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Abstract

Leptospirosis is a worldwide zoonosis caused by the pathogenic Leptospira spp. Canine
and human leptospirosis sometimes occur on Amami Oshima Island, located in the Nansei
Archipelago, southwestern Japan; however, information on the causative Leptospira spp.
on this island is quite limited. This study aimed to investigate the molecular and serological
characteristics of Leptospira spp. isolated from wild animals and a dog in Amami Oshima
Island. We obtained seven Leptospira strains by culturing kidney tissues of wild animals,
such as black rats (2), wild boars (3), and rabbit (1) as well as blood from a symptomatic
dog. Using flaB sequencing and microscopic agglutination test with antisera for 18 serovars,
the isolates were identified as Leptospira borgpetersenii serogroups Javanica (black rat), L.
interrogans serogroup Australis (black rat and dog), and L. interrogans serogroup Hebdo-
madis (wild boar and rabbit). The sequence type (ST) of L. borgpetersenii serogroup Java-
nica was determined to be ST143 via multilocus sequence typing (MLST) using seven
housekeeping genes. For L. interrogans, MLST and multiple-locus variable-tandem repeat
analysis (MLVA) revealed identical ST and MLVA types in rat and canine isolates, whereas
two STs and MLVA types were identified in wild boar isolates. The STs and MLVA types of
rabbit and one of the wild boars were identical. Bacterial culture and flaB-nested polymerase
chain reaction demonstrated a high rate of Leptospira infection in wild boars (58.3%, 7/12),
whereas Leptospira spp. were detected in 4.8% of black rats (2/42). This study revealed
diverse Leptospira genotype and serotype maintenance in wild mammals on Amami
Oshima Island. MLST and MLVA indicated that black rats were a source of canine infection.
Wild boars carry L. interrogans and are considered an important maintenance host because
antibodies against serogroup Hebdomadis were detected in human and canine leptospirosis
patients on this island.

Introduction

Leptospirosis is a worldwide zoonosis caused by infection with pathogenic spirochetes belong-
ing to the genus Leptospira [1,2]. Pathogenic Leptospira spp. colonize the proximal renal
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tubules of animal reservoirs and are excreted in the urine. Dogs and other mammals, including
humans, are infected with bacteria through direct contact with the urine of reservoir animals
or with the environment, such as water and soil contaminated by their urine [2]. Leptospirosis
is one of the most important canine infectious diseases, and dogs exhibit acute or subacute
hepatic and renal failure [3]. Humans contract the disease, especially when they are engaged in
agricultural work or leisure in freshwaters, such as rivers or lakes [4].

Leptospira spp. are classified into four subclades, P1, P2, S1, and S2, based on genome
sequences, of which species belonging to P1 and P2 can cause leptospirosis [5,6]. Leptospira
spp. are divided into serovars based on their antigenic properties, and antigenically related ser-
ovars are grouped into serogroups [4]. Generally, each serovar is associated with a particular
maintenance host. For example, serovar Icterohaemorrhagiae is maintained by Rattus species,
serovar Hardjo by cattle, and serovar Canicola by dogs [1,4,7]. In contrast to the above specific
serovar-animal association, multiple serovars/serogroups in a single animal species have been
observed in small Indian mongoose or rats [1,8]. Recently, molecular typing methods such as
multilocus sequencing typing (MLST) and multiple-locus variable-number tandem repeat
analysis (MLVA) have been demonstrated to be useful tools for identifying Leptospira sero-
vars/serogroups or discriminating strains within the same serovar [9-15]. These molecular
typing methods indicated an association between virulence and specific Leptospira genotypes
[12-14,16,17].

Amami Oshima Island is located in the Nansei Archipelago and in a subtropical zone
where people frequently have contact with the natural environment or wild mammals because
leisure in rivers and wild mammal hunting involving hounds are popular. Although two cases
of human leptospirosis were reported in 2016 [18,19], and several dogs were clinically sus-
pected to be infected each year, Leptospira spp. have never been isolated from human patients
and wild or domestic animals. Furthermore, prevalent Leptospira genotypes and serotypes
remain unknown. In this study, we isolated and detected Leptospira spp. from wild and feral
animals, as well as in symptomatic dogs. We characterized Leptospira isolates using the micro-
scopic agglutination test (MAT) with antisera for 18 serovars and MLST or MLVA.

Materials and methods
Sampling sites and animals

The present study was conducted on Amami Oshima Island, located in the Nansei Archipel-
ago, southwestern Japan. The island is located at a latitude of 28.19° N and a longitude of
129.22° E. It has a population of approximately 58 thousand people. Sampling sites of wild and
feral animals, as well as places of residence of symptomatic dogs, are shown in Fig 1.

A total of 42 black rats (Rattus rattus) were captured as a bycatch under the extermination
program of invasive feral cats conducted by the Ministry of the Environment, and this investi-
gation was approved by the Ministry. Twelve Ryukyu wild boars (Sus scrofa riukiuanus) and
two goats (Capra aegagrus hircus) were captured by local licensed hunters, and kidney tissues
were provided by them. An Amami rabbit (Pentalagus furnessi) killed by a traffic accident and
collected under the rescue program of injured wild animals conducted by the Ministry of the
Environment was used in this study. The cultivation of Leptospira spp. from dead Amami rab-
bits was also approved by the Ministry. Four dogs with clinically suspected leptospirosis were
included in this study. Blood was collected from the dogs that exhibited (i) at least two of the
four symptoms: fever, vomiting, hyperemia, and hemorrhage of the mucous membranes and
jaundice; and/or (ii) acute renal involvement (abnormal values of creatinine and/or blood urea
nitrogen) of unknown origin; and/or (iii) acute hepatic involvement (abnormal values of ala-
nine aminotransferase, aspartate aminotransferase, and/or alkaline phosphatase) of unknown
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Fig 1. Sampling sites of wild and feral animals as well as places of residence of symptomatic dogs in this study. Circles indicate the sampling sites of wild and feral
animals (A, C, D, F, H-P, and R-T) and places of residence of symptomatic dogs (B, E, G, and Q). Each color represents animal species: blue, black rats; yellow, Ryukyu
wild boars; red, dogs; white, goats; gray, Amami rabbit. The numbers indicate the number of samples collected at each site.

https://doi.org/10.1371/journal.pone.0249987.9001

origin. The consent for collection of blood for Leptospira cultivation was orally obtained from
the owners. The samples were taken from November 2019 to September 2020.

Cultivation of Leptospira spp. from animals

Five square millimeters of the cortex of the kidney tissue of black rats, Ryukyu wild boars,
goats, and Amami rabbit were ground using a sterile 2.5 mL disposable syringe and inoculated
into 4 mL of liquid modified Korthof's medium with 10% rabbit serum [2] and settled at ambi-
ent temperature (20-30°C) overnight. Five hundred microliters of the culture supernatant
were inoculated into 4 mL of Korthof’s medium the next day and cultured at 30°C for 3
months. Rats were euthanized by isoflurane inhalation and processed according to the Ameri-
can Veterinary Medical Association guidelines. The isolation of Leptospira spp. from black rats
was approved by the Ministry of the Environment. One hundred microliters of blood from a
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symptomatic dog were inoculated into 4 mL of Korthof's medium and cultured as described
above. Growth of Leptospira spp. was observed under a dark-field microscope every week in
the first month and once every two weeks. The culture was judged as negative when the growth
of Leptospira spp. was not observed after 3 months.

Species classification of Leptospira isolates

Genomic DNA was extracted from 0.5 mL cultures of the isolates using the DNeasy Blood
and Tissue Kit (QIAGEN, Hilden, Germany). The partial flaB gene was amplified with Takara
EX Taq Hot Start version (Takara Bio, Japan) using the primer set L-flaB-F1 and L-flaB-R1 as
previously described [15]. The polymerase chain reaction (PCR) products were purified with
ExoSAP-IT Express PCR Cleanup Reagents (Applied Biosystems, Foster City, CA, USA)
according to the manufacturer’s instructions. Direct cycle sequencing of the purified PCR
products was performed using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Foster City, CA, USA) with the primers, and the resulting sequences were com-
pared to those of reference strains through BLAST search (https://blast.ncbi.nlm.nih.gov/Blast.
cgi). The flaB sequences were deposited in a public database (DDBJ accession numbers
LC596935-LC596941).

Serogroup identification of Leptospira isolates

Serogroups of the isolates were identified via MAT using a panel of anti-Leptospira rabbit sera
for 18 serovars [12]. Twenty-five microliters of 4- to 7-day-cultures of the isolates were incu-
bated with the same volume of 200-fold antisera diluted with PBS or PBS alone for 2.5 h at
30°C, and the reaction was interpreted as positive when the proportion of free, unagglutinated
leptospires was <50% compared to the control suspension.

MLST

MLST was performed for the Leptospira strains isolated in this study, for those isolated in Kyu-
shu Main Island, and those isolated in Okinawa Prefecture (Table 2) using seven housekeeping
genes, glmU, pntA, sucA, tpiA, pfkB, mreA, and caiB, as previously described [20]. Sequence
type (ST) was assigned using the PubMLST database [21]. Information on the isolates analyzed
in this study and new STs (ST328, ST329, and ST331) obtained in this study have been depos-
ited in the database. Phylogenetic relationships of the concatenated sequences (5°-glmU-pntA-
sucA-tpiA-pfkB-mreA-caiB-3’) determined in this study and deposited in the MLST database
(PubMLST, https://pubmlst.org/organisms/leptospira-spp) were determined by reconstruct-
ing a phylogenetic tree by the maximum likelihood method using IQ-TREE [22] with 1,000
ultrafast bootstrap replicates.

MLVA

MLVA was performed for L. interrogans strains isolated in this study and in Okinawa Prefec-
ture using 11 loci, variable number tandem repeat (VNTR) 4, 7, 10 [23], 19 [9], 23 [11], 31 [9],
27,29, 30, 36, and 50 [10], as previously described [13]. The amplified products were electro-
phoresed on 2% agarose gel, and their sizes were estimated by comparison with a 100 bp ladder
DNA marker or were determined via DNA sequencing as mentioned above. The genome
sequences containing VNTR determined in this study have been deposited in a public database
(DDBJ accession numbers LC619028-1.C619057).
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Leptospiral DNA detection from kidney tissue of wild and feral animals

Genomic DNA was extracted from the kidney tissues of 41 rats, 12 wild boars, two goats, and a
rabbit, using the DNeasy Blood and Tissue Kit (Qiagen). The leptospiral flaB gene was detected
via nested PCR as previously described [12], followed by DNA sequencing with the second
PCR primers of the nested PCR as described above.

Results

Species and serogroups of Leptospira isolated from wild mammals and a
dog in Amami Oshima Island

Leptospira spp. were isolated from three of the 12 Ryukyu wild boars (25%), two of the 42
black rats (4.8%), one Amami rabbit (100%), and one of the four dogs with clinically suspected
leptospirosis (25%, S1 Table). No isolates were obtained from goats. The isolates were identi-
fied as L. interrogans serogroup Hebdomadis (four strains from three wild boars and a rabbit,
sampling sites D, I, and M in Fig 1), L. interrogans serogroup Australis (two from a black rat
and a dog, B and C), and L. borgpetersenii serogroup Javanica (one from a black rat, K)

(Table 1). The flaB sequences were identical for each serogroup.

Molecular typing of Leptospira isolates from wild mammals and a dog in
Amami Oshima Island

MLST using seven housekeeping genes revealed that L. borgpetersenii AMM-001 (rat isolate)
belonged to ST143. The rat and dog isolates of L. interrogans serogroup Australis (AMM-012
and D-KS19-7K) belonged to ST105, which was detected in Okinawa Prefecture and Taiwan,
whereas the L. interrogans serogroup Australis strain isolated from Kyushu Main Island
belonged to the phylogenetically distant lineage, ST120 (Table 2 and S1 Fig). Two ST's were
identified in L. interrogans serogroup Hebdomadis isolates (Table 2). Two of the three Ryukyu
wild boar isolates (AMM-042 and AMM-043) showed the novel ST, ST328, which was phylo-
genetically related to other ST's of serogroup Hebdomadis strains in Japan (S1 Fig). The other
wild boar isolate (AMM-047) and the Amami rabbit isolate (AMM-057) belonged to ST140,
which has been identified in L. interrogans serogroup Hebdomadis strains on Kyushu Main
Island (Table 2).

MLVA was further employed for L. interrogans isolates because MLV A using 11 loci has
higher discriminatory power and was more concordant with serotyping than MLST using
seven housekeeping genes for L. interrogans [13,14]. The rat and dog isolates of L. interrogans
serogroup Australis (AMM-012 and D-KS19-7K) showed the same MLVA profile (MLVA
type) (Table 2). The profile was almost identical to that of the isolates from Okinawa Prefecture
and Taiwan (identity: 10/11, Table 2), whereas it was different from those from Kyushu Main
Island (identity: ~1/11) (Table 2) [13,14]. As with MLST, two MLVA types were identified in
L. interrogans serogroup Hebdomadis isolates: the wild boars and rabbit isolates (AMM-047
and AMM-057) showed identical MLV A profiles, which were identical to those of the isolates
from Kyushu Main Island, whereas they were different from those from Okinawa Prefecture
(identity: ~3/11, Table 2) [13,14]. The MLV A types of AMM-042 and AMM-043 were different
from those of the isolates from Kyushu Main Island and Okinawa Prefecture (identity: ~4/11,
Table 2) [13,14].

Leptospiral DNA detection from kidney tissues of wild and feral animals

Fifty-six kidney samples (41 black rats, 12 wild boars, two goats, and a rabbit) were subjected
to nested PCR, and leptospiral flaB was detected in two rat samples (sampling sites C and K in
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Fig 1), four wild boar samples (T and R), and a rabbit sample (M). Although the PCR-positive
rat and rabbit samples were culture-positive, four PCR-positive wild boar samples were all cul-
ture-negative, and three culture-positive samples were all PCR-negative, suggesting degrada-
tion of DNA during storage. In combination with culture and PCR results, L. interrogans was
detected in seven of the 12 Ryukyu wild boars (58.3%). Three flaB sequences detected in the
wild boar samples were identical to those of the wild boar isolates, whereas the other sequence
was identical to that of the isolates except one doublet peak, which was probably due to mixed
infection.

Discussion
Reservoir animals of Leptospira spp. in Amami Oshima Island

In this study, L. borgpetersenii and L. interrogans were isolated from wild mammals such as
black rat, Ryukyu wild boar, and Amami rabbit. The rat and dog isolates of L. interrogans ser-
ogroup Australis (AMM-012 and D-KS19-7K) showed the same MLVA profiles. Furthermore,
the sampling sites of the rat and dog were almost the same (sites B and C in Fig 1), strongly
suggesting that the dog acquired L. interrogans from black rats or the environment contami-
nated by their urine. Therefore, similar to previous studies conducted in other areas [24,25],
black rats may be an important reservoir of L. interrogans for dogs on Amami Oshima Island.
Although infection of humans with L. interrogans serogroup Australis has never been reported
on this island, the identical ST and the similarity of MLVA profiles between the rat/dog isolates
and the human isolate in Okinawa Prefecture (Table 2) indicated that this strain can cause lep-
tospirosis in humans.

This study demonstrated the high frequency of Leptospira infection in wild boars on this
island: 58.3% of the wild boars examined were culture- or PCR-positive in different areas of
Amami Oshima Island. This positive rate seems higher than that in other areas of Japan: 15.2%
PCR-positive in wild boar kidney samples [26]. Although L. borgpetersenii serovar Tarassovi
and L. interrogans serovars Australis, Bratislava, Icterohaemorrhagiae, and Pomona have been
isolated from European wild boar species in Croatia and Italy [27,28], L. interrogans serogroup
Hebdomadis was identified in wild boars for the first time. The flaB sequences detected from
kidney samples using nested PCR were identical to those of the L. interrogans serogroup Heb-
domadis isolates. Although no Leptospira isolates were obtained, anti-Hebdomadis antibodies
were detected in humans and dogs with leptospirosis on this island (S2 Table) [18]. These
results indicate that wild boars are maintenance hosts of L. interrogans serogroup Hebdomadis
and a source of human and dog infections. In this study, the four PCR-positive wild boar sam-
ples were all culture-negative, and three culture-positive samples were all PCR-negative. The
difference between PCR and culture results in this study was probably due to the lower sensi-
tivity of culture than PCR [29], as well as the possible degradation of DNA during storage.

L. interrogans serogroup Hebdomadis was isolated from an Amami rabbit for the first time,
which is registered as an endangered by the IUCN Red List of Threatened Species and inhabits
only Amami Islands [30]. In Europe, wild rabbits possess high levels of antibodies against Lep-
tospira spp., and Grippotyphosa is the most prevalent serogroup [31,32]. Mild to moderate

Table 1. Species and serogroups of Leptospira isolates obtained in this study.

Species Serogroup Amami rabbit (n=1) Black Rat (n = 42) Goat (n=2) Dog (n=4) Ryukyu wild boars (n = 12)
L. borgpetersenii Javanica 1
L. interrogans Australis 1 1

Hebdomadis 1 3

https://doi.org/10.1371/journal.pone.0249987.t001
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Table 2. STs and MLVA profiles of L. interrogans isolates analyzed in this study.

Strain Serogroup Animal Capture/Residence site® MLSTST VNTR

4 7 10 19 23 27 29 30 31 36 50
AMM-012 Australis Black rat C 105 7 9 13 14 6 10 7 8 1 11 8
AMM-042 Hebdomadis | Wild boar D 328 2 9 10 10 4 13 6 7 1 9 4
AMM-043 Hebdomadis | Wild boar D 328 2 9 10 10 4 13 6 7 1 9 4
AMM-047 Hebdomadis | Wild boar I 140 3 13 11 2 3 4 8 3 4 4
AMM-057 Hebdomadis | Rabbit M 140 3 |13 9 11 2 3 4 8 3 4 4
D-KS19-7K Australis Dog B 105 7 13 14 6 10 7 8 1 11 8
OP098067 Hebdomadis Human = 118 1 5 8 0 3 9 5 3 11 4
OP82 Hebdomadis Human = 118 1 5 7 0 3 9 5 5 11 4
OWO09-1K® Hebdomadis | Dog b 295 1137 103|127 8 1 7 | 4
OR108-1° Hebdomadis | Mouse® b 295 1137 |10 3 | 12|78 1|7 | 4
OP98 Hebdomadis | Human b 295 1 13 7 10 3 12 7 8 1 7 4
OHJ2008-92U Hebdomadis | Mongoose® A 295 1 | 13 7 10 3 12 7 8 1 7 4
OP118096 Hebdomadis Human - 329 2 13 7 10 3 12 7 8 4 7 4
OP83 Hebdomadis | Human b 329 2 | 13 7 10 3 12 7 8 5 7 4
OHJ2008-135U | Hebdomadis | Mongoose® b 329 2 | 13 7 10 3 12 7 8 6 6 4
OHJ2010-G6U Hebdomadis | Mongoose® b 329 2 | 13 7 10 3 12 7 8 7 7 4
OP43 Hebdomadis | Human b 35 2 12 5 6 3 12 6 8 4 6 4
OP088041 Australis Human = 105 7 13 6 6 10 7 8 1 11 8
R725 Australis Rat’ A 105 7 13126 10| 7 |8 1 |11 | 8
D-SA11-7E® Hebdomadis Dog J 36 3 13 16 10 3 9 6 2 2 5 4
D-MZ07-13K® | Hebdomadis | Dog J 37 105 |5 |8 o 1|9 |1 1 11| 4
D-MZ10-8E" Hebdomadis | Dog J 118 1 4 5 9 3 3 9 11 1 11 4
D-MZ10-17E® Hebdomadis | Dog J 119 2 | 13 7 10 3 12 7 8 1 7 4
D-KM11-3E° Hebdomadis Dog J 138 2 13 5 10 3 12 7 8 6 7 4
D-MZ08-2E® Hebdomadis Dog J 140 3 13 9 11 2 3 4 8 3 4 4
AS-KS09-29° Hebdomadis | Mouse® J 140 3139 11| 23| 4|8 |3 | 4|4
D-KS10-5E° Hebdomadis | Dog J 331 2 | 13 5 10 3 12 7 8 1 7 4
D-MZ07-5K® Australis Dog J 37 3 3 |10 0|6 |14 3| 6 0| 4
D-MZ07-15E° | Australis Dog J 37 4 3 /11| 0| 7 |15 3|2 0| 4
D-FO11-11K"* Australis Dog J 120 2 3 10 0 6 15 3 4 0 4

* Capture/residence sites are depicted in Fig 1.

® MLVA profiles of these strains were determined in previous studies [13,14].

¢ The STs of these strains were determined in a previous study [20].

4 Mus caroli.

€ Herpestes auropunctatus.

f Rattus losea.

& Apodemus speciosus.

" captured in Okinawa Prefecture.

! captured in Taiwan.

J captured in Kyushu Main Island.

https://doi.org/10.1371/journal.pone.0249987.t002

interstitial nephritis and necrosis of renal tubules were observed in wild rabbits in Nigeria,

from which L. interrogans serovars Bratislava, Canicola, and Icterohaemorrhagiae were iso-
lated [33]. The MLVA types of wild boar and rabbit isolates were identical in this study
(Table 2). More research is necessary to determine whether Amami rabbits are an incidental
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or maintenance host of L. interrogans serogroup Hebdomadis, as well as conservation strate-
gies for this endangered species.

L. borgpetersenii serogroup Javanica ST143 isolated from black rats in this study is distrib-
uted widely in rats in the Nansei Archipelago and in Asian countries [23,34]. Although there
are no reports on infection of humans or dogs with this strain on this island, ST143 was iso-
lated from leptospirosis patients in Okinawa Prefecture and the Philippines [19,23]. Anti-
Javanica antibodies have been detected in canine sera using MAT in Malaysia and Thailand
[34-36].

Genetic comparison of Leptospira isolates in Amami Oshima Island and
neighboring areas

This study revealed that the rat isolates were genetically more closely related to strains on Oki-
nawa Island than those on Kyushu Main Island, regardless of Leptospira species or serogroup.
In Japan, L. borgpetersenii Javanica ST143 has been detected only in the Nansei Archipelago,
whereas it is widely distributed in Asian countries [14,23]. The ST and MLVA profiles of L.
interrogans serogroup Australis were the same and almost the same as those of the Okinawa
and Taiwan isolates, but different from those of isolates from Kyushu Main Island (Table 2)
[13,14]. Amami Oshima Island was connected to the southwestern part of China, Taiwan, and
Okinawa, but not to other parts of Japan, including Kyusyu Main Island. Amami Oshima
Island had then separated from other islands 1.2 million years ago, and organisms have
evolved separately from Kyushu Main Island and other Japanese islands [37]. Consequently,
many closely related endemic species from Amami Oshima Island and Okinawa Island inhabit
this region [38,39]. Host animals and the environmental influence on them are important fac-
tors in Leptospira diversification [14,40,41], which is a possible reason why serogroups Austra-
lis and Javanica isolates were closely genetically related to those in Okinawa Islands. Indeed,
geographical structuring of genetic diversity has been reported for L. borgpetersenii serogroup
Javanica in southern Japan, the Philippines, and Taiwan [34].

Ryukyu wild boars inhabit the Nansei Archipelago and differ from wild boars in other areas
of Japan [42]. A serosurvey found that Hebdomadis is the most prevalent serogroup among
wild boars on Okinawa Island [43]. In this study, however, the MLVA type/ST140 of ser-
ogroup Hebdomadis isolated from wild boars (and an Amami rabbit) were identified from
those from Kyusyu Main Island and not Okinawa Islands (Table 2) [13,14]. The settlement of
large Japanese field mice from which this MLVA type was isolated on Kyushu Main Island
(Table 2) was not confirmed on this island. Dogs were brought to this island from Kyusyu
Main Island, where this MLV A type was highly isolated from dogs with leptospirosis [12,13].
Although chronic carriage of this MLVA type of L. interrogans serogroup Hebdomadis in
asymptomatic dogs has not been proven, it might be introduced with dogs from Kyushu Main
Island and spread among wild boars. On the other hand, the same ST, ST118, was identified in
human and dog patients both in Kyushu Main Island and Okinawa Prefecture (Table 2), sug-
gesting that there is an unidentified maintenance animal(s) that carries this ST in these areas.
This may also be true for the MLVA type/ST140 of the serogroup Hebdomadis strain. In addi-
tion, novel ST/MLVA profiles were identified in wild boar isolates of the serogroup Hebdoma-
dis. Further research is needed to clarify the phylogenetic relationship of L. interrogans
serogroup Hebdomadis strains in Japan.

Prevention of leptospirosis in Amami Oshima Island

This study revealed that various wild mammals, such as black rats, wild boars, and rabbits,
carry Leptospira spp. on Amami Oshima Island. In particular, Ryukyu wild boars had a high

PLOS ONE | https://doi.org/10.1371/journal.pone.0249987  April 22, 2021 8/12


https://doi.org/10.1371/journal.pone.0249987

PLOS ONE

Characterization of Leptospira spp. in Amami Oshima Island

infection rate (58.3%) and were considered a maintenance host of L. interrogans serogroup
Hebdomadis. Hunting of wild boars is popular on this island, and hunters often disjoint car-
casses with their bare hands. In addition, injured Amami rabbits are commonly rescued and
receive medical treatment at animal hospitals on the island. Moreover, the number of visitors
has increased for river fishing, river kayaking, hiking in the forest, and other activities. Leisure
in freshwater is a well-known risk factor for Leptospira infection [44,45]. Indeed, laboratory-
confirmed leptospirosis patients in 2016 were either involved in leisure activities or working in
ariver [18,19]. Therefore, to prevent human leptospirosis on this island, rubber gloves should
be worn when handling wild boars and rabbits. When entering the river, long-sleeved clothes
should be worn to avoid wounding.

L. interrogans serogroups Australis and Hebdomadis can cause lethal infections in dogs
[13]; however, these serogroup strains are not included in canine vaccines for leptospirosis
currently available in Japan. A significant increase in antibody titers against serogroup Hebdo-
madis in paired serum samples was observed in one dog on Amami Oshima Island in 2018 (S2
Table). Therefore, it is important to keep companion dogs away from environments poten-
tially contaminated with Leptospira spp. to prevent canine leptospirosis.

Supporting information

S1 Fig. Maximum likelihood tree based on the concatenated sequences of seven housekeep-
ing genes from L. interrogans. The STs of serogroups Australis and Hebdomadis identified in
Japan are highlighted in yellow and blue, respectively. The ST highlighted in green indicates
that it is identified both in the serogroups Australis and Hebdomadis in Japan. The novel STs
identified in this study are indicated in red font.

(TIF)

S1 Table. Clinical characteristics and laboratory data of D-KS19-7K.
(DOCX)

$2 Table. Clinical characteristics and laboratory data of the female hunting dog confirmed
as leptospirosis in Amami Oshima Island in 2018.
(DOCX)

Acknowledgments

We are grateful to the Amami Wildlife Center for capturing rats and Shinji Maruyama for han-
dling the dogs and rats. We thank Yuki Masaki for providing the kidney tissues of wild boars
and the Okinawa Prefectural Institute of Health and Environment for providing Leptospira
DNA samples. We also thank Masatomo Morita for his technical assistance and Yojiro Shi-
mada, Seira Uehara, Mayumi Ikeda, Megumi Suzuki, Kaho Sato, and Hinako Haga for their
support throughout this study.

Author Contributions
Conceptualization: Nobuo Koizumi.

Data curation: Nobuo Koizumi.

Formal analysis: So Shinya, Nobuo Koizumi.
Funding acquisition: Nobuo Koizumi.

Investigation: So Shinya, Daigo Negishi, Nobuo Koizumi.

PLOS ONE | https://doi.org/10.1371/journal.pone.0249987  April 22, 2021 9/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249987.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249987.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249987.s003
https://doi.org/10.1371/journal.pone.0249987

PLOS ONE

Characterization of Leptospira spp. in Amami Oshima Island

Methodology: Nobuo Koizumi.

Project administration: So Shinya, Nobuo Koizumi.

Resources: So Shinya, Nobuo Koizumi.

Software: So Shinya, Nobuo Koizumi.

Supervision: Yukinori Muraoka.

Validation: So Shinya, Nobuo Koizumi.

Visualization: So Shinya, Nobuo Koizumi.

Writing - original draft: So Shinya, Nobuo Koizumi.

Writing - review & editing: So Shinya, Yukinori Muraoka, Daigo Negishi, Nobuo Koizumi.

References

1.

10.

1.

12

13.

14.

Bharti AR, Nally JE, Ricaldi JN, Matthuas MA, Diaz MM, Lovett MA, et al. Leptospirosis: a zoonotic dis-
ease of global importance. Lancet Infect Dis. 2003; 3(12): 757-771. https://doi.org/10.1016/s1473-3099
(03)00830-2 PMID: 14652202

Faine S, Adler B, Bolin C, Perolat P. Leptospira and Leptospirosis, 2" ed. Melborne. Medisci. 1999.

Goldstein RE. Canine leptospirosis. Vet Clin North Am Small Anim Pract. 201; 40(6): 1091-1101.
https://doi.org/10.1016/j.cvsm.2010.07.008 PMID: 20933138

Levett PN. Leptospirosis. Clin Microbiol Rev. 2001; 14(2): 296—-326. https://doi.org/10.1128/CMR.14.2.
296-326.2001 PMID: 11292640

Guglielmini J, Bourhy P, Schiettekatte O, Zinini F, Brisse S, Picardeau M. Genus-wide Leptospira core
genome multilocus sequence typing for strain taxonomy and global surveillance. PLoS Negl Trop Dis.
2019; 13(4): e0007374. https://doi.org/10.1371/journal.pntd.0007374 PMID: 31026256

Vincent AT, Schiettekatte O, Goarant C, Neela VK, Bernet E, Thibeaux R, et.al. Revisiting the taxonomy
and evolution of pathogenicity of the genus Leptospira through the prism of genomics. PLoS Negl Trop
Dis. 2019; 13(5): €0007270. https://doi.org/10.1371/journal.pntd.0007270 PMID: 31120895

Bolin CA. Diagnosis and control of bovine leptospirosis. Proceedings of 6th Western Diary Management
Conference. 2003. pp. 155—-160.

Villanueva SYAM, Ezoe H, Baterna RA, Yanagihara Y, Muto M, Koizumi N, et.al. Serologic and molecu-
lar studies of Leptospira and leptospirosis among rats in the Philippines. Am J Trop Med Hyg. 2020; 82
(5): 889-898.

Majed Z, Bellenger E, Postic D, Pourcel C, Baranton G, Picardeau M. Identification of variable-number
tandem-repeat loci in Leptospira interrogans sensu stricto. J Clin Microbiol. 2005; 43(2): 539-545.
https://doi.org/10.1128/JCM.43.2.539-545.2005 PMID: 15695642

Slack A, Symonds M, Dohnt M, Smythe L. An improved multiple-locus variable number of tandem
repeats analysis for Leptospira interrogans serovar Australis: a comparison with fluorescent amplified
fragment length polymorphism analysis and its use to redefine the molecular epidemiology of this sero-
var in Queensland, Australia. J Med Microbiol. 2006; 55(11): 1549-1557. https://doi.org/10.1099/jmm.
0.46779-0 PMID: 17030915

Zuerner RL. Alt DP. Variable nucleotide tandem-repeat analysis revealing a unique group of Leptospira
interrogans serovar Pomona isolates associated with California sea lions. J Clin Microbiol. 2009; 47(4):
1202-1205. https://doi.org/10.1128/JCM.01639-08 PMID: 19204099

Koizumi N, Muto MM, Akachi S, Okano S, Yamamoto S, Horikawa K, et.al. Molecular and serological
investigation of Leptospira and leptospirosis in dogs in Japan. J Med Microbiol. 2013; 62(4): 630—-636.
https://doi.org/10.1099/jmm.0.050039-0 PMID: 23264455

Koizumi N, Muto MM, Izumiya H, Suzuki M, Ohnishi M. Multiple-locus variable-number tandem repeat
analysis and clinical characterization of Leptospira interrogans canine isolates. J Med Microbiol. 2015;
64(3): 288—294. https://doi.org/10.1099/jmm.0.000027 PMID: 25596122

Koizumi N, Izumiya H, Mu JJ, Arent Z, Okano S, Nakajima C, et.al. Multiple-locus variable-number tan-
dem repeat analysis of Leptospira interrogans and Leptospira borgpeterseniiisolated from small feral
and wild mammals in East Asia. Infect Gen Evol. 2015; 36: 434—440. https://doi.org/10.1016/j.meegid.
2015.08.013 PMID: 26296603

PLOS ONE | https://doi.org/10.1371/journal.pone.0249987  April 22, 2021 10/12


https://doi.org/10.1016/s1473-3099%2803%2900830-2
https://doi.org/10.1016/s1473-3099%2803%2900830-2
http://www.ncbi.nlm.nih.gov/pubmed/14652202
https://doi.org/10.1016/j.cvsm.2010.07.008
http://www.ncbi.nlm.nih.gov/pubmed/20933138
https://doi.org/10.1128/CMR.14.2.296-326.2001
https://doi.org/10.1128/CMR.14.2.296-326.2001
http://www.ncbi.nlm.nih.gov/pubmed/11292640
https://doi.org/10.1371/journal.pntd.0007374
http://www.ncbi.nlm.nih.gov/pubmed/31026256
https://doi.org/10.1371/journal.pntd.0007270
http://www.ncbi.nlm.nih.gov/pubmed/31120895
https://doi.org/10.1128/JCM.43.2.539-545.2005
http://www.ncbi.nlm.nih.gov/pubmed/15695642
https://doi.org/10.1099/jmm.0.46779-0
https://doi.org/10.1099/jmm.0.46779-0
http://www.ncbi.nlm.nih.gov/pubmed/17030915
https://doi.org/10.1128/JCM.01639-08
http://www.ncbi.nlm.nih.gov/pubmed/19204099
https://doi.org/10.1099/jmm.0.050039-0
http://www.ncbi.nlm.nih.gov/pubmed/23264455
https://doi.org/10.1099/jmm.0.000027
http://www.ncbi.nlm.nih.gov/pubmed/25596122
https://doi.org/10.1016/j.meegid.2015.08.013
https://doi.org/10.1016/j.meegid.2015.08.013
http://www.ncbi.nlm.nih.gov/pubmed/26296603
https://doi.org/10.1371/journal.pone.0249987

PLOS ONE

Characterization of Leptospira spp. in Amami Oshima Island

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Karunanayake L, Gamage CD, Gunasekara CP, De Silva S, Izumiya H, Morita M, et al. Multilocus
sequence typing reveals diverse known and novel genotypes of Leptospira spp. circulating in Sri Lanka.
PLoS Negl Trop Dis. 2020; 14(8): e0008573. https://doi.org/10.1371/journal.pntd.0008573 PMID:
32841248

Gouveia EL, Metcalfe J, De Carvalho AL, Aires TS, Villasboas-Bisneto JC., Queirroz A, et al. Leptospi-
rosis-associated severe pulmonary hemorrhagic syndrome, Salvador, Brazil. Emerg Infect Dis. 2008;
14(3): 505-508. https://doi.org/10.3201/eid1403.071064 PMID: 18325275

Thaipadungpanit J, Wuthiekanun V, Chierakul W, Smythe LD, Petkanchanapong W, Limpaiboon R,

et al. A dominant clone of Leptospira interrogans associated with an outbreak of human leptospirosis in
Thailand. PLoS Negl Trop Dis. 2007; 1(1): €56. https://doi.org/10.1371/journal.pntd.0000056 PMID:
17989782

Koizumi N, Saito T, Ohnishi M, Sahara A, Tsuchiya Y, Nakodozono F, et al. Recreational leptospirosis
in Japan, except for Okinawa Prefecture, 2016. Infect Agents Surveillance Rep. 2017; 38: 42—43. (in
Japanese)

National Institute of Infectious Diseases, Japan. Annual report of national epidemiological surveillance
of infectious diseases (NESID) program. [cited 2021 Mar 20] [Internet] Available from: https://www.niid.
go.jp/niid/ja/allarticles/surveillance/2270idwr/nenpou/10116-kako2019.html.

Boonsilp S, Thaipadungpanit J, Amornchai P, Wuthiekanun V, Bailey MS, Holden MTG, et.al. A single
multilocus sequence typing (MLST) scheme for seven pathogenic Leptospira species. PLoS Negl Trop
Dis. 2013; 7(1): e1954. https://doi.org/10.1371/journal.pntd.0001954 PMID: 23359622

Public databases for molecular typing and microbial genome diversity [cited 2020 Dec 24]. Database:
PubMLST [Internet]. Available from: https://pubmist.org/organisms/leptospira-spp.

Nguyen LT, Schmidt HA, Von Haeseler A, Minh BQ. IQ-TREE: A fast and effective stochastic algorithm
for estimating maximume-likelihood phylogenies. Mol Biol Evol. 2015; 32(1): 268—-274. https://doi.org/10.
1093/molbev/msu300 PMID: 25371430

Salalin L, Mérien F, Gurianova S, Baranton G, Picardeau M. Application of multilocus variable-number
tandem repeat analysis for molecular typing of the agent of leptospirosis. J Clin Microbiol. 2006; 44(11):
3954-3962. https://doi.org/10.1128/JCM.00336-06 PMID: 17088367

Cosson JF, Picardeau M, Mielcarek M, Tatard C, Chaval Y, Suputtamongkol Y, et al. Epidemiology of
Leptospira transmitted by rodents in Southeast Asia. PLoS Negl Trop Dis. 2014; 8(6): €2902. https://
doi.org/10.1371/journal.pntd.0002902 PMID: 24901706

Perez J, Brescia F, Becam J, Mauron C, Goarant C. Rodent abundance dynamics and leptospirosis car-
riage in an area of hyper-endemicity in New Caledonia. PLoS Negl Trop Dis. 2011; 5(10): e1361.
https://doi.org/10.1371/journal.pntd.0001361 PMID: 22039557

Koizumi N, Muto M, Yamada A, Watanabe H. Prevalence of Leptospira spp. in the kidneys of wild boars
and deer in Japan. J Vet Med Sci. 2009; 71(6): 797-799. https://doi.org/10.1292/jvyms.71.797 PMID:
19578291

Cvetnic Z, Margaletic J, Toncic J, Turk N, Milas Z, Spicic S, et al. A serological survey and isolation of
leptospires from small rodents and wild boars in the Republic of Croatia. Vet Med Czech. 2003; 48(11):
321-329.

Cilia G, Bertelloni F, Angelini M, Cerri D, Fratini F. Leptospira survey in wild boar (Sus scrofa) hunted in
Tuscany, central ltaly. Pathogens. 2020; 9(5): 377. https://doi.org/10.3390/pathogens9050377 PMID:
32423022

Fornazari F, Silva RC, Richini-Perenia VB, Beserra HEO, Luvizotto MCR, Langoni H. Comparison of
conventional PCR, quantitative PCR, bacteriological culture, and Warthin Starry technique to detect
Leptospira spp. in kidney and liver samples from naturally infected sheep from Brazil. J Microbiol Meth.
2012; 90(3): 321-326.

Yamada F, Sugimura K, Abe S, Handa Y. Present status and conservation of the endangered Amami
rabbit Pentalagus furnessi. Tropics. 2000; 10(1): 87—92.

Treml F, Pikula J, Holesovska Z. Prevalence of leptospirosis antibodies in the European hare (Lepus
europaeus Pall.) in the Breclav distinct. Acta Vet Brno. 2003; 72(3): 377-381.

Winkelmayer R, Vodnansky M, Paulsen P, Gansterer A, Treml F. Explorative study on the seropreva-
lence of Brucella-, Francisella-, and Leptospira antibodies in the European hare (Lepus europaeus Pal-
las) of the Austrian—Czech border region. Vet Med Austria. 2005; 92(5): 131-135.

Ajayi OL, Antia RE, Ojo OE, Awoyomi OJ, Oyinlola LA, Ojebiyi OG. Prevalence and renal pathology of
pathogenic Leptospira spp. in wildlife in Abeokuta, Ogun State, Nigeria. Onderstepoort J Vet Res. 2017;
84(1): e1-e9. https://doi.org/10.4102/ojvr.v84i1.1210 PMID: 28397515

PLOS ONE | https://doi.org/10.1371/journal.pone.0249987  April 22, 2021 11/12


https://doi.org/10.1371/journal.pntd.0008573
http://www.ncbi.nlm.nih.gov/pubmed/32841248
https://doi.org/10.3201/eid1403.071064
http://www.ncbi.nlm.nih.gov/pubmed/18325275
https://doi.org/10.1371/journal.pntd.0000056
http://www.ncbi.nlm.nih.gov/pubmed/17989782
https://www.niid.go.jp/niid/ja/allarticles/surveillance/2270idwr/nenpou/10116-kako2019.html
https://www.niid.go.jp/niid/ja/allarticles/surveillance/2270idwr/nenpou/10116-kako2019.html
https://doi.org/10.1371/journal.pntd.0001954
http://www.ncbi.nlm.nih.gov/pubmed/23359622
https://pubmlst.org/organisms/leptospira-spp
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msu300
http://www.ncbi.nlm.nih.gov/pubmed/25371430
https://doi.org/10.1128/JCM.00336-06
http://www.ncbi.nlm.nih.gov/pubmed/17088367
https://doi.org/10.1371/journal.pntd.0002902
https://doi.org/10.1371/journal.pntd.0002902
http://www.ncbi.nlm.nih.gov/pubmed/24901706
https://doi.org/10.1371/journal.pntd.0001361
http://www.ncbi.nlm.nih.gov/pubmed/22039557
https://doi.org/10.1292/jvms.71.797
http://www.ncbi.nlm.nih.gov/pubmed/19578291
https://doi.org/10.3390/pathogens9050377
http://www.ncbi.nlm.nih.gov/pubmed/32423022
https://doi.org/10.4102/ojvr.v84i1.1210
http://www.ncbi.nlm.nih.gov/pubmed/28397515
https://doi.org/10.1371/journal.pone.0249987

PLOS ONE

Characterization of Leptospira spp. in Amami Oshima Island

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Koizumi N, Wada T, Morita M, Mu JJ, Ohnishi M. Comparative genome analysis of Leptospira borgpe-
tersenii serogroup Javanica isolated from Rattus species in southern Japan, Philippines, and Taiwan.
Infect Genet Evol. 2020; 85: 104447 . https://doi.org/10.1016/j.meeqid.2020.104447 PMID: 32619638

Lau SF, Wong JY, Khor KH, Roslan MA, Abdul RMS, Bejo SK, et al. Seroprevalence of leptospirosis in
working dogs. Top Companion Anim Med. 2017; 32(4): 121-125. https://doi.org/10.1053/j.tcam.2017.
12.001 PMID: 29525230

Meeyam T, Tablerk P, Petchanok B, Pichpol D, Padungtod P. Seroprevalence and risk factors associ-
ated with leptospirosis in dogs. Southeast Asian J Trop Med Public Health. 2006; 37(1): 148—153.
PMID: 16771227

Osozawa S, Shinjo R, Armid A, Watanabe Y, Horiguchi T, Wakabayashi J. Paleogeographic recon-
struction of the 1.55 Ma synchronous isolation of the Ryukyu Islands, Japan, and Taiwan and inflow of
the Kuroshio warm current. Int Geol Rev. 2011; 54(12): 1369-1388.

Ota H. The current geographic faunal patterns of reptiles and amphibians of the Ryukyu Archipelago
and adjacent regions. Tropics. 2000; 10(1): 51-62.

Satoguchi H, Maeda Y. A new species of Pieris (Ericaceae) from the Amamioshima, Ryukyu Islands,
Japan. Acta Phytotax Geobot. 2010; 60(3): 159—-162.

Dietrich M, Wilkinson DA, Soarimalala V, Goodman SM, Dellagi K, Tortosa P. Diversification of an
emerging pathogen in a biodiversity hotspot: Leptospira in endemic small mammals of Madagascar.
Mol Ecol. 2014; 23(11): 2783-2796. https://doi.org/10.1111/mec.12777 PMID: 24784171

Dietrich M, Gomard Y, Lagadec E, Ramasindrazana B, Le Minter G, Guernier V, et.al. Biogeography of
Leptospira in wild animal communities inhabiting the insular ecosystem of the western Indian Ocean
islands and neighboring Africa. Emerg Microbes Infect. 2018; 7(1): 57. https://doi.org/10.1038/s41426-
018-0059-4 PMID: 29615623

Watanobe T, Okumura N, Ishiguro N, Nakano M, Mastui A, Sahara M. Genetic relationship and distribu-
tion of the Japanese wild boar (Sus scrofa leucomystax) and Ryukyu wild boar (Sus scrofa riukiuanus)
analysed by mitochondrial DNA. Mol Ecol. 1999; 8(9): 1509-1512. https://doi.org/10.1046/j.1365-294x.
1999.00729.x PMID: 10564456

Nakamura M, Taira K, Ohno A, Masuzawa T, Kadosaka T, Kawabata H, et al. A survey of leptospiral
reservoir animals in Okinawa Prefecture. J Jpn Vet Med Assoc. 2004; 57(5): 321-325. https://doi.org/
10.12935/jvma1951.57.321.

Morgan J, Bornstein SL, Karpati AM, Bruce M, Bolin CA, Austin CC, et al. Outbreak of leptospirosis
among triathlon participants and community residents in Springfold, lllinois, 1998. Clin Infect Dis. 2002;
34(12): 1593-1599. https://doi.org/10.1086/340615 PMID: 12032894

Nakamura M, Taira K, ltokazu K, Kudaka J, Asato R, Kise T, et al. Sporadic cases and outbreaks of lep-
tospirosis are probably associated with recreational activities in rivers in the northern part of Okinawa
Main Island. J Vet Med Sci. 2006; 68(1): 83—-85. https://doi.org/10.1292/jvms.68.83 PMID: 16462124

PLOS ONE | https://doi.org/10.1371/journal.pone.0249987  April 22, 2021 12/12


https://doi.org/10.1016/j.meegid.2020.104447
http://www.ncbi.nlm.nih.gov/pubmed/32619638
https://doi.org/10.1053/j.tcam.2017.12.001
https://doi.org/10.1053/j.tcam.2017.12.001
http://www.ncbi.nlm.nih.gov/pubmed/29525230
http://www.ncbi.nlm.nih.gov/pubmed/16771227
https://doi.org/10.1111/mec.12777
http://www.ncbi.nlm.nih.gov/pubmed/24784171
https://doi.org/10.1038/s41426-018-0059-4
https://doi.org/10.1038/s41426-018-0059-4
http://www.ncbi.nlm.nih.gov/pubmed/29615623
https://doi.org/10.1046/j.1365-294x.1999.00729.x
https://doi.org/10.1046/j.1365-294x.1999.00729.x
http://www.ncbi.nlm.nih.gov/pubmed/10564456
https://doi.org/10.12935/jvma1951.57.321
https://doi.org/10.12935/jvma1951.57.321
https://doi.org/10.1086/340615
http://www.ncbi.nlm.nih.gov/pubmed/12032894
https://doi.org/10.1292/jvms.68.83
http://www.ncbi.nlm.nih.gov/pubmed/16462124
https://doi.org/10.1371/journal.pone.0249987

