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Abstract

Leptospirosis is themost common bacterial zoonosis globally. The pathogen, Leptospira

spp., is primarily associated with rodent reservoirs. However, a wide range of other

species has been implicated as reservoirs or dead-end hosts. We conducted a survey

for Leptospira spp. in bats and rodents from Papua New Guinea. Kidney samples were

collected from97pteropodid bats (five species), 37 insectivorous bats from four differ-

ent families (six species) and 188 rodents (two species). Leptospires were detected in a

high proportion of pteropodid bats, includingNyctimene cf. albiventer (35%),Macroglos-

sus minimus (34%) and Rousettus amplexicaudatus (36%). Partial sequencing of the secY

gene from rodent and bat leptospires showed host species clustering, with Leptospira

interrogans and L. weilii detected in rodents and L. kirschneri and a potential novel

species of Leptospira detected in bats. Further research is needed in PapuaNewGuinea

and other locales in the Pacific region to gain a better understanding of the circula-

tion dynamics of leptospires in reservoir species and the risks to public and veterinary

health.
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1 INTRODUCTION

Leptospirosis is a zoonosis of global distribution with the highest inci-

dence rates reported in tropical areas. A systematic review conducted

in the Pacific Islands showed that human and animal leptospirosis is

widespread in the region while displaying some epidemiological het-

erogeneity (Guernier et al., 2018). In Papua New Guinea, data are

scarce, mostly dating from the 1960s when animal leptospirosis was

investigated throughmicroscopy or serology in selected animal species

(livestock, dogs, bandicoots and rodents; Guernier et al., 2018). The

most recently published survey, conducted in 2004, investigated renal

carriage in cattle and pigs from three Papua New Guinea provinces,

with the detection of Leptospira borgpetersenii in cattle (Wai’in, 2007).

Human cases of leptospirosis in Papua New Guinea have not been

investigated for at least 50 years (Emanuel, 1959; Forbes & Wan-

nan, 1955; Kariks & Stallman, 1968; Willis & Wannan, 1966), but

the high incidence of this disease in the Pacific region (Guernier

et al., 2018), and the prevailing social and environmental conditions

in the country (Horwood et al., 2019), make it likely that leptospiro-

sis incidence is very high in this setting. Recent global studies have

estimated that the rate of leptospirosis in Papua New Guinea is

likely amongst the highest in the world, ranging from > 100 (Costa

et al., 2015) to > 500 (Torgerson et al., 2015) cases per 100,000

population.

Bats have been shown to be an important reservoir of leptospires

in various tropical islands in the Indian Ocean (Dietrich et al., 2015;

Gomard et al., 2016; Lagadec et al., 2012), Malaysia (Thayaparan

et al., 2015) and the West Indies (Bevans et al., 2020). However,

to date, they have not been investigated in Papua New Guinea,

even though the country contains a diverse bat fauna of at least

91 species that includes 21 pteropodids (flying foxes, fruit and blos-

som bats) and 70 insectivorous bats (Bonaccorsco, 1998; Helgen,

2007).

2 MATERIALS AND METHODS

Bats were trapped using mist nets and harp traps as part of biodiver-

sity surveys conducted in October 2014 in Manus Province (Manus

Island) andNew IrelandProvince (Mussau Island) ofPapuaNewGuinea

as previously described (Aplin et al., 2015). Kidney samples were col-

lected from fruit-eating bats (Pteropodidae): Nyctimene cf. albiventer

(n = 29), Macroglossus minimus (n = 35), Rousettus amplexicaudatus (n

= 11), Pteropus cf. admiralitatum (n = 17) and Dobsonia anderseni (n =

5); and insectivorous bats: Mosia nigrescens (n = 2) (Emballonuridae),

Aselliscus tricuspidatus (n = 5; Hipposideridae), Hipposideros calcara-

tus and H. cervinus (n = 21; Hipposideridae), Pipistrellus angulatus (n =

1; Vespertilionidae) and Miniopterus cf. propitristis (n = 8; Miniopteri-

dae; Table 1). Animal collections were conducted following approval

from the Papua New Guinea Department of Environment and Con-

servation, the Provincial Governments of Manus and New Ireland. Bat

specimens were euthanized with isoflurane inhalation in accordance

with an approved animal care and use proposal from the Smithsonian

Institution (NHB-ACUC #2009-4), exported under permit #014273

(dated18November2014) fromthePapuaNewGuineaDepartmentof

Environment and Conservation and deposited and available for study

as voucher specimens at the National Museum of Natural History,

Smithsonian Institution,Washington. DC, USA.

Rodent specimens (Rattus rattus, n = 39; R. exulans, n = 149) were

collected during 2014–2015 as previously described (Robby et al.,

2017) in the Eastern Highlands Province of Papua New Guinea. Kid-

ney samples were collected in the field (5–10mm pieces) and stored in

RNAlater (Merck) before transport to the laboratory where they were

stored at -80◦C until testing.

Total nucleic acids were extracted from kidneys using the DNeasy

Blood and Tissue kit (Qiagen) according to the manufacturer’s instruc-

tions. Extracts were screened for pathogenic Leptospira spp. with a

TaqMan real-time polymerase chain reaction (PCR) targeting the rrs

(16S) gene (Smythe et al., 2002). Leptospira-positive samples were

subjected to conventional PCR amplification, targeting the secY gene

(549-bp fragment), which has been shown to be suitable for species

identification and phylogenetic studies (Ahmed et al., 2006; Guernier

et al., 2017; Medeiros et al., 2020; Perez & Goarant, 2010; Victoria

et al., 2008). All PCRswere runwith negative and positive controls. The

resulting PCR products were sent toMacrogen for Sanger sequencing.

Consensus sequences and alignments were generated with

Geneious Prime 2019.1.1 (Biomatters Ltd). Phylogenetic trees were

constructed using PhyML with Smart Model Selection (Guindon et al.,

2010; Lefort et al., 2017) with the following settings: the substitution

model selection used Akaike Information Criterion; the tree searching

used default settings; the phylogeny was based on the maximum-

likelihood method with 1000 bootstraps. Trees were visualized in

FigTree v1.3.1 (http://tree.bio.ecd.ac.uk/).

3 RESULTS

In total, kidney samples were collected from 97 pteropodid bats (five

species), 37 insectivorous bats from four different families (six species)

and 188 rodents (two species). Real-time PCR screening of these sam-

ples resulted in the detection of Leptospira spp. in a high proportion of

fruit-eating bats (Pteropodidae) from N. cf. albiventer (34.5%), M. min-

imus (34.3%) and R. amplexicaudatus (36.4%; Table 1). Leptospires were

also detected from a high proportion of rodents from R. rattus (20.5%)

and R. exulans (24.2%) as previously reported (Robby et al., 2017).

Molecular testing did not result in the detection of Leptospira sp. in any

of the insectivorous bats or the two other species of pteropodid bats.

However, we cannot make any definite conclusions about leptospiral

carriage in these species as sample sizes were small (one to eight indi-

viduals per species, except for Hipposideros spp. for which we collected

21 individuals).

Leptospira-positive samples (26 bats, 44 rodents) were targeted

for conventional PCR (secY gene), and subsequent Sanger sequenc-

ing successfully generated Leptospira data from nine bat samples and

30 rodent samples. Micromammals collected from Papua New Guinea

were infected with at least four Leptospira species, one of which was
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TABLE 1 Detection of Leptospira spp. in kidney samples collected from bats and rodents from PapuaNewGuinea

Host group (family) Host genera/species Collection provincea
Leptospira positive

(%)

Bats (Pteropodidae) Nyctimene cf. albiventer Manus andNew Ireland 10/29 (34.5)

Macroglossus minimus Manus andNew Ireland 12/35 (34.3)

Rousettus amplexicaudatus Manus andNew Ireland 4/11 (36.4)

Dobsonia anderseni New Ireland 0/5 (0)

Pteropus cf. admiralitatum New Ireland 0/3 (0)

Bats (Emballonuridae) Mosia nigrescens Manus 0/2 (0)

Bats (Hipposideridae) Aselliscus tricuspidatus New Ireland 0/5 (0)

Hipposideros cervinus andH.
calcaratus

New Ireland 0/21 (0)

Bats (Vespertilionidae) Pipistrellus angulatus Manus 0/1 (0)

Bats (Miniopteridae) Miniopterus cf. propitristis New Ireland 0/8 (0)

Rats (Muridae) Rattus rattus Eastern Highlands 8/39 (20.5)b

R. exulans Eastern Highlands 36/149 (24.2)b

a Batswere collected inOctober 2014 onManus Island (Manus Province) andMussau Island (New Ireland Province) of PapuaNewGuinea (Aplin et al., 2015).
b Results were reported in Robby et al. (2017).

possibly an undescribed species (Figure 1). Three leptospires from R.

exulans rodents clustered with L. weilii, while the rest of the rodent

samples (six R. rattus and 21 R. exulans) clustered with L. interrogans,

with a lowdiversity observed in this cluster. Seven bat leptospireswere

clustered with L. kirschneri, with a high diversity observed and host

species-associated clustering. The remaining three bat (all R. amplex-

icaudatus) leptospires clustered together and were closely related to

L. alexanderi and L. mayottensis but did not belong to these species

(maximum of 91% similarity when basic local alignment seach tool

searched against the National Center for Biotechnology Information

database). Interestingly, one R. amplexicaudatus was co-infected with

two different Leptospira (OM811606 andOM811607; Figure 1).

To see how Papua New Guinean bat leptospires compared to Lep-

tospira collected from other bats worldwide, we built a phylogeny

including 42 secY Leptospira sequences from bats only (Figure 2). The

first Leptospira genetic cluster fromPapuaNewGuinean bats wasmost

closely related to a Leptospira kirschneri strain infecting M. natalensis

collected in South Africa. The second Leptospira cluster from Papua

New Guinean bats was detected in four R. amplexicaudatus individ-

uals and was putatively an undescribed species closely related to L.

alexanderi and L. mayottensis. The most closely related sequences to

this potential undescribed species were from genetically related Lep-

tospira infecting other Rousettus species collected in South Africa and

Madagascar.

4 DISCUSSION

Although human leptospirosis has not been recently described in

Papua New Guinea, it was confirmed in the 1950s and 1960s (;

Emanuel, 1959; Forbes & Wannan, 1955; Kariks & Stallman, 1968;

Willis & Wannan, 1966) mostly through seroprevalence studies in the

general population. The detection of several species of pathogenic Lep-

tospira in various micromammals in this study, especially L. interrogans

in rodents (a Leptospira species commonly related to human clinical

casesworldwide) suggests that human leptospirosis is underdiagnosed

in Papua New Guinea. The genetic clustering of the rodent leptospires

detected in this study with regional human cases further supports the

importance of rodents as the primary reservoir for human cases of

leptospirosis.

The findings from this study suggest that fruit-eating bats (Pteropo-

didae) may be an underappreciated reservoir of Leptospira spp. in

Papua New Guinea and potentially other locales in the Pacific region.

Previous studies have found a similar prevalence of leptospires in bats

from Australia (11%; Cox et al., 2005), Madagascar (35%; Lagadec

et al., 2012), China (50%; Han et al., 2018) and Grenada (27%; Bevans

et al., 2020). Leptospira kirschneri was the most commonly detected

leptospire in Papua New Guinean bats, with the strains clustering in

a distinct clade despite the samples being from three different genera

of bats and the two collection sites on different island provinces

separated by > 400 km. A potential novel Leptospira sp. was also

detected in three R. amplexicaudatus bats, adding to previous reports

of the detection of diverse Leptospira species in bats (Dietrich et al.,

2015). This finding shows the potential circulation of an undescribed

Leptospira species in Papua New Guinea but also highlights the rich

biodiversity of this phylum yet to be discovered, in bats especially.

The Leptospira-positive samples from 17 bats and 14 rodents that we

were unable to sequence could hide further diversity, and uncultured

samplesmight prove insufficient to sequence and uncover undescribed

Leptospira species. Comprehensive one-health studies that consider

multiple potential reservoirs and the risk factors for zoonotic trans-

mission are needed to gain a greater understanding of the transmission
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OM811615 PNG Rattus exulans

L. interrogans QSL58 Korea Human

L. interrogans VC6 Andaman India Human

OM811634 PNG Rattus exulans

OM811614 PNG Rattus exulans

OM811619 PNG Rattus exulans

L. kirschneri QSL85 China Apodemus chevrieri

L. interrogans QSL89 Vietnam Human

OM811636 PNG Rattus exulans

OM811603 PNG Rousettus amplexicaudatus

L. meyeri ANIL01000018 Indonesia Rattus

L. santarosai QSL118 USA Opossum

OM811623 PNG Rattus exulans

L. santarosai QSL7 Sri Lanka Human

L. mayottensis JN683934 Mayotte Human

L. weilii QSL39 China Human

L. kirschneri QSL12 Russia Hedgehog

L. kirschneri QSL9 Bulgaria Human

OM811635 PNG Rattus exulans

OM811613 PNG Rattus exulans

L. inadai AHMM02000015 USA Human

OM811601 PNG Nyctimene cf. albiventer

OM811628 PNG Rattus exulans

L. wolbachii AOGZ02000008 USA

OM811637 PNG Rattus exulans

OM811629 PNG Rattus rattus

OM811609 PNG Rattus exulans

OM811631 PNG Rattus exulans

L. interrogans QSL55 Korea Field mouse

L. borgpetersenii QSL108 Kenya Human

OM811622 PNG Rattus exulans

L. terpstrae AOGW02000010 China

L. biflexa CP000786

L. fainei AKWZ02000010 Australia Sus scrofa

OM811612 PNG Rattus rattus

L. kirschneri QSL31 Zaire Human

L. interrogans QSL35 Malaysia Human

L. santarosai QSL100 Brazil rat

L. borgpetersenii R32 Tanzania Crocidura

OM811627 PNG Rattus exulans

L. alexanderi JQGW01000053 China Human

L. kirschneri MK315142 Brazil Hydrochoerus hydrochaeris

OM811624 PNG Rattus exulans

L. interrogans QSL105 Sri Lanka Human

OM811625 PNG Rattus rattus

L. broomii AHMO02000008 Denmark Human

L. alexanderi AHMT02000039 China Human

OM811630 PNG Rattus rattus

L. kirschneri JN683932 Mayotte Human

OM811617 PNG Rattus exulans

OM811620 PNG Rattus exulans

L. noguchii AKWY02000014 Panama Didelphis marsupialis

OM811604 PNG Nyctimene cf. albiventer

OM811599 PNG Nyctimene cf. albiventer

OM811621 PNG Rattus exulans

L. yanagawae AOGX02000024 Brazil water

OM811632 PNG Rattus exulans

L. kmetyi AHMP02000003 Malaysia soil

L. borgpetersenii R35 Tanzania Cricetomys

OM811598 PNG Nyctimene cf. albiventer

L. noguchii AHMF02000105 Hawaii Human

OM811638 PNG Rattus exulans

OM811633 PNG Rattus exulans

OM811600 PNG Macroglossus minimus

OM811608 PNG Rousettus amplexicaudatus

L. licerasiae AFLO01000002 Peru Philander sp.

L. alstonii AOHD02000041 China frog

OM811602 PNG Macroglossus minimus

OM811606 PNG Rousettus amplexicaudatus *

L. weilii AHNC02000010 Laos Human

L. borgpetersenii R61 Portugal Mus musculus

L. wolffii AKWX02000023 Thailand Human

OM811626 PNG Rattus rattus

OM811607 PNG Rousettus amplexicaudatus *

L. interrogans QSL51 Malaysia Rattus muelleri

L. santarosai ANNW01000041 Peru Human

L. vanthielii AOGY02000051 Netherlands water

OM811616 PNG Rattus exulans

OM811611 PNG Rattus rattus

OM811618 PNG Rattus exulans

L. weilii JQRN01000012 Indonesia Human

L. interrogans QSL96 Australia Human

OM811610 PNG Rattus exulans

!

F IGURE 1 Maximum-likelihood (ML) phylogenetic tree (model GTR+G+I; 1000 replicates) inferred from the Leptospira secY gene (515-bp
sequence). Phylogenetic trees were constructed using PhyML based on theMLmethodwith 1000 bootstraps. Trees were visualized in FigTree
v1.3.1 (http://tree.bio.ecd.ac.uk/). Leptospira secY sequences from PapuaNewGuinea are shown in blue (GenBank accession numbers OM811598
toOM811638), sequences from other countries are in black. Names include Leptospira species (when provided in GenBank), identifier or GenBank
accession number, country of collection and host species. Sequences not fromGenBank are from a global collection previously published (Nalam
et al., 2010). The four genetic groups including Papua NewGuinea samples are highlighted in colour. Bootstrap values higher than 70% are
indicated by a dark circle. Black silhouettes represent PapuaNewGuinea host groups (i.e., rodents or bats). Of note, sampleOM811605 (Leptospira
from a Rousettus amplexicaudatus) was not included in this phylogeny as the secY sequence was incomplete (476 bp). * LeptospiraOM811606 and
OM811607were obtained from the same individual (co-infection).

dynamics between leptospiral reservoirs such as rodents and bats and

the potential role that bat-borne leptospires may play in the public

and veterinary health threat of leptospirosis. To date, the role of bats

in the transmission of leptospirosis to humans is unclear as direct

transmission has not been conclusively established. However, the

increasing encroachment of humans into bat habitats coupled with

certain cultural practices may increase the risk for zoonotic cross-over

in some settings as established for the transmission of Nipah virus

from bats to humans in Bangladesh (McKee et al., 2021).

This study is the first investigation of the molecular diversity of

leptospires in Papua New Guinean micromammals and the first to

report the detection of leptospires in Papua New Guinean bats. The

results show that Papua New Guinean rodents and bats carry diverse

Leptospira sp. that are phylogenetically related to strains with known

public and veterinary health impacts. Although leptospirosis has not

been recently reported in Papua New Guinea, this is likely due to the

lack of diagnostic capacity in most hospitals in the country (Greenhill

et al., 2012). Further studies are needed to determine the public health
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MH882945 China Myotis davidii

KP211760 South Africa Rousettus aegyptiacus

Lborg KF928134 Madagascar Myotis goudoti
Lborg KP211755 South Africa Miniopterus natalensis

KP211747 Madagascar Triaenops menamena

OM811599 PNG Nyctimene cf. albiventer
OM811602 PNG Macroglossus minimus

OM811603 PNG Rousettus amplexicaudatus

KP211780 Reunion Mormopterus francoismoutoui

Lborg KF928144 Madagascar Miniopterus majori

MH882950 China Myotis taiwanensis

OM811605 PNG Rousettus amplexicaudatus

KP822667 Madagascar Rousettus madagascariensis

OM811606 PNG Rousettus amplexicaudatus

MH882953 China Myotis davidii

KP211768 Mauritius Mormopterus acetabulosus

OM811608 PNG Rousettus amplexicaudatus

KP211761 South Africa Rousettus aegyptiacus

Lkir KP211757 South Africa Miniopterus natalensis

Lborg KP211776 Comoros Miniopterus griveaudi

OM811607 PNG Rousettus amplexicaudatus

MH882942 China Myotis davidii

Lint KP211775 Comoros Rousettus obliviosus

MH882956 China Myotis taiwanensis

MH882948 China Myotis taiwanensis

KP211762 South Africa Rousettus aegyptiacus

OM811600 PNG Macroglossus minimus

Lborg KP211743 Mozambique Miniopterus sp.

L. biflexa CP000786

KP822666 Madagascar Rousettus madagascariensis
KP822668 Madagascar Rousettus madagascariensis

MH882949 China Myotis taiwanensis

Lborg KF928125 Madagascar Miniopterus griffithsi
Lborg KP211765 South Africa Nycteris thebaica

OM811601 PNG Nyctimene cf. albiventer

KP211751 Madagascar Otomops madagascariensis

OM811598 PNG Nyctimene cf. albiventer

OM811604 PNG Nyctimene cf. albiventer

KP211752 Madagascar Mormopterus jugularis

KP211750 Madagascar Triaenops menamena

KP211763 South Africa Rousettus aegyptiacus

MH882944 China Myotis taiwanensis

KP211764 South Africa Rousettus aegyptiacus

3B

Clade 1

Clade 2

Clade 3

F IGURE 2 ML phylogenetic tree (model HKY85+G+I; 1000 replicates) inferred from the Leptospira secY gene (471-bp sequence) from bats
only. Phylogenetic trees were constructed using PhyML based on theMLmethodwith 1000 bootstraps. Trees were visualized in FigTree v1.3.1
(http://tree.bio.ecd.ac.uk/). Leptospira secY sequences from PapuaNewGuinea are shown in blue, sequences from other countries are in black.
Names include Leptospira species (when provided in GenBank), identifier or GenBank accession number, country of collection and host species.
GenBank accession numbers for our study areOM811598 toOM811638.

burden of leptospirosis in Papua New Guinea and the transmission

links with rodents, bats and other animals.
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