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ARTICLE INFO ABSTRACT

Keywords: Pathogenic Leptospira can cause leptospirosis: a widespread, potentially fatal bacterial zoonosis whose risk is
Maintenance community mediated by the soil and water features, animal host distributions, meaning the local ecosystem. When human
Cattle

cases of leptospirosis occur, it is challenging to track down their source because ecosystem-level epidemiological

ll;\odents' knowledge on Leptospira is needed. Between 2016 and 2019 in a focal riparian ecosystem, the human population
eservoirs . . N . . . . .

Zoonosis experienced an outbreak and successive cases of leptospirosis attributable to L. kirschneri and L. interrogans. The
Rivers epidemiological investigation was carried out using the One Health approach, as described in international

health guidelines. As a first step in this process, we investigated leptospiral carriage in the main animal hosts
found in the region. We sampled 143 nutrias, 17 muskrats, and 10 Norway rats using convenient trapping. DNA
was extracted from their kidneys, lungs, and urine and subjected to real-time PCR (RT-PCR) targeting the Lep-
tospira 16S rDNA and Ifb1 genes. In the farms along the river’s stretch of interest, we sampled serum from 439
cattle and used a microscopic agglutination test to detect the presence of antibodies against Leptospira. Urine
samples were concomitantly obtained from 145 cattle and were used in two analyses: RT-PCR targeting the
Leptospira 16S rDNA gene and Leptospira culturing. We found th, wt rodents were the most likely source of the L.
interrogans behind the human cases. The cattle tested negative for Leptospira DNA but positive for antibodies
against the serogroups implicated in the human cases. We failed to identify the potential source of the L.
kirschneri responsible for several human cases of leptospirosis. Our results call for further clarification of the
Leptospira maintenance community, which may comprise known maintenance hosts, such as rodents, as well as
taxa not commonly considered to be maintenance hosts but that can still spread Leptospira. The resulting research
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network will collaboratively conduct future eco-epidemiological surveys to illuminate the leptospirosis risks
faced by humans and animals within ecosystems.

1. Introduction

Leptospirosis is a widespread bacterial zoonosis whose occurrence is
strongly influenced by ecohydrological dynamics, giving rise to endemic
and epidemic patterns of infection [1]. The disease can result in systemic
organ failure and death in both animals and humans [2]. The genus
Leptospira is currently subdivided into 69 genomic species, including
saprophytic or pathogenic bacteria [3,4]. Infections in humans and an-
imals are caused by eight pathogenic species [3], which are divided up
into at least 26 serogroups [5]. Annually, members of the genus, pre-
dominantly L. kirschneri and L. interrogans, cause an estimated 1 million
cases of disease and 60,000 deaths in human populations worldwide [6].
Several leptospirosis outbreaks in Western Europe have been traced
back to L. kirschneri [7-9], and both bacterial species commonly occur in
wild and domestic animals [10-13].

Humans mainly become infected through exposure to soil or water
contaminated by the urine of infected animals [2]. Water sports and
occupational activities have been identified as risk factors, but outbreak
occurrence remains otherwise unpredictable across space and time [14].
Over the last two decades, Western Europe has experienced leptospirosis
outbreaks related to water sports, but the animal sources potentially
responsible were not described [8,15] or described with weak support-
ing evidences [16]. While all mammals can be infected by pathogenic
Leptospira, a given host’s relative contribution to environmental
contamination depends on the host-pathogen relationship as well as on
how animal populations interact with each other and the environment.
Thus, the specific reservoirs causing leptospirosis infections in humans
depend on ecosystem characteristics, which makes it challenging to
implement standardized preventive measures [17]. Water sports typi-
cally take place in ecosystems containing high levels of mammalian
biodiversity and, therefore, a variety of potential Leptospira hosts, which
contrasts with the low-diversity situation in urban ecosystems, where
murines usually serve as reservoir hosts [18,19]. Several mammals can
serve as accidental or maintenance hosts for different serovars [20].
Consequently, the sum of an ecosystem’s Leptospira hosts can be thought
of as a maintenance community, promoting environmental contamina-
tion and causing Leptospira infections in other animals and humans [21].
It is thus crucial to identify the potential hosts that make up maintenance
communities to comprehensively assess human and animal health risks.

In western Europe, with the climate change and rise in mean tem-
perature, aquatic recreational activities is expected to increase and there
may be variation in the dynamics of wild animal populations [22]. In
addition, the changes in patterns of precipitation and in mean temper-
ature could foster Leptospira survival for longer in the environment
[23,24]. Consequently, we are likely to see more leptospirosis outbreaks
in the coming decades [25]. Ecoepidemiological surveys implemented
according to a collaborative multisectorial and disciplinary approach
are needed if we wish to fully characterize the patterns of leptospirosis
outbreaks. Although international organizations recommend such an
approach, namely the One Health approach [14,26,27], there remains a
lack of local-level frameworks and examples for putting One Health into
practice.

As a first step, we investigated Leptospira carriage in various animal
populations found in an ecosystem where a leptospirosis outbreak
occurred among kayakers in September 2016 (n = 14 cases, of which 8
were confirmed by serological tests or polymerase chain reaction
[PCR]). Additional human cases of leptospirosis appeared in May—June
2018 (n = 3 confirmed clustered cases and 5 probable cases) and in
November 2019 (n = 1 confirmed case and 1 probable case). In 8 of the
12 confirmed cases, typing or serological profiling identified the caus-
ative bacteria as L. kirschneri (n = 3), L. interrogans (n = 1), or a member

of the serogroup Grippotyphosa (n = 4) [8,28], to which both L.
kirschneri and L. interrogans belong [29].

In this study, our goal was two-fold. First, we sought to clarify Lep-
tospira ecoepidemiology within a focal ecosystem in Brittany that has
given rise to recurrent human cases of leptospirosis. Second, we
described the framework of Leptospira source tracing according to a One
Health approach, as described in international health guidelines
[30,311], its drawbacks and benefits.

2. Materials and methods
2.1. Ethics statement regarding animal sampling

Samples were collected from cattle in accordance with the procedure
approved on September 19, 2018, by VetAgro Sup Ethics Committee
(agreement n°1813). The rodents sampled in the study were killed
during pest control campaigns by professionals in the field and certified
trappers. The pest control campaigns use strategies that adhere to
French and European legislation on the treatment and usage of animals
(Directive 2010/63/EC and French Administrative Decision 2007/04/
06). As a result, the ethics committee considered that its approval was
not required.

2.2. Cattle sampling

Ten cattle farms occur along a stretch of the Vilaine River located
upstream from Rennes, Brittany’s capital city. Eight of these farms (six
dairy and two beef) made their herds available to us. The first sampling
session took place from March to May in 2019, which was the pre-
grazing period; both serum and urine were collected. The second ses-
sion took place from November 2019 to January 2020, which was the
post-grazing period; only serum was collected. Approximately 30 adult
cattle per farm were sampled over the course of two sessions. For the
second session, cattle sampled in the first session were sampled when
possible. Sampling was performed by the farmers’ veterinarians and a
local farmer’s association for herd disease control (Groupement de
Défense Sanitaire). To collect the urine sample, an animal’s vulva was
cleaned and disinfected before introducing a catheter directly into the
bladder via the urethral canal. Samples were also collected when spon-
taneous urination occurred. Fresh urine specimens were used in our
attempt to culture Leptospira and were kept at 16-22 °C pending further
analysis. The serum samples and other urine samples were stored at
—20 °C until the molecular and serological analyses could be performed.

2.3. Rodent sampling

Three rodent species—Norway rats (Rattus norvegicus), nutrias
(Myocastor coypus), and muskrats (Ondatra zibethicus)—are all likely
excreting leptospires into the Vilaine River. They are also the predom-
inant mammals in the region (survey conducted on July 31, 2018;
Supplemental Data 1). Representatives of each species were gathered
between March and November 2019, during pest control campaigns
conducted in the proximity of two nautical bases (sites A and B,
respectively). These areas are located 8 km apart and near where human
cases of leptospirosis were reported in 2016 and 2018. The animals’
bodies were stored at —20 °C until necropsy and tissue sampling could
occur. At that time, any macroscopic abnormality of the thoracic and
abdominal organs was sought, samples were taken of the kidneys, lungs,
and urine (when available) and subsequently stored at —20 °C until the
molecular analyses were conducted. Furthermore, individuals were
classified as male (presence of testes) or female (presence of a genital
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tract) and as sexually immature (absence of seminal vesicles for males
and a developed uterus for females) or sexually mature (presence of
these structures).

2.4. Urine cultures

We attempted to culture leptospires from the cattle urine samples
using Ellinghausen-McCullough-Johnson-Harris (EJMH) medium and
EJMH STAFF medium, which were prepared under sterile conditions as
described elsewhere [32]. Briefly, 0.1 ml of urine was added to a first
tube containing 5 ml of EJMH STAFF medium. Next, 0.1 ml of this
dilution was transferred to a second tube containing 5 ml of EJMH
medium, yielding a further dilution (1:50). This second set of tubes was
incubated at 30 °C over a two-month period. Their contents were
regularly examined using dark-field microscopy to ascertain whether
leptospires were present [33].

2.5. DNA extraction and Leptospira detection

DNA was isolated from rodent kidney and lung tissue and from ro-
dent and cattle urine using the QIAamp DNA Mini Kit (Qiagen), in
accordance with the manufacturer’s instructions. To detect Leptospira
DNA, we performed real-time PCR (rt-PCR; TagMan method). We
employed the B-actin endogenous housekeeping gene as an internal
control for target gene expression, DNA extraction efficiency, and the
absence of inhibitors in the samples [34]. We specifically targeted
pathogenic Leptospira using the TaqVet PathoLept Kit (LSI, France).
Samples with Ct values of <40 were considered to be Leptospira positive,
and a given animal was considered to be infected with Leptospira if at
least one of its tissues or fluid (kidney, lung, or urine) tested positive.

2.6. Genotyping

Positive samples were then subject to conventional PCR (cPCR). One
analysis targeted the 16S rDNA gene (as described elsewhere: [35] and
used a DreamTaq Green PCR Master Mix (2x) Kit (Thermo Fisher Sci-
entific) in accordance with the manufacturer’s instructions. A second
analysis targeted the Ifb1 gene (as described elsewhere: [36] and used a
HotStarTaq DNA Polymerase Kit (Qiagen, Courtaboeuf, France) in
accordance with the manufacturer’s instructions. The amplified prod-
ucts were visualized using electrophoresis (1% agarose gel). Then,
samples yielding clearly visible, high-intensity bands underwent Sanger
sequencing, which was carried out by a service provider (Genoscreen,
Lille, France). The Leptospira species present were identified through a
Nucleotide BLAST search (http://blast.ncbi.nlm.nih.gov).

2.7. Microagglutination tests

A microscopic agglutination test (MAT) was performed using a panel
of live isolated leptospires. They represented 12 serogroups (serovars in
parentheses): Australis (Australis, Bratislava, Munchen), Autumnalis
(Autumnalis, Bim), Ballum (Castellonis), Bataviae (Bataviae), Canicola
(Canicola), Grippotyphosa (Grippotyphosa, Vanderhoedoni), Icter-
ohaemorrhagiae (Icterohaemorrhagiae, Copenhageni), Panama (Pan-
ama, Mangus), Pomona (Pomona, Mozdok), Pyrogenes (Pyrogenes),
Sejroe (Sejroe, Saxkoebing, Hardjo, Wolffi), and Tarassovi (Tarassovi). A
titer of 1:100 was used as the cut-off threshold for seropositivity, as per
the guidelines issued by the World Organization for Animal Health
(WOAH) [37]. Particular care was taken when interpreting cross-
reactions [29,38]. A serogroup-level analysis of the MAT results was
performed as described elsewhere [39,40]. When a high titer against a
particular serogroup was observed, that single serogroup was assumed
to be responsible for the antibodies in the sample. When we obtained
titers against several serovars from the same serogroup, the serovar with
the highest titer was assigned to the serogroup. When a sample displayed
titers against two or more serogroups, we used the following approach.
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If one serogroup clearly predominated (i.e., its titers were at least
threefold higher than those of the next most prominent serogroup), then
this serogroup was assigned to the sample. If the difference in titers
among serogroups was not as clear cut (i.e, there was less than a
threefold difference between the highest titer and the next highest titer),
then both serogroups were assigned to the sample as they were equally
likely to be the predominant serogroup.

2.8. Statistical analysis

The data were analyzed in Rstudio (v. 1.3.1093, Apricot Nastur-
tium). The function binom.test was used to estimate Leptospira prevalence
and its 95% confidence intervals. For the nutrias, univariate Poisson
regression models were used to examine the factors influencing infection
status; the independent variables were sex (male vs female), sexual
maturity (immature vs mature), sampling site (A vs B), and sampling
season (spring = March to May, summer = June to August, and autumn
= September to November). An a-level of 0.05 was used.

2.9. Mapping

We mapped the spatial distributions of the animals sampled, their
infection status, and their exposure status for sites A and B using R Core
Team (v.4.2.1). The background map came from IGN GEOFLA®.

3. Results
3.1. Leptospira exposure in cattle

The MAT results are summarized in Fig. 1. In the first sampling
session, 11 of the 212 serum samples were MAT positive and came from
5 of the 8 farms where sampling occurred. The serological profiles
showed that cattle on 4 farms had been exposed to the serogroup
Grippotyphosa and cattle on 1 farm had been exposed to the serogroup
Sejroe. In the second sampling session, 27 of the 227 serum samples
were MAT positive and came from all 8 farms. The serological profiles
showed that cattle on 3 additional farms (4, 6, and 7) had been exposed
to the serogroup Grippotyphosa and that cattle on 6 farms had been
exposed to the serogroup Icterohaemorrhagiae. The latter had not been
detected during session 1. Sampling took place at each farm across both
sessions, and repeated measures were obtained for 5 to 17 cattle per
farm (the only exception being farm 3). These data showed that at least
one animal had seroconverted (i.e., was negative during session 1 and
positive during session 2). Lastly, neither live Leptospira nor Leptospira
DNA was detected in the urine samples (n = 145). While the cultures
were positive for other bacterial groups (i.e., sample bacterial contam-
ination), they were negative for Leptospira, even when the cattle showed
other evidence of Leptospira exposure.

Additional details on the MAT, PCR, and culture results are available
in Supplemental Data 2.

3.2. Demographic characteristics of the nutrias, muskrats, and Norway
rats

The demographic characteristics of the nutrias, muskrats, and Nor-
way rats collected during each sampling season are shown in Fig. 2.A.
The total sample size was 170 rodents, which was made up of 143 nu-
trias, 17 muskrats, and 10 Norway rats. Overall, there were more males
than females for the nutrias (males: 59%, n = 84,/143; females: 41%, n =
59/143) and for the muskrats (males: 76%, n = 13/17; females: 24%, n
= 4/17). Additionally, there were more sexually mature nutrias than
sexually immature nutrias (sexually mature: 63%, n = 91/143, sexually
immature: 37%, n = 52/143) and muskrats (sexually mature: 59%, n =
10/17; sexually immature: 41%, n = 7/17). For the Norway rats, the two
ratios were equal. Sample sizes varied across seasons. No Norway rats
were captured in the spring, one muskrat was captured in the summer,


http://blast.ncbi.nlm.nih.gov

E. Harran et al.

Number of MAT positive serum
o - ~N
1:100 |

1:200

1:100 NN
1:200 NN

1:100

S1: Spring
Before grazing season

W GRI S)

1:100 [N
1:200 N

Q Q9 9 Q
S & © S
[ B ]
L -

3 4 S

1:200

1:100

1:200
1:100

1:200 |

1:100 | I S

1:200

-

MAT titers

Farm ID number

BGRI

1:100 | N I

1:400
1:200

~

B GRI - AUS

1:400

1:100
w  1:200

WIH

1:400

$2: Autumn
After grazing season

[JIH - PYR IH - AUS

1:100 I

v 1:200

1:100 |
1:200 |

1:400

1:100 |

1:400
1:200

IS

AUS

o

1:400 N
1:100
1:200 [N

1:400
1:100

One Health 18 (2024) 100726

AUT S!

1:400

o 1:200

~

Fig. 1. Number of MAT-positive cattle in session 1 (S1) and session 2 (S2) across the 8 farms, ranked according to titer (1:100 to 1:200 or 1:400).

The different putative serogroups are color coded. The mixed serogroups GRI-AUS and IH-AUS are cases in which the serological profile showed equal titers for two
serogroups. On Farm number 6 during session 2, one cattle displayed titers against IH (1:200) and PYR (1:400), which resulted in the mixed serogroups IH-PYR
inclusion in the two titer categories.
Abbreviations. GRI: Grippotyphosa; SJ: Sejroe; AUS: Australis; PYR: Pyrogenes; AUT: Autumnalis; IH: Icterohaemorrhagiae
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Fig. 2. (A) Demographics for nutrias, muskrats and Norway rats across spring, summer and autumn. The season in which three nutrias were collected (one sexually
mature female, one sexually immature female, and one sexually mature male) was not recorded and therefore does not appear above. (B) Number of nutrias, muskrats
and Norway rats testing rt-PCR positive and negative across spring, summer and autumn. The three nutrias not shown were rt-PCR negative.

and fewer nutrias were collected in the autumn (n = 36) than in the
spring (n = 52) or summer (n = 56). Males outnumbered females in all

three seasons.

3.3. Leptospira infection in the nutria, muskrats, and Norway rats

3.3.1. Presence of Leptospira DNA
Of the 170 rodents collected, 12 nutrias, 3 muskrats, and 2 Norway
rats were PCR positive for Leptospira. Despite these results, no
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morphological abnormalities were seen in the animals’ tissues upon
dissection. The seasonal pattern in the PCR results is displayed in Fig. 2.
B.

Prevalence varied between sites A and B and across rodent species,
although not significantly so. The global prevalence was 18% in musk-
rats (n = 3/17, Clgsy, [4%, 43%]), 20% in Norway rats (n = 2/10, Clgso,
[2%, 56%]), and 8% in nutrias (n = 12/143, Clgsy, [4%, 14%]).

3.3.2. Characterization of Leptospira DNA

For 11 of the 17 PCR-positive rodents, a high-intensity band emerged
during cPCR. Subsequent sequencing revealed the presence of L. inter-
rogans in 7 nutrias (n = 7/12), 2 muskrats (n = 2/3), and 2 Norway rat
(n=2/2).

3.3.3. Characteristics of the infected rodents

For the nutrias, Leptospira prevalence was uninfluenced by sex, sex-
ual maturity, site, or season (p-value >0.05). That said, there was a
marginally insignificant trend (p = 0.1) whereby Leptospira prevalence
seemed to be higher in the spring than in the autumn (PR = 4.9, Clgso,
[0.9, 91]) and in males versus females (PR = 3.4, Clgso, [0.9, 22]).

3.4. Spatial distribution of rodents and cattle farms

The individuals testing positive for Leptospira (via PCR or MAT)
occurred all along the Vilaine River and across both sites (Fig. 3).

4. Discussion

Our results revealed that substantial numbers of rodents potentially
shed L. interrogans into the environment across seasons, while the cattle
appeared to be experiencing incidental infections, similar to humans.
However, our investigation failed to identify the potential source of L.
kirschneri, which has also caused human cases of leptospirosis. Below,
we discuss the potential animal sources of pathogenic Leptospira and the
challenges inherent to comprehensively describing the reservoirs
responsible for human cases of leptospirosis. We also propose a partial

One Health 18 (2024) 100726

multisectorial framework for implementing future eco-epidemiological
surveys following cases of leptospirosis associated with aquatic recrea-
tional activities.

4.1. Potential animal sources of Leptospira

4.1.1. Cattle were unlikely to be a source of pathogenic Leptospira
Despite our meticulous sampling procedure on the farms, no Lep-
tospira were cultured from any of the 145 urine samples and medium
were contaminated. This outcome might have been the result of culture
contamination, which could have limited our ability to detect lepto-
spires via microscopic observations, and/or the result of culture sensi-
tivity, since the technique is far less sensitive than PCR, as highlighted
by numerous studies [41,42]. However, the urine samples were also PCR
negative for Leptospira DNA, confirming the taxon’s absence. Taken
together, these results strongly suggest that none of the 145 cattle
sampled were infected at the time of sampling, which implies that the
cattle were not contributing to environmental contamination. In addi-
tion, the serological results indicate that the cattle were exposed to the
serogroups Grippotyphosa and Icterohaemorrhagiae. These serogroups
are rarely seen in cattle from France [39], which suggests an unusual
epidemiological situation underlies their circulation at both sites.

4.1.2. Rodents were likely a source of pathogenic Leptospira

The pathogenic species L. interrogans was detected in nutrias,
muskrats, and Norway rats at the two sampling sites along the Vilaine
River, suggesting that infection with this pathogen is common among
local rodent populations.

Norway rat. Although few Norway rats were captured due to their
usual neophobia and the weather conditions (i.e., persistent flooding)
and our estimates of prevalence were imprecise (20%, Clgsy, [2%,
56%]), the level of prevalence within the population was comparable to
that within other populations in previous studies [43,44]. In addition,
the Norway rats were carrying L. interrogans, which was not unexpected,
given that they are maintenance hosts for L. interrogans serogroup
Icterohaemorrhagiae [45]. However, we were unable to genetically
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Fig. 3. Spatial distribution of the rodents and cattle farms tested for Leptospira. For the cattle, samples were collected during session 1 (S1) and session 2 (S2). There
were farms where cattle were exposed to serogroup Grippotyphosa exclusively (GRI); farms where cattle were exposed to various serogroups, including Grippo-
typhosa (GRI - others); and farms where cattle were exposed to various serogroups other than Grippotyphosa (others). Data are not shown for 10 uninfected rodents

(1 from site A and 9 from site B).
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determine the serogroup present because the Leptospira DNA was poor in
quality and quantity. Despite the caveats mentioned above, our results
suggest that, like elsewhere, Norway rats could potentially be reservoirs
of L. interrogans [45,46] and thus could have been responsible for the
human case of leptospirosis in 2018.

Nutrias. Like Norway rats, nutrias seem to be able to carry Leptospira
without experiencing significant health consequences [47,48], which is
consistent with the absence of any organ lesions in this study. Leptospira
prevalence was lower in nutrias than in Norway rats, a finding that is
consistent with previous epidemiological surveys of nutrias in France
[49,50]. In additional studies, L. interrogans was detected in nutrias but
could not be genotyped to determine serogroup identity [51,52].
Further efforts should be made to characterize the Leptospira present
and, eventually, confirm whether the serogroups Australis and Icter-
ohaemorrhagiae predominate, as suggested by past MAT results [50].
Compared to Norway rats, nutrias likely contribute less to the mainte-
nance of L. interrogans. That said, in this ecosystem, nutrias density can
increase drastically, and the relative abundance of a host species is an
important consideration when estimating the risk of leptospirosis faced
by humans.

Muskrats. The prevalence values observed here and elsewhere
[49,50] suggest that muskrats could play a more important role than
nutrias as Leptospira carriers. However, muskrats were scarce among our
field specimens and have a low level of occurrence in the focal
ecosystem, which means that they likely make a limited contribution to
environmental contamination by Leptospira. We found that two of the
three infected muskrats were carrying L. interrogans. This finding is
inconsistent with a previous serological study suggesting that muskrats
might be predominantly infected by Leptospira serogroup Grippoty-
phosa, which is frequently associated with L. krischneri [50,53]. To our
knowledge, this is the first study to describe Leptospira species in
muskrats. Thus, additional research should be performed to flesh out
these preliminary findings and further clarify Leptospira carriage in
muskrats.

4.2. Source of several human cases of leptospirosis remains unidentified

4.2.1. Leptospira circulating in humans and animals

Epidemiological source tracking compares the identity of the Lep-
tospira found in target versus potential source populations utilizing
preferably DNA or serological data. Uncertainty can arise if data on
Leptospira circulation dynamics are missing. Although the outbreak re-
ported by Guillois et al. (2018) was attributed to L. kirschneri serogroup
Grippotyphosa, only 5 of the 14 cases were typed, either via serology (4
Leptospira  serogroup Grippotyphosa) or molecular testing (1
L. kirschneri). During the study period (2018 and 2019), there were two
cases of leptospirosis in humans that were attributed to L. kirschneri,
suggesting that this species recurrently occurs in the environment.
However, it is possible that some of the remaining cases were caused by
other Leptospira species, such as the case related to L. interrogans in 2018.
At least two Leptospira strains are responsible for human infections, with
L. kirschneri being the most frequently detected.

Surprisingly, L. kirschneri was not detected in the animal samples
although it has been responsible for many human infections in the focal
ecosystem. Recent research looking at Leptospira infection has suggested
that placing the rodents’ whole bodies in cold storage prior to tissue
sampling could lead to alterations in DNA structural integrity and, thus,
to underestimates of prevalence [12]. As we employed this cold-storage
method, it is likely that we underestimated the true number of infected
rodents. Furthermore, we were only able to identify Leptospira species
for 11 of the 17 PCR-positive rodents. Our cold-storage method could
have been responsible for the poor quality of the DNA and the inability
to perform genotyping, despite the sensitivity of cPCR testing [35]. This
issue could have limited the likelihood of detecting L. kirschneri, if
present. Like for human cases, it is essential to comprehensively describe
the identity and distribution patterns of host-maintained Leptospira to
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reliably characterize the reservoirs behind leptospirosis outbreaks.
Crucial to this goal are the methodologies used to sample animal spec-
imens and tissues.

4.2.2. Animal sampling

The mammal source of the human cases caused by L. kirschneri could
be a species yet to be sampled. Although we collected the main reported
carriers of Leptospira in the focal ecosystem, it could be that another
animal species was responsible for the above cases. In Western Europe,
L. kirschneri has also been detected in other small mammals known to
occur at sites A and B, such as the wood mouse (Apodemus sylvaticus),
bank vole (Myodes glareolus), greater white-toothed shrew (Crocidura
russula), crowned shrew (Sorex coronatus), and common vole (Microtus
arvalis) [11,13,54]. Furthermore, in a previous study, a single wood
mouse at site A was found to have antibodies against Leptospira
serogroup Grippotyphosa [8], and the common vole is thought to have
caused a leptospirosis outbreak in humans [55]. Taken together, all
these findings indicate that L. kirschneri is likely circulating among small
mammals. Considering that L. krischneri serogroup Grippotyphosa can
survive 72 h at best under the study conditions [56], it seems probable
that Leptospira persists in local water resources because hosts are
continually shedding bacteria. It is important to investigate the ecology
of the small mammals mentioned above and whether or not they could
contaminate water resources directly or indirectly, via bridge hosts [57].
However, access to samples from wild species is limited, and sampling is
extremely restricted in the case of many taxa, such as endangered spe-
cies, given the need to preserve animal populations, health, and welfare.
Some animals, such as mustelids (e.g., species in the genera Martes and
Mustela) could serve as sentinels and be used to characterize the Lep-
tospira genotypes circulating among their prey, which are mainly small
rodents or other small mammals [58].

4.3. Putting the One Health concept into practice

4.3.1. From a collaborative study to a One Health workforce

In our study, we adopted the One Health approach previously
described by the One Health High Level Expert Panel [59] because the
recurrence of leptospirosis in kayakers using the Vilaine River is a
complex health issue involving a strong interdependence among human,
animal, and environmental health. Humans are not the only ones facing
health risks because pathogenic Leptospira in the environment could
cause infections in other susceptible mammals, such as livestock, dogs,
and even endangered species (e.g., Eurasian beaver [Castor fiber], Eu-
ropean mink [Mustela lutreola]) [60,61]. Furthermore, control efforts are
frequently applied to rodent populations to mitigate public health risks
but can elicit animal welfare concerns when evidence for their role as
disease reservoirs is weak [62].

Leptospira infections can have severe consequences for human and
animal health, underscoring the collective need for leptospire-free water
resources and soils, an objective that has brought together multiple
sectors, disciplines, and communities. Here, the result has been a mul-
tisectorial approach that has exploited human and financial resources
provided by institutions focused on human health, animal health, and
environmental protection. In addition, data sampling, submission, and
analysis have been carried out by various stakeholders and communities
(e.g., veterinarians, farmers, kayak professionals, professionals in the
domain of health and environmental safety from public and private
organizations, academics, and laboratories) and required expertise from
various disciplines (e.g., epidemiology, microbiology, pathology, wild-
life ecology, population management, and public health). In this regard,
our multisectorial and multidisciplinary ecoepidemiological research
corresponds to Action Tracks 1.2 and 2.1 in the One Health Joint Plan of
Action, which focuses on methods for facilitating One Health work and
seeks to understand the drivers behind the emergence of zoonotic
pathogens, respectively [31].

Lastly, the collaboration has produced a One Health workforce, as
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required by tri- and quadripartite guidelines for building and imple-
menting a One Health framework [30,31]. This workforce can be
deployed during future collaborative ecoepidemiological surveys.

4.3.2. From a One Health workforce to a One Health framework

Identifying relevant stakeholders is a task required by the tri- and
quadripartite guidelines for building and implementing a One Health
framework [30,31]. This work was a focal point in our study. More
specifically, we have identified the stakeholders that could serve as
potential contributors and the actions that they could undertake (Sup-
plemental Data 3). This list will help pinpoint who should be invited to
participate in future ecoepidemiological surveys and the specific role
they could play. Compared to national or regional stakeholders, local
stakeholders may make highly diverse, informal contributions. For
example, farmers could report the presence of rodents in their pastures,
and everyday citizens could report on any ecosystem changes observed
during their recreational activities. Thus, identifying stakeholders is a
crucial step that should be taken with care and caution. The support of
social scientists can also be sought, which we did not do here.

It is important to fine-tune this One Health framework so that it can
better support leptospirosis management and outbreak preparedness.
Additionally, the framework must include One Health coordination
modalities, action type and timing, task allocation, and instruments for
monitoring framework progress. In France, leptospirosis in humans
recently became a notifiable disease (Article D-31138 of the Public
Health Code modified by the “Décret” n°2023-716). Thus, this One
Health framework will be developed against a backdrop of administra-
tive shifts that will facilitate outbreak reporting in the near future.

5. Conclusion

The repeated occurrences of leptospirosis in kayakers sharing the
same ecosystem were due to L. interrogans and L. kirschneri serogroup
Grippotyphosa. Our investigation to track down the animal sources of
human infections identified the local rodents, nutrias, muskrats and
Norway rats as carriers and potential spreaders of Leptospira interrogans.
However, L. kirschneri was not detected in these animal populations. In
addition, cattle were not a significant source of Leptospira but rather
appeared to have been incidentally infected via exposure to Leptospira in
the environment, as is the case for humans. The spreaders of L. kirschneri
could not be identified in our study and may take part of wildelife other
that invasive species. The limited access to wildlife other than invasive
species, high-quality samples that can be used for diagnostic testing and
DNA sequencing, as well as the gaps in knowledge about the mainte-
nance community were the main challenges to track down the animal
source of Leptospira outbreaks. Future ecoepidemiological research must
be collaborative and multisectorial if we are to progress in describing
reservoir communities and the associated risk of leptospirosis within
ecosystems.
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