fouts, D. E., Matthias, M. A., Adhikarla, H., Adler, B., Amorim-Santos, L.,
Berg, D. E, et al. (2016). What makes a bacterial species pathogenic?:
comparative genomic analysis of the genus Leptospira. PLoS Negl. Trop. Dis.
10:e0004403. doi: 10.1371/journal.pntd.0004403

Fujita, R., Koizumi, N., Sugiyama, H., Tomizawa, R., Sato, R., and Ohnishi, M.
(2015). Comparison of bacterial burden and cytokine gene expression in
golden hamsters in early phase of infection with two different strains of
Leptospira  interrogans. PLoS One 10:¢0132694. doi: 10.1371/journal.
pone.0132694

Gomard, Y., Dietrich, M., Wieseke, N., Ramasindrazana, B., Lagadec, E., Goodman,
S. M., et al. (2016). Malagasy bats shelter a considerable genetic diversity
of pathogenic Leptospira suggesting notable host-specificity patterns. FEMS
Microbiol. Ecol. 92:iw037. doi: 10.1093/femsec/fiw037

Gomes, C. K., Guedes, M., Potula, H. H., Dellagostin, O. A., and Gomes-
Solecki, M. (2018). Sex matters: male hamsters are more susceptible to
lethal infection with lower doses of pathogenic Leptospira than female
hamsters. Infect. Immun. 86:¢00369-18. doi: 10.1128/IAL.00369-18

Guernier, V., Lagadec, E., Cordonin, C., Le Minter, G., Gomard, Y., Pages, F,
et al. (2016). Human leptospirosis on Reunion Island, Indian Ocean: are
rodents the (only) ones to blame? PLoS Negl. Trop. Dis. 10:e0004733. doi:
10.1371/journal.pntd.0004733

Haake, D. A. (2006). “Hamster model of leptospirosis” in Current protocols
in microbiology. Chapter 12, Unit 12E.2.

Lagadec, E., Gomard, Y., Guernier, V., Dietrich, M., Pascalis, H., Temmam, S.,
et al. (2012). Pathogenic Leptospira spp. in bats, Madagascar and Union of
the Comoros. Emerg. Infect. Dis. 18, 1696-1698. doi: 10.3201/eid1810.111898

Lagadec, E., Gomard, Y., Le Minter, G., Cordonin, C., Cardinale, E.,
Ramasindrazana, B., et al. (2016). Identification of Tenrec ecaudatus, a wild
mammal introduced to Mayotte Island, as a reservoir of the newly identified
human pathogenic Leptospira mayottensis. PLoS Negl. Trop. Dis. 10:e0004933.
doi: 10.1371/journal.pntd.0004933

Lebarbenchon, C., Ramasindrazana, B., Joffrin, L., Bos, S., Lagadec, E., Le
Minter, G., et al. (2017). Astroviruses in bats, Madagascar. Emerg. Microbes
Infect. 6:58. doi: 10.1038/emi.2017.47

Lehmann, J., Matthias, M., Vinetz, J., and Fouts, D. (2014). Leptospiral
pathogenomics. Pathogens 3, 280-308. doi: 10.3390/pathogens3020280

Lourdault, K., Aviat, E, and Picardeau, M. (2009). Use of quantitative real-time
PCR for studying the dissemination of Leptospira interrogans in the guinea
pig infection model of leptospirosis. J. Med. Microbiol. 58, 648-655. doi:
10.1099/jmm.0.008169-0

Frontiers in Microbiology | www.frontiersin.org

March 2019 | Volume 10 | Article 382


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1001/archneur.1967.00470290112018
https://doi.org/10.1371/journal.pntd.0005831
https://doi.org/10.1099/ijs.0.066597-0
https://doi.org/10.1099/ijs.0.066597-0
https://doi.org/10.1128/JCM.05931-11
https://doi.org/10.1016/S0923-2508(03)00166-9
https://doi.org/10.1016/S0923-2508(03)00166-9
https://doi.org/10.1016/j.micpath.2015.07.019
https://doi.org/10.4038/cmj.v48i4.3335
https://doi.org/10.4038/cmj.v48i4.3335
https://doi.org/10.1371/journal.pntd.0003898
https://doi.org/10.1371/journal.pntd.0003898
https://doi.org/10.1371/journal.pntd.0003307
https://doi.org/10.1016/j.mehy.2011.05.009
https://doi.org/10.1038/s41426-018-0059-4
https://doi.org/10.1038/s41426-018-0059-4
https://doi.org/10.1111/mec.12777
https://doi.org/10.4269/ajtmh.2011.11-0013
https://doi.org/10.1016/j.anorl.2011.02.011
https://doi.org/10.2217/fmb.10.102
https://doi.org/10.1093/ilar.47.1.5
https://doi.org/10.1590/S1517-83822013005000029
https://doi.org/10.1371/journal.pntd.0004403
https://doi.org/10.1371/journal.pone.0132694
https://doi.org/10.1371/journal.pone.0132694
https://doi.org/10.1093/femsec/fiw037
https://doi.org/10.1128/IAI.00369-18
https://doi.org/10.1371/journal.pntd.0004733
https://doi.org/10.3201/eid1810.111898
https://doi.org/10.1371/journal.pntd.0004933
https://doi.org/10.1038/emi.2017.47
https://doi.org/10.3390/pathogens3020280
https://doi.org/10.1099/jmm.0.008169-0

Cordonin et al.

Attenuated Virulence of Endemic Leptospira

Marinho, M., Oliveira-Junior, I. S., Monteiro, C. M. R., Perri, S. H., and Salomio,
R. (2009). Pulmonary disease in hamsters infected with Leptospira interrogans:
histopathologic findings and cytokine mRNA expressions. Am. J. Trop. Med.
Hyg. 80, 832-836. doi: 10.4269/ajtmh.2009.80.832

Matsui, M., Roche, L., Soupé-Gilbert, M.-E., Roudier, M., Moniquet, V., and
Goarant, C. (2015). Experimental hamster infection with a strain of Leptospira
borgpetersenii Ballum isolated from a reservoir mouse in New Caledonia.
Am. ]. Trop. Med. Hyg. 92, 982-985. doi: 10.4269/ajtmh.14-0462

Nally, J. E.,, Chantranuwat, C., Wu, X. Y,, Fishbein, M. C., Pereira, M. M.,
Pereira Da Silva, J. J., et al. (2004). Alveolar septal deposition of immunoglobulin
and complement parallels pulmonary hemorrhage in a guinea pig model
of severe pulmonary leptospirosis. Am. J. Pathol. 164, 1115-1127. doi: 10.1016/
S0002-9440(10)63198-7

Nascimento, A. L. T. O., Verjovski-Almeida, S., Van Sluys, M. A., Monteiro-
Vitorello, C. B., Camargo, L. E. A., Digiampietri, L. A, et al. (2004). Genome
features of Leptospira interrogans serovar Copenhageni. Braz. . Med. Biol.
Res. 37, 459-478. doi: 10.1590/S0100-879X2004000400003

Pages, E, Collet, L., Henry, S., Margueron, T., Achirafi, A., Bourhy, P, et al.
(2017). Leptospirosis in Mayotte: contribution of epidemiological surveillance,
2008-2015. Bull. Epidémiologique Hebd. 8-9, 147-156.

Panicker, J.,, Mammachan, R., and Jayakumar, R. V. (2001). Primary
neuroleptospirosis. Postgrad. Med. . 77, 589-590. doi: 10.1136/pm].77.911.589

Pappas, G., Papadimitriou, P,, Siozopoulou, V., Christou, L., and Akritidis, N.
(2008). The globalization of leptospirosis: worldwide incidence trends. Int.
J. Infect. Dis. 12, 351-357. doi: 10.1016/j.ijid.2007.09.011

Patra, K. P,, Choudhury, B., Matthias, M. M., Baga, S., Bandyopadhya, K., and
Vinetz, J. M. (2015). Comparative analysis of lipopolysaccharides of pathogenic
and intermediately pathogenic Leptospira species. BMC Microbiol. 15:244.
doi: 10.1186/s12866-015-0581-7

Reed, N. E., Varney, W. C,, Goddard, R. D., and Wyeth, P. J. (2000). The
maintenance of challenge strains used in the potency test for canine Leptospira
vaccines. Biologicals 28, 25-28. doi: 10.1006/biol.1999.0235

Reis, E. A. G., Hagan, J. E., Ribeiro, G. S., Teixeira-Carvalho, A., Martins-Filho,
O. A.,, Montgomery, R. R,, et al. (2013). Cytokine response signatures in
disease progression and development of severe clinical outcomes for
leptospirosis. PLoS Negl. Trop. Dis. 7:€2457. doi: 10.1371/journal.pntd.0002457

RStudio Team. (2015). RStudio: integrated development for R.

Samir, A., and Wasfy, M. O. (2013). A simple technique for long-term preservation
of leptospires. J. Basic Microbiol. 53, 299-301. doi: 10.1002/jobm.201100551

Silva, E. E, Santos, C. S., Athanazio, D. A., Seyffert, N., Seixas, F. K., Cerqueira,
G. M., et al. (2008). Characterization of virulence of Leptospira isolates in
a hamster model. Vaccine 26, 3892-3896. doi: 10.1016/j.vaccine.2008.04.085

Simbizi, V., Saulez, M. N., Potts, A., Lotter, C., and Gummow, B. (2016). A
study of leptospirosis in South African horses and associated risk factors.
Prev. Vet. Med. 134, 6-15. doi: 10.1016/j.prevetmed.2016.09.019

Smythe, L. D., Smith, I. L., Smith, G. A., Dohnt, M. E, Symonds, M. L.,
Barnett, L. ], et al. (2002). A quantitative PCR (TaqMan) assay for pathogenic
Leptospira spp. BMC Infect. Dis. 2:13. doi: 10.1186/1471-2334-2-13

Subiros, M., Collet, L., Pages, E, Aboubacar, A., Ruello, M., Bourhy, P, et al.
(2017). Outbreak of leptospirosis in an endemic French territory, Mayotte,
2016. Bull. épidémiologique Hebd. 24-25, 529-536.

Tomizawa, R., Sugiyama, H., Sato, R., Ohnishi, M., and Koizumi, N. (2017).
Male-specific pulmonary hemorrhage and cytokine gene expression in golden
hamster in early-phase Leptospira interrogans serovar Hebdomadis infection.
Microb. Pathog. 111, 33-40. doi: 10.1016/j.micpath.2017.08.016

Tucunduva de Faria, M., Athanazio, D. A., Gongalves Ramos, E. A., Silva, E.
E, Reis, M. G., and Ko, A. I. (2007). Morphological alterations in the
kidney of rats with natural and experimental Leptospira infection. J. Comp.
Pathol. 137, 231-238. doi: 10.1016/j.jcpa.2007.08.001

Vijayachari, P., Sugunan, A. P, and Shriram, A. N. (2008). Leptospirosis: an
emerging global public health problem. J. Biosci. 33, 557-569. doi: 10.1007/
$12038-008-0074-z

Villanueva, S. Y. A. M., Saito, M., Tsutsumi, Y., Segawa, T., Baterna, R. A,
Chakraborty, A., et al. (2014). High virulence in hamsters of four dominant
Leptospira serovars isolated from rats in the Philippine. Microbiology 160,
418-428. doi: 10.1099/mic.0.072439-0

Wunder, E. A., Figueira, C. P, Santos, G. R., Lourdault, K., Matthias, M. A,,
Vinetz, J. M., et al. (2016). Real-time PCR reveals rapid dissemination of
Leptospira interrogans after intraperitoneal and conjunctival inoculation of
hamsters. Infect. Immun. 84, 2105-2115. doi: 10.1128/IA1.00094-16

Zhang, Y., Lou, X. L., Yang, H. L, Guo, X. K,, Zhang, X. Y,, He, P, et al.
(2012). Establishment of a leptospirosis model in guinea pigs using an
epicutaneous  inoculations BMC  Infect. Dis. 12:20. doi:
10.1186/1471-2334-12-20

Zuerner, R. L., Alt, D. P, and Palmer, M. V. (2012). Development of chronic
and acute golden Syrian hamster infection models with Leptospira
borgpetersenii  serovar Hardjo. ~Vet. Pathol. 49, 403-411. doi:
10.1177/0300985811409252

route.

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2019 Cordonin, Turpin, Bascands, Dellagi, Mavingui, Tortosa and
Roche. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

11

March 2019 | Volume 10 | Article 382


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.4269/ajtmh.2009.80.832
https://doi.org/10.4269/ajtmh.14-0462
https://doi.org/10.1016/S0002-9440(10)63198-7
https://doi.org/10.1016/S0002-9440(10)63198-7
https://doi.org/10.1590/S0100-879X2004000400003
https://doi.org/10.1136/pmj.77.911.589
https://doi.org/10.1016/j.ijid.2007.09.011
https://doi.org/10.1186/s12866-015-0581-7
https://doi.org/10.1006/biol.1999.0235
https://doi.org/10.1371/journal.pntd.0002457
https://doi.org/10.1002/jobm.201100551
https://doi.org/10.1016/j.vaccine.2008.04.085
https://doi.org/10.1016/j.prevetmed.2016.09.019
https://doi.org/10.1186/1471-2334-2-13
https://doi.org/10.1016/j.micpath.2017.08.016
https://doi.org/10.1016/j.jcpa.2007.08.001
https://doi.org/10.1007/s12038-008-0074-z
https://doi.org/10.1007/s12038-008-0074-z
https://doi.org/10.1099/mic.0.072439-0
https://doi.org/10.1128/IAI.00094-16
https://doi.org/10.1186/1471-2334-12-20
https://doi.org/10.1177/0300985811409252
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Three ﻿Leptospira﻿ Strains From Western Indian Ocean Wildlife Show Highly Distinct Virulence Phenotypes Through Hamster Experimental Infection
	Introduction
	Materials and Methods
	Animal Experiments and Ethical Statement
	Bacterial Isolates
	Restoration of Virulence
	Infection and Sample Collection
	Bacterial Load Measurement
	Viability of Leptospires Assay
	Histological Studies
	Statistical Analysis

	Results
	Body Weight Monitoring, Clinical Signs, and Survival Analysis
	Dynamics of ﻿Leptospira﻿ Urinary Shedding
	Quantification of ﻿Leptospira﻿ DNA 
in Organs
	Viability of Leptospires
	Differential Tissue Damages Revealed by Histological Monitoring

	Discussion
	Author Contributions

	References

