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Abstract

Background

Leptospirosis is a zoonotic disease with a worldwide distribution, caused by pathogenic ser-

ovars in the genus Leptospira. Feral pigs are known carriers of Leptospira species and pig

hunting using dogs is a common recreational activity in Queensland, Australia.

Methodology and principal findings

This study aimed to determine the seroprevalence of Leptospira spp. serovars in pig-hunting

dogs above the Tropic of Capricorn in Queensland and by establishing the geographic distri-

bution, serovars and incidence of human cases of leptospirosis in Queensland, identify

potential overlap between human and canine exposure. We also explored the knowledge

and risk-taking behaviours of pig-hunting dog owners towards zoonotic diseases.

Ninety-eight pig-hunting dogs deemed healthy by physical examination and owned by 41

people from Queensland had serum submitted for Microscopic Agglutination Testing (MAT)

to determine antibody titres against Leptospira serovars, while 40/41 dog owners completed

a survey on their knowledge of diseases relating to pig hunting. Human leptospirosis cases

(n = 330) notified to Queensland Health between 2015–2018 were analysed.

Approximately one quarter (23/87; 26%) of unvaccinated pig-hunting dogs were seropos-

itive to Leptospira spp. Although harder to interpret, 8/11 (73%) vaccinated dogs were sero-

positive to Leptospira spp. Pig hunters may be more likely to contract leptospirosis

compared with the general Queensland population, based on responses from surveyed

hunters. The highest concentration of human leptospirosis was in the wet tropics region of

Far North Queensland. There was little overlap between the serovars dogs were exposed to

and those infecting humans. The dominant serovar identified in unvaccinated dogs was

Australis (13/23; 57%), with serovar Arborea (36/330; 10.9%) responsible for the highest

number of human leptospirosis cases. Topaz was the second most common serovar in both
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humans and dogs and was previously unrecorded in Australian dogs. Most hunters sur-

veyed used hand washing as a zoonotic disease risk reduction technique.

Conclusions

Leptospirosis is an emerging disease of growing significance. The infection requires a ‘one

health’ approach to understand its epidemiology. With shifting climatic patterns influencing

human-animal-environment interactions, ongoing monitoring of diseases like leptospirosis

is critical to helping prevent infection of individuals and disease outbreaks.

Author summary

Leptospirosis is a disease caused by pathogenic Leptospira serovars. Leptospira can infect

both humans and animals depending on the species and serovar, with disease resulting

from direct or indirect exposure to infected urine. In Australia, the highest number of

human cases recorded annually occur in the state of Queensland. Feral pig hunting is a

popular recreational activity in this state and hunters often use dogs to ‘flush out’ pigs.

This study investigated whether dogs used to hunt feral pigs were exposed to Leptospira
serovars, the geographic distribution of human leptospirosis cases and canine exposure to

Leptospira serovars in Queensland, and the knowledge of this disease amongst owners of

pig-hunting dogs. We found that roughly one quarter of unvaccinated pig-hunting dogs

had been exposed to Leptospira spp. The wet tropics region of Far North Queensland was

found to be the location of highest risk for exposure to Leptospira for humans. There was

little overlap between the serovars dogs had been exposed to and those reported to have

caused disease in humans, except for the serovars Topaz, Australis, Grippotyphosa, and

Pomona. Finally, pig hunters were found to be at increased risk of being diagnosed with

leptospirosis compared to the Queensland public and engaged in risky hunting practices

such as not wearing personal protective equipment (PPE). Our findings reinforce the

emerging significance of leptospirosis for physicians and veterinarians in Australia.

Introduction

Leptospirosis is a zoonotic disease with a worldwide distribution and emerging significance [1,

2]. It is caused by pathogenic serovars in the bacterial genus Leptospira, including some capa-

ble of infecting both humans and animals [3]. These spirochetes have the potential to infect

the kidneys of mammals after direct exposure to urine from an infected mammal, or indirectly

via soil and water contaminated with infected urine [4]. Critically, leptospirosis can have

widely different clinical manifestations depending on the size of the inoculum, infecting sero-

var, host species and pre-existing host immunity [5]. Mammalian species can be either inci-

dental hosts, which may or may not show clinical signs of disease, or maintenance hosts,

which are usually infected without showing clinical signs, but contribute significantly to organ-

ism shedding and transmission [6].

The genus Leptospira has a long history of changing taxonomic and genomic classification.

Currently the genus is considered to have two clades (pathogenic and saprophytic), with each

clade further divided into subclades (P1, P2, S1 and S2) [7]. Subclade P1 contains 64 patho-

genic species including those commonly infecting humans and animals [7]. Leptospira spp.

can also be classified into serovars, which have limited taxonomic utility but can play an
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important role in epidemiologic investigations. Each Leptospira serovar has a distinct biocli-

matic niche, with defined predilections for incidental and maintenance hosts [5]. It is this

diversity, as well as the dose of the infective inoculum and immune competence and species of

the host, that contribute to the variable clinical presentations encountered in infected human

and veterinary patients [8]. For this reason, research conducted in different bioclimatic regions

and countries may not be comparable if local serovars and maintenance host populations dif-

fer substantially [9].

Across Australia, cattle, pigs, horses, dogs, cats, macropods, possums, bandicoots, rats,

mice, seals and Tasmanian devils have been found to carry Leptospira spp. [10–15]. With

many unique native animal species, it is crucial to determine the epidemiology of leptospirosis

within an Australian context. The pattern of disease seen in association with Leptospira sero-

vars is likely to be influenced by a changing climate, thus determination of the current geo-

graphic distribution of leptospirosis assists with disease preparedness in a changing world.

Queensland (Qld) is the second largest state in Australia by land area. At more than 1.7 mil-

lion square kilometres, it is roughly 4.8 times bigger than Germany and annually records the

highest number of human leptospirosis cases in the country. Although leptospirosis is consid-

ered an occupational risk for farmers, veterinarians, meat workers and military personnel, it is

increasingly recognised as a risk for campers, white water rafters and those who participate in

sport or other outdoor activities in potentially contaminated areas [16]. It is a notifiable disease

for human patients in Qld, but not for companion or production animal species [16, 17].

All probable and confirmed human cases of leptospirosis are reported to Queensland

Health’s Public Health Units in accordance with the Public Health Regulation 2018. The World

Health Organisation (WHO)/Office International des Epizooties (OIE) Leptospirosis Refer-

ence Laboratory for Australia is based in Brisbane, Queensland’s capital [18]. This reference

laboratory, which serotypes most notified cases of leptospirosis in Australia, tests serum

against a panel of 22 serovars, including 16 local and six transboundary serovars, using Micro-

scopic Agglutination Testing (MAT). The passive nature of leptospirosis surveillance means

little is known about the geographic distribution of serovars within Australia.

Feral pigs (Sus scrofa) are an important pest species in Queensland, where a large propor-

tion of Australia’s estimated 3.5–24 million feral pigs are located [19, 20]. Feral pigs were intro-

duced by European colonists in the early 1800s and cause extensive damage to crops and

native forests [19]. As a declared pest, Australian landowners have a legal responsibility to

remove pest animals such as pigs from their land by poisoning, shooting or other means. Partly

as a result of this, pig hunting has become a popular activity in Queensland, particularly in

Central, North and far North Queensland, with many hunters using dogs to flush pigs out of

difficult to access land [21]. Feral pig hunting is a known risk factor for humans contracting

brucellosis caused by the zoonotic bacterium Brucella suis [22, 23]. Dogs (Canis lupus famil-
iaris) used for pig hunting have also been shown to contract B. suis during hunts or when fed

the uncooked flesh of feral pigs [24].

Leptospirosis is an emerging infectious disease in Australian dogs. Historically, it has been

understudied. Following outbreaks between 2018 and 2021 in Sydney and Melbourne, Austra-

lia’s two largest cities, with a mortality rate in dogs of 88%, canine leptospirosis has captured

the attention of Australia’s veterinary and dog-owning communities [25].

There are two canine vaccines currently available in Australia to help prevent development

of disease due to Leptospira infection. An Australian Pesticides and Veterinary Medicines

Authority (APVMA) registered, killed, adjuvanted vaccine produced by Boehringer Ingelheim

(Protech1 C2i) [26] is used to protect against disease caused by serovar Copenhageni for up

to 12 months. An APVMA restricted use, killed, adjuvanted bespoke vaccine (AUSLEPTO,

Tréidila Biovet) [27] can be used on dogs in Queensland and the Northern Territory to help
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protect against disease caused by serovar Australis for up to 12 months. Both vaccines can be

given concurrently in high-risk areas like Queensland, although uptake is currently unknown

and no cross-protection between serovars is thought to be provided. While vaccination against

Leptospira is not considered ‘core’ by the Australian Veterinary Association or World Small

Animal Veterinary Association [28, 29], the recommendation has always been to ‘use in geo-
graphical areas where a risk of exposure has been established or for dogs whose lifestyle places
them at risk’ [29]. Until recently, vaccination against leptospirosis was not recommended out-

side of North Queensland and the Northern Territory [30].

As feral pigs are known carriers of Leptospira spp., particularly Leptospira interrogans sero-

var Pomona [31], we hypothesised that dogs used for pig hunting would be exposed during

hunts to this and other Leptospira spp. shed in the environment by other animals. Pig-hunting

dogs have been shown to act as sentinels for other diseases affecting the wider canine popula-

tion [32], therefore we aimed to determine if they could also act as a sentinel population for

leptospirosis in both canine and human populations.

This study therefore aimed to determine the seroprevalence of Leptospira spp. serovars in

pig-hunting dogs above the Tropic of Capricorn in Queensland and by establishing the geo-

graphic distribution, serovars and incidence of human cases of leptospirosis in Queensland,

identify potential overlap between human and canine exposure. People travel regularly for

work and recreation, such that some human cases of leptospirosis are acquired in locations

outside their local region. The serovars detected in human cases of leptospirosis may shed light

on the serovars that pig-hunting dogs are exposed to above the Tropic of Capricorn. Further-

more, although seropositivity suggests past exposure, it can be used to evaluate the burden of

disease in an environment. Comparing human leptospirosis with canine Leptospira spp. expo-

sure can therefore reveal potential ‘hot spots’ or regions of increased risk. We also explored the

knowledge and risk-taking behaviours of pig-hunting dog owners towards zoonotic diseases to

determine whether pig-hunters may be at an increased risk for developing clinical or subclini-

cal leptospirosis.

We explored whether pig-hunting dogs in Queensland have high rates of Leptospira spp.

exposure; whether common serovar exposures would be evident in humans and canines from

the same geographic areas in Queensland; and whether less than 50% of pig-hunting dog own-

ers would take any steps to reduce their risk of exposure to zoonotic diseases. These enquiries

were based on personal experience and previous research into pig-hunting dogs [21, 32].

Materials and methods

Ethics statement

Ethics approval for obtaining notified human cases of leptospirosis was given by The Univer-

sity of Sydney Human Research Ethics Committee (approval number 2019/394). Ethics

approval for the survey of hunters was obtained from The University of Sydney Human

Research Ethics Committee (approval number 2018/317). Ethics approval for all animal han-

dling and sampling was obtained from The University of Sydney Animal Ethics Committee

(approval number 2018/1341).

Sample population—dogs

Ten veterinary clinics above the Tropic of Capricorn in Central, North and Far North Queens-

land were approached first by email, then in person, to participate in this study. Clinics were

chosen based on location, as clinics in rural and regional areas were more likely to have pig

hunter clientele. Eight clinics participated in the study, enrolling dogs from the regions around

Sarina, Clermont, Proserpine, Charters Towers, Tully, Innisfail, Malanda, and the Atherton
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Tableland (Fig 1). All dogs enrolled were older than six months-of-age. The key inclusion cri-

teria specified that the dog must have been currently used for pig hunting. Participating veteri-

nary clinics provided medical histories for each patient, and the following data were captured:

the dog’s age, breed, sex, reproductive state (sexually intact vs neutered) and vaccination his-

tory at the time of sampling. Dogs were considered vaccinated for Leptospira interrogans sero-

var Copenhageni and/or Leptospira interrogans serovar Australis if they had received

appropriate vaccination in accordance with WSAVA vaccination guidelines [29], within 12

months of sampling, which took place over a four-month period between August and Novem-

ber 2018.

A registered veterinarian performed a physical examination and declared each dog to be

healthy prior to sampling. Free-catch urine samples were collected where possible, then frozen

and stored at -20˚C before being sent to a commercial laboratory (IDEXX Laboratories) for

real-time polymerase chain reaction (qPCR) testing for Leptospira spp. DNA. Whole blood (3–

5 mL) was collected via cephalic venepuncture, stored on ice, and allowed to clot; serum was

harvested, aliquoted and stored at -20˚C prior to submission to the Australian reference labo-

ratory for MAT (S1 Table). An agglutination result at 1/50 dilution or higher was considered a

Fig 1. Location of the eight participating veterinary clinics in a serosurvey of pig-hunting dogs from above the

Tropic of Capricorn (black line) in the state of Queensland, Australia (Source: https://d-maps.com/carte.php?num_

car=63942&lang=en).

https://doi.org/10.1371/journal.pntd.0010100.g001
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potentially positive titre in accordance with the reference laboratory standards [15, 33]. Dogs

that recorded multiple positive titres were assigned primary serovar(s) based on the highest

titre(s) and absence of known cross reactions to the serovar with the highest titre. Known

cross reactions include Australis with Copenhageni; Copenhageni with Zanoni; Zanoni with

Robinsoni; Pomona with Djasiman and Cynopteri; and Grippotyphosa with Australis. Sero-

vars without known cross reactions were recorded as independent positive results. As vaccina-

tion is suspected of causing antibodies detectable on MAT [34–36], canine results were

divided into vaccinated and unvaccinated groups.

Sample population—dog owners

Owners self-identified their dogs as being used for pig hunting. They completed a survey while

a blood sample was obtained from their dog. The survey (S1 Text) was paper-based and com-

prised 34 questions: four open questions and 30 closed or semi-closed questions. The survey

was broadly divided into five themes: demographic information about the respondent; infor-

mation about their hunting dogs; hunting style and geographical location of their hunts; gen-

eral health of their dogs; and knowledge and awareness of zoonotic disease risks including use

of personal protective equipment (PPE) during hunts.

Sample population–human cases of leptospirosis

Data on leptospirosis in human patients were obtained from the Queensland Health Epidemi-

ology Unit via a Public Health Act request for notified cases of leptospirosis between January

2015 and December 2018. These dates captured sufficient human cases for robust analysis

while encompassing the sampling and exposure period of the canine study participants. The

national case definition for leptospirosis in Australia, as defined by the Commonwealth

Department of Health [37], is that only confirmed cases should be notified. Confirmed cases

of leptospirosis require definitive laboratory evidence of infection. Definitive evidence falls

into one of three areas:

1. Isolation of pathogenic Leptospira species in cell culture, or

2. A four-fold or greater rise in Leptospira MAT between acute and convalescent phase sera

obtained at least two weeks apart and preferably conducted at the same laboratory, or

3. A single Leptospira MAT� 400 supported by a positive enzyme-linked immunosorbent

assay (ELISA) IgM result.

In Queensland, however, all suspected or laboratory confirmed cases of leptospirosis are

reported to the epidemiology unit. Queensland Health also includes laboratory evidence, such

as detection of Leptospira by nucleic acid testing, in their notification criteria.

De-identified data obtained from Queensland Health on notified cases of leptospirosis

included age, gender, Statistical Area 2 region (SA2; medium-sized areas that represent a com-

munity which interacts together socially and economically; the smallest area able to be released

without risking patient identification), date the disease was notified to authorities and date of

disease onset. In some cases, the serovar was also identified.

Data analysis

Data was mapped using National Map (https://nationalmap.gov.au/), an Australian Govern-

ment open-source software for mapping using Statistical Area Levels. The age and seropreva-

lence in unvaccinated and vaccinated dogs were compared using Mann-Whitney tests.

Fisher’s exact tests were used to compare the likelihood that vaccinated and unvaccinated dogs
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registered a positive Leptospira spp. titre and was also used to compare the rate of leptospirosis

in surveyed pig hunters with the Queensland population. A significance level of P< 0.05 was

used for all statistical tests.

Results

Sample population–dogs

Serum samples were obtained from 98 pig-hunting dogs, owned by 41 different people. Urine

samples were collected from 21 of the 98 pig-hunting dogs. Completed paper surveys were

received from 40/41 pig-hunting dog owners. The medical records of all 98 dogs were retrieved

from the recruiting veterinary clinics.

Ten urine samples from Leptospira seropositive dogs were tested for Leptospira spp. DNA

and all returned a negative result.

A total of 31 dogs (31/98; 32%) recorded Leptospira spp. antibodies to at least one serovar at

a titre of 1/50 or greater. As some dogs were vaccinated against serovars Australis and/or

Copenhageni, these results were therefore further divided into unvaccinated dogs and vacci-

nated dogs.

i) Canine seroprevalence (unvaccinated dogs; n = 87). Of 87 unvaccinated pig-hunting

dogs, 23 (26%) recorded a positive Leptospira titre on MAT, with seven dogs (8%) recording a

titre of 1/400 or greater (Table 1). Seropositive unvaccinated dogs (median age 3 years; IQR

2.8–5.5 years) were significantly older than seronegative unvaccinated dogs (median age 2

years; IQR 1.88–3.5 years) (P = 0.032; Mann-Whitney U-test). Neutering rates between sero-

negative (7/64; 11%) and seropositive (3/23; 13%) unvaccinated dogs were not significantly dif-

ferent (P = 0.72). Fig 2 shows the diversity of primary serovars detected in the unvaccinated

canine cohort.

ii) Canine seroprevalence (vaccinated dogs; n = 11). Eight of 11 (73%) vaccinated dogs

recorded a Leptospira titre above 1/50. Ten dogs were vaccinated against both Copenhageni

and Australis, while one dog was vaccinated against serovar Australis only. Compared with

unvaccinated dogs, vaccinated dogs were significantly more likely to register a positive Leptos-
pira titre (23/87 vs 8/11; P = 0.038; two-tailed Fisher’s Exact test). Only two primary serovars

were reported in the 11 vaccinated dogs, Australis and Zanoni, with one dog recording a 1/

1600 titre to serovar Zanoni (S2 Table). Vaccinated dogs were significantly older (median age

6 years; IQR 5–8 years) than unvaccinated dogs (median age 3 years; IQR 2–4 years)

(P = 0.001; Mann-Whitney U-test). Three vaccinated dogs (27%) had no detectable circulating

anti-Leptospira spp. antibodies.

Sample population—dog owners. Table 2 demonstrates the awareness pig hunters

reported of the risks of zoonotic disease as a result of pig hunting. Further information on the

questions posed to pig hunters with dogs is found in S1 Text. Two of the 40 (5%) dog owners

stated they had previously had leptospirosis, which is significantly higher (P < 0.00001; Fish-

er’s exact test) than the notification rate of leptospirosis in Queensland (1.85 cases per 100,000

people) [38]. Table 3 demonstrates that 70% of hunters (28/40) reported using hand washing

as a risk-reduction strategy, although only 38% (15/40) reported wearing protective clothing

and only one (1/40; 3%) reported wearing gloves during hunts.

Sample population–Human cases of leptospirosis

A total of 330 human cases of leptospirosis were reported during the period January 2015 to

December 2018, with 208 cases occurring in the study area of Central and North Queensland,

as per SA2 regional definitions (SA2 regions above the Tropic of Capricorn). Approximately

one third of human cases (107/330; 32%) had serovars recorded (Fig 2). Serovar Arborea was
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Table 1. Signalment, Leptospira serovar and titre of unvaccinated pig-hunting dogs with positive Leptospira titres.

Breed or type Age (years) Sex Leptospira serovars detected� Titre of primary serovar(s)

Pitbull X Boxer 3 FN Australis 1/50

Bull Arab X 3 M Pomona; Cynopteri 1/50

Bull Arab X Cattle Dog 6 F Szwajizak 1/50

Bull Arab X 7 F Topaz 1/50

Bull Mastiff X Bull Arab 3 M Pomona; Grippotyphosa; Cynopteri; Djasiman 1/100; 1/50

Mastiff X 7 M Pomona; Cynopteri; Djasiman 1/100

Bull Arab 13 M Zanoni 1/100

Ridgeback X 0.5 M Grippotyphosa 1/100

Bull Terrier X Bull Arab 3 F Australis 1/100

Smithfield Cattle Dog X 3 M Australis; Topaz 1/200; 1/100

Bull Arab X Staffy 6.5 M Australis; Topaz 1/200; 1/100

Great Dane X Mastiff 3 M Australis 1/200

Bull Mastiff X 9 M Australis 1/200

Cattle Dog X 4 F Szwajizak 1/200

Mastiff X Great Dane 5 M Topaz 1/200

Bull Terrier X Cattle Dog 3.5 F Australis; Topaz 1/200; 1/200

Bull Arab 2.5 F Pomona; Cynopteri; Topaz; Copenhageni; Zanoni; Djasiman; Bulgarica; Grippotyphosa 1/400; 1/200

Ridgeback X 6 FN Australis; Grippotyphosa 1/400

Cattle Dog X 2 F Australis 1/400

Cattle Dog X 2 M Australis; Canicola; Szwajizak; Cynopteri; Panama 1/800

Bull Arab X Catahoula 3 M Australis 1/800

Greyhound X Staghound 3 MN Australis 1/800

Bull Arab 1 M Australis 1/1600

� (titre >1/50) with primary serovar(s) in bold; abbreviations: X crossbred; M male intact; F female intact; FN spayed female; MN male castrated

https://doi.org/10.1371/journal.pntd.0010100.t001

Fig 2. Serovars of leptospirosis cases in humans notified to Queensland Health from 2015–2018 (blue histograms)

and primary serovar(s) of 23 unvaccinated pig-hunting dogs sampled for Leptospira spp. (orange histograms) as

part of a serosurvey in 2018 from above the Tropic of Capricorn in Queensland, Australia. Five dogs had more

than one primary Leptospira serovar detected and ‘other’ includes serovars such as Zanoni, Szwajizak, Djasiman and

Canicola.

https://doi.org/10.1371/journal.pntd.0010100.g002
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responsible for more than one third of human cases (36/107; 34%), with serovars Hardjo and

Topaz the next most common infecting serovars (both 12/107; 11% each).

Geographic distribution. Fig 3 shows the concentration of seropositive dogs and human

leptospirosis cases in the wet tropics region of Far North Queensland. The five SA2 regions

with the highest number of human leptospirosis cases were Johnstone (38 cases), Tully (32

cases), Innisfail (27 cases), Malanda-Yungaburra (16 cases) and Daintree (12 cases). These

regions cover an area of approximately 3000km2 in the wet tropics region of Queensland.

The distribution of human leptospirosis cases across different age groups in males and

females is illustrated in Fig 4. Of the 330 leptospirosis cases in Queensland, 84% were male

(277/330), with males between 19–30 years old accountable for almost a quarter of the cases

(78/330; 24%).

Discussion

Leptospirosis is an important but incompletely understood disease of domestic animals and

humans above the Tropic of Capricorn in Queensland, Australia. The interactions between

host species, maintenance species and the environment [38], combined with numerous sero-

vars and probable unknown wildlife reservoir species, adds complexity. This makes increasing

our knowledge of the epidemiology of leptospirosis critical to understanding the risks faced by

people and dogs that live in the tropical north, particularly as human cases appear to be

increasing [39].

Determining the seroprevalence of Leptospira spp. serovars in pig-hunting dogs above the

Tropic of Capricorn in Queensland helps our understanding of the role their lifestyle and

exposure to both the environment and feral pigs has on seropositivity. Due to the uncertain

impact of the two available canine vaccinations in Australia on Leptospira spp. seropositivity

Table 2. Survey of 40 pig-hunting dog owners in 2018 regarding zoonotic disease risk posed by pig hunting with

dogs.

Question Answer (number of

respondents)

Q30 Have you ever become sick and been diagnosed with Q fever, brucellosis or

leptospirosis?

Yes (2)

No (36)

Not sure (2)

Q31 If yes, which disease(s) have you been diagnosed with? Leptospirosis (2)

Q32 Did you know that feral pigs can carry all three of these diseases? Yes (35)

No (5)

Q33 Did you know that pig-hunting dogs can become infected with all three of

these diseases?

Yes (34)

No (6)

https://doi.org/10.1371/journal.pntd.0010100.t002

Table 3. Results from the survey of 40 pig-hunting dog owners in 2018 to Question 34, ‘Do you take any precau-

tions when killing pigs to avoid contracting these diseases [Brucellosis, Q Fever, Leptospirosis]?’.

Precaution Number (percentage) of hunters that take precautions during hunts

None 6 (15%)

Wash hands 28 (70%)

Wear protective clothing (e.g., long shirts) 15 (38%)

Wash equipment 8 (20%)

Avoid feral pig organs 13 (33%)

Wear gloves 1 (3%)

https://doi.org/10.1371/journal.pntd.0010100.t003
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and MAT cross-reactivity, results from the serosurvey were split and analysed based on vacci-

nation status. Unvaccinated dogs, which formed the majority of the sampled population, pres-

ent an opportunity to analyse canine MAT results free of the confounding effects of

vaccination.

Currently, Australia has two monovalent vaccines available commercially for dogs for pro-

tection against Leptospira serovars Copenhageni and Australis, with the Australis vaccine not

used outside Australia. Both vaccines are thought to reduce the severity of disease rather than

actually preventing infection [32, 33]. Neither vaccine has supporting data available from the

respective manufacturers concerning the antibody and cell-mediated immune response to vac-

cination by dogs in the field, and this is a research gap that requires attention.

Fig 3. (A) Distribution of human cases of leptospirosis notified to Queensland Health from 2015–2018; (B) Distribution of

unvaccinated canine seropositives on microscopic agglutination testing (MAT) for Leptospira species from a 2018

serosurvey of pig-hunting dogs (Source: https://www.nationalmap.gov.au/. Commonwealth of Australia (Geoscience Australia)

2020. Released under Creative Commons Attribution 4.0 International License).

https://doi.org/10.1371/journal.pntd.0010100.g003

Fig 4. Gender distribution of human leptospirosis cases notified to Queensland Health from 2015–2018.

https://doi.org/10.1371/journal.pntd.0010100.g004
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Of the 23 unvaccinated pig-hunting dogs seropositive to Leptospira spp. (Table 1), seven

had Leptospira titres above 1/400, with three recording titres of 1/800 and one recording a titre

above 1/1600. All the dogs in this study were considered clinically normal at the time of vene-

puncture based on an unremarkable physical examination. There is established doctrine in

human leptospirosis diagnostic criteria that one titre of>1/400 for a pathogenic serovar is

considered diagnostically positive for leptospirosis [16, 37]. However, this doctrine hasn’t been

established in dogs. We believe a>1/400 titre may be considered a presumptive positive in

unvaccinated dogs, potentially reflecting recent clinical or subclinical disease or current sub-

clinical (asymptomatic) disease, or both [40]. However, the absence of Leptospira spp. DNA in

the 10 urine samples from a range of seropositive dogs (including four with titres in excess of

1/400) suggests a genuine absence of active clinical disease at the time of testing. It should be

noted that urinary shedding can be intermittent, therefore active infection with Leptospira spp.

could not be ruled out as a reason for the observed high Leptospira titres [41]. While MAT is

the preferred serological test in dogs, more research should be conducted on establishing the

cut-off titre for a presumptive positive diagnosis in this species. Unvaccinated seropositive

dogs were significantly older than unvaccinated seronegative dogs, consistent with a cumula-

tive lifetime exposure risk to Leptospira spp. for hunting dogs [42].

The unvaccinated pig-hunting dogs sampled registered high titres (>1/400) against sero-

vars Australis, Topaz, Pomona, Szwajizak, Grippotyphosa and Zanoni (Fig 2). Excluding sero-

var Pomona, which is known to be carried by feral pigs, it appears the environment above the

Tropic of Capricorn represents a key Leptospira spp. exposure risk for pig-hunting dogs as the

other serovars are carried by native marsupials, rats, mice and cattle [33, 43–47]. With some

overlap between human and canine serovars, particularly serovars Topaz, Australis, and

Pomona, it is possible pig-hunting dogs are acting as sentinels, or even incidental hosts, for

human leptospirosis. The Centre for Disease Control in the USA recognises pet dogs as a pos-

sible source of Leptospira spp. exposure in humans [48], although dogs are generally consid-

ered to be an uncommon source of infection in humans [6, 49, 50].

Topaz has, prior to the present study, been unrecorded in dogs in Australia, although it has

been found in cattle, bandicoots, and kangaroos [44, 51]. Our data found it was the second

most common primary serovar in our canine population as well as a corresponding human

population. It is unknown what role serovar Topaz plays in canine clinical disease, although

it’s relatively recent discovery in 1990 and it’s increasing prevalence in human notifiable cases

[51], might suggest the environmental exposure risk for Topaz infection is increasing. It would

also be worthwhile conducting further research into the role of this serovar in clinical disease

in dogs.

The most common serovar recorded in humans in Queensland between 2015 and 2018 was

Arborea (Fig 2). Serovar Arborea is found in rats and mice across the world, and since its first

detection in Queensland in 1998, it has been found throughout the state [52]. It is often

detected in patients involved in agricultural industries, as is serovar Hardjo, which was also

frequently detected in human patients in Queensland. Serovar Hardjo also has a worldwide

distribution and is primarily carried by cattle [47, 53–56]. Interestingly, serovar Australis, the

most detected serovar in dogs, was only responsible for seven (6.5%) human cases of leptospi-

rosis. There must be a logical reason for the difference in serovar prevalence in humans com-

pared with dogs, but currently we lack the insight to understand this aspect of the

epidemiology. Similarly, we currently do not understand why serovar Arborea is compara-

tively rare in dogs while being so common in human patients.

It is possible the geographic distribution of serovars plays a role in the serovar prevalence

between humans and dogs. North and Far North Queensland are arguably the leptospirosis

‘hot spots’ for Australia in terms of human disease. Although sparsely populated, with a small
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permanent human population, the region is responsible for a substantial proportion of Austra-

lia’s human leptospirosis notifications every year [38]. A quarter (21/82; 25.6%) of all research

papers on leptospirosis in humans in Australia concern this geographic region, even though

less than 3% of Australia’s population lives there [57]. Notifiable cases of human leptospirosis

from 2015–2018 were concentrated in Far North Queensland, with some overlap in canine

unvaccinated seropositive cases (Fig 3). North and Far North Queensland includes the

UNESCO Wet Tropics World Heritage Area. Tropical towns in this region such as Babinda

and Innisfail receive annual rainfall in excess of 3,560 mm [58]. As a result, pooling ground

water and run-off is present near continuously for several months of the year. These condi-

tions are ideal for the spread of Leptospira spp., which can survive for up to 152 days in fresh

water [5]. Additionally, the wet tropics is incredibly biodiverse, which intensifies the complex

interactions between humans, animals and the environment [59].

Until now, there have only been 13 published studies on Leptospira spp. exposure and dis-

ease in dogs in Australia [12, 13, 25, 60–69]. Four studies were serosurveys [12, 60, 61, 64],

which provides limited information on historical canine exposure to Leptospira spp. serovars.

The usefulness of the data from these older studies in comparison with contemporary canine

populations is limited. Since the first canine serosurvey was published in 1952, there have been

significant changes to serovar typing and serogroup taxonomy, as well as the set points for pos-

itive titre cut-offs and serological methodology. This makes comparing serosurveys across

time challenging.

Additionally, single timepoint serosurveys demonstrate past and current exposure but do

not give information on the timing of exposure or whether the detected serovar caused clinical

or subclinical disease at that time [70]. Future studies investigating pig-hunting dogs should

include ‘control’ populations of farm or companion dogs to determine the influence hunting

has compared with other interactions with the environment, such as herding livestock [71,

72]. Pig-hunting dogs often travel to hunting locations outside of their home base, which

makes isolating the exact location of infecting serovars difficult. The high level of seropositivity

in this cohort of pig-hunting dogs suggests hunting dogs in Central, North and Far North

Queensland may have an increased risk of being exposed to the agents responsible for

leptospirosis.

Vaccination should result in antigen-specific antibodies being produced by B lymphocytes

and plasma cells, with long-term immunity requiring either persistence of antibody titres

above a protective threshold and/or the stimulation and maintenance of immune memory B

and T cells [73]. Studies in dogs concerning several polyvalent Leptospira spp. serovar vaccines,

covering serovars Canicola, Grippotyphosa, Icterohaemorrhagiae and Pomona, have shown

high immediate post-vaccinal titres of up to 1/6400 can be achieved [35, 36], followed by a sub-

stantial drop six months post-vaccination [36, 65], with some dogs registering a poor anam-

nestic response by only one month post-vaccination [36]. Of the 11 vaccinated dogs in the

current study, 27% (3/11) had no circulating antibodies; but this does not mean memory B

and T cells had not been primed, particularly as killed vaccines, like the Australis and Copen-

hageni vaccines, promote a humoral immunity resulting in decreasing antibody titres over

time [34, 74].

The potential cross reaction between Australis and Copenhageni makes interpreting post-

vaccination results challenging, as both currently available canine vaccines are directed against

one or the other of these serovars. The high proportion of vaccinated dogs seropositive to

Zanoni (5/11; 45.5%) compared with unvaccinated dogs (1/87; 1.1%), suggests there may be an

unknown cross reaction occurring between either of the canine vaccines and Zanoni on the

MAT. Several serovars have known cross-reactions on MAT, and there are likely unknown

additional cross reactions in dogs.
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Our data showed that human leptospirosis in Queensland is a disease that predominantly

affects men (84%, 277/330). This is not unexpected, as the occupations most at risk like farm-

ers, meat workers or the military, are male dominated [38, 75, 76]. The age group at greatest

risk of contracting leptospirosis appears to be between 18–30 years of age (Fig 4). Previously

research has found that pig hunters in Queensland who use dogs also fit this demographic of

young men [21, 77].

The average annual notification rate of leptospirosis in Queensland between 2007 and 2016

was 1.85 cases per 100,000 population, or 0.002% of the population annually [38]. Recreational

exposure is an emerging risk [38, 39], and our finding that 5% (2/40) of pig hunters surveyed

had apparently contracted leptospirosis (Table 2), indicates that pig hunting may increase the

risk of exposure to Leptospira spp. It is possible that pig hunting (slaughtering animals, butch-

ering carcases) per se and activities commonly associated with pig hunting (camping, wading

through wet vegetation such as cane fields) both increase exposure to Leptospira spp. [22].

Alternatively, our findings that pig hunters may be more likely to contract leptospirosis com-

pared with the general population, highlights that such individuals could have additional risk

factors compared to the general population, such as being employed in farming or meat pro-

cessing or belonging to the key demographic of young men. Further research should be done

to determine if the activity of pig hunting increases the risk of human leptospirosis, as it is cur-

rently not identified as a risk factor by Queensland Health [39].

As recreational activities are an emerging risk for leptospirosis in Australia, more research

is justified on the impact of leptospirosis on hunters and whether risk-reduction activities can

play a role in improving human health outcomes [78]. Our research showed that 15% (6/40) of

pig hunters take no simple precautions to reduce the risk of zoonotic disease during hunts,

with 70% (28/40) washing their hands during hunts but only 3% (1/40) wearing gloves while

hunting (Table 3). However, hunter awareness of the risks posed by zoonotic diseases carried

by feral pigs and hunting dogs was high (Table 2). There appears to be an opportunity to utilise

a health promotion strategy to bridge the knowledge-action gap among hunters to devise prac-

tical risk-reduction strategies that limit pig hunters’ risk of contracting zoonotic diseases

including leptospirosis.

As climate change is predicted to increase flooding and monsoonal conditions in Queens-

land [79], the significance of the environment in leptospirosis transmission is likely to increase

[55]. In Australia, known Leptospira spp. maintenance hosts like feral pigs, rodents and marsu-

pials interact with wet conditions to create a ‘perfect storm’ for incidental hosts like humans

and dogs, who are exposed through recreational activities such as pig hunting and camping.

Further research should be conducted to determine exposure risks to Leptospira spp. in

humans and the likelihood of exposure resulting in disease. The real rate of leptospirosis in

Queensland is likely underreported [55, 80], and increased detection and reporting of identi-

fied serovars would assist with epidemiologic modelling, particularly in a changing climate.

There may also be significant benefits in making canine leptospirosis a notifiable disease in

Queensland, given the important role the state plays in maintaining the disease in Australia

and the zoonotic potential. Ensuring all canine cases of leptospirosis were notified to veteri-

nary and public health authorities would provide important data for disease monitoring, as

well as providing accurate data on infecting serovars to allow the registration or development

of more suitable canine vaccines.

Effective human vaccination against leptospirosis remains an elusive goal, with issues relat-

ing to serovar diversity, short duration of immunity and severe side effects needing to be over-

come [81]. However, vaccination of dogs against leptospirosis is readily available, and our

results show that dogs in North and Far North Queensland should at least be vaccinated

against serovar Australis to prevent severe disease. Future research on the role serovar Topaz

PLOS NEGLECTED TROPICAL DISEASES Leptospirosis in pig-hunting dogs and humans in North Queensland

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010100 January 18, 2022 13 / 18

https://doi.org/10.1371/journal.pntd.0010100


plays in clinical canine leptospirosis should be explored, as it appears dogs in North Queens-

land are being increasingly exposed to this serovar.
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34. André-Fontaine G, Triger L. MAT cross-reactions or vaccine cross-protection: retrospective study of

863 leptospirosis canine cases. Heliyon. 2018 Nov; 4(11):e00869. https://doi.org/10.1016/j.heliyon.

2018.e00869 PMID: 30426097

35. Midence JN, Leutenegger CM, Chandler AM, Goldstein RE. Effects of Recent Leptospira Vaccination

on Whole Blood Real-Time PCR Testing in Healthy Client-Owned Dogs. J Vet Intern Med. 2012 Jan; 26

(1):149–52. https://doi.org/10.1111/j.1939-1676.2011.00852.x PMID: 22182214

36. Martin LER, Wiggans KT, Wennogle SA, Curtis K, Chandrashekar R, Lappin MR. Vaccine-Associated

Leptospira Antibodies in Client-Owned Dogs. J Vet Intern Med. 2014 May; 28(3):789–92. https://doi.

org/10.1111/jvim.12337 PMID: 24597674

37. PHLN. Leptospirosis Laboratory Case Definition (LCD) [Internet]. Leptospirosis Laboratory Case Defini-

tion. 2008 [cited 2021 Feb 28]. Available from: https://www1.health.gov.au/internet/main/publishing.nsf/

Content/cda-phlncd-leptospirosis.htm

38. Lau CL, Townell N, Stephenson E, van den Berg D, Craig SB. Leptospirosis: An important zoonosis

acquired through work, play and travel. Aust J Gen Pract. 2018 Mar 1; 47(3):105–10. https://doi.org/10.

31128/AFP-07-17-4286 PMID: 29621837

39. Health Queensland. Queensland experiences spike in leptospirosis cases [Internet]. 2021 May. Avail-

able from: https://www.health.qld.gov.au/news-events/doh-media-releases/releases/queensland-

experiences-spike-in-leptospirosis-cases

40. O’Keefe J, Jenner J, Sandifer N, Antony A, Williamson N. A serosurvey for antibodies to Leptospira in

dogs in the lower North Island of New Zealand. N Z Vet J. 2002 Jan 2; 50(1):23–5. https://doi.org/10.

1080/00480169.2002.36245 PMID: 16032205

41. Schuller S, Francey T, Hartmann K, Hugonnard M, Kohn B, Nally JE, et al. European consensus state-

ment on leptospirosis in dogs and cats. J Small Anim Pract. 2015 Mar; 56(3):159–79. https://doi.org/10.

1111/jsap.12328 PMID: 25754092

42. Lee HS, Guptill L, Johnson AJ, Moore GE. Signalment Changes in Canine Leptospirosis between 1970

and 2009. J Vet Intern Med. 2014 Mar; 28(2):294–9. https://doi.org/10.1111/jvim.12273 PMID:

24372922

43. Smith DJ, Brown HE. Two additional serotypes of leptospirae from North Queensland. Australas Ann

Med. 1955; 4(4):287–90. https://doi.org/10.1111/imj.1955.4.4.287 PMID: 13293108

PLOS NEGLECTED TROPICAL DISEASES Leptospirosis in pig-hunting dogs and humans in North Queensland

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010100 January 18, 2022 16 / 18

https://doi.org/10.1186/s12917-016-0835-0
http://www.ncbi.nlm.nih.gov/pubmed/27613248
https://doi.org/10.1111/avj.13148
https://www.boehringer-ingelheim.com.au/animal-health/australia/dogs-au
https://www.boehringer-ingelheim.com.au/animal-health/australia/dogs-au
https://myhealthbox.eu/en/view/2222088/2c9b199da9f1fa6ffe9b55616af753c5/leaflet
https://myhealthbox.eu/en/view/2222088/2c9b199da9f1fa6ffe9b55616af753c5/leaflet
https://www.ava.com.au/policy-advocacy/policies/companion-animals-health/vaccination-of-dogs-and-cats/
https://www.ava.com.au/policy-advocacy/policies/companion-animals-health/vaccination-of-dogs-and-cats/
https://doi.org/10.1111/jsap.2%5F12431
https://doi.org/10.1111/jsap.2%5F12431
http://www.ncbi.nlm.nih.gov/pubmed/26780857
https://vetpracticemag.com.au/dog-owners-urged-to-speak-to-their-vet-about-the-risk-of-leptospirosis/
https://vetpracticemag.com.au/dog-owners-urged-to-speak-to-their-vet-about-the-risk-of-leptospirosis/
https://doi.org/10.7589/0090-3558-34.4.738
https://doi.org/10.7589/0090-3558-34.4.738
http://www.ncbi.nlm.nih.gov/pubmed/9813843
https://doi.org/10.1186/s13071-020-3943-4
http://www.ncbi.nlm.nih.gov/pubmed/32054524
https://doi.org/10.1016/s0378-1135%2898%2900203-x
https://doi.org/10.1016/s0378-1135%2898%2900203-x
http://www.ncbi.nlm.nih.gov/pubmed/9791870
https://doi.org/10.1016/j.heliyon.2018.e00869
https://doi.org/10.1016/j.heliyon.2018.e00869
http://www.ncbi.nlm.nih.gov/pubmed/30426097
https://doi.org/10.1111/j.1939-1676.2011.00852.x
http://www.ncbi.nlm.nih.gov/pubmed/22182214
https://doi.org/10.1111/jvim.12337
https://doi.org/10.1111/jvim.12337
http://www.ncbi.nlm.nih.gov/pubmed/24597674
https://www1.health.gov.au/internet/main/publishing.nsf/Content/cda-phlncd-leptospirosis.htm
https://www1.health.gov.au/internet/main/publishing.nsf/Content/cda-phlncd-leptospirosis.htm
https://doi.org/10.31128/AFP-07-17-4286
https://doi.org/10.31128/AFP-07-17-4286
http://www.ncbi.nlm.nih.gov/pubmed/29621837
https://www.health.qld.gov.au/news-events/doh-media-releases/releases/queensland-experiences-spike-in-leptospirosis-cases
https://www.health.qld.gov.au/news-events/doh-media-releases/releases/queensland-experiences-spike-in-leptospirosis-cases
https://doi.org/10.1080/00480169.2002.36245
https://doi.org/10.1080/00480169.2002.36245
http://www.ncbi.nlm.nih.gov/pubmed/16032205
https://doi.org/10.1111/jsap.12328
https://doi.org/10.1111/jsap.12328
http://www.ncbi.nlm.nih.gov/pubmed/25754092
https://doi.org/10.1111/jvim.12273
http://www.ncbi.nlm.nih.gov/pubmed/24372922
https://doi.org/10.1111/imj.1955.4.4.287
http://www.ncbi.nlm.nih.gov/pubmed/13293108
https://doi.org/10.1371/journal.pntd.0010100


44. Roberts M, Smythe L, Dohnt M, Symonds M, Slack A. Serologic-based investigation of leptospirosis in

a population of free-ranging Eastern Grey Kangaroos (Macropus giganteus) indicating the presence of

Leptospira weili serovar Topaz. J Wildl Dis. 2010; 46(2):564–9. https://doi.org/10.7589/0090-3558-46.

2.564 PMID: 20688651

45. Corney BG, Slack AT, Symonds ML, Dohnt MF, McClintock CS, McGowan MR, et al. Leptospira weilii

serovar Topaz, a new member of the Tarassovi serogroup isolated from a bovine source in Queens-

land, Australia. Int J Syst Evol Microbiol. 2008; 58(Pt 10):2249–52. https://doi.org/10.1099/ijs.0.64884-0

PMID: 18842835

46. Abdollahpour G, English AW, Tasler J. Isolation of Leptospira interrogans serovar grippotyphosa from a

heifer in New South Wales. Aust Vet J. 1996; 73(3):109–10. https://doi.org/10.1111/j.1751-0813.1996.

tb09990.x PMID: 8660211

47. McClintock CS, McGowan MR, Corney BG, Colley J, Smythe L, Dohnt M, et al. Isolation of Leptospira

interrogans serovars hardjo and zanoni from a dairy herd in north Queensland. Aust Vet J. 1993; 70

(10):393–4. https://doi.org/10.1111/j.1751-0813.1993.tb00826.x PMID: 8257323

48. Centre for Disease Control. Leptospirosis [Internet]. U.S. Department of Health and Human Services.

2015 [cited 2021 May 12]. Available from: https://www.cdc.gov/leptospirosis/pets/prevention/index.html

49. Feigin RD. Human Leptospirosis from Immunized Dogs. Ann Intern Med. 1973 Dec 1; 79(6):777.

https://doi.org/10.7326/0003-4819-79-6-777 PMID: 4586815

50. Fraser DW. Leptospirosis Caused by Serotype fort-Bragg: A Suburban Outbreak. Ann Intern Med.

1973 Dec 1; 79(6):786. https://doi.org/10.7326/0003-4819-79-6-786 PMID: 4796910

51. Slack AT, Symonds ML, Dohnt MF, Corney BG, Smythe LD. Epidemiology of Leptospira weilii serovar

Topaz infections in Australia. Commun Dis Intell Q Rep. 2007; 31(2):216–22. PMID: 17724998

52. Lau CL, Skelly C, Dohnt M, Smythe LD. The emergence of Leptospira borgpetersenii serovar Arborea

in Queensland, Australia, 2001 to 2013. BMC Infect Dis. 2015; 15(100968551):230. https://doi.org/10.

1186/s12879-015-0982-0 PMID: 26072306

53. Corbould A. Leptospira hardjo in Tasmania. Aust Vet J. 1971; 47(1):26. https://doi.org/10.1111/j.1751-

0813.1971.tb09204.x PMID: 5100644

54. Ellis GR, Partington DL, Hindmarsh M, Barton MD. Seroprevalence to Leptospira interrogans serovar

hardjo in merino stud rams in South Australia. Aust Vet J. 1994; 71(7):203–6. https://doi.org/10.1111/j.

1751-0813.1994.tb03402.x PMID: 7945098

55. Smith JKG, Young MM, Wilson KL, Craig SB. Leptospirosis following a major flood in Central Queens-

land, Australia. Epidemiol Infect. 2013; 141(3):585–90. https://doi.org/10.1017/S0950268812001021

PMID: 22625176

56. Gordon LM. Leptospira interrogans serovar hardjo infection of cattle. Aust Vet J. 1979; 55(1):1–5.

https://doi.org/10.1111/j.1751-0813.1979.tb09532.x PMID: 435201

57. Anonymous. Population [Internet]. Australian Bureau of Statistics. 2020 [cited 2020 Oct 31]. Available

from: https://www.abs.gov.au/statistics/people/population/regional-population-age-and-sex/latest-

release

58. Anonymous. Queensland population [Internet]. State of the Environment—Queensland Government.

2020 [cited 2020 Oct 31]. Available from: https://www.abs.gov.au/statistics/people/population/regional-

population-age-and-sex/latest-release

59. DES. A biodiversity planning assessment for the wet tropics bioregion: Expert panel report [Internet].

Department of Environment and Science; 2020 Sep [cited 2020 Oct 31] p. 150. Available from: https://

www.qld.gov.au/__data/assets/pdf_file/0016/113317/bpa-wet-tropics-expert-panel-report.pdf

60. Spradbrow P.B. A serological survey of Brisbane dogs for leptospiral antibodies. Aust Vet J. 1962; 38

(1):20–4.

61. Forbes BRV, Lawrence JJ. A serological survey of dogs in Australia for Leptospiral infection. Aust Vet J.

1952 Mar; 28(3):72–5.

62. Emanuel ML, Mackerras IM, Smith DJW. The epidemiology of leptospirosis in North Queensland: I.

General survey of animal hosts. Epidemiol Infect. 1964 Dec; 62(4):451–84.

63. Watson AD, Wannan JS, Porges WL, Testoni FJ. Leptospiral agglutinins in dogs in Sydney. Aust Vet J.

1976; 52(9):425–6. https://doi.org/10.1111/j.1751-0813.1976.tb09519.x PMID: 1016169

64. Zwijnenberg RJG, Smythe LD, Symonds MI, Dohnt MF, Toribio J-ALML. Cross-sectional study of

canine leptospirosis in animal shelter populations in mainland Australia. Aust Vet J. 2008; 86(8):317–

23. https://doi.org/10.1111/j.1751-0813.2008.00324.x PMID: 18673473

65. Gray DF. Canine leptospiral jaundice in Queensland. Aust Vet J. 1940; 16(5):200–3.

66. Boon RD. Some observations on cystitis, nephritis and leptospirosis in small animals. Aust Vet J. 1952

Mar; 28(3):81–4.

PLOS NEGLECTED TROPICAL DISEASES Leptospirosis in pig-hunting dogs and humans in North Queensland

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010100 January 18, 2022 17 / 18

https://doi.org/10.7589/0090-3558-46.2.564
https://doi.org/10.7589/0090-3558-46.2.564
http://www.ncbi.nlm.nih.gov/pubmed/20688651
https://doi.org/10.1099/ijs.0.64884-0
http://www.ncbi.nlm.nih.gov/pubmed/18842835
https://doi.org/10.1111/j.1751-0813.1996.tb09990.x
https://doi.org/10.1111/j.1751-0813.1996.tb09990.x
http://www.ncbi.nlm.nih.gov/pubmed/8660211
https://doi.org/10.1111/j.1751-0813.1993.tb00826.x
http://www.ncbi.nlm.nih.gov/pubmed/8257323
https://www.cdc.gov/leptospirosis/pets/prevention/index.html
https://doi.org/10.7326/0003-4819-79-6-777
http://www.ncbi.nlm.nih.gov/pubmed/4586815
https://doi.org/10.7326/0003-4819-79-6-786
http://www.ncbi.nlm.nih.gov/pubmed/4796910
http://www.ncbi.nlm.nih.gov/pubmed/17724998
https://doi.org/10.1186/s12879-015-0982-0
https://doi.org/10.1186/s12879-015-0982-0
http://www.ncbi.nlm.nih.gov/pubmed/26072306
https://doi.org/10.1111/j.1751-0813.1971.tb09204.x
https://doi.org/10.1111/j.1751-0813.1971.tb09204.x
http://www.ncbi.nlm.nih.gov/pubmed/5100644
https://doi.org/10.1111/j.1751-0813.1994.tb03402.x
https://doi.org/10.1111/j.1751-0813.1994.tb03402.x
http://www.ncbi.nlm.nih.gov/pubmed/7945098
https://doi.org/10.1017/S0950268812001021
http://www.ncbi.nlm.nih.gov/pubmed/22625176
https://doi.org/10.1111/j.1751-0813.1979.tb09532.x
http://www.ncbi.nlm.nih.gov/pubmed/435201
https://www.abs.gov.au/statistics/people/population/regional-population-age-and-sex/latest-release
https://www.abs.gov.au/statistics/people/population/regional-population-age-and-sex/latest-release
https://www.abs.gov.au/statistics/people/population/regional-population-age-and-sex/latest-release
https://www.abs.gov.au/statistics/people/population/regional-population-age-and-sex/latest-release
https://www.qld.gov.au/__data/assets/pdf_file/0016/113317/bpa-wet-tropics-expert-panel-report.pdf
https://www.qld.gov.au/__data/assets/pdf_file/0016/113317/bpa-wet-tropics-expert-panel-report.pdf
https://doi.org/10.1111/j.1751-0813.1976.tb09519.x
http://www.ncbi.nlm.nih.gov/pubmed/1016169
https://doi.org/10.1111/j.1751-0813.2008.00324.x
http://www.ncbi.nlm.nih.gov/pubmed/18673473
https://doi.org/10.1371/journal.pntd.0010100


67. Corbould A. Leptospirosis icterohemorrhagiae in dogs in Tasmania. Aust Vet J. 1968; 44(11):529.

https://doi.org/10.1111/j.1751-0813.1968.tb09022.x PMID: 5749416

68. Rothwell JT. Serum agglutinating antibodies to Leptospira interrogans serovar canicola presumed due

to serovar robinsoni infection in an Australian dog. Aust Vet J. 1990; 67(6):232.

69. Miller RI, Ross SP, Sullivan ND, Perkins NR. Clinical and epidemiological features of canine leptospiro-

sis in North Queensland. Aust Vet J. 2007; 85(1–2):13–9. https://doi.org/10.1111/j.1751-0813.2006.

00089.x PMID: 17300446

70. Gautam R, Wu C-C, Guptill LF, Potter A, Moore GE. Detection of antibodies against Leptospira sero-

vars via microscopic agglutination tests in dogs in the United States, 2000–2007. Sci Rep. 2010; 237

(3):6. https://doi.org/10.2460/javma.237.3.293 PMID: 20673110

71. Harland A, Cave N, Jones B, Benschop J, Donald J, Midwinter A, et al. A serological survey of leptop-

siral antibodies in dogs in New Zealand. N Z Vet J. 2013; 61(2):98–106. https://doi.org/10.1080/

00480169.2012.719212 PMID: 23013160

72. Stokes JE, Kaneene JB, Schall WD, Kruger JM, Miller R, Kaiser L, et al. Prevalence of serum antibodies

against six Leptospira serovars in healthy dogs. J Am Vet Med Assoc. 2007 Jun; 230(11):1657–64.

https://doi.org/10.2460/javma.230.11.1657 PMID: 17542733

73. Seigrist C-A. Plotkin’s Vaccines [Internet]. 2017 [cited 2020 Nov 1]. (Chapter 2—Vaccine immunology).

Available from: https://www.who.int/immunization/documents/Elsevier_Vaccine_immunology/en/

74. Gilbert SC. T-cell-inducing vaccines—what’s the future: T-cell vaccines. Immunology. 2012 Jan; 135

(1):19–26. https://doi.org/10.1111/j.1365-2567.2011.03517.x PMID: 22044118

75. Effler P. Leptospirosis: key things to know about this quintessential zoonotic pathogen. Microbiol Aust.

2020; 41(1):19.

76. Alston J.M. Leptospiral infection as an occupational risk to health throughout the world. J R Inst Public

Health. 1957; 20(7):232–46. PMID: 13449926

77. Sparkes J, Ballard G, Fleming PJS. Cooperative hunting between humans and domestic dogs in east-

ern and northern Australia. Wildl Res. 2016; 43(1):20.

78. Goarant C, Picardeau M, Morand S, McIntyre KM. Leptospirosis under the bibliometrics radar: evidence

for a vicious circle of neglect. J Glob Health. 2019 Jun; 9(1):010302. https://doi.org/10.7189/jogh.09.

010302 PMID: 30603077

79. CSIRO. State of The Climate 2020. 2020;24.

80. Faddy H, Seed C, Lau C, Racloz V, Flower R, Smythe L, et al. Antibodies to Leptospira among blood

donors in higher-risk areas of Australia: possible implications for transfusion safety. Blood Transfus

Trasfus Sangue. 2015; 13(1):32–6. https://doi.org/10.2450/2014.0012-14 PMID: 24960651

81. Grassmann AA, Souza JD, McBride AJA. A Universal Vaccine against Leptospirosis: Are We Going in

the Right Direction? Front Immunol [Internet]. 2017 Mar 9 [cited 2020 Nov 21];8. Available from: http://

journal.frontiersin.org/article/10.3389/fimmu.2017.00256/full PMID: 28144241

PLOS NEGLECTED TROPICAL DISEASES Leptospirosis in pig-hunting dogs and humans in North Queensland

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010100 January 18, 2022 18 / 18

https://doi.org/10.1111/j.1751-0813.1968.tb09022.x
http://www.ncbi.nlm.nih.gov/pubmed/5749416
https://doi.org/10.1111/j.1751-0813.2006.00089.x
https://doi.org/10.1111/j.1751-0813.2006.00089.x
http://www.ncbi.nlm.nih.gov/pubmed/17300446
https://doi.org/10.2460/javma.237.3.293
http://www.ncbi.nlm.nih.gov/pubmed/20673110
https://doi.org/10.1080/00480169.2012.719212
https://doi.org/10.1080/00480169.2012.719212
http://www.ncbi.nlm.nih.gov/pubmed/23013160
https://doi.org/10.2460/javma.230.11.1657
http://www.ncbi.nlm.nih.gov/pubmed/17542733
https://www.who.int/immunization/documents/Elsevier_Vaccine_immunology/en/
https://doi.org/10.1111/j.1365-2567.2011.03517.x
http://www.ncbi.nlm.nih.gov/pubmed/22044118
http://www.ncbi.nlm.nih.gov/pubmed/13449926
https://doi.org/10.7189/jogh.09.010302
https://doi.org/10.7189/jogh.09.010302
http://www.ncbi.nlm.nih.gov/pubmed/30603077
https://doi.org/10.2450/2014.0012-14
http://www.ncbi.nlm.nih.gov/pubmed/24960651
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00256/full
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00256/full
http://www.ncbi.nlm.nih.gov/pubmed/28144241
https://doi.org/10.1371/journal.pntd.0010100

