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ABSTRACT

Zoonotic diseases inflict substantial burdens on human and animal populations worldwide, and many of these infections are
bacterial. An Australian study investigating environmental risk factors for Buruli ulcer in humans detected the causative agent,
Mpycobacterium ulcerans, in the faeces of wild foxes, a novel finding that suggests foxes may be implicated in the transmission
of this zoonotic bacterium. The aim of this scoping review was to systematically search and examine the global data for reports
implicating foxes in the transmission of zoonotic bacteria to humans. A pre-tested search strategy was implemented in five bib-
liographic databases (PubMed, Embase, CAB Abstracts, Cochrane Trials, Google Scholar). Eligible studies presented primary
research data about zoonotic bacterial diseases that were confirmed or presumed to have been transmitted via foxes (excluding
exclusively blood- or vector-borne bacteria), with no restrictions on geographical setting or publication year. The final dataset
included ten primary research articles, with varying study designs, settings, populations and testing methods. The described bac-
terial zoonoses were anthrax, cutaneous diphtheria, leptospirosis, faecal coliforms including E. coli, tularaemia, yersiniosis, and
Buruli ulcer (the study that was the impetus for this scoping review). Fox-human bacterial transmission was confirmed in one
human case and considered likely to have occurred in certain high-risk groups in another. The likelihood of fox-human trans-
mission having occurred in the remaining studies was possible (n =5) or unlikely (n =3). Identified and hypothesised drivers of
fox-human transmission included accidental and occupational factors. Published reports of fox-human transmission of zoonotic
bacteria are few, and generally indicative of relatively low risk. However, foxes can transmit zoonotic pathogens including bac-
teria to humans in a variety of settings, and human-fox encounters are likely to increase with ongoing anthropogenic activities.
Further research and public education campaigns would help increase knowledge and awareness of fox-associated zoonoses.

1 | Introduction origins (Allen et al. 2017; Jones et al. 2008; Karesh et al. 2012;

Wolfe et al. 2007). Zoonotic agents encompass the full range of
It is an often-cited statistic that approximately 60% of emerg- pathogenic organisms, including bacteria, viruses, parasites,
ing infectious diseases are zoonotic (transmissible from ani- protozoa, fungi, and prions, and can be transmitted by various

mals to humans), and that of those, over 70% had wild animal routes, including direct, indirect, and foodborne pathways.
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Summary

« This scoping review examined the global literature
describing confirmed or suspected transmission of zo-
onotic bacteria from foxes to humans.

The small total number of published articles describ-
ing fox-associated transmission or exposure to zo-
onotic bacteria in humans (n=10) highlights a gap
in knowledge about the role of foxes in transmitting
bacterial zoonoses to humans.

Foxes are widespread throughout human habitats and
do pose a risk of transmitting zoonotic bacteria (and
other infectious agents) to humans.

People in high-risk settings such as certain occupa-
tions or geographic locations should consider im-
plementing protective measures to reduce zoonotic
disease risk.

Globally, zoonotic diseases cause considerable morbidity and
mortality in both human and animal populations, impose sub-
stantial economic burdens on public health and agricultural
sectors, and can affect tourism and trade at multiple levels
(Christou 2011; Rahman et al. 2020). One study estimated the
burden of 56 zoonotic pathogens at 2.5 billion human infec-
tions and 2.7 million human deaths a year (Grace et al. 2012).
The recent COVID-19 pandemic, the origins of which were
epidemiologically traced to a live wild animal market in the
Chinese city of Wuhan (Crits-Christoph et al. 2024), empha-
sised the potentially disastrous and far-reaching consequences
of zoonotic disease spillover from wildlife. The (re-)emergence
and spread of wildlife-origin zoonoses have many known an-
thropogenic drivers, including increasing human population
density, deforestation and urbanisation, increased global
trade and travel, illegal trade and consumption of wildlife,
climate change, and intensive agricultural practices, par-
ticularly in tropical regions with high wildlife biodiversity
(Horby et al. 2014; Karesh et al. 2012; Taylor et al. 2001; Wolfe
et al. 2007). Of the known zoonotic pathogens, bacteria report-
edly account for between one-third (Taylor et al. 2001) to just
over half (Jones et al. 2008). Bacterial zoonoses of major public
health significance include anthrax (Bacillus anthracis), bru-
cellosis (Brucella abortus, B. melitensis, B. suis, B. canis), Q
fever (Coxiella burnetii), leptospirosis (Leptospira spp.), plague
(Yersinia pestis), Staphylococcus aureus including the methi-
cillin- and multi-drug resistant strains (MRSA, MDRSA),
and mycobacterial diseases including zoonotic tuberculosis
(Mycobacterium bovis, M. caprae, M. microta) and zoonotic
leprosy (M. leprae, M. lepromatosis) (Christou 2011; Meyers
et al. 1991; Neyra et al. 2014; Rahman et al. 2020; Schilling
et al. 2019; Sharma et al. 2015).

Foxes are one of the most widely distributed mammals, found
on every continent except Antarctica. There are twelve ‘true
foxes’ of the Vulpes genus, and members of the Lycalopex,
Cerdocyon, Otocyon, and Urocyon genera are sometimes called
‘false foxes’. Distribution and abundance vary greatly by spe-
cies. The arctic fox (Vulpes lagopus) is restricted to the circum-
polar Arctic tundra regions of North America, Eurasia and
Fennoscandia (IUCN 2024), while the diminutive Cozumel fox

(Urocyon cinereoargenteus), considered critically endangered
if not extinct for the past two decades, is only found on one
small Mexican island (Cuar6n et al. 2004). The most widely
distributed species is the red fox (Vulpes vulpes), covering an
estimated 70 million km? across most of the northern hemi-
sphere (IUCN 2024), and established across Australia follow-
ing deliberate release by British settlers in the mid-1800s for
sport and to control introduced rabbit (Oryctolagus cuniculus)
populations (Kamler and Ballard 2002; Saunders et al. 2010).
Foxes are flexible and opportunistic predators, known to con-
sume a wide variety of small and large mammals, birds and
invertebrates, as well as carrion, fruits and berries (Castafieda
et al. 2022; Fleming et al. 2022; Triggs et al. 1984). Red foxes
have been responsible for the decline or extinction of some
small canids and ground-nesting birds in North America,
and several native species of birds, reptiles and mammals in
Australia (Dickman 1996; Kamler and Ballard 2002; Saunders
et al. 2010). Highly adaptable to a range of environments
(IUCN 2024), foxes are increasingly reported in urban and
agricultural areas where anthropogenic food sources and re-
fugia can allow them to attain population densities far higher
than in rural areas (Bateman and Fleming 2012; Marks and
Bloomfield 1999; Scott et al. 2014).

The wide geographical distribution of foxes and their proxim-
ity to people poses a risk of zoonotic disease transmission via
both direct (e.g., bites and scratches, contact with infected skin,
tissues or fluids) and indirect methods (e.g., contamination of
the environment, or by intermediate vectors). Well-documented
examples of fox-transmissible zoonoses include rabies
(Christie 1981; Fooks et al. 2017; Nurumal et al. 2022), visceral
leishmaniasis (Karayiannis et al. 2015; Mohebali et al. 2018), in-
fections with Cryptosporidium and Giardia, and with numerous
species of nematode, cestode and trematode, some of which can
be fatal (Conraths et al. 2017; Craig 2003; Holland et al. 2024;
Karamon et al. 2018; Oksanen et al. 2016; Perera et al. 2024;
Veronesi et al. 2023). Red foxes are also susceptible to SARS-
CoV-2 and the highly pathogenic H5N1 avian influenza virus
(Bordes et al. 2023; Porter et al. 2022).

Buruli ulcer (BU) is a necrotising bacterial skin disease caused
by Mycobacterium ulcerans. Reported in over 30 countries
(WHO 2023), it is only recognised as a zoonosis in Australia,
where human cases are preceded by the emergence of M. ul-
cerans in native possum populations (McNamara et al. 2025).
Phylogeographic and phylogenetic analyses indicate that M.
ulcerans is most likely a point source pathogen, introduced to
new areas and subsequently spreading, rather than a ubiqui-
tous pathogen that lies dormant until triggered by environ-
mental disturbances or other factors (Buultjens et al. 2018).
Recent research, including some conducted by our group,
has confirmed the role of mosquitoes and native possums in
the transmission of M. ulcerans in southeast Australia (Fyfe
et al. 2010; Johnson et al. 2007; Lavender et al. 2011; Mee
et al. 2024; O'Brien et al. 2014). However, the mechanisms by
which M. ulcerans is introduced into new geographic areas are
not adequately explained at present. Mosquitoes can function
as mechanical vectors for the bacteria, but the low pathogen
load they carry (Mee et al. 2024) is unlikely to be sufficient
to seed new outbreaks. Possums are known to excrete signif-
icant numbers of M. ulcerans into the environment (Blasdell
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et al. 2022; Fyfe et al. 2010; Hobbs et al. 2024) and are likely
contributing to the zoonotic spillover of BU to humans in
endemic areas, but are highly territorial and tend to remain
within small home ranges (typically spanning one to two hect-
ares in urban areas (Harper 2005)). Foxes are known to pre-
date on possums (Dickman 1996; Triggs et al. 1984) and also
roam large distances, with reported home ranges from 100 to
over 10,000 ha (Carter et al. 2012; Kobryn et al. 2023; Lindso
et al. 2022), making them potentially capable of introducing
novel pathogens into new geographical areas via direct and
indirect pathways, including faecal environmental contami-
nation. The novel finding from our group that 30% of fox fae-
ces (6/20) were positive for M. ulcerans DNA, with evidence of
bacterial viability on further testing (Blasdell et al. 2022) sug-
gests foxes may be implicated in the environmental transmis-
sion of M. ulcerans in southeastern Australia and potentially
in other BU endemic parts of the world.

An informal literature search revealed no reports of fox involve-
ment in M. ulcerans transmission in other BU endemic areas,
and that in general, reviews describing the role of foxes in the
transmission of bacterial zoonoses are lacking. The aim of this
scoping review was to systematically examine and summarise
the existing global literature on the role of foxes in the transmis-
sion of zoonotic bacterial diseases to humans, to better under-
stand shedding patterns and transmission pathways that may be
applicable to BU.

2 | Materials and Methods
2.1 | Review Protocol, Team and Expertise

The review team included individuals with multidisciplinary
expertise in epidemiology, microbiology, veterinary medicine,
knowledge synthesis, and information science. The scoping
review protocol was developed by the review team using the
Preferred Reporting Items for Systematic reviews and Meta-
Analysis extension for Scoping Reviews (PRISMA-ScR) guide-
lines and checklist ((Tricco et al. 2018), Appendix S1), and
pre-tested prior to implementation to ensure reproducibility,
transparency, and consistency of the review methods. The final
protocol was registered with the Open Science Framework on
27th December 2024 (https://osf.io/ezp52/).

2.2 | Review Question and Scope

The following research question was formulated using the PCC
framework (Peters et al. 2020): by what mechanisms have foxes
been implicated in transmitting zoonotic bacteria, such as M.
ulcerans, to humans?

The PCC elements of our scoping review were as follows:

1. Population/problem=humans and foxes (Vulpes,

Cerdocyon, Otocyon, Lycalopex and Urocyon spp.)

2. Concept=exposure or transmission of zoonotic bacteria
(excluding exclusively blood- and vector-borne bacteria)
from foxes to humans

3. Context=all regions

2.3 | Search Strategy

The search strategy was devised by the review team and pre-
tested in PubMed and Embase to refine and determine the most
effective balance of sensitivity and specificity in the identifica-
tion of potentially relevant articles. As our review was focused
on bacterial zoonoses that are transmitted by direct or envi-
ronmental pathways, we excluded exclusively blood- or vector-
borne zoonotic bacteria due to the differences in transmission
dynamics and the unique ecological factors involved in their
spread. The final search strategy was implemented in five bib-
liographic databases: PubMed, Embase, Cochrane Trials and
CAB Abstracts; and Google Scholar, which includes grey litera-
ture. The PubMed, Embase and Cochrane Trials searches were
conducted on 5th June 2024 and the CAB Abstract and Google
Scholar searches were conducted on 6th June 2024.

The search terms were the same for all databases, but the format-
ting of the terms varied due to different database architecture.
When applicable, search terms included subject heading search,
such as Medical Subject Headings (MeSH) from PubMed. The
general search strategy used in this review was #1 AND #2 AND
#3, where:

« #1: Exp foxes/or (fox or foxes or vulpes* or cerdocyon or ly-
calopex or otocyon or urocyon or dusicyon).mp.

« #2: Exp Bacterial zoonoses/or exp. Gram positive bacteria/
or exp. Gram negative bacteria/or exp. Gram positive in-
fections/or exp. Gram negative infections/or exp. Bacterial
toxins/or (“bacterial zoonoses” or “gram positive and gram
negative bacteria” or “gram positive bacteria” or “gram
negative bacteria” or anthrax or anthrax* or anthracis or
Bordetel* or botulism or brucell* or Burkholderi* or Buruli
or campylobacter* or cholera or clostridium or corynebac-
teri* or coxiell* or cryptospor* or diphtheri* or “e.coli” or
“escherichia coli” or erisypel* or escherichia or francisell*
or glanders or helicobacter* or klebsiell* or leprosy or lep-
tospir* or listeri* or melioid* or MRSA or “methicillin
resistant staphyolococcus aureus” or mycobacteri* or para-
tuberculos* or pasteurell* or plague or pleuropneumonia or
“q fever” or salmonell* or staphylococc* or streptococc* or
tuberculo* or tularaemia or tularemia or weil* or yersini*®).
mp.

« #3: Exp transmission/or (transmission or spread or trans-
mit* or reservoir* or epidemiolog* or host* or outbreak* or
role* or sentinel or spillover or shed*).mp.

The search strategies and results are available in Appendix S2.

2.4 | Eligibility Criteria and Relevance Screening
The eligibility criteria for our scoping review were:
1. Relevance to the PCC elements, requiring evidence of zo-

onotic transmission of or exposure to bacteria from foxes
to humans (publications were excluded that: identified
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https://osf.io/ezp52/

potentially zoonotic bacteria in foxes but did not also test
samples from humans or from human environments; pre-
sented data about transmission of bacteria from humans to
foxes (anthroponotic transmission); presented data about
exclusively blood- or vector-borne zoonotic bacteria; pre-
sented data about non-bacterial zoonoses);

2. Publications in English, and for which full text was availa-
ble; and

3. Articles reporting primary research data (review and opin-
ion articles were excluded).

No restrictions were placed on publication date or geographical
location of studies.

All articles retrieved from the electronic searches were imported
into reference management software (EndNote, Clarivate
Analytics, Pennsylvania, USA) and subjected to the automated
de-duplication process. The resultant files were uploaded into
a web-based electronic systematic review program (Covidence,
Veritas Health Innovation, Melbourne, Australia), designed
specifically for screening and data extraction of systematic and
scoping reviews. Manual de-duplication was conducted on the
imported studies to obtain the final study set.

Article screening for relevance to the PCC criteria was conducted
in two stages: title and abstract screening, in which articles
were marked as ‘Yes’, ‘No’ or ‘Maybe’; and full-text screening,
during which full-text articles were read and marked ‘Include’
or ‘Exclude’, with those marked for exclusion also assigned one
of four reasons. Data screening instructions are presented in
Appendix S3. For both stages, articles were screened by two in-
dependent reviewers to reduce the possibility of excluding rele-
vant reports. One primary reviewer (ECH) conducted the first
screening rounds, and the second rounds were shared by two
secondary reviewers (MM and BM). After each screening stage,
the three reviewers met to discuss and resolve disagreements
on article status. The studies deemed to have met all eligibility
criteria were then subjected to data extraction.

2.5 | Data Extraction and Analysis

The data extraction form was developed by the review team,
and was pre-tested and refined over several iterations prior
to use. The final version (Appendix S4) included sections for
study design and methodology, locations (geographical, cat-
egorical e.g., urban, rural) and populations (humans, foxes,
other animals); bacterial zoonotic disease(s) described in the
study; clinical presentation in host and reservoir species; de-
tails of sample testing and results, including routes of infec-
tion, shedding and exposure; risk factors for transmission,
if known; and an assessment of the strength of evidence for
fox-human zoonotic bacterial transmission. This latter as-
sessment was categorised as: high for definite cases of zoo-
notic fox-human transmission; medium where specific risk
factors were identified; and low where transmission was sug-
gested but no specific supporting data were provided. The low
strength category was further subdivided into ‘possible’ or
‘unlikely’ to provide more nuanced differentiation, based on
the conclusions drawn by the studies’ authors.

The primary reviewer (ECH) extracted data from the final set
of eligible full-text articles into the data extraction template in
Covidence using an iterative process as previously described
(Peters et al. 2020). Any queries regarding data extraction were
resolved by re-checking the article in conjunction with the sec-
ondary reviewers. Given the limited resources and time available
to the review team, the optional review step of critical appraisal
of individual sources of evidence was not undertaken. Extracted
data were exported from Covidence to an Excel spreadsheet
(Microsoft Corporation, 2024). Data characterisation and de-
scriptive analysis (frequencies and percentages) were conducted
on the final dataset to allow categorisation and charting. Tables
were generated to facilitate understanding of key trends and re-
search outputs.

3 | Results
3.1 | Article Searches and Screening

A total of 1976 article citations were identified from the litera-
ture searches, of which 1045 were duplicates. Title and abstract
screening was conducted on 931 studies, most (n =845, 91%) of
which were ineligible (largely due to reporting on non-bacterial
zoonoses, or in animals other than foxes) and were excluded.
Full-text screening examined 86 articles, and 76 were excluded,
most commonly because they did not describe transmission or
exposure of zoonotic bacteria from foxes (41/76, 54%). The final
dataset comprised 10 studies that met our inclusion criteria
(Figure 1) (Aikembayev et al. 2010; Blasdell et al. 2022; Ervin
et al. 2014; Esmaeili et al. 2014; Gallagher et al. 2013; Moore
et al. 2015; Silva et al. 2015; Silva et al. 2014; Tarek et al. 2023;
Wojciech et al. 2004).

Calculation of inter-rater reliability data (Cohen 1960) showed
that concordance between reviewers during the title and ab-
stract screening stage was, on average, fair, but was much im-
proved (‘substantial’) during the full-text screening round.

3.2 | General Study Characteristics

Most reviewed studies (7/10, 70%) were published between 2010
and 2019, with two more recent studies and one published in
the early 2000s (Table 1). Study locations varied, with three
from Europe/UK (two of which were from London), two each
from North and South America (both USA and Brazil) and
Asia, and one from Australia. Studies were conducted in urban
(n=7), semi-urban (n=>5) and rural (n=238) settings, and one
also included a beach setting. Four studies were set only in one
location (two in cities, two in rural), whereas most spanned two
or more settings, including one country-wide study.

Study designs were mixed, and three studies incorporated more
than one method. Environmental sampling and cross-sectional/
prevalence studies were the most common, each being utilised
in four studies. Two of the environmental sampling studies con-
ducted microbial source tracking to identify sources of faecal
contamination in drinking and recreational water sources. Two
studies were case reports, both describing zoonotic bacterial infec-
tions in a (different) female patient in her mid-60s who presented
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Studies from databases/registers (n=1,976)
1. Embase (n=619)

2. PubMed (n=567)
u 3. MEDLINE (n=542)
= 4. CAB Abstracts (n=246)
é 5. Google Scholar (n=2)
References removed (n=1,045)
N Duplicates removed by Covidence (n=437)
Duplicates removed manually (n=608)
A 4
Titles & abstracts screened (n=931) | Titles & abstracts excluded (n=845)
(U]
P
= A 4
&
w Full text articles screened (n=86) p{ Full text articles excluded (n=76)
5 1. No full text available (n=9)
2] 2. Article not in English (n=23)
3. Not describing transmission or exposure to
zoonotic bacteria from foxes (n=41)
4. Not presenting primary research data (n=3)

v
<
=z Studies included in scoping review (n=10)
=

FIGURE1 | PRISMA diagram outlining the scoping review process.

to a London hospital. Two of the cross-sectional studies were set
in Brazil and described random sampling of humans, domestic,
and wild animals for the same disease but testing different sample
types; one of these studies was a conference poster abstract and
the other was a peer-reviewed research article, both attributed to
the same first author and sharing three other co-authors.

3.3 | Specific Study Characteristics

There were seven bacterial zoonoses described in the ten studies
evaluated in this review. Leptospirosis was investigated in three
studies, and faecal indicator bacteria, including E. coli in two,
with the remaining five studies each involving a different zoo-
notic bacterium (Table 2). The complete data from the extracted
studies is available in Appendix S5.

3.3.1 | Study Populations

The human populations were mainly residents of (or presum-
ably visitors to) the study areas during the study periods, with a
specific subset in one environmental sampling study being the
properties of people who had had the disease under investigation
(cases) and their postcode-matched controls. The number of hu-
mans that were sampled was quantified only in three studies: the
two case studies that each described a single human case, and
the Iranian tularaemia study that tested 250 humans who were
differentiated into groups based on demographic and behavioural
risk factors. An unspecified number of hospital patients made up
the human testing cohort in the Polish study. Three of the other

examined studies did not test humans, but rather tested environ-
mental samples from human environments.

The country-wide Kazakhstani study utilised 93 archived cul-
tures and data from the Kazakhstan National Bacillus anthracis
collection, stating that most isolates came from (an unspecified
number of) human patients. Some isolates came from the blood
or organs of ruminants, and “a few from soil or other inanimate
objects contaminated by contact with blood or tissues of infected
animals” (Aikembayev et al. 2010). A table entry stated 1 out-
break/sample in ‘fox’, in which there was 1 death/outbreak and
1 total death, and 2 outbreaks/samples in ‘arctic fox’, in which
there were 5 deaths/outbreak and a total of 6 deaths; no further
clarification was provided.

Of the fox species studied, half the studies involved the red fox
(Vulpes vulpes), while the two Brazilian leptospirosis studies in-
volved crab-eating foxes (Cerdocyon thous). Arctic foxes (Vulpes
lagopus) and grey foxes (Urocyon cineroargenteus) were each de-
scribed in one study, both of which also involved red foxes. The
fox species was unspecified in three studies. Eight studies defini-
tively involved wild foxes; the Polish study described farmed foxes
but did not specify the species, and the authors of the Kazakhstani
study stated that “sporadic outbreaks occurred on mink farms
and among foxes”, but the origin of the foxes was not specified.

3.3.2 | Sample Testing

The most tested analyte was blood/serum (n =5, 29%), followed
by water (18%), then faeces and urine (each 12%). Humans were
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TABLE1 | Summary of general and specific study characteristics of TABLE1 | (Continued)
the 10 studies examined in this scoping review.

Specific study characteristics No. %

General study characteristics No. %

Origin of foxes investigated
Publication date

Wild 8 80
2000-2009 1 10 Farmed 1 10
2010-2019 7 70 Unspecified 1 10
2020-2024 2 20 Origin of samples tested?®

Study location Humans 7 32
Europe & UK 3 30 Foxes 6 27
North America 2 20 Other animals 6 27
South America 2 20 Environment (water, soil, plants) 2 9
Asia 2 20 Insects 1 5
Australia/New Zealand 1 10 Types of samples tested?

Study setting® Blood 5 29
Urban 7 33 Water 3 18
Semi-urban 5 24 Faeces 2 12
Rural 8 38 Urine 2 12
Other: beach 1 5 Soil 1 6

Study design® Plant material 1 6
Environmental sampling 4 40 Subcutaneous tissue 1 6
Cross-sectional/prevalence study 4 40 Tonsils 1 6
Case report 2 20 Insects 1 6
Retrospective study 1 10 Sample testing methods used?

Pre-post interventional comparison 1 10 Culture 6 32
Questionnaire survey 1 10 PCR 5 26

Specific study characteristics No. % Genotyping 3 16

Zoonotic bacteria investigated ELISA 2 11
Leptospira 3 30 Microscopic agglutination test 2 11
Faecal indicator bacteria, incl. E.coli 2 20 MALDI-TOF 1 5
Anthrax 1 10 Strength and likelihood of fox-human transmission
Mpycobacterium ulcerans 1 10 High, definite 1 10
Francisella tularensis 1 10 Medium, likely 1 10
Corynebacterium ulcerans 1 10 Low, possible 5 50
Yersinia enterocolitica 1 10 Low, unlikely 3 30

Fox species investigated?® Risk factors for human exposure to zoonotic
Red fox (Vulpes vulpes) 5 42 bacteria
Crab-eating fox (Cerdocyon thous) 2 17 Direct
Other/not stated 3 25 {%ccidental (contact with/bite from 3 30

infected fox)
Arctic fox (Vulpes lagopus) 1 8 . . .
Occupational (hunting, butchering, 2 20
Grey fox (Urocyon cinereoargenteus) 1 8 farming, eating meat of foxes)
(Continues) (Continues)
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TABLE1 | (Continued)

Specific study characteristics No. %
Indirect
Poor sanitation (contact with 4 40

contaminated water)

Poor hygiene (contact with fox faeces) 1 10

Abbreviation: MALDI-TOF, matrix-assisted laser desorption/ionisation
time-of-flight.
aMultiple answers allowed per article (i.e., percentages exceed 100%).

the most frequently sampled host (n=7, 32%), followed by foxes
and other animals (each 27%). Many studies utilised more than
one sample testing method, with bacterial culture the most used
(n=6, 32%), followed by PCR (26%).

3.3.3 | Prevalence and Significance of Infection in
Study Populations

Besides the two case studies, which each tested samples from
a single human patient, only two studies provided quantifiable
data about the prevalence of infection or disease in the study
populations. Blasdell et al. (2022) tested a variety of environ-
mental samples at both case and control properties within the
BU endemic areas studied. A variety of mammalian faeces were
opportunistically collected for testing, and M. ulcerans was de-
tected in 30% (6/20) of fox faecal samples. Esmaeili et al. (2014)
tested a total of 250 human blood samples and determined that
the seroprevalence of tularaemia in individuals exposed to foxes
via hunting or eating the meat (25%) was significantly higher
than in others (8.65%) (p=0.01).

3.3.4 | Strength and Likelihood of Fox-Human Bacterial
Transmission

The strength of association between human zoonotic bacte-
rial infection/disease and fox(es) was assessed to be low (like-
lihood either ‘possible’ or ‘unlikely’) in most (n=8, 80%) of
the studies, with one assessed as medium (‘likely’) and one as
high (‘definite’). The ‘definite’ study was a case report that de-
scribed leptospirosis (Weil's disease) in a 66-year-old woman
who developed multisystemic symptoms two weeks after
being bitten by a fox cub in her London garden (Gallagher
et al. 2013). The Iranian study was assessed as ‘likely’ based
on the stratification of humans that tested positive for anti-
bodies specific for Francisella tularensis (tularaemia) into risk
factor groups, which found the highest seropositivity in peo-
ple who hunted, butchered and/or consumed the meat of foxes
(Esmaeili et al. 2014).

Several studies presented data relating to environmental con-
tamination (of soil, or sources of recreational or drinking water)
by fox excreta, including faeces and urine. The two studies that
utilised microbial source tracking to identify host sources of
faecal contamination of waterways confirmed the presence of
canine DNA markers in fox faeces in similar concentrations
to those from domestic dogs, suggesting that foxes are possibly

contributing to faecal contamination in those settings (Ervin
et al. 2014; Tarek et al. 2023). However, the authors of both stud-
ies noted the limitations of using canine DNA markers to infer
fox origin of faecal contamination: Ervin et al. (2014) also de-
tected canine markers in faecal samples from coyote, deer and
raccoon, while Tarek et al. (2023) discussed the occurrence of
cross-reactions with faecal samples from coyote, geese, humans,
chickens and cows. The Kazakhstani study mainly focused on
mapping the geographical distribution of historic anthrax out-
breaks, and presented limited and at times unclear data relating
to the involvement of foxes in the outbreaks. The Australian M.
ulcerans paper investigated environmental risk factors in the
residential properties of people previously confirmed with BU
disease status and their postcode-matched (negative) controls.
A high proportion of fox faeces were PCR positive for M. ulcer-
ans, suggesting that foxes are potentially contributing to the
environmental contamination of this bacterium in this setting
(Blasdell et al. 2022). These studies were assessed as being of low
evidentiary strength, but fox-human transmission was deemed
possible.

The evidentiary strength of fox-human transmission in the re-
maining three studies was also low, but deemed unlikely. The
case study by Moore et al. (2015) described cutaneous diphthe-
ria (Corynebacterium ulcerans) in a London woman in her mid-
60s, which was ascribed to a puncture wound visible on her
hand. The injury was presumed to have come from an animal
or environmental source, as the patient was an avid gardener
and had had extensive contact with domestic and wild animals,
including six pet dogs, sixteen pet or feral cats, and a semi-tame
fox that entered her house for food. The patient denied having
been bitten or scratched by any of the animals, and veterinary
testing of the contact animals was discussed but ultimately not
attempted. Given the patient’s extensive animal contact history,
the probability that the fox was responsible for the zoonotic
transmission in this case was assessed to be unlikely. The au-
thors of the two remaining studies concluded that other animals
(pigs, nutria (Myocastor coypus)) were more likely to have been
the major bacterial reservoirs for zoonotic transmission to hu-
mans than foxes in those settings (F. J. Silva et al. 2014; Wojciech
et al. 2004).

3.3.5 | Risk Factors Associated With Zoonotic Bacterial
Infection From Foxes

Several potential risk factors were identified in the examined
studies. Direct risk factors were contact with infected foxes or
fox products via occupational (hunting, butchering, farming or
eating meat of foxes) or accidental (e.g., bites or scratches from
foxes while gardening) pathways. Increasing age was also found
to be a risk factor in the Iranian tularaemia study (Esmaeili
et al. 2014). Indirect risk factors included contact with fox faeces
or urine via contaminated soil or water, attributable to poor san-
itation or hygiene practices.

4 | Discussion

In this scoping review, we systematically examined the global
literature and identified ten primary studies implicating foxes in
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zoonotic transmission of bacteria to humans (excluding exclu-
sively vector- or blood-borne zoonotic bacteria). We found one
definite case of zoonotic transmission of leptospirosis from a fox
cub bite in London, and another study described likely zoonotic
transmission of tularaemia in Iranian hunters, butchers, and
consumers of fox meat. The remaining studies described pos-
sible or unlikely transmission of zoonotic bacteria from foxes to
humans. These findings appear to be largely reassuring from a
public health perspective, in that there are limited reports of fox-
human bacterial transmission.

The confirmed case of fox-origin leptospirosis in London,
however, provides a timely reminder that all wild animals can
potentially harbour and transmit infectious pathogens, and
that foxes are not restricted to semi-rural or wild areas. There
are significant resident red fox populations in many large
cities across the UK, Europe, North America and Australia
(Bateman and Fleming 2012; Dumas and Touma 2024; Marks
and Bloomfield 1999; Scott et al. 2014), and ongoing urbanisa-
tion and encroachment of humans into wildlife habitats make
human-fox encounters increasingly likely. Urban fox densi-
ties typically range from 2 to 16 foxes per square kilometre
(Heydon et al. 2000; Marks and Bloomfield 1999), but have
been as high as 37 foxes per square kilometre in Bristol, UK
(Baker et al. 2001).

While our scoping review did not identify reports of foxes in-
volved in the transmission of M. ulcerans in other parts of the
world where BU is endemic, this might reflect an absence of
evidence rather than evidence of absence. In general, foxes—
including native, nuisance, and farmed species—appear to be
relatively poorly studied. In Australia, foxes likely ingest M.
ulcerans via infected prey animals such as ringtail possums,
a major component of their diet (Fleming et al. 2022; Triggs
et al. 1984) and a known reservoir of M. ulcerans in Victorian
BU endemic areas (Fyfe et al. 2010; Hobbs et al. 2024; O'Brien
et al. 2014). At present, it is unclear whether foxes are merely
passive carriers or play an active role in bacterial amplification
and movement into new areas. Further research into the role of
foxes in the transmission of zoonotic pathogens, including M.
ulcerans, is needed.

Certain behaviours or risk factors may increase an individual's
likelihood of acquiring zoonoses from foxes. Differing attitudes
towards foxes may affect the frequency of human-fox interac-
tions, whether through attracting foxes to gardens and attempts
at handfeeding or patting, or via aggressive confrontations with
foxes in unwanted proximity to people, animals, or property. In
Switzerland, 85% of surveyed households inadvertently provided
food for foxes (e.g., via unsecured rubbish bins, compost heaps,
and pet food (Contesse et al. 2004)), while two UK surveys re-
ported that 10%-14% of British adults actively encouraged foxes
to visit their gardens, typically by leaving out food, water, or toys
(Baker et al. 2004; Guthrie 2019). Pets may also act as intermedi-
aries, encountering zoonotic infections via contact with wild an-
imals or contaminated environments and transmitting them to
owners via direct and indirect pathways (Rahman et al. 2020).

Occupational zoonoses have long been recognised as health
hazards for people who work with animals, including vet-
erinarians, farmers, livestock transporters, slaughterhouse

workers, butchers, hunters, furriers and wildlife carers (D'’Amelio
et al. 2015; Dutkiewicz et al. 2011; Kosevska et al. 2010). Foxes
have provided meat and fur for humans since ancient times
(Blank and Li 2021; Monchot and Gendron 2011), and some fox
species continue to be harvested for these purposes to this day.
While sales of animal fur have declined steeply in recent years
due to the influence of animal welfare concerns on consumer
preferences (Achabou et al. 2020; Halliday and McCulloch 2022)
and the banning of fur farming in several formerly permissive
countries (Arney 2022), farmed fur remains a lucrative global
industry. Reported statistics, however, are often incomplete
or conflicting. In 2023, active fur farming countries report-
edly included Canada, China, Denmark, Iceland, Italy, Latvia,
Lithuania, Poland, Romania and Russia (Ritchie et al. 2024;
Warwick et al. 2023). There were an estimated 1000 active fur
farms in the European Union alone, containing approximately
7.7 million animals—mainly mink, fox and raccoon dogs
(EC 2023). One online database valued the global trade in raw
fox furskins—most commonly from red or ‘silver’ foxes (Vulpes
vulpes) and Arctic or ‘blue’ foxes (Vulpes lagopus)—at $70.9 mil-
lion USD in 2022, with Finland accounting for over 90% of the
export market (OEC 2024). China reportedly produced 12.53
million fox skins in 2020 (CLIA 2021). Fox farming is an inten-
sive agricultural practice; individual farms hold large numbers
of animals in close confinement, being fed abnormal diets to fa-
vour rapid growth (Warwick et al. 2023). Such conditions can
impair animal health and promote emergence, mutation and
spillover of infectious diseases, including zoonoses—as was
highlighted during the SARS-CoV-2 pandemic, with spillover
and reverse spillover events in mink farms facilitating viral mu-
tations and leading to the cull of 17 million mink in Denmark
alone (Dyer 2020; Jahid et al. 2024). A comprehensive study of
viruses in Chinese fur animals identified arctic foxes as carriers
of thirteen zoonotic virus species from six viral families, rank-
ing them among the highest-risk host species for potential cross-
species transmission (Zhao et al. 2024).

Exposure to fox-origin zoonoses may still occur in settings con-
sidered low risk or lacking obvious risk factors. A review of 23
UK media reports describing unprovoked fox attacks on hu-
mans found 16 incidents of foxes entering homes and gardens
and biting children and adults, most of whom were asleep at
the time, and one case of a woman who was bitten on the ankle
while walking to work in London (Bridge and Harris 2020).
The abundance of anthropogenic resources and absence of nat-
ural predators in urban areas may be increasing the boldness
of foxes in some settings (Padovani et al. 2021). Additionally, a
recent study suggests that infection with the widely distributed
parasite, Toxoplasma gondii, may be causing or contributing to
‘dopey fox syndrome’, in which affected foxes exhibit a range of
aberrant behaviours, including reduced fear of humans (Milne
et al. 2020).

Given the risk of transmission of zoonotic diseases and other
injuries from foxes to humans, and the increasing overlap be-
tween fox and human habitats due to urbanisation and land-use
changes, proactive general protective strategies should be imple-
mented across all settings where foxes are present. Large-scale
fox control or reduction is not a realistic option; such programs
would be complex and require extensive concerted and sus-
tained inputs from numerous sectors, and may face community
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opposition. Effects of lethal control programs are also typically
short-lived, with studies showing fox populations quickly re-
bound, most likely via immigration from surrounding areas
and/or compensatory reproduction (Baker and Harris 2006;
Kidmmerle et al. 2019; Newsome et al. 2014). Furthermore,
some native fox species are protected wildlife, such as the en-
dangered San Joaquin kit fox (Vulpes macrotis mutica) and island
fox (Urocyon littoralis) that are native to certain parts of the USA
(Bjurlin and Cypher 2005; Wittmer et al. 2013).

Community education and outreach programs may be bene-
ficial in discouraging people from seeking contact with foxes
and thereby decrease the risk of zoonotic transmission of bac-
terial and other pathogens. Basic biosecurity measures such as
hand washing, prompt cleaning and disinfection of any bites or
scratches, and the use of protective personal equipment such
as gloves would be recommended for people who handle foxes.
While established biosecurity guidelines exist for preventing in-
fectious disease introduction from humans and other animals
into farmed fur animal populations (NFACC 2013; OIE 2021),
there seems to be a lack of similar guidance specifically address-
ing the protection of human workers in those settings. Given
the confluence of conditions favouring zoonotic disease transfer
in commercial fur farming operations, the development of bio-
safety guidelines for human health protection in the fur animal
industry is strongly recommended. These could be adapted from
long-established guidelines used in high-risk occupational set-
tings, including laboratories, animal facilities, and the wildlife
trade (CDC 2020; OIE 2018; WOAH 2024).

Food hygiene measures, including proper dressing and cooking of
game meat (AVMA 2024; USDA 2017), would be recommended for
hunters and consumers of wild animals. Many zoonotic infections
are foodborne, and while nationally legislated meat processing and
inspection practices remove many pathogens from commercial
food chains (FAO 2019; FAO and WHO 2005; OIE 2022; Young
et al. 2016), individuals may still hunt and consume game meat
that is not subjected to these safeguards. While fox meat is not
typically consumed in most societies, there are some exceptions.
People of the Kazakh ethnic minority in Mongolia, the Hadzabe
tribe from Tanzania, and various indigenous groups from northern
North America are reported to supplement their normal diet with
fox meat; some from preference and others out of necessity during
periods of scarcity (Kuhnlein and Humphries 2017; Mohan 2015;
Sharon 2023). One Chinese article reportedly describes a novel
technological process for producing processed meat products, in-
cluding bacon and sausages, from fox and raccoon dog meats as a
productive use of fur animal byproducts (Zuo et al. 2003), while
the sale of fox meat from Scandinavian fur farms in a butcher
shop in Gravesend, UK in 2011, purportedly sparked outrage from
local and online communities (Holmberg 2011). Unintentional
consumption of fox meat has also been known to occur: the 2014
‘fox meat scandal’ saw mega-retailer Walmart in China recall 'five
spice’ donkey meat products—reportedly a popular snack in some
parts of the country—after laboratory testing showed contami-
nation with fox meat (Jourdan 2014; Whitehead 2014). Whether
intentional or deliberate, consumption of fox meat carries an in-
herent risk of exposure to zoonotic bacteria, viruses and parasites,
and consumers should implement proper food handling and cook-
ing practices to mitigate infection risk.

Our scoping review has some limitations. The heterogeneity
of the data extracted from the examined articles, including
differences in study designs, locations, populations, and test-
ing methods, prevented meaningful in-depth comparisons or
interpretations of cross-cutting themes or trends. While we
extensively pre-tested and refined our search strategy prior to
implementation, and implemented the searches in five data-
bases, some relevant articles may have been missed. We could
only review studies for which the full text, in English, was avail-
able; several potentially relevant articles published in other lan-
guages were excluded during the screening steps. Although the
inter-rater reliability rating for our title and abstract screening
round was relatively low, all discordance was resolved by con-
sensus and assessment of evidence against the inclusion criteria.
Our experience underscores the need for complete secondary
screening for these kinds of scoping reviews, where the diversity
of study designs and outputs increases the complexity of initial
title and abstract screening.

5 | Conclusions

This scoping review systematically searched the global literature
and identified ten published reports investigating fox-human
transmission of zoonotic bacteria. Both the small total number
of published articles and the typically low reported likelihood
of fox-origin transmission in those examined articles suggest
there is limited evidence of foxes transmitting zoonotic bacteria
to humans. However, our data confirm that transmission risks
do exist, especially where human behaviours facilitate human-
fox interactions such as high-risk occupational settings and
geographical areas with established populations of increasingly
human-habituated foxes. Recommendations include integrated
One Health approaches to further investigate carriage and
transmission of zoonotic bacteria in foxes, including publication
of negative findings, and mitigation of zoonotic disease risk via
educational public health campaigns and the implementation of
human protective measures.
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