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Preface to ”One Health and Zoonoses”

The study of science began from the broadest possible base and was driven by the thinking man

with little underlying specialized knowledge or formal education. As science understanding and

science research developed, disciplines and areas of expertise developed, with specialized institutes,

journals, funding, and even language. In the health arena, the broad disciplines of human medicine,

veterinary medicine, and dentistry evolved, with the rapid development of many specialized areas

of human medicine. This was fully warranted by the enormous amount of discipline-specific

information, skills, qualifications, and outcomes that were required, enabling real progress to be

made using targeted resources for specific problems to be resolved. But, over time, something

was lost. The innovative understandings that can come from a comparative approach and the

application of leanings from one discipline across to another became somewhat marginalized. The

situation was made even worse, since a number of the big problems remaining—often called “wicked

problems”—could only really be tackled through a multidisciplinary, multisectoral approach. This

is precisely why a “One Health” approach has emerged in recent years, to tackle some of those

health-related problems that have beguiled a focused disciplinary approach. The emergence of

global avian influenza highlighted the value of a multisectoral, multidisciplinary approach, with

the significant risks to humans being managed through effective interventions in poultry and in

understanding of the role of wild birds as reservoir species. This required collaboration across very

distinct sectors of agriculture, wildlife biology, and human health and, in many countries, paved

the way for the adoption of a One Health approach across Government and in research, policy

development, and field activities. A more focused example has been around the management of

risks to Hendra, a bat-borne zoonotic virus that affects horses in Australia with a mortality rate

of over 70%. In humans, it carries a similar lethal characteristic. Bringing together a One Health

team of medical doctors, veterinarians, and ecologists, various options were considered. Killing all

the bats in the vicinity was quickly dismissed, followed by the call for a human vaccine, given the

time and cost involved. The concept of a vaccine to protect horses was developed, and resources

focused on this outcome. Within 2 years, a commercial vaccine was in widespread use, resulting

in both protection in horses and the removal of the risk to humans. Other complex problems in

which a One Health approach is becoming a significant and effective mechanism are in antimicrobial

resistance (AMR), and food safety and security. AMR is perhaps the most threatening problem

facing the medical professions today. Possibly initiated but certainly exacerbated by misuse, both

by the medical and veterinary professions, the problem exists across the world as a result of multiple

causes, and requires a significant array of mitigating actions. The World Health Organization, the

Food and Agriculture Organization, and the World Organization for Animal Health have collectively

called for a One Health approach both to better understand the problem as well was to develop

solutions that will work in a range of different settings. This indeed is a “wicked” problem requiring

such an approach. This collection of papers serves to further demonstrate these approaches through

highlighting research conducted on real world problems using a One Health approach.

John S. Mackenzie, Martyn Jeggo

Special Issue Editors
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It has become increasingly clear over the past three decades that the majority of novel, emergent
zoonotic infectious diseases originate in animals, especially wildlife [1], and that the principal drivers
of their emergence are associated with human activities, including changes in ecosystems and land use,
intensification of agriculture, urbanisation, and international travel and trade [2–6]. A collaborative
and multi-disciplinary approach, cutting across boundaries of animal, human, and environmental
health, is needed to understand the ecology of each emerging zoonotic disease in order to undertake
a risk assessment, and to develop plans for response and control.

The term ‘One Health’ was first used in 2003–2004, and was associated with the emergence
of severe acute respiratory disease (SARS) in early 2003 and subsequently by the spread of highly
pathogenic avian influenza H5N1, and by the series of strategic goals known as the ‘Manhattan
Principles’ derived at a meeting of the Wildlife Conservation Society in 2004, which clearly recognised
the link between human and animal health and the threats that diseases pose to food supplies and
economies. These principles were a vital step in recognising the critical importance of collaborative,
cross-disciplinary approaches for responding to emerging and resurging diseases, and in particular,
for the inclusion of wildlife health as an essential component of global disease prevention, surveillance,
control, and mitigation [7].

The outbreak of SARS, the first severe and readily transmissible novel disease to emerge in
the 21st century, led to the realisation that (a) a previously unknown pathogen could emerge from
a wildlife source at any time and in any place and, without warning, threaten the health, well-being,
and economies of all societies; (b) there was a clear need for countries to have the capability and
capacity to maintain an effective alert and response system to detect and quickly react to outbreaks
of international concern, and to share information about such outbreaks rapidly and transparently;
and (c) responding to large multi-country outbreaks or pandemics requires global cooperation and
global participation using the basic principles enshrined in One Health [8]. The emergence and spread
of influenza H5N1 has been another excellent example of the importance of global cooperation and
a One Health approach driven by the widespread concern that it might become the next influenza
pandemic strain. It also served as a catalyst for the United Nations Secretary General to appoint a UN
Systems Coordinator for Avian and Animal Influenza (UNSIC), and to form a major collaboration
with a number of international and national organizations, including the World Health Organization
(WHO), Food and Agriculture Organization (FAO), World Organization for Animal Health (OIE),
United Nations Children’s Fund (UNICEF), and World Bank and various national heath ministries,
to develop the International Ministerial Conferences on Avian and Pandemic Influenza (IMCAPI).
IMCAPI was a major driver in the surveillance and responses to influenza H5N1 [9] and subsequently
in the development of a strategic framework built around a One Health approach that focussed on
diminishing the risk and minimizing the global impact of epidemics and pandemics due to emerging
infectious diseases [10].

Trop. Med. Infect. Dis. 2019, 4, 88 www.mdpi.com/journal/tropicalmed1
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The concept of One Health is not new and can be traced back for at least two hundred
years [11], firstly as One Medicine, but then as One World, One Health and eventually One Health.
There is no single, internationally agreed upon definition of One Health, although several have been
suggested. The most commonly used definition shared by the US Centers for Disease Control and
Prevention and the One Health Commission is: ‘One Health is defined as a collaborative, multisectoral,
and transdisciplinary approach—working at the local, regional, national, and global levels—with the
goal of achieving optimal health outcomes recognizing the interconnection between people, animals,
plants, and their shared environment’. A definition suggested by the One Health Global Network
is: ‘One Health recognizes that the health of humans, animals and ecosystems are interconnected.
It involves applying a coordinated, collaborative, multidisciplinary and cross-sectoral approach to
address potential or existing risks that originate at the animal-human-ecosystems interface’. A much
simpler version of these two definitions is provided by the One Health Institute of the University of
California at Davis: ‘One Health is an approach to ensure the well-being of people, animals and the
environment through collaborative problem solving—locally, nationally, and globally’. Others have
a much broader view, as encapsulated in Figure 1.

Figure 1. The One Health Umbrella, developed by One Health Sweden and the One Health Initiative
Autonomous pro bono team.

The One Health concept clearly focusses on consequences, responses, and actions at the
animal–human–ecosystems interfaces, and especially (a) emerging and endemic zoonoses, the latter
being responsible for a much greater burden of disease in the developing world, with a major societal
impact in resource-poor settings [12,13]; antimicrobial resistance (AMR), as resistance can arise in
humans, animals, or the environment, and may spread from one to the other, and from one country
to another [14–17]; and food safety [18,19]. However, the scope of One Health as envisaged by
the international organizations (WHO, FAO, OIE, UNICEF), the World Bank, and many national
organisations also clearly embraces other disciplines and domains, including environmental and
ecosystem health, social sciences, ecology, wildlife, land use, and biodiversity. Interdisciplinary
collaboration is at the heart of the One Health concept, but while the veterinarian community has

2
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embraced the One Health concept, the medical community has been much slower to fully engage,
despite support for One Health from bodies such as the American Medical Association, Public Health
England, and WHO. Engaging the medical community more fully in the future may require the
incorporation of the One Health concept into the medical school curricula so that medical students see
it as an essential component in the context of public health and infectious diseases [20].

One recent development that might help in generating increased global awareness of the One Health
concept, particularly among students, but also more generally, has been the designation of November 3rd
as One Health Day. Initiated in 2016 by the One Health Commission (www.onehealthcommission.org),
the One Health Platform Foundation (www.onehealthplatform.com), and the One Health Initiative
(http://www.onehealthinitiative.com), One Health Day is celebrated through One Health educational
and awareness events held around the world. Students are especially encouraged to envision and
implement One Health projects, and to enter them into an annual competition for the best student-led
initiatives in each of four global regions.

Today’s health problems are frequently complex, transboundary, multifactorial, and across species,
and if approached from a purely medical, veterinary, or ecological standpoint, it is unlikely that
sustainable mitigation strategies will be produced.

This special issue of Tropical Medicine and Infectious Disease contains a series of papers taking a One
Health approach to a range of infectious diseases and the broader topic of antimicrobial resistance at
the animal–human–environment interface, as well as to aspects of policy concerned with trade issues
relating to AMR in the food chain and with aspects of public health policy and practice where significant
knowledge gaps in the translation of scientific expertise and results, and biosafety and biosecurity
measures, need to be addressed. These examples illustrate the critical importance of using a One Health
approach for understanding and mitigating many current complex health problems. They demonstrate
not only innovative approaches and outcomes but the range and types of collaborative partnerships
that are required. This collection of papers demonstrates the breadth and scope of One Health, partly
from an Australasian perspective, but also with an international flavour. They also serve to demonstrate
the critical importance of taking a One Health approach to problems that have defied a more traditional
disciplinary or sectoral approach.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Australia was previously believed to be free of enzootic swine influenza viruses due strict
quarantine practices and use of biosecure breeding facilities. The first proven Australian outbreak of
swine influenza occurred in Western Australian in 2012, revealing an unrecognized zoonotic risk, and a
potential future pandemic threat. A public health investigation was undertaken to determine whether
zoonotic infections had occurred and to reduce the risk of further transmission between humans
and swine. A program of monitoring, testing, treatment, and vaccination was commenced, and a
serosurvey of workers was also undertaken. No acute infections with the swine influenza viruses
were detected. Serosurvey results were difficult to interpret due to previous influenza infections and
past and current vaccinations. However, several workers had elevated haemagglutination inhibition
(HI) antibody levels to the swine influenza viruses that could not be attributed to vaccination or
infection with contemporaneous seasonal influenza A viruses. However, we lacked a suitable control
population, so this was inconclusive. The experience was valuable in developing better protocols for
managing outbreaks at the human–animal interface. Strict adherence to biosecurity practices, and
ongoing monitoring of swine and their human contacts is important to mitigate pandemic risk. Strain
specific serological assays would greatly assist in identifying zoonotic transmission.

Keywords: influenza; swine; Australia; human; pandemic
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1. Introduction

Influenza A viruses (IAV) circulate and evolve continually within bird and swine populations of
the world, and are known to be a source of sporadic zoonotic influenza infections, thus presenting a
reservoir of potential human pandemic influenza strains. They are known to be present in domestic
swine populations internationally, largely as a result of the virus being introduced from humans
infected with seasonal influenza viruses [1–3]. Some of these human origin viruses persisted and
evolved into stable swine lineages through genetic and antigenic drift and virus gene reassortment.
They pose an ongoing potential threat to both animal and human health, as demonstrated by the 2009
pandemic, which arose from swine influenza viruses derived from both human and avian IAV that
had undergone long term ongoing reassortment [4].

Human infections with swine IAV have been detected since the 1970s and have caused both
sporadic cases and outbreaks, such as those reported in the USA [3,5,6]. These zoonotic viruses are
mainly of the A(H3N2) subtype with some A(H1N1) and A(H1N2) viruses, which are referred to
as variant viruses with a lower-case “v” placed after the subtype, e.g., A(H3N2)v to denote their
swine origin.

Prior to 2012 it was believed that Australian domestic swine populations were free of swine
lineages of IAV. This was ascribed to negative results from a few limited serosurveys, and the strict
quarantine practices preventing importation of pigs and the use of biosecure breeding facilities for
domestic swine within Australia. In 2009, a number of outbreaks due to A(H1N1)pdm09 occurred in
domestic Australian swine populations through transmission from infected humans, and these have
continued to occur sporadically ever since [7]. The virus had little or no apparent ill effect on the
health of infected swine and there was no evidence that this resulted from, or led to, enzootic IAV in
Australian swine, and so was not seen to be a threat to human or animal health nor a potential source
of pandemic viruses.

However, in 2012 an outbreak of respiratory illness and death occurred amongst pigs in a
biosecure piggery near Perth, the capital of Western Australia [8], shown to be due to several previously
unidentified swine IAV containing genes of human origin [9]. A mild respiratory illness was also
reported by several of the workers. A combined investigation of this outbreak by the Department of
Agriculture and Food, Western Australia (DAFWA) and the Communicable Disease Control Directorate
(CDCD) of the Department of Health Western Australia led to the detection of a number of genetically
distinct divergent IAV in the swine.

An extensive phylogenetic analysis indicated that the IAV in the Western Australian swine contain
human origin genes not found in human populations for several decades, and that they are distinct
from those identified in swine in the rest of the world, including those subsequently identified in swine
in a piggery in Queensland [9], approximately 4000 km distant. This ongoing circulation and evolution
of IAV in the Western Australian swine population for up to several decades revealed an unrecognized
potential zoonotic threat [9].

In view of the known risk of transmission of IAV from pigs to humans in other countries [2,6],
interventions were undertaken to investigate and mitigate the risk of human infection. This paper
describes the investigations undertaken into this outbreak to assess the potential risk to human contacts
and to determine whether zoonotic transmission had occurred. The importance of these investigations
has been further emphasized by the recent description of the first human infection with a variant swine
H3N2, acquired within Australia [10]. This occurred outside Western Australia following exposure to
exhibition swine at an agricultural fair, and was confirmed to be due to a virus similar to, but distinct
from, the swine viruses found in Western Australian and Queensland swine.

2. Materials and Methods

Active surveillance for respiratory illness among the workers at the affected piggery was
commenced when the outbreak was notified to the CDCD. Those who developed any respiratory illness
were assessed by a medical practitioner, and mid-turbinate nasal and throat swabs were collected
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using flocked swabs (FLOQSwabs, Copan Diagnostic Inc, Murietta, CA, USA). Swab samples were
placed in virus transport medium and transported to PathWest Laboratory Medicine WA (PathWest,
Perth, Australia) at 4 ◦C. Serum samples from symptomatic individuals were collected by standard
venipuncture, then stored and transported at 4 ◦C, with a convalescent sample collected 10–14 days
later. Blood samples for the serosurvey were collected in the same manner.

PCR tests at PathWest used an in-house duplex assay which included specific real-time RT-PCRs,
respectively, directed at the influenza A matrix gene, the seasonal A(H3N2) HA gene, the seasonal
A(H1N1)pdm09 HA gene and the influenza B matrix gene [11]. PCR testing for other respiratory viruses
in the human contacts was carried as previously described [12] and swabs were also inoculated onto
an MDCK cell monolayer for virus isolation. Rhinovirus speciation was based on 5’NTR sequence [12]
and the characterization of matrix, HA and NA genes of influenza A viruses was carried out by
conventional Sanger sequencing.

Testing for antibodies to influenza A and B was performed by complement fixation titer (CFT)
at PathWest, while haemagglutination inhibition (HI) antibody test for the human sera and the
antigenic characterization of the swine IAV isolates was carried out at the World Health Organization
Collaborating Centre for Reference and Research on Influenza (WHOCC), Melbourne, Victoria.
Comparison of titers used a Kruskal–Wallis test performed on the log2 converted values.

3. Results

The outbreak of serious illness among swine began in mid-July 2012, and then gradually subsided
over the course of a few weeks (Figure 1) [8].

Figure 1. Date of onset of influenza-like illness and respiratory virus detections in 23 workers at a
piggery in WA preceding and during an outbreak of respiratory tract illness and deaths in swine. The
red columns are those with respiratory illness without laboratory confirmation either because they
were not tested (17 workers) or because the results were negative or inconclusive. The blue column is
confirmed seasonal A(H3N2) and the green are confirmed RV infections. Initial serologic testing at the
DAFWA had suggested influenza infection and on 4 August 2012, a site visit was made by officers from
the CDCD and the DAFWA.

No symptomatic humans were present during the initial site visit. However, 20 upper respiratory
tract swabs were collected from symptomatic swine for testing by PCR and culture.
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Initial PCR testing of the swine samples at PathWest were positive for influenza A matrix gene,
but negative for the HA genes of the contemporaneously circulating A(H1N1)pdm09 and A(H3N2)
viruses, indicating a possible novel HA type. This was later confirmed by the WHOCC in Melbourne
and the Australian Animal Health Laboratories in Geelong, Victoria [9].

Following the initial testing, which indicated that these were likely to be nonseasonal IAV,
suggesting a possible swine virus or an exotic human virus, the piggery was placed in quarantine [8]
and surveillance for respiratory illness in staff at the piggery was commenced. A protocol was put in
place to ensure that staff developing a respiratory illness were assessed and tested urgently by PCR,
treatment with oral oseltamivir at 75mg twice daily was immediately provided, and the person was
isolated at home until cleared of infection. Acute and convalescent serum samples were collected from
these symptomatic workers and arrangements were made for collection of convalescent samples 10–14
days later. The use of personal protective equipment (PPE) by the staff in contact with swine was also
emphasized, to reduce respiratory virus transmission.

Phylogenetic analysis of the swine IAVs characterized them as novel reassortant
viruses containing only gene segments of human origin: two H1N2 reassortant viruses
(H1N2/A/sw/WA/2577899R/2012 and H1N2/A/sw/WA/2577896X/2012) and one H3N2 reassortant
virus (H3N2/A/Swine/WA/2577766G/2012) [9]. One of the A(H1N2) viruses (2577899R) and the
A(H3N2) virus contained only segments that had not been detected in human populations for up to
decades. These were chosen for the comparative serology. The other A(H1N2) virus (2577896X) had the
same HA and NA genes as H1N2/2577899R, but the internal genes of the recent A(H1N1)pdm09 virus.
The absence of any known matching viruses recently circulating in human populations internationally,
and the ongoing circulation and evolution of these viruses within swine populations confirmed them
as enzootic swine influenza viruses.

On 10 August, a week after the notification of the outbreak and following confirmation of the virus
identification, seasonal influenza vaccination was carried out for the piggery workers, using the 2012
southern hemisphere trivalent influenza vaccine, and prophylaxis with oral oseltamivir 75 mg bd was
provided for two weeks while vaccine responses were developing. This was done to reduce the risk
of workers being infected with the variant virus, to reduce possible confounding seasonal influenza
infections in the workers, to reduce the risk of further introduction of circulating human influenza
viruses into the swine population, and to minimize the risk of mixed infections and reassortment
between human and pig viruses [13].

Further testing of samples from 131 swine of various ages was carried out at PathWest in order
to define the extent of the risk to human contacts. Of these, 43 (32.8%) had IAV detected based on
a positive PCR for the matrix gene. Sanger sequencing of the products of the HA and NA genes
indicated that six swine had a novel H1N2 virus, three (6.9%) had a novel H3N2 virus, one (2.3%)
had A(H1N1)pdm09 infection, and two (4.6%) had likely seasonal A(H3N2) virus. The remainder
could not be characterized by this sequencing. These results were consistent with whole genome
sequencing result of the reassortant A(H1N2) and A(H3N2) swine viruses [9]. Sanger sequencing of the
matrix gene of the six novel H1N2 viruses all matched with seasonal A(H1N1)pdm09 virus sequences,
indicating that they were highly likely to be the H1N2/A/sw/WA/2577896X/2012 reassortant.

On 24 August 2012, three weeks after the notification of the outbreak to CDCD and two weeks
after the vaccination program, 69 of 70 workers at the piggery completed a survey enquiring about
symptoms of influenza-like illness during the period beginning one month prior to the outbreak in
swine. Overall 27/69 (39%) of workers reported a mild respiratory illness in the month before or during
the swine outbreak, and 23 of these 27 ill workers could recall their onset date. Seven had onset prior
to the outbreak, seven during the swine outbreak but prior to notification, and nine after notification of
the outbreak (Figure 1). Of those nine cases, eight were swabbed. One yielded a seasonal A(H3N2)
virus, and three had a rhinovirus (RV), comprising two RV-C and one RV-A. The remaining four were
negative for respiratory viruses.
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Paired acute and convalescent serum samples were available for five cases (Table 1), including
the individual with PCR-confirmed H3N2 infection who demonstrated an increase in HI antibodies
to seasonal A(H3N2) from <1:10 to 1:320 between acute and convalescent sera, compared with an
increase from 1:20 to 1:80 to the swine A(H3N2). Two others showed ≥ 4-fold rises in HI titers to
A(H1N1)pdm09, one of whom also had a 4-fold rise in antibody titer to seasonal A(H3N2). However,
both had been vaccinated between the acute and convalescent sample and this may have accounted for
these results. The remaining workers did not show any significant HI changes.

Table 1. Acute and convalescent serum HI titers to swine and vaccine influenza A viruses for five
workers with respiratory illness who provided acute and convalescent samples. Significant titer changes
are in bolded text.

Vaccine
Given

Respiratory
Illness between

Samples
Sample

Swine Viruses Vaccine Viruses

H1N2 H3N2 H1N1pdm09 H3N2

A/WA/896X/2012 A/WA/766G/2012 A/California/7/2009 A/Perth/16/2009

1 Yes No
Acute <10 10 <10 <10

Convalescent <10 <10 320 40

2 Yes Yes 1 Acute <10 20 10 <10

Convalescent 10 80 40 320

3 No No
Acute 40 <10 20 20

Convalescent 40 <10 40 10

4 Yes No
Acute 20 20 40 80

Convalescent 20 20 40 160

5 Yes No
Acute 10 80 40 80

Convalescent 40 160 320 160

1 PCR-proven seasonal A(H3N2) infection.

Serum samples were requested at the time of the survey and 57/69 workers, 48 of whom had
received the seasonal influenza vaccine two weeks earlier, agreed to provide serum samples. HI titers
to swine A(H1N2) and A(H3N2) and to the vaccine A(H1N1) and A(H3N2) were determined (Table S1).

All of the nine unvaccinated workers had HI titers ≤1:80 to the swine A(H1N2) and all of these
were lower than or equivalent to the titers to the vaccine A(H1N1). Seven had HI titers <40 to the
swine A(H3N2), one had an HI titer of 40 to the swine A(H3N2) but this was lower than the titer
to the vaccine A(H3N2). However, the remaining worker had a significantly higher HI titer to the
swine A(H3N2) virus (1:320) than to the seasonal A(H3N2) virus (1:80). In summary, we found one
unvaccinated worker who had serological evidence of a possible infection with the swine A(H3N2)
virus. For the others, we either found no significant titers to the swine viruses or we could not exclude
cross-reacting antibody due to infection with seasonal viruses, as represented by the vaccine strains.

The other 48 workers who underwent testing had received the seasonal influenza vaccine as part
of the outbreak response. Therefore, we anticipated that we would detect vaccine-induced antibodies
that might mask responses to infection with the swine viruses. Therefore we examined the likely effect
of vaccination on antibody levels to the swine viruses by comparing HI titers in 48 vaccinated workers
with those in the nine unvaccinated workers. Forty-six of the samples from vaccinated workers had
sufficient volume to complete the testing for all viruses, while two further workers had sufficient
sample to test for antibodies to the swine A(H1N2) and the vaccine A(H1N1) viruses, but not for
antibodies to the A(H3N2) viruses (Table 2).

Vaccination had no effect on the HI titers to the swine A(H1N2) virus or the vaccine A(H1N1)
strain, so that the antibody titers (Table S1) can be interpreted independent of vaccination. For the
combined vaccinated and unvaccinated workers, there were a total of 24 workers who had HI titers
≥40 to the swine A(H1N2) virus, but 23 of these workers had equivalent or higher titers to the vaccine
A(H1N1) virus, so that cross-reacting antibody from seasonal influenza A infection or vaccination
could not be excluded. However, the remaining worker had a 16-fold higher titer to the swine A(H1N2)
virus, suggesting possible infection with that virus.
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In contrast, vaccination resulted in significant and similar increases in antibody titers to both the
swine and seasonal A(H3N2) viruses. The results for the unvaccinated workers (see above) identified
one worker with a possible swine A(H3N2) infection. Among the vaccinated workers, 35/46 had HI
titers ≥40 to the swine A(H3N2) virus, of which 17 had higher titers to the swine virus than to the
vaccine virus. Eight of these were only two-fold higher and were discounted as this difference was not
significant. However, there were nine samples where the HI titer was between four-fold and 32-fold
higher to the swine virus, which cannot be attributed to vaccination or seasonal virus infection.

Table 2. A comparison of the mean HI values in vaccinated and unvaccinated workers using a
Kruskal–Wallis test on the log2-transformed HI titer, where HI titers <10 were assigned a notional
value of 1. The one worker with a confirmed acute seasonal A(H3N2) infection was excluded.

Virus
Median of the log2-Converted HI Titers p-Value
Unvaccinated Vaccinated a

WA Swine H1N2 1 0.00 3.32 0.76

Human vaccine A/H1N1 09pdm 2 6.32 6.32 0.87

WA Swine H3N2 3 3.32 6.32 0.0004

Human vaccine A/H3N2 4 5.32 6.32 0.025
1 A/Swine/WA/2577896X/2012 H1N2, 2 A/California/7/2009 H1N1pdm09, 3 A/Swine/WA/2577766G/2012 H3N2,
4 A/Perth/16/2009 H3N2. a Only 46 workers were able to be tested for antibodies to the A(H3N2) viruses due to
insufficient sample volume remaining for the final two workers.

These data suggest that, at least in some of the workers, there is evidence that they may have had
an infection with one of the swine influenza viruses as their antibody titers could not be explained by
cross-reacting antibody from their recent vaccination or seasonal influenza virus infection. However,
we cannot exclude higher antibody titers due to past infection with human origin viruses that were
serologically closely-related to the swine viruses, as we do not have a demographically matched control
group that were not exposed to the swine influenza viruses.

4. Discussion

Influenza A viruses circulate and evolve continually within swine populations and represent a
reservoir of potential human pandemic influenza strains. These viruses occasionally cross into human
populations following contact with swine, including exhibition swine at agricultural events [6,14,15].
Until 2012 it was thought that Australia was free of this risk, as enzootic influenza had not been
detected in local swine populations previously. Characterization of the outbreak described here
clearly demonstrated that human influenza viruses have been regularly entering Australian swine
populations from humans, probably for decades, and that circulation and reassortment has persisted
within swine [9]. Infection of humans with variant influenza viruses arising from piggeries has not yet
been documented, but there is a continuing possibility that swine viruses with pandemic potential
may spread to humans in contact with swine within Australia. That appears to have happened with
the recent first variant influenza virus infection of a human in Australia, associated with exposure to
exhibition swine [10].

The Western Australian piggery outbreak was the first to identify enzootic influenza virus
infection in swine in Australia [9], and we have described the approach taken to determine whether
swine-to-human transmission had occurred and to mitigate the risk of further transmission between
swine and humans. That included reinforcing personal hygiene measures and providing seasonal
influenza vaccination for previously unvaccinated workers [16]. Active surveillance for respiratory
illness in the workers was instituted as soon as the outbreak was notified, but none of the subsequent
respiratory illnesses occurring could be attributed to the swine influenza viruses by PCR testing or
by serology.

The limitations of using virus detection for assessing infection of human contacts are known,
especially where long term exposure is likely and the illness is mild, so that the likelihood of identifying
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and sampling acute infections is low [17]. Serosurveys have the advantage of detecting past as well
as current infections, but are problematic for influenza diagnosis due to the multiple exposures and
vaccinations that occur during life and the cross-reactivity of influenza antibodies across different
strains of the virus. Adults have diverse immune backgrounds to influenza and therefore have complex
serological responses to infections with new influenza viruses. In our study, the interpretation of the
results was further complicated by the vaccination program that had been undertaken two weeks prior
to the serosurvey. This may have masked antibody responses to the swine viruses, which are difficult
to separate from possible cross-reactions from the vaccine response and/or past natural exposure to
human viruses.

However, we did not find any evidence that vaccination with the seasonal influenza vaccine
influenced the antibody titer to the swine A(H1N2) virus. So the high titer HI antibody to this virus
with a low titer to the seasonal A(H1N1)pdm09 virus that we found in one worker could not be
explained by vaccination, and indicated possible infection with the swine virus. With the swine
A(H3N2) viruses, we did find that vaccination increased titers to both the swine A(H3N2) and the
vaccine A(H3N2) viruses, but several workers had HI titers to the swine A(H3N2) virus that were at
least fourfold higher than the responses to the vaccine A(H3N2) virus. That result is not consistent
with a vaccine response, and again suggests possible infection with a swine A(H3N2) virus. However,
the HI titers to the swine A(H1N2) and A(H3N2) viruses could possibly have been due to past natural
infection with antigenically similar viruses that circulated within human populations.

The challenges associated with using serosurveys to assess zoonotic influenza infections have been
recently reviewed [17]. The authors recommended that, in order to identify antibodies specific to the
animal viruses, the protocol should include testing for antibodies to both human and variant viruses
for cross-reactivity; the use of two different serological assays, one of which should be a neutralization
assay, to improve specificity; and having matched control samples from persons not in contact with the
animals. Many of the piggery workers were from overseas, which meant that they had potentially
been exposed to a different spectrum of influenza A viruses that may have resulted in antibodies that
cross-reacted with the swine influenza viruses. Unfortunately, we could not access satisfactory control
sera to exclude that possibility. In view of that limitation, we elected not to proceed with neutralization
assays as it was unlikely to provide definitive results.

The ongoing circulation of influenza viruses within swine populations in Australia, with evidence
of transmission between humans and swine overseas, and the likely recent human infection acquired
within Australia has made us aware of potential for the generation of zoonotic infections. This also
raises the possibility, albeit low, of human pandemic strains arising within Australia following zoonotic
infection with a swine IAV. While commercial piggeries have not yet been shown to be a source of
zoonotic infection with swine IAV, precautions are recommended to mitigate this risk [16]. Further
studies are needed to identify the extent and diversity of influenza viruses in swine and other animals
in regular contact with humans, and to conduct studies to determine the frequency of transmission to
those human contacts.

The animal health sector has recently provided updated recommendations for maintaining
biosecurity at piggeries, and for the management of outbreaks [18,19]. In addition it is important to
restrict casual contact with swine at agricultural events, to carry out seasonal vaccination programs for
piggery workers and others with regular swine contact, to maintain surveillance of people working
at the human–animal interface and to have early structured investigation of outbreaks of respiratory
illness in the animals or their human contacts [13,16].

Supplementary Materials: The following are available online at http://www.mdpi.com/2414-6366/4/2/96/s1,
Table S1: HI values in vaccinated and unvaccinated workers. The one worker with a confirmed acute seasonal
A(H1N2) infection was excluded. Highlighted results are those where the titer to a swine IAV was ≥40 and at least
four-fold higher than the titer to the vaccine strain.
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Abstract: Scrub typhus (ST) is a vector-borne rickettsial infection causing acute febrile illness. The
re-emergence of ST in the Asia-Pacific region represents a serious public health threat. ST was first
detected in Bhutan in 2008. However, the disease is likely to be under-diagnosed and under-reported,
and the true impact is difficult to estimate. At the end of 2014, the SD Bioline Tsutsugamushi TestTM

rapid diagnostic test (RDT) kits became available in all hospitals to assist clinicians in diagnosing ST.
We conducted a retrospective descriptive study, reviewing records from all hospitals of Bhutan to
identify all RDT-positive clinical cases of ST in Bhutan in 2015. The aim was to evaluate the burden
of ST in Bhutan, describe the demographic, spatial and temporal patterns of disease, and identify
the typical clinical presentations. The annual incidence of RDT-positive cases of ST reporting to
Bhutanese hospitals in 2015 was estimated to be 62 per 100,000 population at risk. The incidence of
disease was highest in the southern districts with a subtropical climate and a high level of agricultural
production. The highest proportion of cases (87%) was rural residents, with farmers being the main
occupational category. The disease was strongly seasonal, with 97% of cases occurring between June
and November, coinciding with the monsoon and agricultural production seasons. Common ST
symptoms were not specific, and an eschar was noted by clinicians in only 7.4% of cases, which is
likely to contribute to an under-diagnosis of ST. ST represents an important and neglected burden,
especially in rural communities in Bhutan. The outcomes of this study will inform public health
measures such as timely-awareness programmes for clinicians and the public in high-risk areas, to
improve the diagnosis, treatment and clinical outcomes of this disease.

Keywords: scrub typhus; One Health; incidence; clinical pattern; descriptive epidemiology;
vector-borne disease; emerging disease

1. Introduction

Scrub typhus (ST) or tsutsugamushi disease is a vector-borne rickettsial disease that is caused
by the obligate intracellular bacterium Orientia tsutsugamushi. The primary reservoir is a trombiculid
mite of the genus Leptotrombidium, which maintains the infection within populations through
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both transovarial and transtadial means of transmission [1]. Transmission to humans and other
mammals occurs when the larval stage of infected mites feed on a human host [1]. A high risk of
exposure to ST is associated with outdoor activities, agricultural work in particular, or living near
grasslands or fields [2,3]. Humans are dead-end hosts, with no evidence of horizontal transmission of
O. tsutsugamushi between people.

The geographic distribution of endemic ST is associated with the distribution of the reservoir
mite in an area known as the ‘tsutsugamushi triangle’, centered on South-East and Pacific Asia [4]. ST
has been described in this region for over a century [1,5]. The recent resurgence and re-emergence of
ST in the endemic area has been associated with global climate change, influencing the distribution of
infected mites [1]. Other putative factors are changes in agricultural practices and human behaviour,
as well as improvements in diagnostic capabilities [5,6].

ST clinically presents as an acute non-specific febrile illness, which is difficult to diagnose [7].
Other common symptoms include nausea, vomiting, headache, myalgia and respiratory signs [8,9].
An eschar at the site of the bite, occurring before the onset of other symptoms, is pathognomonic [8,10].
However, the presence of an eschar, usually on the front of the body [11], is variably reported in
1–97% of ST patients, depending on the region of the world [1]. While ST is readily treated with
antibiotics such as tetracycline, doxycycline, azithromycin and rifampicin [12], the nonspecific flu-like
symptoms lead to the under-diagnosis and the under-treatment of this disease in many countries.
Untreated ST can cause major complications and ultimately death. The median case fatality rate in
untreated patients was estimated to be between 6 and 10% [1,13], but fatalities of up to 70% have
been reported [1]. The duration of illness before effective antibiotic treatment is positively associated
with progression to severe disease [14]. Hospital-based studies in South India reported a case fatality
of 8–9% in ST patients reporting to the hospital, with multi-organ dysfunction observed in 34% of
these patients [9,15]. Prompt clinical diagnosis and timely appropriate treatment are thus critical for
improving the clinical outcome in individual patients [8,15], and for decreasing the public health
impact of this disease [1].

In Bhutan, located within the tsutsugamushi triangle, ST was first identified as a cluster of pyrexia
cases of unknown origin reporting to the Gedu hospital in the summer of 2008 [16]. A second outbreak
occurred in Gedu in July 2009, of which 70% of cases were confirmed as ST by the Armed Forces
Research Institute of Medical Sciences in Bangkok [17]. The disease was made notifiable in Bhutan in
2010. Notifications began to increase, particularly from the southern subtropical regions, which remain
hot and humid for most of the year, and are exposed to the Indian summer monsoon [18]. However,
given the non-specific presentation of ST, the disease was likely to be under-reported with only 22
to 67 cases being notified annually between 2012 and 2014. Misdiagnosis by clinicians and a lack of
awareness amongst the public will respectively result in inappropriate case management, and delays
in seeking treatment for febrile illness, in turn increasing the impact of ST in Bhutan.

In 2014, the Ministry of Health of Bhutan initiated a national sero-surveillance programme to
gather more information on the incidence of ST, and to raise awareness among clinicians. In Bhutan,
19 of the 20 districts have a government district hospital, in which doctors provide in-patient and
out-patient clinical services for the general public. The Gasa district in the far-north Himalayan area
only has a Basic Healthcare Unit—Grade 1 (BHU-I) which functions as a district hospital. The country
has two regional referral hospitals: in Gelephu, servicing southern Bhutan, and in Monggar, servicing
eastern Bhutan. A national referral hospital is located in the capital city, Thimphu. There are no
private medical services in Bhutan. As part of the sero-surveillance programme, the Ministry of
Health approved the use of a commercial point-of-care rapid diagnostic test (RDT), the SD Bioline
Tsutsugamushi TestTM, in all hospitals and the BHU-I in Gasa, to support clinicians with the differential
diagnosis and timely treatment of ST. The test has the advantage of low cost, rapidity, a single test result
and simple interpretation [19]. The SD Bioline Tsutsugamushi TestTM is an immunochromatographic
test that is designed for use in clinical settings. It detects IgM, IgG and IgA antibodies against
O. tsutsugamushi, which increases the sensitivity of the test in patients that may seek treatment once
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past the acute phase, and those which have been re-infected with O tsutsugamushi and have an elevated
IgG titre [20].

Under the national sero-surveillance programme, clinicians were encouraged to send samples
from patients positive to the RDT to the Royal Centre for Disease Control (RCDC), which functions as
the national public health laboratory in Thimphu, for confirmatory testing using the Scrub Typhus
Detect TM IgM Enzyme-Linked Immunosorbent Assay (ELISA) test (Inbios International, Inc., Seattle,
WA, USA). Cut-off values for the ELISA were calculated for samples collected from Bhutan with the
assistance of a laboratory in Pune, India.

Before 2015, no population-wide information on ST was available in Bhutan. With new diagnostic
capabilities becoming widely available in hospitals in 2015, a rise in diagnosed ST in Bhutan was
expected, irrespective of the level of notification to the Ministry of Health. The aim of this descriptive
epidemiology study was therefore to compile the first year of data that was generated by the improved
diagnostic capability in hospitals and the national sero-surveillance programme, to gain insight into
the epidemiological patterns of ST and the likely impact of ST in Bhutan.

The objectives of our study were to: (1) obtain a more accurate estimate of the incidence of clinical
ST, (2) describe the clinical patterns of ST, and (3) describe the demographic, spatial and temporal
epidemiological characteristics of clinical ST in Bhutan. The outcomes of this study would contribute
to more accurate estimates of the national burden of disease, and support the development and
implementation of public health measures to reduce the impact of ST.

2. Materials and Methods

We conducted a national descriptive study of laboratory-confirmed ST cases that were identified in
hospitals in Bhutan in 2015. The case definition was clinically suspected ST cases that were confirmed
by the Rapid Diagnostic Test (RDT; SD Bioline Tsutsugamushi TestTM) during routine practice in
hospitals in Bhutan during 2015.

2.1. Data Collection

ST cases were identified retrospectively by examining the clinical records of all district and referral
hospitals and the BHU-I in Gasa district in early 2016. RDT-positive cases that were identified during
a hospital-based case control study conducted from October to December 2015 in 11 districts with a
higher incidence of ST were included. RDT-positive samples from this case-control study were sent to
the RCDC for confirmatory IgM ELISA testing.

Data were obtained from RCDC on IgM ELISA-positive cases tested under the national
sero-surveillance programme and the case control study.

For cases that were eligible for the case control study, demographic, clinical and epidemiological
information were collected by interview during the study. For other patients, the clinical data were
retrieved from the hospital records, and the demographic data was retrieved directly from the patient
using their recorded contact details, where necessary.

The national census data issued by the Ministry of Health, Bhutan’s Statistical Bureau, was used
as the denominator to calculate national and district-level incidence, and age-based incidence rates of
RDT-positive ST cases. The district population, as well as the rural versus urban population data was
derived from 2015 statistics and age demographic data from 2017 statistics.

2.2. Analysis

We used descriptive methods to analyse the clinical and epidemiological characteristics of ST
cases, including demographic, temporal and spatial distributions. Temporal patterns were based on
the date of consultation in local hospitals. Spatial distribution was based on the address of the patient
at the time of consultation. We mapped the district-level incidence of the RDT+ ST cases with and
without the cases identified during the case control study, to identify a potential confounding of the
case control study on the spatial distribution of ST. The age distribution between male and female
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patients was compared by using a two-sample Kolmogorov-Smirnov (KS) test. The proportion of
patients experiencing each group of symptoms was compared between males and females using the
Pearson’s Chi-squared test. The proportion of rural versus urban cases was compared to that in the
general population, using a test of equal proportions between samples.

Incidence rates were expressed as the cumulative number of ST cases per 100,000 persons at risk
in 2015.

All analyses were performed using R [21].

2.3. Ethical Considerations

The ethical clearance was approved by the Research Ethics Board of Health (REBH), Ministry
of Health, Royal Government of Bhutan, Thimphu via letter number REBH/PO/2015/042 on the
25 November 2015.

3. Results

A total of 470 RDT-positive clinical cases of ST was identified in this study, representing an
observed annual incidence of 62 cases per 100,000 persons at risk in Bhutan in 2015. Among
the 470 cases, 160 samples were sent to the RCDC for IgM ELISA testing, as part of the national
sero-surveillance programme, of which 85 (53%) were ELISA-positive. A further subset of the 470 cases
included 125 RDT-positive samples identified through the case control study which were tested with
the IgM ELISA at RCDC, of which 79 (63%) were ELISA-positive.

There was a similar proportion of females (51.3%) and males (48.7%) among the cases. The median
age of ST patients was 30 years old, with the highest percentage of cases within the 20–40-year-old
period (Figure 1). The age distribution of ST in males and females was very similar (Figure 1) and
statistically not different (KS p-value = 0.65). While the highest number of ST cases occurred in the
20–40-year old age group, the age-specific incidence was highest in age groups between 40 and 70 years
old (Figure 2).

Figure 1. Age distribution of 470 clinically suspected scrub typhus (ST) cases that were positive to the
SD Bioline Tsutsugamushi test in Bhutan in 2015.
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Figure 2. Age-specific incidences of 470 clinically suspected ST cases that were positive to the SD
Bioline Tsutsugamushi test in Bhutan in 2015.

Farmers represented the main line of occupation among ST patients (45%), followed by students
(22%) and housewives (17%) (Figure 3). The vast majority of patients were from rural areas (88%, n =
412) compared to 62% in the general population. Rural cases were overrepresented in the RDT-positive
population, compared to the general population (p < 0.0001).

Figure 3. Occupation of 470 clinically suspected ST cases that were positive to the SD Bioline
Tsutsugamushi test in Bhutan in 2015 (the “Other” category encompasses gomchen (lay priests),
patients from India, military personnel, monks and civil servants).

The highest annual incidence of RDT-positive ST cases was observed in sub-tropical districts in
the south of Bhutan (Figure 4). This spatial pattern was consistent with and without the cases identified
through the case control study, which was conducted in the southern districts (Figure 4). Cases were
observed in all districts except Gasa, which is located in the higher Himalayas.
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Figure 4. Spatial distribution of the incidences of clinically suspected scrub typhus cases that tested
positive to the SD Bioline Tsutsugamushi test in Bhutan in 2015 ((a) excluding 125 RDT-positive ST cases
that were identified during the case-control study conducted in 11 southern districts between October
and December 2015, (b) including all 470 RDT-positive ST cases that were identified during 2015).

The temporal distribution of ST cases showed a strong trend of seasonality that was associated
with the monsoon season. There were virtually no cases between December and June, followed by a
sharp increase in July with a peak of incidence in September, and a sudden drop from October onwards
(Figure 5).

Most RDT-positive ST cases presented with nonspecific flu-like symptoms. Fever was present
in all patients, since this was generally the criterion for clinicians to perform the RDT, headache in
87%, myalgia and poly-arthralgia, respectively, in 56% and 40% of patients, and diarrhea or vomiting
in 22% (Table 1). The presence of a pathognomonic eschar was only observed in 7.4% of the patients,
twice as commonly in males (10%) as females (5%) (p = 0.06). Males and females mostly presented
with a similar pattern of symptoms. However, respiratory and vascular symptoms were significantly
1.7 (p = 0.01) and 1.9 (p = 0.04) times more frequent in males.
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Figure 5. Temporal distribution of 470 clinically suspected scrub typhus cases that tested positive to
the SD Bioline Tsutsugamushi test in Bhutan in 2015.

Table 1. Comparison of the clinical manifestations of 470 clinically suspected ST cases that tested
positive to the SD Bioline Tsustugamushi test in males (241) and females (229) in Bhutan in 2015.

Positive n Proportion
(Overall)

Proportion
(Males)

Proportion
(Females)

p-Value

Fever 470 470 100% 100% 100% NA
Headache 407 470 86.6% 83.8% 89.2% 0.12
Myalgia 265 470 56.4% 55.9% 56.8% 0.91
Malaise 216 468 46.2% 48.7% 43.8% 0.33

Polyarthralgia 189 470 40.2% 41.5% 39% 0.65
Other Digestive Symptoms 179 470 38.1% 37.1% 39% 0.74

Chills 130 469 27.7% 28.1% 27.4% 0.95
Diarrhoea/Vomiting 102 470 21.7% 21% 22.4% 0.79

Giddiness 95 467 20.3% 16.8% 23.7% 0.09
Respiratory Symptoms 91 470 19.4% 24.5% 14.5% 0.01

Rashes 88 469 18.8% 18.8% 18.8% 1
Vascular Symptoms 45 470 9.6% 12.7% 6.6% 0.04

Eschar 35 470 7.4% 10% 5% 0.06
Restlessness 31 470 6.6% 7% 6.2% 0.88

Lymphadenopathy 9 470 1.9% 2.2% 1.7% 0.94
Jaundice 3 470 0.6% 0.4% 0.8% 1

4. Discussion

The emergence of reported ST cases in Bhutan between 2010 and 2014 indicated the potential
for ST to be a significant health issue in Bhutan. However, most healthcare workers as well as the
public were not aware of the disease at that time. This is the first national study of ST in Bhutan,
providing more accurate evidence for the overall incidence and the spatial, temporal and demographic
distributions of ST in Bhutan’s population in 2015.

The identification of 470 cases of RDT-positive ST in Bhutan in 2015, representing an observed
annual incidence of 62 RDT-confirmed clinical ST cases/100,000 persons at risk, is a much higher
incidence of ST than that reflected through the national sero-surveillance data from previous years.
These results suggest that ST is a common cause of febrile illness in Bhutan. However, there are many
challenges that are associated with serological testing for ST that make it difficult to interpret the extent
to which this result reflects the true incidence of clinical ST in the Bhutanese population. Given the
SD Bioline Tsutsugamushi test measures IgM, IgG and IgA antibodies it is likely to overestimate the
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incidence of clinical ST infections that occurred during 2015, given the test also captures antibodies
that are associated with historical exposure in an unknown proportion of febrile cases [20]. This is
supported by the IgM ELISA test results being positive in only 53% and 63% of the subset of RDT+
cases that were tested with the ELISA, respectively, in the sero-surveillance programme and the
case control study. The IgM test results are likely to reflect the proportions of RDT+ cases that have
current infections. The InBios Scrub Typhus Detect IgM ELISA was reported to have a sensitivity
and specificity of 93% and 91% respectively, when measured against patients with typhus-like illness
that fulfilled robust scrub typhus criteria in Thailand [22]. On the other hand, reinfection with O.
tsutsugamushi is not uncommon in endemic areas, and such cases can be expected to have a rising IgG
titre, which would not be captured in the IgM ELISA test results [20]. Furthermore, a proportion of
cases who sought treatment after only a few days of fever may not have developed IgM antibodies,
and this would have been missed by both serological tests [20]. In general, the RDT-positive incidence
is more likely to reflect the overall exposure to O. tsutsugamushi amongst febrile patients, including
recent and historical exposure, while the IgM ELISA incidence is more likely to reflect clinical disease
that is associated with recent exposure. Both tests are likely to underestimate the true incidence of
clinical ST in the study populations. Due to ST’s non-specific flu-like symptoms, it is likely that not all
cases would have sought treatment at the hospitals; milder or self-limiting cases of ST might not be
seen in the hospital. The disease is also likely to be under-diagnosed, due to a lack of awareness of
clinicians and non-specific clinical presentation. Moreover, anecdotal reports indicate that clinicians
may have faced a shortage in the supply of RDT kits in some district hospitals in 2015, especially in
high-incidence areas, and an unknown number of clinical ST cases may not have been tested.

There is considerable variation in the information on sensitivity and specificity of the SD Bioline
Tsutsugamushi test. While the company selling the test claims a sensitivity and specificity of 99%
and 96% respectively, one study evaluating this test against the immunofluorescence assay (IFA) in
Thailand found a sensitivity of only 20.9% (95% CI: 10.0–36.0) in acute samples that are collected from
patients who had a fever for a mean of 2–3 days. A higher sensitivity of 76.7% (95% CI: 61.4–88.2)
was found in convalescent samples that were collected from the same patients at a median interval
of 14 days (range 11–30 days). The specificity was similar in acute (74.4%; 95% CI: 58.8–86.5) and
convalescent (76.7%; 95% CI: 61.4–88.2) samples [23]. Other studies have found that the same test
had a sensitivity of 66.7% (95% CI 57.1–75.1%) and 72.6% in acute samples from febrile patients in
Thailand and Korea, respectively, when assessed against the IFA [20,24]. Specificity was estimated to be
98.4% (95% CI: 91.5–99.7) in the Thai study [20]. Furthermore, there are acknowledged problems with
evaluating the test accuracy by using the IFA as a gold standard, which may result in underestimates of
sensitivity and specificity in the tests being evaluated [22]. The authors recommend the widespread use
of the IgM ELISA, with optical density cut-offs, calibrated for an individual country, as a gold standard
for the acute diagnosis of ST infections. The accuracy of serological tests may also be influenced by the
variation in the circulating strains of O. tsutsugamushi [22,24]. The authors acknowledge the need for
ST diagnostic tests to be validated within the country in which they are to be used, to provide more
accurate results. The SD Bioline Tsutsugamushi test has not been validated for Bhutan, which further
complicates the interpretation of how well the results represent the true ST situation in the country.

While there are challenges in interpreting how well the results of the RDT testing of clinically
suspected ST cases reflect the true incidence of clinical ST in the national Bhutanese population, the
results are reasonably comparable between sub-groups within the tested population, given that the
same test was used throughout the country. It was previously thought that ST was endemic only in
the southern part of the country. However, this study has shown that while the highest incidence of
RDT-positive clinical ST cases occurred in the subtropical southern districts of Bhutan, cases occurred
throughout Bhutan in all but one district, Gasa, which is located in the higher Himalaya area (Figure 4).
Hence, ST is a vector-borne zoonotic disease of national importance. The higher incidence in subtropical
areas is likely to be associated with the climate favouring the survival of chigger mites, together with
higher levels of exposure to the vector through the more intensive farming activities undertaken in the
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favourable growing climate in this region. The lack of cases in the mountainous Gasa district may be
due to an unsuitable environment for the reservoir’s sustenance. However, it may also be influenced
by the district not having a district-level hospital, which may have led to potential ST cases not being
diagnosed and/or tested. Furthermore, the local population may experience difficulty in accessing
medical services in this mountainous area, which could further contribute to an underestimation of
the incidence of ST in this district.

There was a very strong temporal pattern in the occurrence of RDT-positive clinical ST cases,
with 97% of cases observed between June and November, peaking in September (Figure 5). A similar
pattern was found in a study in West Bengal, India [25]. This time of the year coincides with the
monsoon and the cropping season, which might favour both the density of the chiggers and people’s
exposure to the vector through agricultural work.

The observed seasonal and spatial patterns of RDT-positive clinical ST cases could be affected by
clinicians in high-risk areas having greater awareness of ST during the high-risk season. Data on the
total number of clinically suspected ST cases and the number of cases tested with the RDT in hospitals
were not available. Hence, we cannot assess the consistency with which the RDT was applied across
the clinically suspected ST cases in all hospitals, nor the variation in the proportion of RDT-tested cases
that were positive. However, it is unlikely that clinicians’ prior knowledge of ST biased the results in
this study. While clinicians in the southern areas of Bhutan are generally aware of a higher incidence
of febrile disease during the monsoon season, they were mostly unaware of ST and its epidemiology at
the time of the study, hence variable awareness of ST is unlikely to have had a significant effect on the
clinical suspicion of ST, or the application of the RDT.

The case control study on clinical ST cases diagnosed from October to December 2015 in 11
districts in the south of Bhutan is likely to influence the observed spatial and temporal patterns, as
clinicians would have had a greater awareness of ST during the study. Given the study did not begin
until October 2015, it would not have influenced the increased incidence showing from July until
the peak in September. Furthermore, it would provide more confidence that the incidence declined
significantly in November and December. Mapping the RDT-positive ST cases without those from the
case control study showed the same spatial pattern with a higher incidence in the southern districts of
Bhutan. This gives confidence that there is a higher risk of ST in the subtropical southern districts of
Bhutan. A possible source of bias in the spatial and temporal distribution of diagnosed ST may have
arisen from a shortage of kits in some hospitals. There is no data available on the timing of diagnostic
kit supply to district hospitals during 2015. However, anecdotal reports indicate that some hospitals
experienced a temporary shortage of diagnostic kits, particularly hospitals in the high-incidence areas
during the high-incidence time of year. This might have influenced the observed distribution of
diagnosed cases.

ST predominantly affected people living in rural areas (87%), primarily farmers (45%) (Figure 3).
This is consistent with previous observations throughout South-East Asia [25–28]. Students were
the second-highest group with clinical ST. This is consistent with results from previous studies,
highlighting the importance of ST in the differential diagnosis of children with pyrexia of unknown
origin [29].

The highest age-specific incidence of clinical ST occurred in 40–70 year olds. The national
statistics [30] show that a larger proportion of people aged 40 years and over live in rural areas (72%)
compared with urban areas (28%). Hence, this age-related result is likely to be confounded with a
higher risk of exposure of older people to rural environments and agricultural activities. It may also
reflect the cumulative exposure of the at-risk population to O. tsutsugamushi, which is captured by the
RDT measuring IgG and IgA, as well as IgM antibodies. Further studies that include multi-variable
analyses would provide more accurate indications of the risk factors for ST.

Cases of ST in Bhutan presented as a nonspecific febrile illness, with signs of myalgia or
poly-arthralgia in half the patients, consistent with reports in the literature [13,31]. Respiratory
and vascular symptoms were significantly more frequent in males compared to females (respectively
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1.7 and 1.9 times). Such a difference has not been reported in other studies, and it is difficult to propose
an explanation for these differences. It may be confounded by variable distribution of these conditions
between males and females in the over 40 year old age group. The presence of an eschar at the site
of the chigger bite is described as pathognomonic [9], and it can thus be a precious diagnostic clue
for clinicians. In Japan, 87% of patients presented with an eschar [27]. In contrast, this lesion was
noted by the clinician in only 7.4% of patients (10% in males and 5% in females) in the present study.
It is possible that clinicians did not thoroughly investigate patients for this lesion, especially female
patients. The low detection rate of eschars may also be influenced by the inclusion of febrile patients
with historical exposure to ST in the RDT-positive population, given the test measures of IgG and IgA,
as well as IgM antibodies.

Among the 470 RDT-positive cases identified in hospitals, samples from only 160 cases were
submitted from only four hospitals to the RCDC under the national sero-surveillance programme. The
hospitals were: the national referral hospital in Thimphu, the regional referral hospitals in Sarpang and
Mongar, and the secondary referral hospital in Paro. District hospitals in the rest of the country did
not contribute samples, due to the perceived difficulty of transporting the samples to Thimphu, and
a general lack of awareness about the sero-surveillance programme. As a result, the data generated
through the national sero-surveillance programme significantly under-represents the true incidence of
clinical ST in Bhutan. Raising clinicians’ awareness of the sero-surveillance programme and ensuring
facilities are available to transport samples from district hospitals to the RCDC in Thimphu would
improve the representativeness of the sero-surveillance data. This would improve the ability of the
Ministry of Health to monitor trends and to determine if clinical ST continues to emerge over time and
over geographic areas in Bhutan. It would also indicate hospitals that may be under-diagnosing ST,
which would enable targeted measures to be implemented to improve treatment-seeking behaviours of
the public, and/or the diagnosis and treatment of ST in such areas where there is a difference between
the expected and actual reported cases.

Despite the limitations of the SD Bioline Tsutsugamushi test, such commercial point of care
tests are considered to be useful in clinical settings in limited resource environments to guide the
differential diagnosis of ST [32], with the advantages of affordability, rapidity, single test results and
ease of interpretation [19]. However, the tests need to be used with appropriate clinical discernment.
It is important for clinicians to rule out other causes of acute febrile illness and the possibility of
co-infection of patients with other infections that are associated with similar exposures, such as
dengue and other rickettsial diseases. Given the limitations in the sensitivity of the test, clinicians
should be encouraged to initiate treatment in patients in which they strongly suspect ST, even if the
sample tests negative to the RDT, and to send samples from such patients to RCDC for confirmatory
testing with the IgM ELISA. The epidemiological information generated through this study provides
supplementary information that clinicians can use to diagnose ST, even in the absence of a positive RDT.
Furthermore, epidemiological information can significantly contribute to the formulation and timely
implementation of public health measures to reduce the burden of ST in Bhutan. Communication
programmes can be implemented in all areas, to raise the awareness of the public to seek treatment if
they are suffering flu-like symptoms. Likewise, providing clinicians with guidelines and professional
training in risk factors for ST, such as the times of year, geographic areas, occupations and types of
exposure to potential chigger habitat could increase the probability of considering ST in the differential
diagnosis for patients presenting with nonspecific febrile illness. The timely supply of test kits and
therapeutic drugs to hospitals, especially in high-risk areas, may contribute to the improved diagnosis
and treatment of ST cases.

This study represents an important step towards understanding the incidence and associated
risk factors for ST in Bhutan, which can inform both public health measures and the design of future
studies. It would be valuable to validate the SD Bioline Tsutsugamushi test in Bhutan. Furthermore,
studies to identify the antigenic variants of O. tsutsugamushi in Bhutan and in neighbouring areas
of northern India could help with the development of more sensitive serological tests. Given the
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complex nature of this vector-borne zoonotic disease, One Health studies, involving collaboration
between multiple sectors and disciplines, are required to explore the roles of the environmental and
anthropologic factors, and the ecology of the reservoir and vector population, to understand the drivers
of the spatial, temporal and demographic distributions of ST in Bhutan.
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Abstract: Brucellosis is endemic among dairy animals in India, contributing to production losses and
posing a health risk to people, especially farmers and others in close contact with dairy animals or
their products. Growing urban populations demand increased milk supplies, resulting in intensifying
dairy production at the peri-urban fringe. Peri-urban dairying is under-studied but has implications
for disease transmission, both positive and negative. In this cross-sectional study, five Indian cities
were selected to represent different geographies and urbanization extent. Around each, we randomly
selected 34 peri-urban villages, and in each village three smallholder dairy farms (defined as having
a maximum of 10 dairy animals) were randomly selected. The farmers were interviewed, and milk
samples were taken from up to three animals. These were tested using a commercial ELISA for antibodies
against Brucella abortus, and factors associated with herd seroprevalence were identified. In all, 164 out of
1163 cows (14.1%, 95% CI 12.2–16.2%) were seropositive for Brucella. In total, 91 out of 510 farms (17.8%,
95% CI 14.6–21.4%) had at least one positive animal, and out of these, just seven farmers stated that
they had vaccinated against brucellosis. In four cities, the farm-level seroprevalence ranged between
1.4–5.2%, while the fifth city had a seroprevalence of 72.5%. This city had larger, zero-grazing herds,
used artificial insemination to a much higher degree, replaced their animals by purchasing from their
neighbors, were less likely to contact a veterinarian in case of sick animals, and were also judged to
be less clean. Within the high-prevalence city, farms were at higher risk of being infected if they had
a young owner and if they were judged less clean. In the low-prevalence cities, no risk factors could
be identified. In conclusion, this study has identified that a city can have a high burden of infected
animals in the peri-urban areas, but that seroprevalence is strongly influenced by the husbandry system.
Increased intensification can be associated with increased risk, and thus the practices associated with this,
such as artificial insemination, are also associated with increased risk. These results may be important to
identify high-risk areas for prioritizing interventions and for policy decisions influencing the structure
and development of the dairy industry.

Trop. Med. Infect. Dis. 2019, 4, 70 www.mdpi.com/journal/tropicalmed26
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1. Introduction

Infectious diseases cause a major burden on both human health and society as a whole. Zoonotic
diseases inflict a double burden, since they also affect animal health, with associated costs and reduced
productivity. Brucellosis is a very common but frequently neglected zoonosis that occurs globally,
except for in a few countries that have managed to eradicate it, and the disease is often underreported
and uncontrolled in low and middle-income countries, which may have the highest burden of the
disease [1–4].

The disease can be caused by different bacteria of the genus Brucella, of which most species
are pathogenic to multiple mammals, including cattle and humans [5,6]. Cattle are most frequently
infected by Brucella abortus or Brucella melitensis [5,6]. These bacteria cause a chronic infection with
preferred localization in the reproductive system, where they can cause abortion in pregnant cows or
other reproductive problems, as well as reduced milk production in lactating animals and orchitis in
bulls [1,7]. Although most infected animals only abort once, they may remain infected their entire
life [8]. After the first abortion, as well as in non-pregnant animals, the disease can be asymptomatic [5].
Infected male cattle can spread the disease sexually, and both sexes may become infertile. Joint
hygromas are another common manifestation of brucellosis [3].

Milk consumption has been increasing in low and middle-income countries, a trend likely to
continue as the demand for animal-source food trends upwards due to population growth, changing
lifestyles, and increasing wealth [9]. In India, the large vegetarian population increases the dependence
on dairy products for high quality proteins. India has the world’s largest dairy herd at around
300 million and is the world’s leading milk producer, contributing around 17% of the world’s total
milk production, with more than 70 million households engaged in milk production [10,11]. Milk
consumption is higher in urban areas and while the majority of the Indian population still live in rural
areas, urbanization is increasing. Cities require a constant supply of fresh milk, and peri-urban dairy
production plays an important role in meeting this demand.

The health of livestock, humans and livelihoods are closely linked, with zoonotic diseases such as
brucellosis causing not only human and animal morbidity, but also reduced animal production and
hence reduced incomes [12,13]. In India, awareness of brucellosis is low among livestock-keepers and
healthcare staff, and because of the non-specific symptoms and the limited availability of laboratory
facilities in many rural hospitals, diagnosis is seldom feasible [14,15]. Multiple studies have found
seropositivity in humans in India, indicating the need to have an OneHealth approach for controlling
this disease [16].

2. Materials and Methods

2.1. Ethical Approval

The study received ethical approval from the ethics committee of the Public Health Foundation of
India [TRC-IEC-219/14, 27 May 2014; amended 12 October 2015]. Ethical approval was also obtained
by Institutional Ethics Committees of Guru Angad Dev Veterinary and Animal Sciences University
(GADVASU), Assam Agricultural University (AAU), Karnataka Veterinary, Animal and Fisheries
Sciences University (KVAFSU), Rajasthan University of Veterinary and Animal Sciences (RAJUVAS)
and School of Biotechnology, Kalinga Institute of Industrial Technology (KSBT) at the Ludhiana,
Guwahati, Bangalore, Udaipur and Bhubaneswar study sites, respectively. Before a farmer was
interviewed, they were informed about the purpose of the study and gave their consent to participate.
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2.2. Farm Selection

Five Indian cities were selected purposively to represent different parts of the country (Figure 1).
Peri-urban was defined as within 5 km of the official city boundaries, and all villages in that circle were
mapped. For the purpose of this study, smallholder farms were defined as a dairy farm with a herd
size of less than 10 cattle/buffaloes at the time of the survey and at least one milking animal, with dairy
constituting a source of livelihood with or without domestic consumption. A systematic selection
of 34 of these villages was done by identifying the proportion that needed to be sampled, and then
systematically choosing these in a clockwise fashion around the city. The selected villages were then
visited to identify all farms, using local village leaders as guides. The methodology of the creation of
this sampling frame has been described elsewhere [17]. Out of this sampling frame, three smallholder
farmers per village were randomly selected.

Figure 1. Location of selected cities in India.

2.3. Data Collection

Data collection was done between June 2015 and January 2016. A questionnaire was developed
and piloted on farms in each site before starting the sampling. The tool was uploaded into electronic
format and data collection was conducted using tablets, from which the data was uploaded into a
central server. Data was collected by different data collection teams in each city, but all teams were
trained by the same trainers, who joined in the first days of data collection. The data was collected
through interviews in the local language, after the participants had been read the information about
the project and given their written consent. Observations about cleaning practices and hygienic status
were done during milking using an observation checklist. Cleanliness and drainage scores were
standardized using pictures to guide the grading, and the scoring was assessed during the training to
make sure it was consistent. Knowledge about antibiotics was assessed based on if the farmer reported
to know the word (in the local language).

2.4. Sample Collection

In each farm, up to three milking cows or buffaloes were selected for sampling. In the 33% of farms
where the number of milking cattle exceeded three, all cows were given a unique number, and then
three numbers were selected randomly. The data collection teams were trained on aseptic collection
of milk from the selected cows, and 40 mL of milk was collected in sterile vials and immediately
kept chilled until they were transported to the laboratory on the same day of collection. The samples
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were thereafter stored in deep freezer at −80 ◦C. Samples were kept frozen when transported to the
laboratory of microbiology at GADVASU and stored at −80 ◦C until analysis.

2.5. Serological Analysis

Milk was analyzed for the presence of antibodies using a commercial indirect enzyme-linked
immunosorbent assay (iELISA) developed for use with milk samples (IDEXX Brucellosis Milk X2 Ab
Test, IDEXX, Westbrook, ME, USA). The protocol of the manufacturer was followed, and all samples
were done in duplicates. In brief, 50μL of milk was diluted into 200μL of sample diluent on a microplate
precoated with Brucella lipopolysaccharide (LPS). The plate was incubated for 90 min, before being
washed and the subsequent addition of conjugated anti-bovine IgG antibodies. After 30 min of
incubation and washing, the tetramethylbenzidine (TMB) substrate was added and incubated for
20 min before the stop solution was added and the plate read at 450 nm.

The ratio of the optical density of the samples (mean) to the mean positive control was calculated
after subtracting the mean of the negative controls from both. A ratio of above 55% was considered
positive, while between 45 and 55% was considered suspected positive. In the analysis, only one
sample was suspected positive, and since all other animals tested at the same farm were also positive,
this animal is considered positive in the analyses and results. The specificity for this kit used on milk
samples has been found to be very high [18], and a meta-analysis suggest a specificity of 96% for ELISA
conducted on milk [19].

2.6. Data Analysis

An initial screening of all information collected was carried out with only the variables listed in
Table 1 being retained for analysis, after identifying the variables with potential causal association
with brucellosis. Analysis of the retained data proceeded in four steps. First, multiple correspondence
analysis (MCA) was used to investigate relationships among all the predictors recorded. All predictors
were initially recoded to di- or trichotomous variables. An MCA was carried out using all predictors
and those having a contribution to either the first or second dimension that exceeded 0.02 were retained.
The process was repeated sequentially with the required contribution being raised by 0.01 at each step
(to a maximum of 0.06). At this point, the six variables that best explained the information content of
the full set had been identified and these were plotted on a two-dimensional MCA plot (Figure 2).

One site (Guwahati) had a dramatically higher farm prevalence (72%) than the other four sites
(4%), so the second step in the analysis was to evaluate the unconditional associations between each of
the predictors and a variable representing Guwahati compared to the other sites. Either two-sample
t-tests or cross-tabulations with chi-square statistics were used to determine if the regions were different.
Results are presented in Table 1. Guwahati was also added as a supplemental variable (s51 vs s50 in
Figure 2) to the MCA plot in Figure 2 to show which predictors were most associated with Guwahati
vs other sites.

The third step was to use logistic regression models to identify factors associated with the risk of
a farm being Brucella spp. positive within Guwahati, using backward elimination among variables
with unconditional associations with p < 0.15. A random effect for village was included in all models.
The linearity of continuous predictors was evaluated using lowess smoothed curves and a quadratic
term was added to the model if there was significant evidence of curvature in the relationship. Initially,
unconditional associations were determined with predictors having p < 0.15 retained for further
consideration. A manual backward elimination was used to remove non-significant (at p > 0.05)
predictors. Age of farmer and farm size (number of animals) were forced into all models as potential
confounders. In addition to age and number of animals, two factors (cleanliness of floor and level of
vaccination) were identified as potentially important. An MCA plot was generated (using trichotomous
versions of each of the predictors) with Brucella spp. added as a supplemental variable to the final plot
to see which predictors were generally associated with being Brucella spp. positive or negative.
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Figure 2. Multiple correspondence analysis (MCA) plot for the factors associated with the high
seroprevalence site. Gz = grazing, where gz0 is zero-grazing and gz1 is grazing. Ai = artificial
insemination, where ai0 is no artificial insemination and ai1 is use of artificial insemination. Fc = floor
cleanliness, where fc0 is clean or moderately clean floor and fc1 is dirty floor. Fd = drainage, where fd0
equals insufficient drainage and fd1 is good drainage. Vx= vaccination, where vx0 means no vaccination
done, vx1 means vaccination when there is an outbreak or when given free vaccines, and vx2 means
vaccinating animals as young. Ka = knowledge about antibiotics, where ka0 is no knowledge and ka1
is the farmer reporting to know about antibiotics. S5 = site Guwahati, where s50 means any other site
and s51 means Guwahati.

Finally, the model building process was repeated to determine which factors most influenced
the risk of being Brucella spp. positive in sites 1 to 4. Only two predictors (farm size and use of
Haemorrhagic septicemia vaccine) had unconditional associations with p < 0.15, but neither of these was
significant in a final model so no results are presented.

3. Results

3.1. Brucella Seroprevalence

In total, 164 out of 1163 cows (14.1%, 95% CI 12.2–16.2%) were seropositive for Brucella.
A farm was considered positive for Brucella if at least one out of the three tested animals tested

positive. In total, 91 farms out of 510 (17.8%, 95% CI 14.6%–21.4%) had at least one positive animal
(see Table 2), and out of these, 23 farms had two positive animals and 25 (all in Guwahati) had all
three animals positive. There were large differences in farm prevalence between the five different cities
(Table 2). Guwahati had significantly higher seroprevalence (p < 0.001) than the other sites, and the
odds ratio for a farm being positive in Guwahati was 44.4 (95% CI 7.5–113.2) times higher than in
Udaipur and 138.9 (95% CI 32.0–602.3) times higher than in Bhubaneswar.
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Table 2. Farm level Brucella seroprevalence (95% confidence interval) in the five different cities.

Brucella Farm Positivity Brucella Farm Positivity Excluding Farms with Vaccination

Bangalore 2.9% (0.6–8.4) 3.0% (0.6–8.6)
Bhubaneswar 2.0% (0.2–6.9) 1.4% (0–7.4)

Guwahati 73.5% (63.9–81.8) 72.5% (62.5–81.0)
Ludhiana 4.9% (1.6–11.1) 4.3% (1.2–10.6)
Udaipur 5.9% (2.2–12.4) 5.2% (1.7–11.6)
Overall 17.8% (14.6–21.34) 18.3% (14.8–22.1)

3.2. Risk Factor Analyses for Herds with No Previous Vaccination

The presence of different stipulated risk factors varied across the five cities. After exclusion of
farms that reported having vaccinated against Brucella earlier, 460 farms from 162 villages in five sites
(geographic regions) were included. Missing values were observed in 0 to 15.6% of observations within
a variable and 62% of farms had complete data for all variables. Brucella prevalence ranged from 1.4 to
5.2% across four sites, while the prevalence in Guwahati was 72.5%.

The MCA analysis for investigating relationships among predictors identified pasture grazing,
use of artificial insemination (AI) (vs natural breeding), routine (vs irregular) vaccination, floor
cleanliness, adequacy of floor drainage, and owner knowledge of antibiotics as the six variables most
useful in discriminating among farms. Floor cleanliness and drainage contributed most to the first
dimension (explaining 51.3% of inertia (information) in the data) while level of vaccination, knowledge
of antibiotics and AI contributed most to the second dimension (45.0% of inertia). Farmers that had
knowledge of antibiotics also used routine vaccination, and they tended to be farms that did not
pasture (graze) animals but did use AI. Farms with good floor cleanliness also had good floor drainage.

Evaluation of unconditional associations between the recorded predictors and Guwahati vs the
other sites showed many statistically significant differences. With the exception of three of the four
demographic variables and the quarantining of new entries into the herd, all predictors showed
significant differences at p < 0.05. Compared to the other cities, Guwahati had larger non-pastured
herds, used AI for breeding, purchased their replacements from neighbors, were less likely to have
good stable cleanliness or drainage scores, were more likely to have dirty stable floors, had a lower
composite hygiene score, and were less likely to have veterinarians regularly check their animals or
check animals before purchase. However, they were more likely to use routine vaccinations of young
animals and to know what antibiotics were.

3.3. Risk Factors for Brucella Seropositivity in Guwahati

In addition to age and herd size, which were included as potential confounders, two management
factors (floor cleanliness and level of vaccine use) were identified as being associated with Brucella spp.
A multiple correspondence analysis (MCA) plot was generated (using trichotomous versions of each
of the predictors) with Brucella spp. added as a supplemental variable to the final plot to see which
predictors were generally associated with being Brucella spp. positive or negative (Figure 3). Being
Brucella positive (B1) was most common in farms that had a younger age owner (ag0 or ag1) and had a
lower floor cleanliness scores (fc1 or fc2). Being Brucella negative (B0) was most strongly associated
with the cleanest floors (fc3) and the smallest herds (na0). Table 3 shows the odds ratios associated
with seropositivity for risk factors in Guwahati from the multivariable model. The high village level
variance indicates a very high intra-cluster correlation.
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Figure 3. MCA plot of risk factors for Brucella seropositivity in Guwahati, India. Ai = Artificial
insemination, where ai0 is no artificial insemination and ai1 is use of artificial insemination. Na=number
of animals, where na0 is less than 7 animals and na1 is 7–10 animals. Fc = floor cleanliness, where fc0 is
clean or moderately clean floor and fc1 is dirty floor. Vx = vaccination, where vx0 means no vaccination
done, vx1 means vaccination when there is an outbreak or when given free vaccines, and vx2 means
vaccinating animals as young. B = Brucella, where B0 = seronegative farm and B1 = seropositive farm.

Table 3. Risk factors for Brucella seropositivity within Guwahati, India, using a mixed logistic
regression model.

Risk Factor Odds Ratio 95% Confidence Interval Standard Error p-Value

Farmer age (year) 0.96 0.90–1.02 0.03 0.20
Floor cleanliness

Clean Reference
Average 11.6 1.29–105.18 13.1 0.03
Dirty 42.8 1.87–978.57 68.3 0.02

Vaccination
No vaccination Reference
Vaccinate irregularly 44.1 0.73–2669.57 92.3 0.07
Vaccinate routinely 12.8 1.40–116.80 14.4 0.02

Number of animals 1.0 0.85–1.30 0.4 0.7
Quadratic term of number of animals 0.95 0.90–0.999 0.02 0.05

Constant 2.2 0.05–91.5 4.1

Village level variance 4.2 0.65–26.84 4.0

3.4. Risk Factors for Brucella Seropositivity in Bangalore, Bhubaneswar, Ludhiana, and Udaipur

Logistic models were also used to investigate risk factors for Brucella spp. positivity within the
low-prevalence sites. However, no risk factors had significant associations, so no results are presented.

4. Discussion

This study found high variation in the seroprevalence between the different peri-urban sites.
In general, our findings were comparable with the literature on bovine brucellosis in India. A recent
review concluded that most studies using probabilistic sampling and not targeting cows with a clinical
history suggesting brucellosis, reported a prevalence of 5–12%, which is above what was detected

33



Trop. Med. Infect. Dis. 2019, 4, 70

in the four other cities but considerably less than that we found in Guwahati [20]. While this study
could not identify many risk factors in the peri-urban farms, it was found that keeping floors clean
was important. Risk of Brucella exposure was also associated with herd size, which has been shown
previously [21–24]. Vaccinating (for other diseases than brucellosis), either routinely or when there
were vaccination campaigns in the face of outbreaks or vaccines provided for free, was associated with
a higher risk of exposure, which could potentially be explained as farmers with more experience with
disease being more positive to vaccination.

The peri-urban seroprevalence in Ludhiana, Punjab, was lower than previously reported in the
state. Here 21% and 18% seroprevalence was found by Aulakh et al. [25] and Ul-Islam et al. [26].
Gill et al. [23] and Dhand et al. [27] also found more than 10% prevalence in cattle. This may indicate
that reducing prevalence is associated with better control or changing husbandry, or may reflect a more
systematic approach to sampling in our study, which focused only on smallholder peri-urban dairying.

The high seropositivity in Guwahati is in accordance with results from the same area using a milk
ring test, where 88% of farms were found positive [28]. Chakraborty et al. [29] found 60% seropositivity
among lactating cows in Guwahati, whereas Gogoi et al. [30] found 30% seroprevalence in Kamrup
metropolitan district of Guwahati. It is worth noting that Renukaradhya et al. [31] did not find any
seropositive animals in Assam, using their own developed ELISA. Given the results of our research
and the earlier research from the state, it seems that the peri-urban belt around Guwahati may have a
higher than average burden of brucellosis. Brucellosis in humans has not been extensively studied,
but in one previous study, three (all with animal husbandry background) out of 52 humans tested
positive in Assam [32]. In people with animal contact, more than 24% seropositivity was found in
Ludhiana as well [33], indicating the need to include brucellosis as a potential diagnosis in febrile cases
with occupational risk factors.

The study shows how MCA can be used when data are collected on quite a large number of
predictors and many of these are potentially related (weakly or strongly). In this context, it is useful
to visualize these inter-relationships in order to get a better understanding of how farms could be
grouped. The MCA identified a set of key variables which could be used to discriminate among
farms, and these should be considered as important to collect information on in any future research
undertaken in this region of India. Another methodological issue was presented because one site
(Guwahati) had an extremely high herd prevalence of Brucella spp. compared to the other four sites.
The strong collinearity between the outcome of interest (seropositivity against Brucella) and the site
meant that the risk factor analyses could not utilize the full data set in one analysis. It would have been
impossible to tell if any significant predictor was actually associated with Brucella spp. positivity or
whether it just strongly differed between Guwahati and the other sites (with no effect on Brucella spp.
risk). Consequently, risk factors were evaluated in Guwahati separately from the other study sites,
which reduced the power of the study. For the four low-prevalence sites, there were only 14 positive
farms (out of 362) while in Guwahati there were only 27 negative farms (out of 98). This lack of power
limited our ability to identify risk factors for Brucella spp.

Raising awareness, training farmers, and modern techniques are often recommended for improving
livestock disease control. In our study, the evidence for this was ambiguous. Guwahati, which had the
highest prevalence in this study, was characterized by greater knowledge and higher use of modern
animal health care inputs, such as vaccination and AI. On the other hand, hygiene appeared to be
poor. Overall, a picture emerges of larger, less well managed herds with more reliance on vaccines
and antibiotics for disease control. Other studies in Guwahati found that while training interventions
had some impact on both hygiene and knowledge, there was no impact on the seropositivity for
brucellosis [28]. This indicates caution in assuming intensification, even with improving knowledge
and training, will lead to better disease control. It should be noted, however, that overall use of
vaccination was low, indicating considerable scope for improvement. There seemed to be a high
dependency on vaccinations in the face of outbreaks or when they were provided for free, with two
of the sites having less than 3% of farms reporting routine vaccinations. Poor vaccination coverage
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can have different explanations, including poor access to vaccines, limited extension services, or poor
understanding of farmers as to the benefits of using vaccines. In other studies in India, low knowledge
about the function of vaccines and low willingness to pay has been associated with low uptake of
vaccination [34,35], which could possibly also explain the low adoption here. Studying the use of
vaccines in chickens, it has been shown that having active support promotes vaccination and also
makes people understand the function of vaccines better, which makes for more positive attitudes,
and hence better uptake [36]. Even though farms that reported having used Brucella vaccines were
excluded from analyses, it is possible that there might be farms where the farmer did not know which
disease the animals were vaccinated against, which could have affected the results, but considering the
low vaccination against Brucella overall, this is deemed a low risk. India has a government sponsored
control program for brucellosis in cattle, with planned use of the S19 vaccine [31], but still vaccination
is seldom performed in the field.

Many sero-surveys have been carried out for brucellosis in India, but these are typically conducted
in one area, and differing methods make it hard to compare results from different areas, including
the frequent targeting of animals with clinical symptoms [20]. Using the same, probabilistic study
approach contemporaneously in five widely dispersed cities allowed us to confidently detect important
and likely real differences between cities and to link this with some risk factors. An important finding
of the study was that brucellosis can be very prevalent in some peri-urban areas and have very low
presence in others. Moreover, disease transmission risk factors are different in scenarios with a high or
a low infection pressure, and a habit, such as purchasing cows from neighbors is likely a protective
factor when living in a low-risk area, but a high-risk practice in an area with a very high prevalence.
Within Guwahati, the mixed effects model suggested a very high village level variance and a high
intra-cluster correlation, indicating that future studies need to include as many villages as possible,
which could be explained by the habit of purchasing animals from nearby farms, spreading the disease
within a village, but less so between villages.

5. Conclusions

This study emphasizes the need to systematically identify disease hotspots for zoonotic diseases;
the importance of considering intensifying peri-urban dairy belts in disease surveillance and control;
the high degree to which structural factors may influence disease risk in peri-urban dairy, and the need
for targeted, effective interventions. In light of the brucellosis control program in India, this study
highlights the lack of sufficient vaccination coverage among smallholder dairy farmers in different
parts of India, and also the high variability in prevalence. Knowledge about the prevalence in different
areas can guide the control efforts, and improved information about local risk factors as well as the
extent of farmers’ understanding about the disease, can aid in creating better extension campaigns.
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Abstract: Clostridium difficile is a ubiquitous spore-forming bacterium which causes toxin-mediated
diarrhoea and colitis in people whose gut microflora has been depleted by antimicrobial use, so it is
a predominantly healthcare-associated disease. However, there are many One Health implications
to C. difficile, given high colonisation rates in food production animals, contamination of outdoor
environments by use of contaminated animal manure, increasing incidence of community-associated
C. difficile infection (CDI), and demonstration of clonal groups of C. difficile shared between human
clinical cases and food animals. In Asia, the epidemiology of CDI is not well understood given poor
testing practices in many countries. The growing middle-class populations of Asia are presenting
increasing demands for meat, thus production farming, particularly of pigs, chicken and cattle,
is rapidly expanding in Asian countries. Few reports on C. difficile colonisation among production
animals in Asia exist, but those that do show high prevalence rates, and possible importation of
European strains of C. difficile like ribotype 078. This review summarises our current understanding
of the One Health aspects of the epidemiology of CDI in Asia.

Keywords: Clostridium difficile; Asia; epidemiology; One Health

1. Introduction

Clostridium difficile is a ubiquitous spore-forming anaerobic bacterium which colonises the
infant mammalian and avian gastrointestinal tract before the gut microflora has been established [1].
This “virgin” gut environment is replicated in mammals of all ages during and after antimicrobial
exposure, or because of other circumstances that deplete or change the gut microflora. While human
infants may not yet express the receptor for C. difficile toxins [2], older children and adults who become
infected with toxigenic C. difficile can experience toxin-mediated disease ranging from self-limiting
diarrhoea to life-threatening pseudomembranous colitis (PMC) and/or toxic megacolon.

C. difficile infection (CDI) has been predominantly a healthcare-associated illness, with the
majority of cases being of advanced age, with comorbidities and a history of recent hospitalisation
or treatment for illness. Increasing reported incidence rates in many regions [3] can partly be
explained by the adoption of highly sensitive PCR testing [4] over the past decade, however, rates of
community-associated (CA)-CDI are also rising [5,6]. While C. difficile spores can survive for long
periods of time in healthcare environments due to their resistance to many disinfectants, recent
advances in whole genome sequencing (WGS) studies have shown that up to 50% of CDI cases may be
acquired from sources outside of healthcare facilities [7], implying environmental exposure accounts for
a considerable proportion of CDI cases. High rates of C. difficile colonisation among food production
livestock in which antimicrobials are frequently overused [8] have increased the risk of zoonotic
transmission of C. difficile to humans [1]. Studies show high prevalence of C. difficile contamination of

Trop. Med. Infect. Dis. 2019, 4, 7 www.mdpi.com/journal/tropicalmed38



Trop. Med. Infect. Dis. 2019, 4, 7

outdoor environments [9,10] and root vegetables [11] due to the use of contaminated animal manure as
fertiliser. WGS has identified clonal groups of C. difficile isolated from both humans and animals [12],
further supporting the possibility of zoonotic transmission of C. difficile from production animals
to humans.

Intercontinental epidemics of CDI demonstrate the potential for international spread of C. difficile.
Examples include the severe outbreaks in North America and Europe caused by clonal strains of
ribotype (RT) 027 C. difficile originating in North America [13], and outbreaks of clindamycin-resistant
strains of RT 017 across Asia, Europe and North America [14–17]. CDI epidemiology has been well
documented in North America, Europe and, to a lesser extent, in Australia [5,6,18,19]. Different
molecular types of C. difficile circulate in these respective regions, primarily ribotype (RT) 027
in North America and, until recently, Europe [20,21], and RT 014/020 in Australia [22]. To date,
CDI has been largely under-diagnosed, under-reported and under-investigated in Asia, despite
being home to 60% of the world’s population, due to poor awareness among physicians and often
inappropriate testing [23].

Over recent decades, growing economies and expanding populations across Asia have led to
a rising middle class and ageing population with increasing demands for medical and aged care
facilities. This wealth increase has also led to a greater appetite for meat and meat products, which has
triggered a massive increase in meat consumption [24] and huge population expansion among meat
production livestock, most notably pigs, chicken and cattle. This large-scale production farming,
growing populations accessing healthcare facilities and widespread overuse of antimicrobials [25]
make Asia an environment which is highly conducive to transmission of C. difficile, among both
humans and animals.

The One Health paradigm approaches public health from a collaborative, multi-sectorial
point of view, aiming to integrate policies, legislation and research to achieve better public health
outcomes. It is particularly relevant to biosecurity, encompassing zoonotic infection, the rise of
antimicrobial resistance and food safety. Given widespread colonisation of production animals and
environmental contamination with C. difficile spores, management and control of CDI should use
a One Health-based approach. This review examines our current knowledge of C. difficile in Asia from
a One Health perspective.

2. Epidemiology of CDI in Asia

2.1. Diagnostic Practices in Asia

The prevalence and incidence rates of CDI can vary widely according to the testing method
used. Diagnostic assays range from enzyme immunoassays (EIAs) detecting glutamate dehydrogenase
(GDH) and/or toxin (A, B or both) to PCR for the tcdA or tcdB genes, to traditional culture and cell
culture cytotoxicity assay (CCCA). No diagnostic test besides CCCA is suitable as a stand-alone
test since toxin EIAs have low sensitivity, and PCR, GDH EIA and culture cannot rule out cases of
transient colonisation [26]. CCCA is laborious and time-consuming so it is not routinely employed in
diagnostic settings. Reports from Asia have indicated inappropriate testing in the past, particularly
use of toxin A EIAs, which will underdiagnose CDI in Asia due to the high prevalence of toxin
A-negative/toxin B-positive (A-B+) RT 017 and RT 369 strains [23]. According to a systematic review
of studies in Asia, the most commonly performed tests were culture (71%) followed by EIA (52%) and
PCR (51%) [27].

2.2. Estimated Prevalence and Incidence of CDI in Asia

Culture and PCR identify toxigenic C. difficile at high prevalence ranging from 9%–11% [28–30]
in South-East Asia, while toxin EIA was positive in only 3%–5% of the same study specimens [28,29].
A systematic review of studies of CDI from Asia found a mean overall prevalence of 14.8% among
hospital inpatients and outpatients, varying significantly from 2.0% to 61.4% across studies, and
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16.4% among hospitalised patients with diarrhoea. The pooled incidence rate of CDI in Asia was
calculated by meta-analysis at 5.3/10,000 patient days (95% CI 4.0–6.7) [27]. The random effects
pooled CDI-related death rate was estimated at 8.9% (95% CI 5.4%–12.3%) by meta-analysis of existing
studies [27], while a 13-country descriptive study with 600 recruited CDI cases found a lower mortality
rate of 5.2% [31].

Studies in Singapore have demonstrated how changing testing practices have affected incidence
rates. The incidence of CDI in Singapore was reported as increasing during the early 2000s, and from
2001 to 2006 the number of samples tested each year increased from 906 to 3508, with the percentage of
positive samples increasing from 7% to 11% over the same period [32]. Subsequently, the incidence
rate appeared to reduce, which was due to continuing increases in the number of samples being tested
(4348 in 2006 to 6738 in 2008 between two hospitals) [33]. This suggests that increasing awareness and
vigilance among physicians for possible cases of CDI led to more extensive testing among patients with
diarrhoeal disease. Limited resources in some settings have resulted in still inadequate or no testing
for CDI. For example, in a study in the Philippines, patients with CDI were frequently misdiagnosed
with amoebiasis according to endoscopic detection of colitis [34].

2.3. Burden of CDI in Asia

Despite a high prevalence of C. difficile in Asia [27,28,30,35], reports of severe outcomes of CDI are
rare. Few reports of PMC and toxic megacolon exist from Asian countries [36–43], suggesting they may
be less commonly seen than in other regions. Where reports do appear, they are frequently associated
with infection with A-B+ strains [36,40]. Recurrence rates are also lower at 9%–13% [31,44–46] than
those reported from North America (15%–20%) [6] and Europe (16%–22%) [19,47], however definitions
of recurrence can vary from 8 weeks to 90 days for reappearance of symptoms after resolution of
disease. The apparent rarity of severe outcomes of CDI in the region, such as PMC or toxic megacolon,
is likely influenced by the poor awareness of CDI among physicians. As demonstrated in the study in
the Philippines, CDI is misdiagnosed as amoebiasis and treated with metronidazole which is often
sufficient for resolution of milder cases of CDI, resulting in missed cases [34].

2.4. Molecular Epidemiology of CDI in Asia

2.4.1. A-B+ C. difficile Strains

The most commonly used molecular typing methods for C. difficile are PCR ribotyping and
multi-locus sequence typing (MLST). Phylogenetic analyses based on MLST describe at least five major
population clades of C. difficile [48]. As mentioned before, RT 017/ST37, a clade 4 strain [49],
is A-B+ [48] and the predominant strain identified in Asia [23,27,28,35,50]. In China, Korea, Indonesia
and Malaysia, RT 017 is generally the most common C. difficile strain in circulation, and it is also
prevalent in Japan (referred to in older papers as ribotype “fr”), Taiwan, Hong Kong, Thailand and
Singapore [28–30,51–56]. Exposure to antineoplastic agents, use of nasal feeding tubes and care in
one particular hospital ward were associated with infection with RT 017 strains in a hospital in
Japan [57]. C. difficile RT 017 has also caused major outbreaks of CDI outside of Asia, in Canada [58]
and Europe [15,16], and is frequently reported as having enhanced fluoroquinolone and clindamycin
resistance [15,16], a feature that has most likely contributed to its success as an epidemic strain.

The emergence of C. difficile RT 369/ST81, another clade 4 A-B+ strain, is also of interest and
warrants close monitoring [31,59,60]. This strain apparently emerged first in Japan, where historically it
was referred to in the literature using local nomenclature as “trf” [60,61]. It appears that RT 369 caused
outbreaks of CDI in hospitals in 2000 and 2001, when ribotyping was not performed [57,60,62]. The first
report of RT 369 was in a study conducted on isolates collected from outbreak and non-outbreak
situations from 2009–2013 in Japan. This study detected RT 369 in an outbreak setting in a hospital in
2009 [60], and it is now one of the most common strains in circulation there [31,59]. RT 369 has since
been reported in studies from China as the cause of a nosocomial outbreak among hospital patients in
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Shanghai in 2014 and 2015 where it was the most common strain in circulation. RT 369/ST81 strains
are also reported to have higher rates of resistance to clindamycin, ciprofloxacin and moxifloxacin
compared with other strains, and a higher sporulation rate than RT 017/ST37 strains [63,64].

2.4.2. Binary Toxin-Positive C. difficile Strains

Many but not all binary toxin-positive (CDT+) C. difficile strains tend to group in phylogenetic
clades 2 and 5, and have been associated with epidemics of CDI in North America (RT 027/ST1,
clade 2) [13,65], Europe (RT 078/ST11, clade 5, and RT 027/ST1) [19,21] and Australia (RT 244/ST41,
clade 2) [66] in recent times. In contrast, CDT+ strains have been only sporadically reported from Asia
and major epidemics like those seen elsewhere have not occurred [67]. Most cases of RT 027 infection to
date have been reported from China, where 11 cases were reported from one hospital over 3 years [68].
RT 027 also caused CDI among seven patients across four hospitals in Seoul and Gyenngi province
in Korea [69], and may be increasing in prevalence in Taiwan, where it was never reported prior to
2015 [70,71]. Most Asian RT 027 C. difficile strains investigated to date have not been related to either
of the two main epidemic RT 027 lineages referred to as FQR1 and FQR2 [13], and many have been
reported as fluoroquinolone-susceptible, unlike the epidemic lineages.

C. difficile RT 078 (CDT+) was reported among eight cases of CDI across three hospitals in China,
where it was also isolated from environmental surfaces suggesting nosocomial transmission [72].
RT 078-related strains RT 126 and 127 (both ST11) are more common in Taiwan, where they were the
most common CDT+ strains reported from Southern Taiwan between 2011 and 2013 [73]. A subsequent
nationwide study from 2015–2016 identified RTs 078, 126 and 127 at significant prevalence among
842 toxigenic isolates (1.5%, 3.1% and 2.9%, respectively), mainly confined to two hospitals [70].

2.4.3. A+B+ C. difficile Strains

C. difficile clade 1 strains that are mainly A+B+ are also frequently reported from Asia. RT 018/ST17
is the predominant clade 1 strain found in the region with the earliest reports coming from Japan
(referred to as ribotype “smz”) [23]. A closely related strain, “smz’”/QX 239/ST17 is now also
circulating at high prevalence in Japan [59,60]. RT 018 is now the most common C. difficile strain
reported from Korea, where it has largely replaced RT 017 [23,74]. RT 012/ST54 and RT 046/ST35
localise to China in particular [75–79], RT 014/020/ST2/14 is widespread across the continent [31],
and RT 002/ST8 is most frequently reported from Taiwan and Hong Kong [31,80].

2.4.4. Non-Toxigenic C. difficile Strains

A notable aspect of the molecular epidemiology of C. difficile in Asia is the high prevalence of
non-toxigenic strains, particularly in South-East Asia. In recent studies in Thailand, Indonesia and
Malaysia [28,30,35], non-toxigenic strains of C. difficile, most commonly RTs 009 and 010, QX 083,
QX 002 and QX 083, were isolated at a prevalence of 50% among all study isolates. Further north in
Asia, non-toxigenic strains are reported less frequently (24%, Taiwan [70] 8%–11%, China [76,79,81]),
however, this may be a reflection of the use of diagnostic methods other than culture, which would
not detect non-toxigenic strains. These strains are incapable of causing CDI but can colonise the gut
when the normal flora are disrupted due to antimicrobial use. Many group in the predominantly
non-toxigenic MLST clade 4 [49]. The high prevalence of RT 017 and non-toxigenic strains [28,30,35]
suggests that clade 4 may have evolved in the Asian region, but further studies on non-toxigenic
strains both in Asia and elsewhere are required to determine whether this is the case.

The unique molecular epidemiology of C. difficile in Asia (described in more detail in
Collins et al. [23]), particularly the high prevalence of non-toxigenic strains, likely plays a role in the
overall apparently less severe manifestations of disease seen in the region. Therapeutic administration
of non-toxigenic C. difficile can protect against recurrent CDI [82], which occurs more rarely among
Asian patients (9.1% of cases) than elsewhere [31]. Thus, it is highly plausible that the high prevalence
of non-toxigenic strains is protective against recurrence and possibly reduces risk of exposure to
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virulent strains in Asia. However, many non-toxigenic Asian C. difficile strains are resistant to multiple
antimicrobials, possibly due to inappropriate antimicrobial use in the region, and they may pose
a risk in terms of transmission of antimicrobial resistance (AMR) genes. There have been concerning,
albeit rare, reports of metronidazole-resistant non-toxigenic strains [79,83], which should be closely
monitored in the region.

3. Prevalence and Molecular Epidemiology of C. difficile among Production Animals in Asia

3.1. Prevalence of C. difficile Colonisation and Strain Types in Asian Production Animals

While there are few reports on C. difficile in animals in Asia, the prevalence appears to be
high among production swine across the continent. A study of 120 neonatal piglets in Japan found
a prevalence of C. difficile of 57.5%; 61.0% of strains were toxigenic [84]. A high prevalence of 19.3%
among 910 pigs of all ages across 47 farms has been reported in Korea, with peak prevalence in
diarrheic suckling piglets (53.6%) followed by diarrheic sows (40.0%); again, the majority of isolates
(86.9%) was toxigenic [85]. In Taiwan, the prevalence of C. difficile among 204 pigs on 13 commercial
farms was 49% [86]. The only report to date of C. difficile among production animals in South-East Asia
comes from Thailand, where the prevalence of C. difficile was 35% among piglets (n = 165), with all
58 isolates reported as non-toxigenic [87]. RT 078 and closely-related strains including RTs 126 and
127 are the most commonly reported toxigenic strains in pigs in Korea (RT 078 86.5%, RT 126 13.5%
of toxigenic strains) [85], Taiwan (RT 078 18%, RT 126 28%, RT 127 43% of toxigenic strains) [86] and
Japan (RT 078 third most common strain; 19.7% of toxigenic strains) [84], countries where demand for
pork and pork products has surged in recent decades.

3.2. Possible International Sources of C. difficile among Asian Production Animals

To date, C. difficile RT 078 and related strains RT 126 and 127 have rarely infected humans in
Asia apart from in Taiwan [70,73,88] and, given the apparent endemicity of RT 078 among production
animals and human infections in mainland Europe and North America, it is plausible that the strain
was introduced into northern Asia via live animal imports. Supporting evidence has been reported
from Japan; multi-locus variable number tandem repeat analysis (MLVA) found that Japanese piglet
isolates clustered with European human and pig RT 078 strains, giving a strong likelihood that they
were imported into Japan from Europe via live breeding pig imports [84]. Live breeding pigs and
cattle are imported from Europe, Australia and North America to many Asian countries including
Japan [89], China, Taiwan, Vietnam, Cambodia, Malaysia and Thailand (ahdb.org.uk). RTs 078 and
127 are common among cattle and pigs in Europe [90] and RTs 126 and 127 are frequently reported in
cattle in Australia [91].

C. difficile RT 078 has also been reported in thoroughbred racehorses, which are frequently traded
internationally, in Japan. Five cases of postoperative colitis were documented from the same facility,
indicating contamination with a single clone [92]. Further analysis using WGS of RT 078 strains from
Japanese racehorses identified a sub-lineage associated with a nosocomial outbreak. RT 027 and RT
017 were also reported, with high relatedness to several reported European strains including clinical
isolates from Ireland [93], a prolific producer of racehorses.

4. Discussion

4.1. Systematic Testing Is Required to Identify True CDI Cases in Asia

Introduction of systematic, comprehensive testing for CDI across Asia could provide a better
understanding of the epidemiology of CDI in the region, particularly accurate measurement of
incidence and prevalence, and deepen our understanding of the burden of CDI. While there is
still considerable international debate about optimal testing practices for CDI, colonisation rates
with both toxigenic and non-toxigenic C. difficile among hospital inpatients are particularly high in
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South-East Asia. Many Asian countries are popular destinations for “medical tourism” and there
is a risk of transmission of strains via medical tourists returning to their own countries after their
treatment. Due to the high prevalence of colonization, it is important to use a diagnostic test which
will discriminate true cases of CDI from cases of colonization. GDH and toxin EIA can be performed at
relatively low cost and will identify most cases of true infection, despite its lower sensitivity, so it may
be the best choice currently for Asian laboratories in developing countries.

Given the apparently uniquely high prevalence of non-toxigenic C. difficile strains in Asia,
particularly in South-East Asia, it is important to monitor colonization as well. The high prevalence
suggests that hospital environments may be heavily contaminated due to poor cleaning or hand
hygiene, which puts vulnerable patients at higher risk of CDI. Monitoring of C. difficile colonization
would also allow further investigation of whether non-toxigenic C. difficile colonization is protecting
Asian patients from developing CDI and reducing their risk of recurrent disease.

4.2. One Health Implications of CDI in Asia

4.2.1. C. difficile in Asian Production Animals Warrants Close Observation

While there are still relatively few reports of C. difficile among Asian production animals, and no
reports yet of environmental contamination, the prevalence of C. difficile among pigs across Asia is
markedly high. Given the significantly increasing demands for pork and pork products, particularly in
China and Taiwan, biosecurity measures to ensure these meat products do not pose a threat to humans
should include monitoring for C. difficile contamination. A spatial epidemiology study in the USA
identified increased risk of CA-CDI among people living close to livestock farms [94]. China currently
holds half the world’s pig population in addition to being the most populated country in the world,
so there is a significant risk of infection of a substantial population. In Taiwan, the presence of
“hypervirulent” RT 078 and related strains among pigs and increasing prevalence of these strains
among clinical cases of CDI suggests transmission of strains between pigs and humans has already
occurred. This could be confirmed using WGS studies, as described in an Australian study showing
clonal relationships between C. difficile isolates from human clinical cases and pigs located thousands
of kilometres apart [12].

4.2.2. Live Animal Imports and Exports: Plausible International Routes of Transmission of C. difficile

Genotypic studies of pig and racehorse C. difficile isolates from Japan are showing a possibly
significant international transmission route of C. difficile via live animal imports and exports.
The international live animal trade market is a growing sector. From a One Health perspective,
it is most important to monitor animals traded with the intention of farming for meat production,
as these are kept in close quarters and are thus frequently prophylactically treated with antimicrobials
to reduce risk of infection and loss of stock.

5. Conclusions

A One Health approach will be important in management and control of CDI in Asia. It is most
important to establish comprehensive testing policies, to identify the true incidence of CDI in Asia
before being able to implement effective control measures.
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Abstract: Australia has a comprehensive system of capabilities and functions to prepare, detect and
respond to health security threats. Strong cooperative links and coordination mechanisms exist
between the human (public health) and animal arms of the health system in Australia. Wildlife
is included in this system. Recent reviews of both the animal and human health sectors have
highlighted Australia’s relative strengths in the detection and management of emerging zoonotic
diseases. However, the risks to Australia posed by diseases with wildlife as part of their epidemiology
will almost certainly become greater with changing land use and climate change and as societal
attitudes bring wildlife, livestock and people into closer contact. These risks are not isolated to
Australia but are global. A greater emphasis on wildlife disease surveillance to assist in the detection
of emerging infectious diseases and integration of wildlife health into One Health policy will be
critical in better preparing Australia and other countries in their efforts to recognize and manage the
adverse impacts of zoonotic diseases on human health. Animal and human health practitioners are
encouraged to consider wildlife in their day to day activities and to learn more about Australia’s
system and how they can become more involved by visiting www.wildlifeheathaustralia.com.au.

Keywords: Australia; emerging disease; international health regulations; Joint External Evaluation
(JEE); One Health; Performance of Veterinary Services (PVS); surveillance; wildlife; zoonosis

1. Introduction

There is increasing recognition of the need to monitor as part of surveillance for emerging infectious
diseases [1–4]. The majority of emerging infectious diseases are zoonoses with the predominant
source shown to be wildlife [2,5]. Of specific concern is the impact and increase of wildlife-sourced
zoonoses on human populations as globalisation, climate change and ecosystem alterations bring
people and wildlife into closer contact. Importantly, many of the significant emerging infectious
diseases in Australia have arisen in wildlife, and from within the country, rather than by overseas
introductions, e.g., Hendra virus, Australian bat lyssavirus; see reviews [6,7]. For these reasons,
Australia has implemented a general wildlife health surveillance system to enhance the early detection
and characterization of microbial agents potentially involved with emerging diseases in free-ranging
wildlife populations [6–8]. This paper briefly explains the governance for emerging zoonotic diseases
and the roles played by non-human health professionals, especially those in the wildlife health sector
in Australia. It concludes that though much good work has been done, there is an immediate need
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to improve integration of wildlife health into One Health policy as a critical step in better preparing
Australia and other countries in their efforts to recognize and manage the adverse impacts of zoonotic
diseases on human health.

2. Australia’s Biosecurity System and Wildlife Health Systems

Australia is a federation of six states and two territories. The public and animal health (production
animals, domestic animals and wildlife) systems are complex, with a number of participants across
the three level of government (Australian, state or territory and local) and in different sectors (human,
animal and environment) [9–11]. The nationalised, broad-ranging animal health biosecurity system and
the wildlife health component have been previously described [6,12,13]. Australia’s biosecurity system
is complex, with activities carried out by Australian governments pre-border (offshore), border and
post border (onshore) in collaboration with a large number of animal industry and other stakeholder
groups, represented by a number of peak bodies. Under the Australian constitution, the Australian
government is responsible for quarantine at the Australian border and also international animal
health matters. State and territory governments are responsible for disease prevention, control and
eradication within their boundaries. Preparedness plans and incident command structures adopted
at both national and jurisdictional levels of government complement the system during emergency
situations [11].

The framework ensures communication and cooperation between all levels of government and
incorporates partnerships with animal industries and other stakeholders. An overarching National
Animal Health Surveillance and Diagnostic Strategy Business Plan (Business Plan) guides investment
in biosecurity priorities [14]. The wildlife component of the Business Plan focuses on nationally
important and significant diseases of wildlife that may impact on Australia’s animal industries, human
health, biodiversity, trade and tourism (‘wildlife diseases’). Emerging, exotic and zoonotic infectious
diseases in addition to agriculturally significant diseases are emphasised.

Wildlife Health Australia (WHA) is a national body that works with Australian governments
and stakeholders to improve preparedness, understanding and management of wildlife diseases.
The current priority is the coordination of general surveillance and reporting of disease events in
free-ranging wildlife. Over 30 surveillance partner agencies and organisations form the basis of
Australia’s general wildlife health surveillance system, which includes Australian, state and territory
government agriculture and environment agencies, 10 zoos, eight private veterinary hospitals and
seven universities around Australia. A number of targeted national programs are also in place,
including a Bat Health Focus Group and the National Avian Influenza Wild Bird Surveillance
Program [13]. Biosecurity, health and environment professionals are included in all of these programs,
thus providing strong linkage across sectors. Recognition of the role of non-government stakeholders
and the use of a partnership-type approach is a strength of the system.

A centralised, web-enabled national database of wildlife health information (‘eWHIS’) that is
accessible across sectors by surveillance partners, both from within and outside of government,
captures summary information on wildlife health and disease events submitted by surveillance
partners in close to real time. About 40,000 wildlife cases are seen by WHA general surveillance
partners each year [4] and one data category, ‘Interesting or Unusual’ wildlife cases, is designated to
identify potential emerging infectious diseases. Within this category, between 200 and 300 ‘Interesting
or Unusual’ wildlife cases are reported in Australia each year.

3. Australia’s Role in the Linkage and Coordination between Human and Animal Health
Nationally and Internationally

Australia’s capability across animal and human health has recently been evaluated by international
assessors utilizing the World Health Organization’s (WHO) Joint External Evaluation (JEE) against core
capabilities and capacities under the International Health Regulations 2015, and the World Organisation
for Animal Health’s (OIE) Performance of Veterinary Services (PVS) Evaluation [9,11]. It was concluded
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that Australia has a comprehensive system of capabilities and functions for preparedness, detection
and response to health security threats. Australia’s system is strengthened through long-standing
and stable cooperation links and coordination mechanisms that exist between the human and animal
public health arms of the system [9]. The Australian Chief Veterinary Officer (ACVO) is Australia’s
delegate to the OIE (OIE Delegate). There is a need for the ACVO and Australia’s state and territory
Chief Veterinary Officers (CVOs) to maintain “line of sight” to the wildlife component of their animal
health systems. Information provided by the wildlife surveillance system supports situation awareness
and assessment of the risks posed by diseases of these animals. The ACVO coordinates Australia’s OIE
work and draws on other specialists in Australian Government departments and agencies, industry
bodies and other sources of expertise. Strong linkage exists between the ACVO and CVOs, Australia’s
Chief Medical Officer and their respective departments [9]. Australia also has eight OIE Focal Points,
focusing on specific animal-related topics such as wildlife, disease notification, communications and
laboratories. These Focal Points support Australia’s OIE Delegate and provide linkages with their
counterparts in other countries through the OIE network [9].

The recent PVS evaluation also highlighted Australia’s extraordinary commitment to biosecurity,
serving the national interests by maintaining Australia’s high animal health status. The very high level
of biosecurity within Australian animal health is founded on strong partnership collaboration and
formal business arrangements amongst jurisdictions and with the private sector, including primary
producers, processors, suppliers of inputs and laboratories. The PVS evaluation, which also included
wildlife, emphasised Australia’s leadership role in the international veterinary community [11].

WHA supports the linkage and coordination between partners and across sectors by producing
a regular electronic news digest that is distributed within Australia, to international members
and regionally to OIE Wildlife Focal Points to share information on wildlife health and disease
occurrences and issues of relevance to Australia and the region. Wildlife health surveillance data are
summarised and publicly reported to the international community quarterly and yearly respectively
via publications, namely Animal Health Surveillance Quarterly and Animal Health in Australia [15].
Summaries are also provided to OIE at six-monthly intervals, and WHA produces a six-month
summary of Australian bat lyssavirus general surveillance data as “Bat Stats” [16]. Where possible,
Australia’s wildlife health data are also provided to open source databases (for example, the provision
of sequence data generated by the Avian Influenza Wild Bird Surveillance Program to GenBank) and
to help satisfy international reporting requirements (see [15,17]). Other relevant outputs coordinated
by WHA include fact sheets and national biosecurity guidelines for wildlife health.

The processes in place for information capture, provision and reporting allow rapid and timely
submission of wildlife health and disease information to the national system, assessment and notification
to the relevant authorities.

4. Key Challenges and Opportunities Identified from the Australian Experience

Arguably the key challenge and opportunity emerging from Australia’s experience in wildlife
disease monitoring as part of surveillance for emerging infectious diseases is the difficulty in finding
objective indicators of success [18]. Surveillance and response systems face considerable subjectivity if
measurable outcomes, assessment and improvement of the efficacy and efficiency of wildlife disease
preparedness remain lacking. Objectives for Australia’s general wildlife health surveillance system
are to:

• Improve Australia’s ability to describe the occurrence and distribution of wildlife diseases.
• Allow early detection of unusual wildlife disease events including changes in the pattern of

existing diseases and occurrence of emerging or exotic diseases.
• Provide basic data that is able to support more detailed ad hoc disease investigations.
• Provide data to support claims of freedom from specified diseases and answer queries from

trading partners as requested.
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• Identify and capture all sources of animal health information that would effectively contribute to
Australia’s overall understanding of its wildlife health.

• Remain highly cost effective and maximise the representativeness and coverage of the system.
• Improve and expand the capacity to collect information about feral animals, especially from

non-government sources.

Seeking stakeholders’ and users’ input on how data and services provided by WHA improve
their ability to identify and manage wildlife disease risk and preparedness is a good example of the
pragmatic approach to measure success that is currently used. Effective detection and eradication of
emerging infectious diseases in wildlife requires the collection of objective evidence to demonstrate
the robustness of wildlife disease monitoring systems. This information, in turn, will guide adequate
deployment of resources and implementation of system improvements. We are not aware of any
examples of emerging infectious diseases of Australian native wildlife that have been eradicated or
locally eliminated by Australian state or territory governments. A discussion of tools and tactics
is beyond the scope of this opinion piece but includes options routinely deployed in production,
invasive and feral animal response. Though local elimination and or proof of eradication appear to
be conceptually simple measures of success, a common indicator used in human and animal health
economics, economic loss averted (ELA), could also be deployed. Despite some of the challenges, the
use of ELA would not only allow a greater understanding of the benefit cost of the system, but also
allow comparisons to be made with other national animal and human health risk mitigation programs.

Wildlife disease surveillance faces other recognised challenges. There is incomplete knowledge of
wildlife population demographics and distributions, as well as legitimate questions of surveillance
sensitivity and potential biases in results. Australia uses a pragmatic approach, focusing on the
development of a good general surveillance system, rapid reporting, as well as the identification
and investigation of clusters of wildlife deaths or morbidity. The supporting architecture for the
wildlife health surveillance system is based on Australia’s livestock biosecurity framework and has
historically focussed on the capture and provision of information to support trade and market access.
Recognising that a general surveillance system to support one sector also supports others, a greater
focus on zoonotic diseases and diseases which may impact wildlife populations and biodiversity and
their inclusion in general surveillance activities would significantly strengthen the Australian system.
The recent work of Craik, Palmer and Sheldrake [10] concluded that there was an immediate need
to further invest in environmental biosecurity and bring it more fully into mainstream biosecurity
activities in Australia. The inclusion of the environmental sector in arrangements targeting wildlife
health and diseases in Australia would significantly improve the ability to detect new and emerging
diseases with the potential to impact upon animal and or human health. The recent appointment of a
Chief Environmental Biosecurity Officer for Australia (ACEBO) is a significant development that offers
opportunities in improving the coordination and linkage between environment, health and agriculture.

More broadly, there remains significant opportunity for improvement of the position of wildlife
within Australia’s wider biosecurity arrangements. There are challenges, however, with maintaining
a high operational functionality in Australia’s complex system. The JEE concluded that despite
outstanding progress in developing and implementing steps to ensure a collaborative approach
between the human and animal health sectors, opportunities remain for the development of greater
coordination of activities [9]. Given the risks posed by anthropogenic changes that have the potential
to spark disease outbreaks in wildlife populations and the potential emergence of zoonotic diseases,
each of the observations proposed by the JEE could be enhanced by the further consideration and
inclusion of wildlife and environmental health:

• Development of an all-hazards health protection framework. The national framework for
communicable disease control could be further developed with an increased emphasis on the risks
posed by anthropogenic changes to the environment, which are linked to disease emergence in
wildlife, changes in relative distribution and composition of infectious agents and species affected.
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• Public and animal health workforce issues. Some specific competencies were recognized for which
there is a limited workforce and future replacement may be at risk. For wildlife, this includes
disease ecologists and disease and wildlife emergency response managers. Australia’s PVS
evaluation noted that in several jurisdictions staff levels are seen to be severely inadequate [11].
Increased investment in on-the-ground veterinary officer deployment for investigation and
surveillance activities is required. Only some of Australia’s environmental agencies include
veterinarians and a placement within each of these agencies would also facilitate communication
and linkage with counterparts in agriculture and public health agencies.

• The use of genomic data in disease surveillance, which could be better harnessed for pathogen
discovery, surveillance work and elucidating the epidemiology at population interfaces, for
example, at the wildlife–human and wildlife–livestock interfaces. A sequence data management
and interpretation framework bridging bio-informatics and evolutionary microbiology
(phylogenetics, phylogeography) is of critical importance in comprehensively holistic programs,
particularly to provide an adequate ecological and evolutionary interpretation of the relationships
between agents discovered in wildlife and zoonotic agents affecting human populations. All of
this has the ultimate purpose of tracing the potential origins of zoonotic diseases, unveiling
mechanisms as to how wildlife-associated agents may break cross species transmission barriers
(host shifts) or simply quantifying and qualifying transient cross-species spillover infections.
The European COMPARE project is an example of an effective approach to tackling emerging
infectious diseases, ranging from risk assessment, sampling frames and surveillance, application
of new generation sequencing, and data flow into databases, to the development of harmonized
approaches across human, livestock and wildlife populations [19].

• Joint training and emergency animal disease response exercises across Australian Government
agencies, relevant state and territory government agencies, and wildlife stakeholders, along with
strategic risk assessment of current preparedness activities and arrangements for wildlife, would
help to identify areas requiring improvement.

• Wildlife monitoring also presents an opportunity to assist with linkage across sectors in the
areas of surveillance, preparedness and investigation. However, simpler management structures
are required and the use of WHA, a public-private partnership built on One Health principles,
to assist as a “trusted broker” represents a potential opportunity for the system that needs to be
further developed.

• Information technology and mapping systems between Australian jurisdictions are not yet fully
compatible [11]. Linkage of jurisdictional information systems to the eWHIS would remove
redundancy, improve efficiency and allow analysis at a whole of country scale.

Following the completion of a JEE, the WHO recommends that countries develop a National
Action Plan for Health Security (NAPHS) to address the recommendations in the JEE Mission Report.
In keeping with the JEE ideology, the NAPHS is developed collaboratively across multiples sectors,
with the aim of prioritising the implementation of recommendations to improve compliance with
international health regulations and national health security. Specific recommendations for zoonotic
diseases in Australia’s NAPHS are:

• “Introduce a formal process through committee structures between human health and animal
health to regularly review a joint list of priority zoonotic diseases. Consider designating zoonotic
diseases of public health importance in Australia as nationally notifiable in animals.

• Establish a dedicated multisectoral national zoonosis committee or ensure reciprocal animal and
human sector representation on their respective national zoonotic disease-related committees to
enhance communications, bridge knowledge gaps and strengthen collaborative responses.

• Consider standardising/aligning laboratory case definitions and typing between human and
animal health sectors to enhance data comparison of their surveillance systems [20]”.
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In addressing these recommendations, it is important for Australia that emerging infectious
diseases and zoonoses of wildlife be included.

5. Conclusions

The risks to Australia posed by wildlife diseases will almost certainly become greater with
anthropogenic changes such as a climate change, changes in land use, as well as societal attitudes
that bring wildlife, livestock and people into closer contact [6]. The challenges of emerging infectious
diseases from wildlife is, however, a global issue. A greater emphasis on wildlife disease surveillance
to assist in the detection of emerging infectious diseases and integration of wildlife and environmental
health into One Health policy will be critical in better preparing Australia and other countries in their
efforts to recognize and manage the adverse impacts of zoonotic diseases on human health. Animal and
human health professionals, including those in the community, are reminded of Australia’s system of
arrangements for wildlife health and are encouraged to consider wildlife health in their practices. More
information on Australia’s system and how they can become involved and contribute to improving
the integration of wildlife health into their practice and communicate within an evolving network of
partners is available at www.wildlifehealthaustralia.com.au.
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Abstract: Australian bat lyssavirus (ABLV) is a known causative agent of neurological disease in
bats, humans and horses. It has been isolated from four species of pteropid bats and a single
microbat species (Saccolaimus flaviventris). To date, ABLV surveillance has primarily been passive,
with active surveillance concentrating on eastern and northern Australian bat populations. As a
result, there is scant regional ABLV information for large areas of the country. To better inform the
local public health risks associated with human-bat interactions, this study describes the lyssavirus
prevalence in microbat communities in the South West Botanical Province of Western Australia. We
used targeted real-time PCR assays to detect viral RNA shedding in 839 oral swabs representing
12 species of microbats, which were sampled over two consecutive summers spanning 2016–2018.
Additionally, we tested 649 serum samples via Luminex® assay for reactivity to lyssavirus antigens.
Active lyssavirus infection was not detected in any of the samples. Lyssavirus antibodies were
detected in 19 individuals across six species, with a crude prevalence of 2.9% (95% CI: 1.8–4.5%) over
the two years. In addition, we present the first records of lyssavirus exposure in two Nyctophilus
species, and Falsistrellus mackenziei.

Keywords: Australian bat lyssavirus; microbats; Western Australia; serology; Luminex; real-time PCR

1. Introduction

Australian bat lyssavirus (ABLV) is one of the 16 classified species of lyssaviruses within the family
Rhabdoviridae [1]. It was first discovered in Australia in 1996 [2] and early studies distinguished two
variants, the pteropid variant carried by all four species of flying fox within continental Australia [3],
and the insectivorous variant detected only in the yellow-bellied sheath-tailed bat (Saccolaimus
flaviventris) [4]. Although there is evidence of ABLV exposure in 11 genera within four microbat
families [5], additional reservoir species have yet to be identified.

Both ABLV strains are associated with clinical disease in the host species [2,4]. Although spillover
events are extremely rare, they have resulted in fatal neurological disease in humans and horses [6–8],
making ABLV an agent of significant public health concern. Current public health policy recommends
a prophylactic rabies vaccination for bat handlers, with the administration of post-exposure treatment
including vaccination and rabies immunoglobulin based on vaccination history and individual immune
status [9]. However, the perceived risk from exposure to microbats is potentially limited by the relative
lack of media exposure these species receive compared to the larger pteropids, coupled with only a
single documented microbat to human transmission of ABLV to date.

Since the discovery of ABLV, surveillance has predominantly relied on passive sampling regimes,
with a single published study based on active sampling in the east and north of the country [10].
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Results suggest ABLV circulates at a low prevalence (<1%) in healthy wild bat populations [5].
However, the prevalence (and therefore risk) escalates to 5%–10% where bats are injured, sick or
orphaned. These are precisely the conditions which are considered to drive human exposure through
rescue and rehabilitation attempts, or the protection of property, pets or children [11–13]. Interestingly,
the public health research on ABLV and human-bat interactions to date does not report on community
knowledge or risk perceptions of microbats versus pteropid species, generally referring to ‘bats’ as a
broad group [11–15]. Therefore, whilst basic knowledge of ABLV in bats appears to be high in some
regions [11], public awareness of the specific risks and recommended post-exposure behaviours with
respect to microbats warrants further research.

In Western Australia, ABLV surveillance has also been sporadic and passive, with the only
targeted study focusing on the far northern part of the state and concentrating mainly on the pteropid
bats in the region [5], with sample collection occurring some 15 years ago. Active surveillance of
microbats has likely been hindered by the additional time and resource demands of sampling non-cave
roosting species typical of the region [16]. Therefore, there is limited current information on the ABLV
status of Western Australian microbat species and the disease status is assumed by the extrapolation
of information from bat populations in the eastern states. Additionally, there is no local data of ABLV
status in the south west of Western Australia, an area with arguably increased human-bat interaction
due to the higher population density.

In order to better inform the regional risks associated with human-bat interactions, this study
aimed to establish the lyssavirus status of insectivorous bats in the South-West Botanical Province of
WA over a period of two years. We used an ABLV specific and a pan-lyssavirus reverse transcription
real-time PCR (RRT-PCR) assay to screen oral swabs from 12 species of microbats. Additionally,
we used a bead-based Luminex® assay on serum samples to determine previous lyssavirus exposure.

2. Materials and Methods

All sampling was approved by the Department of Parks and Wildlife of Western Australia,
permits 08-001359-1, and CE005517. Capture, handling and sampling procedures were approved by
the Murdoch University Animal Ethics Committee (R2882/16).

Harp traps and mist nets were used to capture bats at different locations of the South-West
Botanical Province (SWBP), an Australian global biodiversity hotspot. The province covers
approximately 44 million hectares and comprises nine bioregions [17]. Remnant natural cover in
the east and west of the region is separated by the extensive monoculture known as the Western
Australian wheatbelt, which acts as a major dispersion barrier for many native species.

Sampling took place over two summers between 2016 and 2018, with sites in the east and
west boundaries of the wheatbelt. The northeastern sites were within the semi-arid Avon bioregion
which was predominantly sampled during the first season (2016–2017). The southwestern sites were
distributed across five bioregions, the Esperance Plains, Geraldton Sandplains, Jarrah Forest, Swan
Coastal Plain, and Warren (Figure 1), which were mainly sampled during the second year of the study
(2017–2018). Therefore, most sampling sites were visited only once over the two years, except for
locations in the Avon bioregion which were sampled during both summers.
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Figure 1. The South West Botanical province (SWBP) highlighted in brown. Sampling sites are shown
and sites where seropositive individuals were identified are labelled I-VII. Presence (light areas) and
absence (dark areas) of human populations are shown. The SWBP encompasses nine bioregions, Avon
Wheatbelt (AVW), Coolgardie (COO), Esperance Plains (ESP), Geraldton Sandplains (GES), Hampton
(HAM), Jarrah Forest (JAF), Mallee (MAL), Swan Coastal Plain (SWA), and Warren (WAR).

Prior to undertaking trapping, all personnel involved in handling bats underwent a complete
rabies vaccination schedule. Biosecurity and biosafety protocols during handling and sampling
included the use of protective gloves while manipulating bats out of traps and nets. During sample
collection, double gloves were worn while restraining the animal (nitrile gloves over protective
gloves), with the nitrile gloves changed between each bat. All surfaces and non-disposable equipment
(e.g., calipers) were disinfected with a 10% solution of F10 (Health and Hygiene, South Africa) between
each bat. Additionally, single calico bags were used for each individual and soaked in F10 before
being re-used.

Following capture, bats were taxonomically identified, and a single oral swab (FLOQSwab, Copan,
Brescia, Italy) was collected per individual and stored in RNAlater® (Ambion, Life Technologies,
Carlsbad, CA, USA). Additionally, 10 μL of blood was taken from the brachial vein and diluted 1:10 in
phosphate buffered saline (PBS).

Oral swabs were vortexed and 50 μL of the supernatant used as starting material for all extractions
using a Magmax viral RNA extraction kit (Ambion, Applied Biosystems, Vilnius, Lithuania) following
the manufacturer’s instructions. The detection of lyssavirus RNA was performed using an Australian
bat lyssavirus RRT-PCR specific for the insectivorous variant of the virus [18], and a pan-lyssavirus
RRT-PCR assay [19]. Inactivated insectivorous ABLV RNA provided by the CSIRO Australian Animal
Health Laboratory (AAHL, Victoria, Australia) was used as a positive control. Assays were performed
on a QuantStudio 6 Flex platform (Life Technologies, Singapore). Nucleic acid extraction verification
and lack of inhibitors were assessed using an endogenous 18S rRNA PCR assay (Life Technologies,
Pleasanton, CA, USA).
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Sera were tested for reactivity to lyssavirus antigens [20] in an indirect binding Luminex®

assay [21], at a final working dilution of 1:50 at CSIRO AAHL. As a pilot study, samples collected
during the first season were pooled one in three (n = 246) or one in four (n = 24). All samples collected
during the second season were tested individually (n = 391). Median Fluorescence Intensity (MFI)
was read using a Bio-Plex instrument (Bio-Rad Laboratories, Hercules, CA, USA). Due to the lack
of known positive and known negative bat sera from the species captured in this study to validate
the assay, the MFI threshold to differentiate positive and negative samples was set at 1000 MFI as
per CSIRO protocols. Previous studies published by the Australian Animal Health Laboratory and
elsewhere using the same Bio-Plex platform have used a threshold of at least three times the mean
MFI of negative sera from other bat species with values below 250 MFI considered negative [22–25].
The same principle was used here to establish a threshold based on an MFI of 250 corresponding to a
negative sample with sample MFIs above 1000 considered positive.

Prevalence estimates and 95% confidence intervals were calculated using the Wilson’s Method [26]
as implemented in the R package epitools [27].

3. Results

In total, 839 oral swabs and 661 blood samples were collected. Twelve samples did not provide
a valid Luminex® assay result and were removed from the analysis. Therefore, the final serological
dataset comprised 649 samples encompassing 12 bat species (Table 1). Captured species composition
varied at each location (Figure 2) and in general Chalinolobus gouldii and Vespadelus regulus had the
greatest representation in the swab and sera data sets (Table 1). A total of 270 serum samples were
collected in the first year and 379 during the second year.

Table 1. Seroprevalence of Australian Bat Lyssavirus in 12 species of microbats of the South West
Botanical Province of Western Australia. The total number of samples tested and positives () are shown.

Family Species Swabs Sera Seroprevalence 1

Vespertilionidae

Chalinolobus gouldii 287(0) 262(2) 0.7 (0.2–2.7)
Chalinolobus morio 105(0) 64(3) 4.6 (1.6–12.8)
Falsistrellus mackenziei 14(0) 7(1) NC 2

Nyctophilus geoffroyi 69(0) 48(0)
Nyctophilus gouldi 78(0) 66(3) 4.5 (1.5–12.5)
Nyctophilus major 12(0) 5(1) NC 2

Nyctophilus sp 3 6(0) 5(0)
Scotorepens balstoni 13(0) 8(0)
Vespadelus baverstocki 6(0) 5(0)
Vespadelus finlaysoni 1(0) 0
Vespadelus regulus 227(0) 164(9) 5.5 (2.9–10.1)
Vespadelus sp 3 2(0) 1(0)

Molossidae
Austronomus australis 13(0) 11(0)
Ozimops sp 6(0) 3(0)

1 Prevalence (%) and 95% confidence intervals (CI). 2 Prevalence estimates not calculated (NC) due to small sample
size. 3 These individuals were not confidently identified to species level, however will belong to either of the listed
Nyctophilus or Vespadelus species, and therefore do not count towards the total number of species sampled.

Neither the ABLV specific or the pan-lyssavirus RRT-PCR reactions yielded a positive result.
No inhibition was detected in any of the samples and positive and negative controls were valid.

Serological reactivity to lyssavirus antigens was detected in 19 samples (Table 1, Table S1) resulting
in an overall antibody prevalence of 2.9% (95% CI: 1.8–4.5%). Seropositive samples encompassed six
species, V. regulus had the highest prevalence at 5.5% (95% CI: 2.9–10.1%), followed by C. morio (4.6%,
95% CI: 1.6–12.8), Nyctophilus gouldi (4.5%, 95% CI: 1.5–12.5) and C. gouldii (0.7%, 95% CI: 0.2–2.7%).
Additionally, reactivity was also detected in a single Falsistrellus mackenziei, and an N. major. Due to
their small sample sizes, prevalence values were not estimated for these two species (Table 1).
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Figure 2. Number of blood samples taken by genera and bioregion. Note, no blood samples were
obtained from bats in the Geraldton Sandplains bioregion.

Despite a large number of individuals being sampled during the first year (n = 270), none reacted
on the lyssavirus serological assay, thus all seropositive bats were captured during the second year of
the study, and south of the wheatbelt. Consequently, annual seroprevalence significantly increased
from 0% in the first year to 5% (95% CI: 3.2–7.7%) in the second year (p = < 0.0001). It should be noted
that the majority (78%) of captures in the first year and north of the wheatbelt were dominated by a
single species, C. gouldii.

Seropositive individuals were captured at seven sites which were dominated by natural jarrah
(Eucalyptus marginata) and marri (Corymbia calophylla) forests, and on one occasion on agricultural land
transitioning to wandoo (E. wandoo) woodlands (Table 2). Seropositive V. regulus were sampled at
five different locations, seropositive N. gouldii, and C. morio were captured at three and two locations,
respectively, and the remaining two species were all captured at a single site. When examining the
data by number of seropositive samples per location, three different species were captured at three
locations, and the remaining four locations were represented by a single seropositive species.

Table 2. Distribution of seropositive individuals per bioregion and trapping location. Number of
positives () per species.

Bioregion Location Species

Jarrah Forest

I Vespadelus regulus (1)
II Chalinolobus gouldii (2)
III Vespadelus regulus (2)

Nyctophilus major (1)
Falsistrellus mackenziei (1)

IV Nyctophilus gouldi (1)
V Vespadelus regulus (1)

Warren

VI Chalinolobus morio (2)
Nyctophilus gouldi (1)
Vespadelus regulus (1)

VII Chalinolobus morio (1)
Nyctophilus gouldi (1)
Vespadelus regulus (4)

4. Discussion

Here we report the first comprehensive study investigating the lyssavirus status of apparently
healthy populations of insectivorous bats in the South West Botanical Province of WA. Significantly,
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this is the first active surveillance to take place in the SWBP and therefore constitutes an update to the
existing limited lyssavirus data on wild microbat populations [10]. We did not detect any current ABLV
infection or the presence of any other lyssavirus species circulating within the sampled populations,
despite the large sample size (n = 839). The suitability of oral swabs for lyssavirus detection has
previously been demonstrated in clinical studies [18,28–30], and in active lyssavirus surveillance
efforts [31,32]. Nonetheless, diagnostic sensitivity in a field surveillance setting for the detection
of ABLV may be limited by the combination of intermittent shedding [33], and a small window of
infection [32,34] of an already low prevalence virus.

Serological results indicated previous lyssavirus exposure in 19 individuals, resulting in an overall
seroprevalence of 2.9% in the study population. This result is congruent with previous sero-response
estimates of wild Australian bat populations [5], albeit using a different serological assay. Antibody
reactivity was detected in six Vespertilionidae species, C. gouldii, C. morio, V. regulus, F. mackenziei,
N. gouldi, and N. major. The presence of lyssavirus antibodies has previously been documented for
the Chalinolobus and Vespadelus genera [5], and the results here constitute the first published report
of lyssavirus exposure in Nyctophilus spp. and F. mackenziei, an endemic species of the jarrah forests
of the South West. It was not possible to carry out further confirmatory testing on seropositive
individuals, as the volume of blood ethically permissible to be drawn from microbats was fully used
in the Luminex® assay.

Seroprevalence values per species varied between 0.7% and 5.5%, with the highest values observed
in V. regulus (5.5%), C. morio (4.6%) and N. gouldi (4.5%). Despite the existence of previously published
seroprevalence figures for some Australian Vespertilionidae species [5], it is not appropriate to make
direct comparisons due to previous results grouping different species by genera and being based on an
alternative serological assay. Even though seropositivity for ABLV has previously been reported in
Austronomus australis [5], we did not detect any antibody response in this species, possibly due to the
small sample size (n = 11).

All seropositive individuals originated from seven locations within the Jarrah and Warren
bioregions and none from the Avon bioregion, which is isolated by the Australian wheatbelt. It is
unclear whether this partitioning of the data represents a geographical, temporal or a species
association given these risk factors are confounded in the study population. However, temporal
shedding may explain the 0% prevalence in the Avon bioregion despite the large sample size (n = 226),
as this region was predominantly sampled in the first year and all the seropositive individuals occurred
in the second year of the study. This hypothesis is supported by longitudinal studies elsewhere showing
that inter-annual variation of seroprevalence estimates is common in wild bat populations [28,32].
Further, long term active surveillance in Myotis myotis has provided important insights into the
infection dynamics of lyssavirus at a temporal and geographical scale [32], highlighting how similar
studies would contribute to better understanding of ABLV dynamics within Australian microbat
populations. It is possible that a failure to detect seropositive samples during the first year could also
have been the result of decreased assay sensitivity triggered by sample pooling. However, titration
studies using pools of Pteropus alecto sera by CSIRO AAHL have not demonstrated a loss of assay
sensitivity at the pooling levels used in this study.

The detection of ABLV seropositivity in the SWBP, particularly the southern parts of the region,
further supports the existence of additional lyssavirus reservoirs, as the distribution of Pteropus
spp. and Saccolaimus flaviventris does not extend to the SWBP. This suggests that any hypothetical
reservoir may be a member of the families Vespertilionidae or Molossidae, with serology results
indicating Vespertilionidae may be a reservoir genus in the Southwest of WA. Importantly, seropositive
individuals of six separate species came from a variety of areas in the south west in relatively close
proximity to towns and recreational areas (<20 km).

The results from this study suggest that active infections in wild microbat populations may be
even lower than previously thought. Despite this, the evidence of circulating ABLV in the region
validates current recommendations for post-exposure treatment of people with bat bites and scratches,
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including those from microbats. We recommend public health research akin to that conducted in the
eastern states [11–15] in order to evaluate knowledge, attitudes and perceptions of ABLV risks in the
south west of WA specifically for microbat species. This information should be used to guide future
public health campaigns in the region.

Supplementary Materials: The following are available online at http://www.mdpi.com/2414-6366/4/1/46/s1,
Table S1 Median Fluoresce Intensity values for all sera tested.
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Abstract: This small study reports on a non-pyrogenic response of five different Australian isolates of
Coxiella burnetii (C. burnetii). They were all members of Genomic Group IV and obtained from three
cases of acute human infection, one case of chronic human infection and one case of goat abortion.
The guinea pigs infected with these isolates did not develop fever (temperature ≥ 40.0 ◦C), which is
consistent with other members of this genomic group that were isolated from elsewhere in the world.
In contrast, guinea pigs infected with the classical USA tick isolate, Nine Mile phase 1 (RSA 493) of
Genomic Group I, experienced a four-day febrile period.
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1. Introduction

Guinea pigs are an excellent small animal model of acute Q fever (infection with Coxiella burnetii
or C. burnetii) in humans [1–3]. However, not all isolates of C. burnetii will cause fever (pyrogenicity) in
guinea pigs. This feature of the bacterium appears to be related to the genomic group to which the
isolate belongs, with group IV and VI known to be non-pyrogenic [4].

Recent Australian isolates of C. burnetii belong to a unique subset of genomic group IV; however,
most were isolated from patients with acute Q fever, many of whom had presented with fever [5].
The question investigated in this small study was whether a selection of these Australian isolates were
pyrogenic in guinea pigs.

2. Materials and Methods

2.1. Animal Ethics

This study was approved by the Australian Rickettsial Reference Laboratory Animal Care
and Ethics Committee (ACEC/010). All experimental works were performed in a biosafety level
3 laboratory at the Department of Microbiology, John Hunter Hospital, Newcastle, New South
Wales, Australia.

2.2. Coxiella Burnetii Isolates

Five Australian isolates of C. burnetii were selected for use in this study, with a range of molecular
and epidemiological features (Table 1). All were members of genomic group IV, but represented three
different genotypes (CbAu01, CbAu04 and CbAu06) according to a multi-locus variable number of
tandem repeats (VNTR) analysis (MLVA). These genotypes were shown to be unique to Australia [5].
There were four human isolates that came from three cases of acute infection (AuQ01, AuQ10 and
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AuQ43) and one case of chronic infection (AuQ04). There was also one isolate from an aborting goat
(AuQ57), which was associated with a number of human cases [6].

C. burnetii Nine Mile phase 1 (RSA493), originally obtained from a tick in the USA and belonging
to Genomic Group I, was used as a positive control, as it was known to be pyrogenic in guinea pigs.
Sterile cell culture medium (RPMI-1640) was used as a negative control.

Table 1. Brief molecular and epidemiological features of the five Australian isolates of Coxiella burnetii
(C. burnetii) used in the pyrogenicity study.

C. burnetii
Isolates

MLVA *
Genotype

Epidemiological Features

Type of Q
Fever

Year Location
Animal
Contact

Symptoms
Source of

Isolate

AuQ01
(Human) CbAu01 Acute 2005 Armidale,

Northern NSW Goat Fever, Jaundice Blood

AuQ04
(Human) CbAu04 Chronic 2007 Swan Hill,

Northern VIC Unknown

Fever,
Endocarditis/
Aortic valve

incompetence

Surgically
removed

tissue

AuQ10
(Human) CbAu06 Acute 2011 Coffs Harbour,

Northern NSW
Unknown

Fever,
Haemophagocytic Blood

Syndrome

AuQ43
(Human) CbAu01 Acute 2012 Mt Louisa,

Northern QLD Unknown Fever Blood

AuQ57
(Animal) CbAu01 Goat

coxiello-sis 2012 Meredith,
Central VIC Goat Abortion Aborted

foetus

* MLVA-multiple locus variable number of tandem repeats analysis.

2.3. Culture and Quantification of C. burnetii in VERO Cell Line and Wild Mice

Vero cells were grown in 10ml RPMI (Gibco, Australia) supplemented with 10% new born calf
serum (NBCS) (Gibco, Australia) and 1% L-glutamine (Gibco, Australia). The five C. burnetii isolates
were inoculated into Vero cell monolayer and grown at 37 ◦C with 5% CO2 for 14 days. The infected
monolayer was removed by scrapping and each preparation inoculated intraperitoneally into a single
outbred mouse. This was done to ensure that all C. burnetii cells were in phase 1 (virulent) for the
later guinea pig infection [7]. Each infected mouse was euthanized seven days later and its enlarged
spleen removed aseptically. Each spleen was separately homogenized in 5 mL of Hank’s Balanced Salt
Solution and the concentration of C. burnetii DNA measured by quantitative real-time PCR (qPCR)
using an assay targeting the single-copy com1 gene [8]. Each spleen suspension was adjusted to
contain between 106 and 107 C. burnetii per 0.2 mL.

2.4. Experimental Guinea Pig Infection

Outbred breeds of adult male guinea pigs were used in this study (n = 24). One week prior to the
start of the experiment, an IPTT300 temperature transponder (Biomedic Data Systems, Inc., Seaford,
DE, USA) was implanted into the sub-cutaneous tissue on the flank of each guinea pig.

Each guinea pig was anaesthetized with a 0.2 mL intramuscular injection of 9.5 mL of ketamine
(100 mg/mL) and 0.5 mL of xylazine (100 mg/mL). Each anaesthetized guinea pig had 0.2 mL
of the infected mouse spleen suspension introduced slowly into its nostrils via a fine-bore plastic
Pasteur pipette. The guinea pigs inhaled the liquid slowly and the C. burnetii presumably entered the
animals’ lungs.

2.5. Monitoring Guinea Pig Temperature with Probe

Guinea pig temperatures were recorded daily for 21 days using an IPTT-300 Smart Probe held
over the location of the subcutaneous temperature transponder in the guinea pig.
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A temperature at or above 40 ◦C was defined as a fever and the guinea pig considered to be febrile.
The experiment was terminated at day 21 post-infection by which time all guinea pig temperatures
had returned to normal.

3. Results

The temperature changes in the 24 guinea pigs (grouped according to the isolate of C. burnetii
used to infect them) are shown in the Figure 1. The four guinea pigs given only Roswell Park Memorial
Institute (RPMI) medium intranasally (negative controls) did not develop a fever at any stage.

 

Figure 1. The temperature pattern of guinea pigs infected with five different Australian isolates of
C. burnetii, with the positive (NM1) and negative (sterile RPMI 1640 media) controls over a period of
21 days post-infection. Febrile response (temperature ≥ 40.0 ◦C) in positive controls sustained from
days 8–11 with an early onset at day 5. Throughout the experimental period, the five Australian isolates
and negative control did not show febrile response and remained under 40.0 ◦C. The average value of
temperature in each group is shown in the graph.

The four guinea pigs given C. burnetii Nine Mile phase 1 (positive control), developed fever
(40.6 ± 0.3) from days 8–11 after infection (four-day duration). None of the five Australian C. burnetii
isolates, inoculated into 16 guinea pigs, resulted in fever (38.6 ± 1.0). They were all non-pyrogenic.

4. Discussion

The best small animal model for studying Q fever is the guinea pig, as it develops a fever of
limited duration, similar to infected humans [3]. However, not all isolates of C. burnetii are pyrogenic
in the guinea pig. Studies of non-Australian isolates show that those from genomic groups IV and VI
are non-pyrogenic [4]. This study has now demonstrated the same phenomenon of non-pyrogenicity
in five Australian isolates, which all belong to genomic group IV, albeit to a unique subgroup. The four
human isolates used in this study caused fever in the human patients from whom the bacteria were
obtained. However, they did not cause fever in the guinea pigs. While the pathological basis for this
difference is not known, there is a practical significance to it. When using guinea pigs to test new
vaccines for use against Q fever and using abrogation of fever as a clinical indicator of vaccine success,
it is necessary to use a challenge isolate of C. burnetii that causes fever in the non-immunized guinea
pigs. On the basis of this small study it will not be possible to use Australian isolates of C. burnetii
for challenge in Q fever vaccine studies, if abrogation of fever is used as a clinical marker of vaccine
protection. It appears that the Nine Mile phase 1 isolate of C. burnetii is required for this purpose.

5. Conclusions

Australian isolates of C. burnetii do not cause fever in experimentally infected guinea pigs,
confirming what has been shown in other genomic group IV isolates elsewhere in the world.
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Abstract: Japanese encephalitis virus (JEV) is a major cause of neurological disease in Asia. It is a
zoonotic flavivirus transmitted between water birds and/or pigs by Culex mosquitoes; humans
are dead-end hosts. In 1995, JEV emerged for the first time in northern Australia causing an
unprecedented outbreak in the Torres Strait. In this article, we revisit the history of JEV in Australia
and describe investigations of JEV transmission cycles in the Australian context. Public health
responses to the incipient outbreak included vaccination and sentinel pig surveillance programs.
Virus isolation and vector competence experiments incriminated Culex annulirostris as the likely
regional vector. The role this species plays in transmission cycles depends on the availability of
domestic pigs as a blood source. Experimental evidence suggests that native animals are relatively
poor amplifying hosts of JEV. The persistence and predominantly annual virus activity between 1995
and 2005 suggested that JEV had become endemic in the Torres Strait. However, active surveillance
was discontinued at the end of 2005, so the status of JEV in northern Australia is unknown. Novel
mosquito-based surveillance systems provide a means to investigate whether JEV still occurs in the
Torres Strait or is no longer a risk to Australia.

Keywords: Japanese encephalitis virus; zoonosis; mosquito; transmission; Australia

1. Introduction

Japanese encephalitis virus (JEV) is a single-strand, positive-sense RNA virus of the genus
Flavivirus, family Flaviviridae. The virus is responsible for approximately 68,000 clinical cases annually
and is the leading cause of encephalitis in a number of countries in Southeast Asia, the Indian
sub-continent and the Indonesian archipelago [1]. Predominantly asymptomatic, less than 1% of
human infections result in clinical disease which can range broadly in severity from a mild febrile
illness to acute meningomyeloencephalitis. Of symptomatic cases, 20–30% are fatal, and among the
survivors, approximately 30–50% will have ongoing neurological sequelae.

Prevalent in tropical and subtropical parts of Asia and the Pacific rim [2], JEV exists in a zoonotic
transmission cycle between ardeid wading birds, such as herons and egrets, and Culex mosquitoes,
particularly, Culex tritaeniorhynchus and Cx. vishnui which utilize rice fields for larval development [3].
Domestic pigs are important amplifying hosts, due to rates of infection of 90–100%, development of
viremia levels sufficient to infect mosquitoes and constant annual turnover leading to a continual
supply of immunologically naïve pigs as susceptible hosts. Recent experiments have demonstrated
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that JEV can be transmitted directly between pigs via oronasal secretions further enhancing the status
of pigs as amplifying hosts [4]. Although the epidemiological significance of this finding needs to
be definitively established, it suggests that virus transmission can potentially occur in the absence
of suitable mosquito vectors. Humans and horses can develop fatal disease, but they are considered
dead end hosts of JEV because they do not produce adequate viral levels required to infect mosquitoes.
Thus, JEV is considered an important zoonotic pathogen and a concerted One Health approach is
required for sustained disease suppression [5].

In Australia, JEV is mostly viewed as an issue for travelers to endemic regions and occasional
overseas acquired cases are reported [6–8]. However, in 1995, JEV was first recognized in natural
transmission cycles in northern Australia when a widespread outbreak occurred on the islands of the
Torres Strait, the body of water that separates Cape York Peninsula and the New Guinea landmass
(Figure 1). Three human cases, two of which were fatal, occurred on the island of Badu. This event
was unprecedented, as Murray Valley encephalitis virus (MVEV) and West Nile virus Kunjin subtype
(WNVKUN) were considered the only encephalitogenic flaviviruses southeast of Wallacea, the region
that separates the Asian and Australasian zoogeographical regions. In the current paper, we revisit the
epidemiology of JEV in the Australasian region and summarize research conducted to elucidate the
factors that led to its emergence and apparent disappearance.

Figure 1. Map of Northern Australia and southern Papua New Guinea showing locations mentioned
in the text. The Northern Peninsula Area includes the communities of Bamaga, Injinoo, New Mapoon,
Seisia, and Umagico.
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2. The Emergence of JEV in Northern Australia

In March 1995, Public Health authorities were notified of three cases of encephalitis on Badu in
the Torres Strait [9]. Given previous MVEV activity in northern Australia, it was initially suspected
that this virus was the etiological agent. However, virus isolation from serum samples from two
asymptomatic residents of the island and mosquitoes yielded JEV isolates. Several other residents
and domestic pigs were also found to be JEV seropositive by enzyme linked immunosorbent assay
(ELISA) and hemagglutination inhibition (HAI) assay. Whilst it is known that flavivirus cross-reactivity
can obscure serological findings and complicate result interpretation, a proportion of these serum
samples also demonstrated specific neutralizing antibodies at notably higher titers to JEV than to
MVEV or WNVKUN, providing further definitive evidence that JEV had caused the outbreak [9]. Virus
genotyping revealed that the Badu 1995 human and mosquito isolates clustered within genotype
II [9]. Culex annulirostris was the only mosquito that yielded JEV at a carriage rate of 2.97 per
1000 mosquitoes, indicating that this was the potential mosquito vector [10]. Subsequent, broader
serosurveys of humans and pigs revealed that the outbreak was widespread across the Torres Strait,
although Badu appeared to have conditions conducive to epizootic JEV transmission. This included an
immunologically naïve human population and a large immunologically naïve domestic pig population,
with numerous pigpens located close to houses. There were also widespread productive larval habitats
of Cx. annulirostris, created by poorly maintained drains, damaged septic systems, and groundwater
sites which had become nutrient rich due to feces from horses that had been introduced to the island
in the year preceding the outbreak [11]. Emergency vector control strategies included treatment of
larval sites with the insect growth regulator, s-methoprene, and thermal fogging of adults with the
pyrethroid, bioresmethrin.

Following this incipient outbreak, several strategies were employed to limit JEV transmission,
both on Badu and on other islands. A vaccination program using the formalin inactivated mouse
brain-derived vaccine (Biken Institute, Japan) commenced in December 1995 and by March 1996,
93% of residents of the outer islands who commenced the schedule had received at least 2 doses [12].
To detect further JEV activity, a sentinel pig program was established on 4 islands of the Torres Strait, as
well as proximal to mainland Australian communities on the tip of Cape York Peninsula [13]. To reduce
the availability of larval habitats, maintenance and drainage works were initiated on Badu, although
the swampy ground present over much of the island limited the impact of this strategy on adult
mosquito populations [11]. In 1996 and 1997, JEV activity, as evidenced by seroconversions of sentinel
pigs, appeared restricted to the northernmost island of Saibai.

The unexpected emergence of JEV in the Australasian region prompted investigations of the
origins of the virus and potential mechanisms of introduction. Between 1996 and 1998, almost
400,000 mosquitoes were processed from the Western Province of Papua New Guinea (PNG) yielding
3 isolates [14]. Furthermore, there was evidence of human infection in PNG, as demonstrated by
JEV-specific antibodies in sera collected as far back as 1989 [15] and by clinical cases of encephalitis
(J Oakley and S. Flew, unpublished data cited by [14]. Thus, it appeared that the New Guinea landmass
was the source of the incursions. Furthermore, backtrack simulations by Ritchie and Rochester [16]
suggested that wind-borne mosquitoes carried by low pressure systems from New Guinea could have
been the mechanism of virus introduction.

In 1998, widespread JEV activity again occurred in the Torres Strait and, for the first time, on the
Australian mainland [17]. There were two clinical human cases recognized serologically during this
outbreak, with the first being in an unvaccinated child on Badu and the second being a fisherman at
the mouth of the Mitchell River on western Cape York Peninsula. Sentinel pigs on many outer islands
seroconverted to the virus, whilst seroconversion of pigs on Kiriri Island signaled the first evidence
of transmission occurring on the inner Torres Strait islands. On the mainland, sentinel pigs on the
Northern Peninsula Area (NPA) and at Baa’s Yard near the Mitchell River, seroconverted to JEV, and the
virus was isolated from 3 pigs at Seisia on the NPA. Collections on Badu yielded 42 isolates of JEV
from 31,898 mosquitoes, with all but one coming from Cx. sitiens subgroup mosquitoes (primarily Cx.
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annulirostris); the other isolate was from Aedes vigilax [18]. In contrast, no JEV was detected in 35,235
mosquitoes processed from the Australian mainland [19]. Nucleotide sequence analysis and molecular
genotyping of mosquito and pig 1998 isolates revealed that they also belonged to genotype II. A high
nucleotide identity was also demonstrated between the sequences of the 1998 and 1995 Torres Strait
viruses, and to the Australian mainland and PNG sequences, highly suggesting that the origin of JEV
incursions into Northern Australia may have been PNG [17,18]. Following the 1998 outbreak, and with
a view to reducing contact and transmission between pigs, mosquitoes, and humans, domestic pigs
were relocated from proximal to houses to communal pig pens >2 km away from the community.

The magnitude of the 1998 outbreak of JEV in the Torres Strait and Cape York Peninsula was
unprecedented in both spatial scale and intensity. JEV activity was recorded from southern PNG,
across most of the Torres Strait and south to western Cape York Peninsula [14,17], suggesting a unique
and extreme event. The outbreak appeared to represent the convergence of high populations of Culex
mosquitoes and widespread JEV transmission in southern PNG, coupled with a strong tropical cyclone
in the Gulf of Carpentaria that may have transported JEV infected mosquitoes from PNG into the
Torres Strait and deep into Cape York Peninsula. Late 1997 to early 1998 featured a strong El-Nino
event that caused severe drought in the Western Province of PNG [20]. Normally flooded wetlands
may have been reduced to stagnant pools of highly organic water favorable for the production of
Cx. sitiens subgroup mosquitoes. Indeed, mosquito collections in February 1998 in Western Province
were very high, with many traps catching over 10,000 mosquitoes per night [16], from which JEV
was isolated [14]. This event was also coupled with the occurrence of Tropical Cyclone Sid in the
western Gulf of Carpentaria in late December 1997. The large wind field of this category 2 cyclone
was potentially sufficient to transport mosquitoes from southern New Guinea to west central Cape
York Peninsula, where JEV activity occurred at the mouth of the Mitchell River [16]. The coincidental
occurrence of two extreme events, drought induced JEV transmission in southern PNG and a cyclone
in the Gulf of Carpentaria that could transport the mosquitoes from New Guinea landmass deep into
the Cape York Peninsula, make a repeat of this event unlikely.

After no recognized activity in 1999, JEV reappeared in the Torres Strait in 2000. Although virus
was not isolated from 7652 Cx. annulirostris collected from Badu, a single JEV isolate was obtained
from 84 Cx. gelidus mosquitoes [21]. Collections from Saibai Island also yielded an isolate, albeit from
Cx. sitiens subgroup mosquitoes [22]. JEV isolates were also obtained from the acute sera of three
pigs on Badu. Interestingly, molecular genotyping of the two mosquito and pig sera 2000 isolates
demonstrated they belonged to genotype I and did not cluster with the previous Australian 1995 and
1998 genotype II viruses. Importantly, this demonstrated the introduction of a new JEV genotype
into Australia and highlighted the continued risk and vulnerability of the region to further JEV
incursions [22,23].

Between 2001 and 2005, sentinel pigs and/or deployment of a newly developed remote mosquito
trapping system were effective in detection of JEV on Badu Island every year [24]. In 2004, the virus
was again detected on mainland Australia, when pigs located on the NPA seroconverted to JEV and a
single isolate was obtained from a pool of Cx. sitiens subgroup mosquitoes collected from the Bamaga
rubbish dump [25]. This was the first time that JEV had been isolated from mosquitoes collected from
the Australian mainland. Molecular phylogenetic analysis revealed that the virus clustered with a
2004 Badu pig isolate, and 2000 mosquito and pig sequences in genotype I. As no further evidence of
genotype II in the region had been demonstrated since 1998, these findings suggested this genotype
may have been subsequently replaced by genotype I.

The sentinel pig program and remote mosquito trapping trials were discontinued in the Torres
Strait at the end of the 2005, whilst the sentinel pigs were removed from the NPA in 2011. However,
given the continual risk of re-emergence, in 2012, mosquito-based surveillance was re-deployed, albeit
using a different system (refer to Section 3.3) in the NPA by the Northern Australia Quarantine Service.
Despite multiple detections of MVEV and WNVKUN in the NPA traps which were most notable in
2015 [26], there has been no evidence of recent JEV activity (T. Kerlin and K. Rickart, unpublished
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data). Traps were also run on Badu, but only during the 2012–2013 wet season. No JEV was detected
during this period of deployment. Thus, the status of JEV in the Torres Strait since 2005 is unknown.

3. Elucidating the Ecology of JEV Transmission Cycles in Australia

3.1. Vertebrate Host Studies

Numerous vertebrate species have been investigated as amplifying hosts of JEV in endemic
regions, although ardeid birds and pigs are considered the most important [2]. When JEV appeared
in northern Australia, it was feared that the large populations of feral pigs and wading birds on the
mainland would provide an abundance of amplifying hosts to allow the virus to become established in
natural transmission cycles. An unknown quantity and continuing concern is the role that other
vertebrates, particularly native species, could play in these transmission cycles. Unfortunately,
laboratory based vertebrate studies are very complex, requiring high level biocontainment, which
restricts them to a limited number of laboratories in Australia. Thus, there has only been limited
experimentation on the course of JEV infection in Australian vertebrates. In experiments conducted
well before JEV emerged in Australia, the Nankeen Night Heron, Nycticorax caledonicus, was shown to
produce viremia levels that could potentially infect recipient mosquitoes [27]. Later, the response of
marsupials to JEV infection was investigated at the Australian Animal Health Laboratories (AAHL).
It was shown that eastern grey kangaroos, agile wallabies and tammar wallabies either did not develop
detectable viremia or were only capable of producing viremia levels below the threshold required
to infect questing mosquitoes (PW Daniels, D Middleton, D Boyle, K Newberry, D Williams, R Lunt,
unpublished data cited by Mackenzie et al. [28]). In contrast, possums produced a higher viremia
when compared to the macropods tested. The only other native species examined as a potential
amplifying host in laboratory-based experiments was the black flying fox, Pteropus alecto [29]. Only 1
of 15 flying foxes produced a detectable viremia which was sufficient to infect recipient mosquitoes.
Interestingly, 3 other flying foxes were able to infect recipient mosquitoes, even though they did not
produce a viremia that was detectable using a highly sensitive real-time reverse transcriptase PCR.
Despite exhibiting low infection rates following experimental exposure, flying foxes could still play a
role in the ecology of JEV in Northern Australia, as they roost in camps containing 1000s of individuals,
are prevalent on a number of islands of the Torres Strait and are known to migrate from the New
Guinea landmass.

The importance of pigs as amplifying hosts of JEV and the existence of large, abundant feral
populations across Northern Australia prompted pig infection studies with a regional context.
Of particular interest, was whether prior exposure to endemic MVEV or WNVKUN viruses affected pig
susceptibility to JEV infection and how this may impact on their immune responses. In experiments
performed at AAHL, JEV was readily detected in pigs following primary JEV infection, but not in
pigs previously infected with MVEV or WNVKUN that were later challenged with JEV [30]. Coupled
with suppressed JEV viremia levels, elevation of existing cross-reactive JEV neutralizing antibodies
were further demonstrated in these pigs. Notably, these findings suggest that prior exposure to MVEV
or WNVKUN may elicit protective immunity against JEV in pigs. Together with the suppression of
viremia levels, this indicates that pre-immune pigs may not be effective amplifying hosts and therefore
are unlikely to play a major role in JEV transmission.

3.2. Incrimination of Mosquito Vectors

In the majority of regions where JEV is known to circulate, Cx. tritaeniorhynchus and Cx. vishnui
are the key mosquito vectors, however, these species, do not occur in Northern Australia. Based
on its role as the primary vector of MVEV and WNVKUN [31], it was suspected that an alternate
species, Cx. annulirostris, was the primary vector during the original Torres Strait 1995 outbreak.
This hypothesis was further supported by the fact that this was the only species from which JEV
isolates were recovered during this initial outbreak and to date, has been the species yielding the most

74



Trop. Med. Infect. Dis. 2019, 4, 38

isolates obtained in Northern Australia. Subsequent laboratory-based vector competence experiments
using genotype II JEV isolated from Badu Island in 1998 confirmed the status of Cx. annulirostris as
the likely primary vector in Australia [32]. Interestingly, Hemmerter et al. [33] demonstrated that
Cx. annulirostris contains at least 5 mitochondrial cytochrome oxidase I lineages, with some having a
wide distribution in the Australasian regions, whilst others appeared more restricted geographically.
It was revealed that three of these lineages occurred in southern PNG, the Torres Strait and Cape York
Peninsula. The authors hypothesized that these lineages may vary in their vector competence for JEV,
thus potentially explaining the southern limits of the virus on the Australian mainland. Phenotypic
evidence to corroborate this hypothesis was provided by Johnson et al. [34] who showed that the
dominant mainland Australian lineage of Cx. annulirostris was a relatively poor laboratory vector of
the genotype I JEV.

Studies of other species which yielded isolates demonstrated that Cx. gelidus was a highly efficient
laboratory vector [34] whereas Ae. vigilax had a comparatively low transmission rate [32]. Although
other species, such as Cx. sitiens and Cx. quinquefasciatus were efficient laboratory vectors [32] and have
been implicated as secondary vectors in SE Asia, their status as vectors in Northern Australia remains
largely unknown. Finally, electrophoretic analysis of collections of Cx. annulirostris that yielded JEV
revealed that the closely related and morphologically similar Cx. palpalis was present, sometimes at
high levels [35]. Thus, this species could also be considered a potential JEV vector. Similar to the
situation in endemic locations, the evidence from virus detection in field collected mosquitoes and
vector competence experiments incriminates members of the genus Culex as the primary vectors of
JEV in Northern Australia.

3.3. The Influence of Mosquito Host Feeding Patterns on JEV Transmission in Northern Australia

The propensity for the mosquito to feed on the vertebrate host is critical to its role as a virus
vector. Analysis of host feeding patterns of Cx. annulirostris from numerous locations in northern
Australia revealed that, for the most part, pigs and birds accounted for only a small percentage of
positive blood meals [36,37]. Instead, most of the blood meals obtained by Cx. annulirostris originated
from marsupials, particularly the Agile Wallaby, Macropus agilis [37,38]. As mentioned previously,
experiments conducted at AAHL had previously shown that Agile wallabies produced only low-level
viremia. Thus, predilection for Cx. annulirostris to feed on wallabies may have dampened transmission,
particularly on the mainland, by diverting host seeking mosquitoes away from pigs. Interestingly, there
are no wallabies on Badu, so this possible dampening effect would not have impacted transmission
dynamics on the island.

The only locations where significant feeding on pigs was recorded in northern Australia was
from locations adjacent to domestic pigs or where feral pigs congregated, such as rubbish dumps.
In endemic areas in Southeast Asia, intense JEV transmission is usually driven by pig feeding rates
>30%. Thus, it was not surprising when analysis of Cx. annulirostris host feeding patterns during
periods of recognized JEV transmission also revealed relatively high porcine feeding rates, as high
as 80% [36,37]. The proportion of Cx. annulirostris feeding on pigs was significantly reduced when
the domestic pigs were relocated from the Badu community to a communal piggery some 2.5 km
away [21]. However, this did not appear to eliminate virus transmission close to human habitation,
as infected mosquitoes were subsequently collected within the community [39], although it may have
diminished the potential for transmission. It was suggested that domestic pigs needed to be moved
further away to be out of the flight range of Cx. annulirostris, which can be as much as 12 km [40].

3.4. Development of Mosquito-Based JEV Surveillance Systems

Undoubtedly, the sentinel pig surveillance program played a considerable role in providing
evidence of JEV activity and, in some cases, seroconversion in herds preceded human cases [17].
However, the use of sentinel pigs for detection of viral activity has several limitations affecting their
continued deployment, particularly in remote areas [24]. Firstly, the fact that pigs are a key amplifying
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host of the virus is an obvious risk which may exacerbate and contribute to ongoing transmission.
Secondly, sentinel animal programs can be highly expensive to establish and maintain, impacting on
local resources and resulting in a major financial burden to biosecurity and public health authorities.
Efficient running and effectiveness of sentinel animal programs may also be affected by labor-intensive
bleeding and collection procedures which can lead to occupational health and safety issues and,
if delayed, can greatly affect downstream result interpretation and disease management strategies.
The inherent difficulty in distinguishing JEV from MVEV and WNVKUN infections in serological assays
due to cross-reacting antibodies may also obscure accurate laboratory interpretations and require
further testing by highly specialized reference laboratories [30].

A surveillance system involving detection of viral RNA in mosquitoes collected in continuously
run mosquito traps has been developed as an alternative to using sentinel pigs. The original iterations of
this mosquito-based system involved processing all mosquitoes collected in solar or propane-powered
traps [24]. However, these traps had the capacity to collect >150,000 mosquitoes in a week, so diagnostic
capacity was overwhelmed. To circumvent the need to process hundreds of pools, a system was
developed that takes advantage of the sugar feeding behavior of mosquitoes [41]. In this system,
mosquitoes are collected in CO2-baited traps, where they can feed on honey-soaked nucleic acid
preservation cards, which are submitted for detection of viral RNA [42]. A number of modifications
have been made to the trapping system, resulting in the current trap design, the sentinel mosquito
arbovirus capture kit (SMACK) which does not require electricity and maximizes survivability of
collected mosquitoes, thus increasing the likelihood of multiple feedings on the cards [26,43].

The sugar-based arbovirus system has been trialled in several locations around Australia and
has detected a number of arboviruses, including MVEV and WNVKUN, the alphaviruses, Ross River
and Barmah Forest viruses, and the bunyavirus Gan Gan [26,42,44,45]. Detection of WNVKUN in
traps deployed near Darwin, Northern Territory, without concurrent detection in sentinel chickens
demonstrated that the system is potentially more sensitive than sentinel animals in some instances [45].
Furthermore, if enough viral RNA is expectorated on the cards, it can provide a template for nucleotide
gene sequencing in phylogenetic studies. The sugar-based arbovirus system using SMACK traps
is now deployed operationally at 12 remote locations in Queensland, including communities in the
NPA. Although JEV has not been detected in cards removed from field-deployed traps, results from
laboratory-based studies showed that this virus could readily be detected in saliva expectorated
by sugar-feeding mosquitoes [41]. This indicates that the sugar-based system has direct utility for
JEV surveillance.

In the current sugar-based arbovirus system, the small amounts of virus expectorated on the
nucleic acid preservation cards means that some samples deemed positive are at the limit of detection
in molecular assays [45]. To increase the sensitivity of the sugar-based surveillance system for arbovirus
detection, investigations are currently underway into the utility of mosquito excreta as an alternative
sample type to saliva [46]. Early results have demonstrated that both WNVKUN and dengue viruses
can be detected in excreta at a higher rate than it is detected in the saliva, and possibly represents
the greater volume of liquid excreted by mosquitoes (1.5 μL) compared with the volume of saliva
expectorated (4.7 nL) [46,47].

4. Conclusions

To date, the detection of JEV in mosquitoes collected in a mosquito trap on Badu in March 2005
signified the final time that virus activity was unequivocally detected in Northern Australia. Overall,
the virus was detected in 10 out of 11 years between 1995 and 2005 indicating that JEV had either
become established in enzootic cycles in the Torres Strait or was re-introduced during the period
almost annually when conditions were suitable.

Despite the status of the JEV in the Torres Strait being largely unknown, the ongoing vaccination
program has likely limited the number of human cases. The vaccines currently utilized in the Torres
Strait are the live attenuated, recombinant vaccine (IMOJEV) and the inactivated, African green monkey
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kidney (Vero) cell culture-derived vaccine (JEspect) [48]. Vaccination is recommended for residents
of the outer islands and non-residents who spend a cumulative total of 30 days in the Torres Strait
during the wet season (December to May) and, as such, is offered as part of an immunization program
in risk areas.

The lack of evidence of JEV activity on Badu since 2005 likely represents limited surveillance
rather than natural disappearance of the virus from the region. Human infection with JEV resulting
in clinical disease is rigorously investigated and is defined as clinical evidence of non-encephalitic
and encephalitic disease coupled with definitive laboratory testing [49]. However, the majority of JEV
infections are asymptomatic and the only human virus isolates obtained from the initial 1995 outbreak
were from two asymptomatic patients and these were only recovered after wider, retrospective
sampling and surveillance of Torres Strait island residents was performed. Thus, some other form of
active surveillance could potentially provide evidence as to whether the virus is still circulating in the
Torres Strait.

When JEV first emerged in northern Australia it was initially feared that the virus would
proliferate in mosquito–pig–bird cycles and become established on the mainland [50] similar to
events involving establishment of WNV in bird-mosquito cycles in the United States [51]. Despite
these predictions, viral activity appears to have remained restricted to the Torres Strait, with the
occasional incursion onto Cape York Peninsula. There is no evidence to suggest that the virus has
become established on the mainland, let alone reaching endemic status in any other areas of the country.
Several ecological reasons for this apparent lack of establishment have been proposed and include:
(a) competition between the endemic flaviviruses, MVEV and WNVKUN, with JEV for susceptible
vertebrate hosts; (b) host feeding patterns of Cx. annulirostris whereby they feed on hosts other than
pigs, that cannot amplify JEV; and (c) different lineages of Cx. annulirostris which vary in their vector
competence for the different genotypes of JEV [3]. Alternatively, the lack of detection on the mainland
could represent the limited geographical area covered by the current sugar-based surveillance program.
Whilst a vaccination program is in place for Torres Strait island residents, immunologically naïve
populations exist on the mainland. Thus, it would be prudent to continue the current JEV surveillance
program on Cape York Peninsula, and consider expanding its geographical scope with increased
sensitivity to provide future early warning and enhanced public health prevention of disease.

The investigations presented in the current paper are, in effect, examples of One Health in action.
Indeed, a One Health approach has been successfully used to understand JEV transmission and to
provide tools to combat epidemics [5], and it has been suggested that the employment of One Health
strategies, particularly those concerned with improving coordination and collaboration across different
disciplines and jurisdictions, are essential to planning and initiating interventions to mitigate risk and
in improving prevention and control of mosquito-borne arboviruses [52].
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Abstract: Approaching any issue from a One Health perspective necessitates looking at the
interactions of people, domestic animals, wildlife, plants, and our environment. For antimicrobial
resistance this includes antimicrobial use (and abuse) in the human, animal and environmental
sectors. More importantly, the spread of resistant bacteria and resistance determinants within and
between these sectors and globally must be addressed. Better managing this problem includes
taking steps to preserve the continued effectiveness of existing antimicrobials such as trying to
eliminate their inappropriate use, particularly where they are used in high volumes. Examples are
the mass medication of animals with critically important antimicrobials for humans, such as third
generation cephalosporins and fluoroquinolones, and the long term, in-feed use of antimicrobials,
such colistin, tetracyclines and macrolides, for growth promotion. In people it is essential to better
prevent infections, reduce over-prescribing and over-use of antimicrobials and stop resistant bacteria
from spreading by improving hygiene and infection control, drinking water and sanitation. Pollution
from inadequate treatment of industrial, residential and farm waste is expanding the resistome
in the environment. Numerous countries and several international agencies have now included
a One Health Approach within their action plans to address antimicrobial resistance. Necessary
actions include improvements in antimicrobial use, better regulation and policy, as well as improved
surveillance, stewardship, infection control, sanitation, animal husbandry, and finding alternatives
to antimicrobials.

Keywords: One Health; antibiotics; antimicrobials; antimicrobial resistance; environment; water;
infrastructure

1. Introduction

Antimicrobial resistance is a global public health problem [1,2]. Most bacteria that cause serious
infections and could once be successfully treated with several different antibiotic classes, have now
acquired resistance—often to many antibiotics. In some regions the increased resistance has been so
extensive that resistance is present in some bacteria to nearly all of these drugs [2–4]. The threat is
most acute for antibacterial antimicrobials (antibiotics—the focus of this paper) but also threatens
antifungals, antiparastics and antivirals [5].

Antimicrobial overuse is occurring in multiple sectors (human, animal, agriculture) [3,6].
Microorganisms faced with antimicrobial selection pressure enhance their fitness by acquiring
and expressing resistance genes, then sharing them with other bacteria and by other mechanisms,
for example gene overexpression and silencing, phase variation. When bacteria are resistant they also
present in much larger numbers when exposed to antimicrobials, whether in an individual, in a location
and in the environment. Additionally important in driving the deteriorating resistance problem are
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factors that promote the spread of resistant bacteria (or “contagion”) [7]. This spread involves not only
bacteria themselves but the resistance genes they carry and that can be acquired by other bacteria [8].
Factors that facilitate “contagion” include poverty, poor housing, poor infection control, poor water
supplies, poor sanitation, run off of waste from intensive agriculture, environmental contamination
and geographical movement of infected humans and animals [9–11].

Wherever antimicrobials are used, there are often already large reservoirs of resistant bacteria
and resistance genes. These include people and their local environments (both in hospitals and in the
community), as well as animals, farms and aquaculture environments. Large reservoirs of resistance
and residual antimicrobials occur in water, soil, wildlife and many other ecological niches, not only
due to pollution by sewage, pharmaceutical industry waste and manure runoff from farms [10,12,13],
but often resistant bacteria and resistance genes have already been there for millennia [14,15].

Most bacteria and their genes can move relatively easily within and between humans, animals and
the environment. Microbial adaptations to antimicrobial use and other selection pressures within any
one sector are reflected in other sectors [8,16]. Similarly, actions (or inactions) to contain antimicrobial
resistance in one sector affect other sectors [17,18]. Antimicrobial resistance is an ecological problem
that is characterized by complex interactions involving diverse microbial populations affecting the
health of humans, animals and the environment. It makes sense to address the resistance problem by
taking this complexity and ecological nature into account using a coordinated, multi-sectoral approach,
such as One Health [5,19–23].

One Health is defined by WHO [24] and others [25] as a concept and approach to “designing and
implementing programs, policies, legislation and research in which multiple sectors communicate and
work together to achieve better public health outcomes. The areas of work in which a One Health
approach is particularly relevant include food safety, the control of zoonoses and combatting antibiotic
resistance” [24]. It needs to involve the “collaborative effort of multiple health science professions,
together with their related disciplines and institutions—working locally, nationally, and globally—to
attain optimal health for people, domestic animals, wildlife, plants, and our environment” [25].
The origins of One Health are centuries old and are based on the mutual inter-dependence of people
and animals and a recognition that they share not only the same environment, but also many infectious
diseases [23]. Our current concept of One Health however goes much further. It also embraces the
health of the environment.

2. Use of Antimicrobials in Humans, Animals and Plants

The vast majority of antimicrobial classes are used both in humans and animals (including
aquaculture; both farmed fish and shellfish). Only few antimicrobial classes are reserved exclusively
for humans (e.g., carbapenems). There are also few classes limited to veterinary use (e.g.,
flavophospholipols, ionophores); mainly because of toxicity to humans [26–30].

Insects (e.g., bees) and some plants are frequently treated with antimicrobials. Tetracyclines,
streptomycin and some other antimicrobials are used for treatment and prophylaxis of bacterial
infections of fruit, such as apples and pears (e.g., “fire blight” caused by Erwinia amylovora) [31,32].
Antifungals, especially azoles, are used in huge quantities and applied to broad acre crops such as
wheat [33].

There are marked differences in the ways antimicrobials are used in human compared to
non-human sectors. In people, antimicrobials are mostly used for treatment of clinical infections
in individual patients, with some limited prophylactic use in individuals (e.g., post-surgery) or
occasionally in groups (e.g., prevention of meningococcal disease). Antimicrobial uses in companion
animals (e.g., dogs, cats, pet birds, horses) are broadly similar to those in humans, with antimicrobials
mostly administered on an individual basis to treat infection, and occasionally for prophylaxis, such as
post-surgery [34,35].

In the food-producing animal sector, antimicrobials are also used therapeutically to treat
individual clinically sick animals (e.g., dairy cows with mastitis) [26]. However, in intensive farming
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and aquaculture, for reasons of practicality and efficiency, antimicrobials are often administered
through feed or water to entire groups (e.g., pens of pigs, flocks of broilers), either for prophylaxis
(to healthy animals at risk of infection) or metaphylaxis (to healthy animals in the same group as
diseased animals) [36]. Some have even succeeded in having this group level administration defined
(and we believe inappropriately) in the animal health sector as “therapeutic” use. Growth promotion,
prophylaxis and metaphylaxis account for by far the largest volumes of antimicrobials used in the
food-producing animal sector [26,27,37].

Growth Promotion Use

Using antimicrobials for growth promotion is highly controversial because instead of treating sick
animals they are administered to healthy animals, usually for prolonged periods of time, and often at
sub-therapeutic doses in order to improve production. These conditions favor selection and spread of
resistant bacteria within animals and to humans through food or other environmental pathways [38,39].
The period of exposure with growth promotion is usually greater than two weeks and often almost the
entire life of an animal, for example in chicken for 36 days or more.

Based on studies, mostly conducted decades ago, the purported production benefits of
antimicrobial growth promoters range widely (1–10%). Surveillance and animal production data
however now suggests that benefits in animals reared in good conditions are probably quite small
and may be non-existent. Many large poultry corporations are now marketing chicken raised without
antimicrobials administered at hatchery or farm levels [40]. Expressed concerns are that antimicrobial
growth promoters are used to compensate for poor hygiene and housing, and as replacement for
proper animal health management [18,41,42]. For these reasons, the World Health Organization (WHO)
advocates the termination of antimicrobial use for growth promotion [5,41]. This practice has now been
banned in Europe and elsewhere and is being phased out in some other countries [43–45]. However
there are still many countries where they continue to be used [46], including drugs categorized by
WHO as critically important to humans, for example colistin, fluoroquinolones and macrolides [47].

Comprehensive global quantitative data on use of antimicrobial agents in humans, animals and
plants is generally lacking. Table 1 shows the varying levels of antibiotic usage in people around
the world, associated resistance levels, plus some social and infrastructure parameters—the latter of
which can facilitate the spread of resistant bacteria (e.g., poor sanitation). Figure 1 shows antibiotic use
in different regions globally in people and the lack of correlation with increased resistance levels in
bacteria and human antibiotic usage. These data strongly suggest that there are other very important
factors influencing antimicrobial resistance over and above simply antibiotic usage.
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Figure 1. Global aggregated regions: antimicrobial resistance E. coli to third generation cephalosporins
and fluoroquinolones versus antibiotic usage.

Aggregating countries into regional groupings shows a pattern where there is an inverse aggregate
relationship between antimicrobial resistance and usage. These data help confirm that there are other
very important factors influencing antimicrobial resistance over and above simply antibiotic usage.
(Figures assembled from data taken from reference 7)

The World Organization for Animal Health has developed a global database on the use of
antimicrobial agents in animals [46]. Figure 2 shows reported quantities of antimicrobials used in
animals in 2014, summarized by OIE Region and expressed as total quantities (tons) and adjusted for
animal biomass. Additionally, included is the per cent of countries authorizing the use of antimicrobials
for growth promotion. Tetracyclines accounted for the largest proportion of overall antimicrobial use
globally (37.1% of total), followed by polypeptides (15.7%), penicillins (9.8%), macrolides (8.9%) and
aminoglycosides (7.8%) [46].

Figure 2. Reported use of antimicrobial agents in animals in 2014 by World Organisation for Animal
Health (OIE) Region (adapted from [46]).

3. One Health Antimicrobial Resistance Case Studies

The following examples illustrate antimicrobial resistance problems that arise when the same
classes of antimicrobials are used in humans and animals, and the challenges that arise from competing
interests and imbalances of risk and benefit in various sectors.
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3.1. Third Generation Cephalosporins

Third generation cephalosporins are broad spectrum beta-lactam antimicrobials that are widely
used in humans and animals. In people, cefotaxime, ceftriaxone and several other members of the class
are used for a wide variety of frequently serious infections, particularly in hospital settings, for example
bloodstream infections due to Escherichia coli and other bacteria, but also in community settings,
for example Neisseria gonorrhea [47]. Third generation cephalosporins are classified as “critically
important” for human health [47].

Ceftiofur is the principal third generation cephalosporin for veterinary use; others include
cefpodoxime, cefoperazone and cefovecin. Ceftiofur is injected and used in animals as therapy
to treat pneumonia, arthritis, septicemia and other conditions [48,49]. However ceftiofur is also used
in mass therapy (metaphylaxis or prophylaxis), either under an approved label claim (e.g., injection of
feedlot cattle for control of bovine respiratory disease), or off-label (e.g., injection of hatching eggs or
day-old chicks for prevention of E. coli infections). Factors that encourage overuse of ceftiofur are its
broad spectrum activity, zero withdrawal time for milk from dairy animals (due to its high maximum
residual level; MRL), and availability of a long-acting preparation [48,49].

In Europe, approximately 14 tons of third and fourth generation cephalosporins were used in 2014
for use in animals [28]. Similar volumes are used in the US [50]. In many countries, cephalosporins
are commonly used in humans but with wide variations. Overall, 101 tons of third generation
cephalosporins were used in people Europe in 2012 [29] and in the US, approximately 82 tons in
2011 [51].

Resistance to the third generation cephalosporins is mainly mediated by extended-spectrum
beta-lactamases (ESBLs) and AmpC beta-lactamases [47]. ESBL genes are highly mobile and transmitted
on plasmids, transposons and other genetic elements. AmpC beta-lactamases were originally reported
to be chromosomal but have also been identified on plasmids and to have spread horizontally among
Enterobacteriaceae [47]. Unfortunately, in many countries resistance to third generation cephalosporins
is now common among E. coli and K. pneumonia [52,53]. Resistance genes are frequently co-located with
genes encoding resistance to other classes of antimicrobials, including tetracyclines, aminoglycosides
and sulfonamides. As a consequence, the use of other antimicrobials in animals, for example
tetracyclines administered in feed, can select for ESBL strains of bacteria [54].

Ceftiofur can be administered to eggs or day-old chicks in hatcheries, using automated equipment
that injects small quantities of the drug into the many thousands of hatching eggs or chicks intended for
treated flocks as prophylaxis against E. coli infections [55,56]. This practice selected for cephalosporin
resistance in Salmonella Heidelberg, an important cause of human illness and associated with
consumption of poultry products [57]. Surveillance detected a high degree of time-related correlations
in trends of resistance to ceftiofur (and ceftriaxone, a drug of choice for treatment of severe cases of
salmonellosis in children and pregnant women) among Salmonella Heidelberg from clinical infections
in humans, from poultry samples collected at retail, and in E. coli from retail poultry samples [55].
Voluntary termination of ceftiofur use in hatcheries in Quebec was followed by a precipitous drop in
the prevalence of resistance to ceftiofur. Subsequent re-introduction of its use, was followed by a return
to higher prevalence of resistance [56]. In recognition of the resultant human health risks, in 2014,
the Canadian poultry industry placed a voluntary ban on the use of ceftiofur and other critically
important antimicrobials for disease prophylaxis [58].

In Japan, voluntary withdrawal of the off-label use of ceftiofur in hatcheries in 2012 was
also followed by a significant decrease in broad-spectrum cephalosporin resistance in E. coli from
broilers [59]. Some other countries (e.g., Denmark and Australia) have also placed voluntary restrictions
in its use [60]. The label claim for day-old injection of poultry flocks was withdrawn in Europe,
while some countries banned off-label use of third generation cephalosporins (e.g., U.S.) [48,61], and in
other countries there is a requirement that use is restricted to situations where no other effective
approved drugs are available for treatment [62].
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3.2. Colistin

Colistin is in the polymyxin class of antimicrobials, and has been used in both people and animals
for over 50 years [63]. Polymyxins, when administered systemically, frequently cause nephrotoxicity
and neurotoxicity in people [64]. Thus, until recently its use was mainly limited to topical use and the
treatment of infections in cystic fibrosis patients by inhalation (with a colistimethate sodium).

Colistin however is now used much more frequently, as a drug of last resort by injection,
for treatment of multi-resistant gram-negative infections including carbapenem-resistant Pseudomonas
aeruginosa and E. coli [65–67]. Where approved for use in food animals (e.g., Brazil, Europe, China),
most colistin is administered orally to groups of pigs, poultry and in some cases calves, for treatment
and prophylaxis of diarrhea due to gram-negative infections or for growth promotion [63,67,68].
In countries where data are available, the quantities consumed for animal production vastly exceed
those used in humans and is very variable between countries [69]. In 2013 total animal consumption
in Europe was 495 tons; 99.7% in oral form (e.g., for oral solution, medicated feed premix and oral
powder) [63]. In China, the world’s largest producer of pigs and poultry, an estimated 12,000 tons of
colistin was used in food animals [68].

Until recently, limited data on colistin resistance were available, partly because of technical
difficulties in phenotypic susceptibility testing [63,70]. In Europe in 2016, resistance was found in
1.9% of indicator E. coli from broilers, 3.9% from broiler meat, 6.1% from turkeys and 10.1% from
turkey meat [71]. Colistin resistance was thought limited to chromosomal mutation and was essentially
non-transferable [63], however in 2015 the transferable plasmid-mediated colistin resistance gene,
mcr-1, was found in E. coli isolates obtained from animals, food and human bloodstream infections from
China [68]. Spread of the gene by conjugation has been shown in Klebsiella pneumoniae, Enterobacter
aerogenes, Enterobacter spp. and P. aeruginosa [68]. Retrospective analyses have demonstrated the
mcr-1 gene in several bacterial species isolated from humans, animals and environmental samples in
numerous countries [72–76], and the gene was found in about 5% of healthy travelers [77]. The earliest
identification of the gene thus far was in E. coli from poultry collected in the 1980s in China [78].
The mcr-1 gene has also been detected in isolates obtained from wildlife and surface water samples,
demonstrating environmental contamination [79]. Recently, other plasmid-mediated colistin resistance
genes has been reported for example mcr-2 in E. coli from pigs in Belgium [80].

Colistin illustrates some important One Health dimensions of antimicrobial resistance that differ
from those of third generation cephalosporins. The toxicity with systemic use and the availability
of other safer and more effective antimicrobials, meant for many years colistin was mainly used
topically in people. However with the emergence of multi-drug resistance in many Gram-negative
bacteria, there has been increasing need for this drug to systemically treat severe, life-threatening
infections in humans in many countries. The colistin case demonstrates (once again) that using large
quantities antimicrobials for group treatments or growth promotion in animals can lead to significant
antimicrobial resistance problems for human health, even if the drug class is initially believed to be
of lesser importance, because the relative importance of antimicrobials to human health can change.
This is the same problem that arose from using avoparcin as a growth promoter until it was banned;
it selected for resistance to another glycopeptide, vancomycin, which is used for the treatment of
life-threatening MRSA (methicillin resistant Staphylococcus aureus) and for treating serious enterococcal
infections (the latter especially in penicillin allergic patients) [81,82].

4. Risks to Public Health and Animal Health

Antimicrobial resistance is harmful to health because it reduces the effectiveness of antimicrobial
therapy and tends to increase the severity, incidence and costs of infection [3,83]. There is now
considerable evidence that antimicrobial use in animals is an important contributor to antimicrobial
resistance among some pathogens of humans, in particular, common enteric pathogens such as
Salmonella spp., Campylobacter spp., Enterococcus spp. and E. coli [6,18,26,38,41].
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Non-typhoidal Salmonella (NTS) are among the most common bacteria isolated from foodborne
infections of humans. Globally, there are approximately 94 million cases, including 155,000 deaths each
year [1]. Animals are the most important reservoirs of NTS for humans [38,84–86]. Fecal shedding by
carrier animals is an important source of antimicrobial resistant Salmonella contamination of meat and
poultry products [38], and may also be responsible for fruit and vegetable contamination through fecal
contamination of the environment [87]. Salmonella resistance to any medically important antimicrobial
is of concern, but particularly to those critically important to human health, such as cephalosporins
and fluoroquinolones [38,41,56]. Therapy in some groups (e.g., children and pregnant women) can
be very restricted and beta-lactams such as third generation cephalosporins often may be the only
therapy available to treat serious infections.

From the One Health antimicrobial resistance perspective, the third generation cephalosporins are
good examples of antimicrobials that are considered critically important for both human and animal
health. The main concern regarding selection and spread of resistance from animals to humans is their
use as mass medications in large numbers of animals, either for therapy or prophylaxis. There are
parallels with fluoroquinolones, another class of critically important antimicrobials, to which resistance
among Campylobacter jejuni emerged following mass medication of poultry flocks [88–90]. In Australia
where fluoroquinolones were never approved in food animals, fluoroquinolone resistant strains in
food animals remain very rare [91].

Fluoroquinolone use in food animals is also linked to quinolone resistance in Salmonella [41,92–94].
Surveillance data compiled by WHO indicate that rates of fluoroquinolone resistance in non-typhoidal
Salmonella vary widely by geographical region. For example, rates are relatively low in Europe (2–3%),
higher in the Eastern Mediterranean region (up to 40–50%) and wide ranging in the Americas (0–96%)
(1). Many Salmonella are also resistant to antimicrobials that have long been used as growth promoters
in many countries (e.g., Canada, USA) including tetracyclines, penicillins and sulfonamides [41,84].
Antimicrobial resistance in some of the more virulent Salmonella serovars (e.g., Heidelberg, Newport,
Typhimurium) has been associated with more severe infections in humans [38,83,86,95]. Resistance to
other critically important antimicrobials continues to emerge in Salmonella, for example, a carbapenem
resistant strain of Salmonella was identified on a pig farm that routinely administered prophylactic
cephalosporin (ceftiofur) to piglets [96].

Escherichia coli are important pathogens of both humans and animals. In humans, E. coli are
a common cause of serious bacterial infections, including enteritis, urinary tract infection and
bloodstream infections [97–99]. Currently in England the rate for blood stream infections is about
64 cases per 100,000 per year and rising. A large and increasing proportion involves antimicrobial
resistance, including fluoroquinolone resistance [100]. These higher rates are also being seen in
countries with good surveillance systems in place, for example Denmark [60].

Many E. coli appear to behave as commensals of the gut of animals and humans, but may be
opportunistic pathogens as well as donors of resistance genetic elements for pathogenic E. coli or other
species of bacteria [101,102]. Although antimicrobial resistance is a rapidly increasing problem in E.
coli infections of both animals and humans, the problem is better documented for isolates from human
infections, where resistance is extensive, particularly in developing countries [1,103]. Humans are
regularly exposed to antimicrobial resistant E. coli through foods and inadequately treated drinking
water [104,105].

Travelers from developed countries are at risk of acquiring multi-resistance E. coli from other
people or contaminated food and/or water [97,105,106]. There are now serious problems with extended
spectrum beta lactamase (ESBL) E. coli in both developing and developed countries and foods from
animals, in particular poultry, have been implicated as sources for humans [99,107,108], although the
magnitude of the contribution from food animals is uncertain [102–104].

Given the critical importance of third and fourth generation cephalosporins and fluoroquinolones
to human medicine and the clear evidence that treatment of entire groups of animals selects for
resistance in important pathogens that spread from animals to humans [56,90], these drugs should
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be used rarely, if at all in animals, and only when supporting laboratory data demonstrate that no
suitable alternatives of lesser human health importance are available. Their use as mass medications
should be restricted.

Serious staphylococcal infections in people are common, including with Methicillin-resistant
Staphylococcus aureus (MRSA) in both community and hospital settings, causing skin, wound,
bloodstream and other types of infection [1,109–111]. Staphylococcus aureus and other staphylococci are
also recognized pathogens of animals, for example they are responsible for cases of mastitis in cattle,
and skin infections in pigs and companion animals [112,113]. MRSA were until recently relatively
rare in animals but strains pathogenic to humans have emerged in several animal species [113–116].
Transmission to humans is thought currently to be mainly through contact with carrier animals [116].
The predominant strain isolated from animals is sequence type (ST) 398, and while pathogenic to
humans, it is not considered a major epidemic strain [112,113]. Antimicrobial use in livestock, as well
as lapses in biosecurity within and between farms, and international trade in animals, food or other
products, are factors contributing to the spread of this pathogen in animals [113,117].

5. One Health Considerations from the Environment

One Health includes consideration of the environment as well as human and animal
health [23,111]. The ecological nature of antimicrobial resistance is a reflection and consequence of the
interconnectedness and diversity of life on the planet [22]. Many pathogenic bacteria, the antimicrobials
that we use to treat them, and genes that confer resistance, have environmental origins (e.g.,
soil) [8,14,20]. Some important resistance genes, such as beta lactamases, are millions of years old [14,15].
Soil and other environmental matrices are rich sources of highly diverse populations of bacteria and
their genes [14,118]. Antimicrobial resistance to a wide variety of drugs has been demonstrated in
environmental bacteria isolated from the pre-antibiotic era, as well as from various sites (e.g., caves)
free of other sources of exposure to modern antimicrobials [8,15,111,119]. Despite having ancient
origins, there is abundant evidence that human activity has an impact on the resistome, which is the
totality of resistance genes in the wider environment [13,14,118,119]. Hundreds of thousands of tons
of antimicrobials are produced annually and find their way into the environment [18,27]. Waste from
treatment plants and pharmaceutical industry, particularly if inadequately treated, can release high
concentrations of antimicrobials into surface water [18,19,120,121]. Residues of antimicrobials are
constituents of human sewage, livestock manure, and aquaculture, along with fecal bacteria and
resistance genes [118,122–125]. Sewage treatment and composting of manure reduce concentrations of
some but not all antimicrobials and microorganisms, which are introduced to soil upon land application
of human and animal bio-solids [126].

Various environmental pathways are important routes of human exposure to resistant bacteria
and their genes from animal and plant reservoirs [18,96,127] and provide opportunities for better
regulations to control antimicrobial resistance. In developed countries with good quality sewage and
drinking water treatment, and where most people have little to no direct contact with food-producing
animals, transmission of bacteria and resistance genes from agricultural sources is largely foodborne,
either from direct contamination of meat and poultry during slaughter and processing, or indirectly
from fruit and vegetables contaminated by manure or irrigation water [38,87,90].

In countries with poor sewage and water treatment, drinking water is likely to be very important
in transmission of resistant bacteria and/or genes from animals [11,97,111,120]). Poor sanitation
also facilitates indirect person–person waterborne transmission of enteric bacteria among residents
as well as international travelers who then return home colonized with resistant bacteria
acquired locally [103,128]. Through these and other means, including globalized trade in animals
and food, and long-distance migratory patterns of wildlife, antimicrobial resistant bacteria are
globally disseminated.

92



Trop. Med. Infect. Dis. 2019, 4, 22

General measures to address antimicrobial resistance in the wider environment include improved
controls on pollution from industrial, residential and agricultural sources. Improved research as well
as environmental monitoring and risk assessment is required to better understand the role of the
environment in selection and spread of antimicrobial resistance, and to identify more specific measures
to address resistance in this sector [12,14,18,100,103,129].

6. One Health Strategies to Address Antimicrobial Resistance

WHO and other international agencies (e.g., Food and Agriculture Organization (FAO),
World Organization for Animal Health (OIE)), along with many individual countries, have developed
comprehensive action plans to address the antimicrobial resistance crisis [5,130–136]. The WHO Global
Action Plan seeks to address five major objectives that comprise the subtitles of the following sections.
The WHO Plan embraces a One Health approach to address antimicrobial resistance, and it calls on
member countries to do the same when developing their own action plans (6). There are five main
pillars to the WHO Global Plan:

1. Improve Awareness and Understanding of Antimicrobial Resistance through Effective
Communication, Education and Training

2. Strengthen the Knowledge and Evidence Base through Surveillance and Research
3. Reduce the Incidence of Infection through Effective Sanitation, Hygiene and Infection

Prevention Measures
4. Optimize the Use of Antimicrobial Medicines in Human and Animal Health
5. Develop the Economic Case tor Sustainable Investment that Takes Account of the Needs of

All Countries, and Increase Investment in New Medicines, Diagnostic Tools, Vaccines and
Other Interventions

The One Health approach laid out in the WHO Global Action Plan is appropriate and consistent
with statements made in action plans from other international and national organizations. There is
however, a long way to go before a fully integrated One Health approach to antimicrobial resistance
is implemented at country and global levels. Among the numerous barriers to overcome include
the competing interests among multiple sectors (involving animals, humans, and environment) and
organizations, agreement on priorities for action, and gaps in antimicrobial resistance surveillance,
antimicrobial use policy, and infection control in many parts of the world.

7. Conclusions

History has shown that it is not feasible to neatly separate antimicrobial classes into those
exclusively for use in human or non-human sectors, with the exception of new antimicrobial classes.
These should probably be reserved for use in humans as long as there are few or no alternatives
available. The majority of classes, however, will be available for use in both sectors and the challenge
for One Health is to ensure that use of these drugs is optimal overall. This is likely to be achieved
when antimicrobials used in both sectors are used for therapy, only rarely for prophylaxis and never
for growth promotion, and when we better control the types and amounts of antimicrobials plus the
numbers of resistant bacteria we allow to be placed into the environment. What is vitally important is
that we do more to stop the spread of resistant bacteria—not only from person to person but between
and within the human and agriculture sectors and the environment, giving particular emphasis to
controls of contaminated water.
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Abstract: Strategies that take on a One Health approach to addressing antimicrobial resistance (AMR)
focused on reducing human use of antimicrobials, but policy-makers now have to grapple with a
different set of political, economic, and highly sensitive trade interests less amenable to government
direction, to tackle AMR in the food chain. Understanding the importance and influence of the
intergovernmental Codex negotiations underway on AMR in the Food Chain is very weak but
essential for AMR public policy experts. National and global food producing industries are already
under pressure as consumers learn about the use of antimicrobials in food production and more so
when the full impact of AMR microorganisms in the food chain and on the human microbiome is
better understood. Governments will be expected to respond. Trade-related negotiations on access
and use made of antimicrobials is political: the relevance of AMR ‘evidence’ is already contested
and not all food producers or users of antimicrobials in the food chain are prepared to, or capable of,
moving at the same pace. In trade negotiations governments defend their interpretation of national
interest. Given AMR in the global food chain threatens national interest, both AMR One Health and
zoonotic disease experts should understand and participate in all trade-related AMR negotiations to
protect One Health priorities. To help facilitate this an overview and analysis of Codex negotiations
is provided.

Keywords: AMR; One Health; food chain; trade; Codex; WHO; World Trade Organization (WTO)

1. Background: Access to and Use of Antimicrobials

A global political consensus has been reached confirming antimicrobials underpin human health
security so access and use of these miracle products has to be wound back across all sectors of the
economy [1]. One key agenda slow to emerge is antimicrobial resistance in the food chain with
consequences for food safety, food security and significant implications for trade policy.

The complex integrated strategies needed to reign-in the use of antimicrobials in the food,
agricultural and associated industry sectors have the capacity to transform the somewhat benign
and logical ‘AMR (antimicrobial resistance) One Health Framework’ into a quagmire of competing
interests—as not all producers and users of antimicrobials are prepared to, and some not yet capable
of, limiting their use of antimicrobials. But to preserve the AMR One Health global consensus much
will depend on how these trade related issues are handled and will require significant leadership and
clear recognition of the health security implications of failure.

The UK 2016 O’Neil AMR Report [2] mapped out possible consequences of not safeguarding these
precious antimicrobials and analyzed the capacity of this AMR phenomena to economically disrupt and
negatively impact on many industry sectors. On the human costs, more accurate research and analysis
recording actual numbers of AMR related deaths and the exponential growth of health/productivity
costs is emerging that will better reflect the consequences from AMR events [3,4]. This sensitive data is
likely to reverberate politically.
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Such politically sensitive data and revelations from research on AMR in the food chain will
inevitably place ‘food trade’ firmly in the spotlight. Trade policy, at its best, can help induce higher
safety standards, better quality food, and safer products. But the spread of AMR microorganisms
could represent one of the biggest challenges to trade in safe food and may lead to trade disruption
and financial loss.

Existing trade frameworks and obligations may be capable of addressing this issue but only
if sensitized and adapted to prioritize safeguarding health security by providing the flexibility for
governments to implement measures to safeguard their food-chain and help preserve antimicrobials,
particularly those important for human medicine.

AMR is an economic and global trade issue, so criticism of government action or regulatory
changes perceived as running counter to concepts of ‘free trade’ will need to be managed. But this is
also an opportunity for those who have extolled the benefits of trade to step up and deliver on this
crucial AMR agenda.

There are after all several precedents where similar large and economically painful transformations
have been deemed necessary linked to ‘access and use’—sometimes for the public or global good and
often to facilitate trade in new technologies or facilitate new forms of production and accumulation.
For example, intellectual property and copyright provisions extended through WTO Trade-Related
Aspects of Intellectual Property (TRIPS) [5]; reducing chemical toxicity in domestic products—EU
REACH Legislation (Registration, Evaluation, Authorization and Restrictions of Chemicals) [6], and
promoting health objectives—Tobacco Plain Packaging Policy [7].

With such complex trade agendas, it was inevitably these transformations created economic
disruption by altering access and or use provisions which redistributed costs, benefits, investments
and profits. All involved high levels of political contestation as access provisions and/or regulations
were redefined at the national level or through multilateral negotiations. Interestingly, lessons and
tactics used to support or block these transformations are beginning to resonate in the AMR debates
and some have been picked up by media [8].

Implementing effective AMR One Health strategies will require a similar level of political
commitment and leadership to transform access and use provisions to preserve the efficacy of
antimicrobials, particularly for human medicine.

2. Policy Coherence—Are Trade Policies Understood and Integrated into AMR One
Health Strategies?

National AMR One Health Strategies already focus on altering both access provisions and use
made of antimicrobials for human use. The other major area of antibiotic use—food production—is
yet to be as systematically adapted to achieve national one health objectives. Unlike reducing human
use which is negotiated and conducted entirely at the national level usually by government health
authorities, but to influence the access and use of antimicrobials in food production (domestic and
imported) is more complex. And involves many more interested parties. The 2006 EU ban on the use
of antibiotics as growth promotors is an example of the complex legal, trade and political implications
that can flow from such decisions.

A fundamental understanding how national trade policies harmonize/comply with international
trade rules and obligations is essential. This includes understanding the technical and legal structures
that enable and legitimize the use of antimicrobials in the food chain as well as the capacity to exclude
them in specific circumstances from imported food.

This will require AMR public health experts to be active in setting AMR government priorities in
these trade-related negotiations to ensure AMR policy coherence: The international standard setting
body for food safety, Codex Alimentarius Commission (Codex); the World Trade Organization (WTO);
and also Bilateral and Regional Free Trade Agreements.

The rational for engaging in such esoteric areas of trade policy is that any new interpretations,
obligations, rules, procedures/guidelines evolving from, for example, Codex negotiations on ‘AMR
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in the food chain’ have the capacity to impact on the access to and use made of antimicrobials. But
of equal importance, such multilateral decisions could also circumscribe the regulatory and legal
options available to national governments in implementing their AMR strategies and their domestic
export/import policies if national legislation/regulations are not introduced or adapted to reflect One
Health priorities. One example to be aware of is introducing the capacity to develop ‘national lists’ of
antimicrobials as discussed in Codex TFAMR Report REP 19/AMR.

An overview of negotiations currently underway in the Codex food standard setting body
may help make transparent the complex political and legal obligations linked to international trade.
Understanding the food/trade linkage is critical especially if national inter-agency policy cohesion has
not fully integrated these trade-related elements. And introducing new regulations on AMR may be
problematic if political commitment or bureaucratic capacity to regulate is weak.

For example, the technical and scientific complexity of the AMR/food subject matter and
navigating the huge number of Codex standards and guidelines [9] is challenging so these negotiations
are usually left to ‘expert’ bodies responsible for Codex, or, decisions driven by broader national trade
objectives managed through foreign/trade policy negotiators.

Bureaucratically integrating the trade agenda into One Health Action Plans may be difficult but
is essential. These trade-related linkages should be comprehensively understood for their effect and
appropriately responded to in-line with national AMR One Health security priorities.

3. Codex Alimentarius Commission (Codex): Current Negotiations on AMR in the Food Chain
and Understanding the Political Context

AMR in the food chain was earlier addressed through the Taskforce on Antimicrobial Resistance
(TFAMR) from 2007–2011. In 2016 Governments agreed to re-convene the TFAMR with a broader
mandate to address the entire food chain and to report back to the Codex Commission by 2020 [10].
The Terms of Reference are: to revise the Code of Practice to Minimize and Contain Antimicrobial Resistance
and to develop new Guidelines on integrated monitoring and surveillance of antimicrobial resistance.

Gaining consensus agreement through this Codex/TFAMR process may not be easy, particularly
as these two documents will also be directly and indirectly endorsing the use of antimicrobials in the
food chain. Which antimicrobials can be used in the food chain and in what circumstances represents
a highly contested political agenda, particularly antimicrobials used for growth promotion and those
deemed essential for human medicine. Codex Guidelines endorsed by Member States may also provide
direct or indirect legitimacy for the use of these antimicrobials.

Unlike WTO negotiations, Codex/TFAMR negotiations enable participation and active input
from non-government entities. A reading of the open-source negotiating draft documents with input
from governments, industry and consumer representatives provide insights into some of the more
contentious areas [11]. While few would argue the need for global collaboration (such as the TFAMR
process) to minimize the spread of AMR microorganisms is important but if significant differences
arise over containing the use of antimicrobials in the food chain this could in-effect serve to hinder
government action to proactively protect consumers.

The question of consistency with WTO rules is often a good excuse for government inaction. And
an added factor to be cognizant of—given the ‘standard setting’ role of Codex which links directly into
related WTO obligations—is that Codex standards can, and are, often used to justify positions taken in
WTO Trade Dispute cases. Or trade disagreements arising when Sanitary and Phytosanitary (SPS) or
Technical Barriers to Trade (TBT) agreements are enacted to restrict or place conditionality on imports.

The use of antimicrobials in the food chain is a politically and scientifically contested agenda.
And, despite the UN General Assembly ‘public health security’ framing and political endorsement of
the WHO AMR One Health framework and the Global Action Plan (GAP) [12], the Codex/TFAMR
parameters open for discussion may not sufficiently prioritize or be consistent with ‘human health’
priorities. Given that a key human health priority is to maintain the efficacy of medically important
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antimicrobials, so the veracity of action taken to achieve this will be a significant indicator. AMR policy
makers should monitor this agenda closely.

For example, to date, neither of the TFAMR draft negotiation texts refer to the WHO Guidelines
on Use of Medically Important Antimicrobials in Food-producing Animals biocides appear to now
be excluded; and, altering Codex Maximum Residue Limits (MRL) to consider MRLs for medically
important antimicrobials do not seem to be open for discussion.

4. AMR One Health Policies: Role of the World Trade Organization (WTO)

The WTO along with other international agencies has responded to the United Nations General
Assembly Resolution on AMR. WTO Director General, Azevedo, has stated the existing WTO
framework provides non-discriminatory measures and flexibility for governments to address AMR One
Health policies especially around food safety [13]. Azevedo is stating the obvious—it is government’s
responsibility to activate the legal and regulatory framework to protect their citizens.

AMR in the food chain is a new and complex challenge but implementing such legal and
regulatory policies referred to by the WTO DG may not be simply. The international trade environment
has expanded considerable since the WTO was established and is more legally complex. National trade
policy and the governance framework often have to account for both WTO obligations and broader
more intrusive obligations imbedded in new FTAs which may limit the scope for independent national
based policy development.

Also, some important structural and capacity issues may be relevant. For example, governments
who have lost some in-house regulatory and governance capacity through adopting neo-liberal market
based self-regulation strategies and some regulatory limitations flowing from harmonization and trade
facilitation policies. Public health experts are often not sufficiently involved in these trade negotiations.

Azevedo’s view that the WTO enables implementation of AMR One Health strategies rests on
government’s commitment at the national level to manage/protect the domestic and export food
chain in line with WTO obligations. For food-related imports the Sanitary and Phytosanitary (SPS) or
Technical Barriers to Trade (TBT) agreements can be activated but have a relatively narrow interpretive
space unless backed up by national regulations.

This WTO report to Codex/TFAMR also records individual governments’ input on AMR issues
linked to SPS reporting and illustrates some sensitive trade access issues yet to be tested, particularly
related to proposed EU regulations [14] (pp. 8–12) The TBT provisions are also likely to be a strong
focus as consumers demand of governments more accurate labelling information on antimicrobial
use [15].

Implementing longer term SPS measures may rely on specific ‘scientific evidence-based data’
i.e., directly linking food to human transfer of AMR microorganisms. Emergency measures to
contain contaminated food imports are generally considered to be short-term temporary measures.
In implementing national regulations that are compliant with WTO obligations the key concept is
‘non-discrimination’ (in trade parlance—national treatment provisions). This FAO/WTO ‘toolkit’ is an
excellent guide to comprehend these trade rules and obligations for both policy makers and non-WTO
experts [16] (pp. 12–17).

5. State of Play: Codex TFAMR Negotiations on AMR in the Food Chain

The health concerns linked to AMR in the food chain encompass both the pathogenic and
non-pathogenic AMR microorganisms as both can have serious health consequences [17] (pp. 7–10). It
is not yet clear how the ‘non-pathogenic’ AMR microorganisms in the food chain will be dealt with in
the Codex TFAMR process.

Those involved in AMR research, media and consumers may be surprised to know that there are
major gaps in monitoring/surveillance and proactive testing for AMR microorganisms in the food
chain. Only in 2016 was the draft proposal from the specially convened London Meeting forwarded to
Codex and integrated into TFAMR’s mandate to develop surveillance guidelines [18] (p. 5). Few if any
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countries currently systematically test food imports for the presence of AMR microorganisms (whether
immediately harmful or not). The rational for lack of action is often circular—based on claims of not
enough scientific evidence and/or on the need to first comply with WTO trade obligations [19].

Even in countries with sophisticated governance processes and reliable economic and trade
statistics there are considerable gaps in understanding the volume and use made of antimicrobials in
animal production and the AMR consequences flowing from this use.

Antimicrobials used in agriculture and aquaculture production are not well understood and even
less is known of the effects of AMR in the environment, wildlife, water, or soil etc. [20] Addressing
the largely unknown environmental factors, that link to broader forms of AMR contagion has been
particularly slow to receive substantive oversight or policy/regulatory focus [17,20,21]. Only some of
these aspects may actually be considered in the Codex TFAMR process.

Always in multilateral negotiations, language, and agreed text describing the terms and definitions
of the problem areas and the scope of issues, principles, and definitions that can be legitimately
addressed are fundamental. And these definitions will impact on the capacity to agree on meaningful
outcomes to address the issues at hand.

The formal intergovernmental negotiations remain non-transparent to the broader public and
media but the open-source TFAMR working draft texts to revise the AMR Code of Practice (CRD20) [22]
and develop new Surveillance Guidelines (CRD18) [23] are available and convey the complexity and
political sensitivity of these negotiations. Most useful in providing a sense of negotiations is the formal
reporting prepared for the July 2019 Codex Alimentarius Commission, which synthesizes TFAMR
outcomes indicating consensus language and points of difference [24]. Several of these outstanding
and contested issues will be worked through intersessionally by the two drafting groups led by US
and Netherlands and reported to the next TFAMR negotiations in December 2019.

6. Codex/TFAMR Political Sensitivities and Contentious Issues

The current work program of the Codex TFAMR negotiations indicates a considerable amount of
work has yet to be undertaken, particularly on the new issues being addressed. It may also be difficult
to meet the 2020 deadline. The following three issues are included below as ‘Case Studies’ for those
who wish to delve further into the negotiating dynamics. These Case Studies illustrate some of the
complex issues yet to be dealt with and deserve the attention and active engagement by governments,
consumers, media and public health experts.

(1) The scope of the ‘food chain’—new issues to be included;
(2) Securing antimicrobials of importance for human medicine;
(3) Interpretation attached to evidence—scientific evidence-based versus precautionary principle.

7. Conclusions

The global transition to safeguard antimicrobials is underway but care will have to be taken to
ensure that health security is not derailed by narrow interpretations or vested interests. No doubt,
particularly at this stage of the negotiations many of the parameters for discussion have ambiguity
built-in and while this might placate some concerns there is always the danger these limitations can
become in-built into the decisions eventually evolving from the TFAMR [22] (pp. 3–7).

The many but yet little known consequences of AMR in the food chain will emerge as research
efforts intensify and unravel the complex AMR effects on the broader ecosystem, including wildlife,
water, and soil. Highly dangerous zoonotic diseases are already impacted by AMR affecting large
populations so ongoing threats from zoonotic diseases cannot be neatly compartmentalized or insulated
from the effects of AMR microorganisms originating from the food chain [25,26].

Information of actual and possible spread of AMR identified in the Expert Report—including to
wildlife, insects, and parasites—are yet to be revealed and some but not all aspects will be examined
in the TFAMR discussions. This raises questions of which international organization will take
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responsibility. Infectious and zoonotic disease experts, with their established links to national security
frameworks, should obviously have an interest in how this AMR gap will be addressed. These experts
should also be actively inputting into the Codex TFAMR negotiations.

Other interesting developments are emerging alongside the Codex/TFAMR negotiations.
Leadership on AMR policy is evolving from investors, finance industry and some in the food sectors
with potential to be a powerful force for change. Their strategies are now in advance of many
government policies and also the current approach being taken in Codex TFAMR negotiations.

And the 73rd UN General Assembly will convene to consider progress made on AMR and
the recommendations developed through its Interagency Coordination Group on Antimicrobial
Resistance (IACG) [27]. These deliberations should provide a broader overarching model to drive
AMR One Health strategies and provide clearer direction to trade-related AMR negotiations such as
the Codex TFAMR.

Achieving consensus on a global approach to minimize the spread of AMR is essential but will
require significant leadership and incentives to develop the necessary technical capacity to transition
away from relying on antimicrobials. But ultimately it is the responsibility of national governments to
maintain public confidence in their food chain and to implement governance and regulatory changes
needed to address this global health security threat and protect citizens.

Case Study 1. Defining the Scope of AMR in the Food Chain More Broadly

The TFAMR tasked the Codex Secretariat [28] (provided by FAO/WHO) to develop ‘scientific
advice’ on the scope of AMR in the food chain. The FAO/WHO convened an expert meeting and
produced this Summary Report on foodborne antimicrobial resistance—Role of environment, crops
and biocides [20]. The primary purpose was to synthesize current scientific literature concerning
the transmission of AMR from environmental sources—including from water, soil, wildlife, humans,
and equipment.

This Expert Group Report, distributed in advance of the meeting, initially was not formally
registered on the TFAMR Website [11] but the FAO representative summarized some findings under
the item: Scientific Advice to Codex [24], (pp. 1–2): Recording widespread reports of AMR bacteria
contamination of foods of plant origin, numerous documented outbreaks of AMR foodborne infections
traced to foods of plant origin clearly indicate the potential of these products to transmit AMR
microorganisms to human contaminated from multiple sources: water, soil, wildlife, humans, and
equipment, and that “Steps should be taken to reduce the likelihood of antimicrobial agents and
antimicrobial-resistant bacteria entering the environment from agriculture practices and agricultural
food production should be protected from environmental sources of contamination.” [24] (p. 1)

Also, reference made to Good Agricultural Practices—to reduce microbial contamination; and,
Integrated Pest Management practices to help reduce the need for antimicrobials; on the use of
biocides “ . . . there was strong theoretical and laboratory evidence to indicate biocides select
for increased resistance to antimicrobials through cross or co-resistance, but empirical evidence
is limited” [24] (p. 2). The expert group recommended biocides should be used according to
manufacturers’ recommendations.

Closing off some issues around biocides the Codex/TFAMR Report now records this agreement:
“Antimicrobials used as biocides, including disinfectants, are excluded from the scope of these
guidelines” [24] (p. 10).

Some issues raised in the Expert Group Report [20] will be addressed at the next TFAMR
meeting in December 2019 and other elements now integrated for further consideration. For
example, the draft Code of Conduct definition of ‘the food chain’ was endorsed by the TFAMR
as: “Production to consumption continuum including, primary production (food producing animals,
plants/crops), harvest/slaughter, packing, processing, storage, transport, and retail distribution to the point of
consumption” [22] (p. 4).
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Many very sensitive issues, including defining principles are yet to be settled—use of growth
promotors and the introduction of government’s developing ‘national lists’ could be usefully developed
(but concerns expressed at the potential of such ‘lists’ to impact trade) [24] (p. 6).

Also worth noting is the WHO/FAO/OIE Report to the TFAMR contains a long list of forthcoming
expert meetings to research/analyze outstanding AMR issues including many raised by the Expert
Group [20]. But this will be a lengthy process before relevant data and advice will be available [29].

Given the threat to public health of AMR already affecting the food chain and the broader
environment, any delay in taking counter-measures to actively protect citizens from such exposure
is highly problematic. Especially if reasons for inaction are predicated on the basis that ‘evidence’ is
not available when screening and testing has not been actively pursued by governments or the food
industries responsible, or, data is not made transparently available for research.

Case Study 2: Securing Antimicrobials of Importance for Human Medicine—The WHO CIA List

The WHO has already defined the List of Critically Important Antimicrobials for Human
Medicine (WHO CIA List) [30] which ranks antimicrobials used in human medicine based on two
criteria—importance to human health and the likelihood of resistance transmission through the food
chain. The WHO also developed and released what could be described as guidance for implementing
this CIA List—The WHO Guidelines on Use of Medically Important Antimicrobials in Food-producing Animals
(WHO Guidelines) [31].

Given the logical progression of these two WHO documents, which essentially provides important
implementation guidance to help preserve the antimicrobials most important for human health, but
this appears to be a step too far for some countries not yet ready or prepared to take these steps. This
resistance was reflected in the Codex/TFAMR documents which excludes any endorsement of these
WHO Guidelines. This is an important issue that will not simply disappear, so some background may
be useful.

In 2017 after a two year process the WHO Guidelines were released and immediately drew
criticism from the U.S. including in this media release from USDA Acting Chief Scientist questioned
the legitimacy of the ‘evidence’ underpinning them as well as the role of the WHO in developing
guidelines over subject matter perceived as being the preserve of the Codex and the OIE [32]. This
information document from the WHO clarifies the background to the development of the WHO
Guidelines and reiterating its role is to protect public health and the antimicrobials important for
human medicine. Antibiotics used only in Animals were not included in the WHO Guidelines [33].

Some business-focused media coverage provided this commentary on the politics behind this
unusual public criticism of the WHO’s mandate to develop such guidance [34]. A later contrary
response from some key US Lawmakers on the Codex/TFAMR negotiations regarding the use of
‘growth promoters’ demonstrated the level of internal contestation that can arise [35].

This difference in opinion over the WHO Guidelines was carried through to Codex TFAMR
negotiations with the WHO representative being asked to clarify the ‘status’ of the WHO CIA List and
its Guidelines. A summary of WHO’s response is below but the full explanation should be understood
as it clearly defines the WHO’s mandate to develop these two reports, the governance and operational
procedures underpinning them, and the political flexibility accorded to governments [24].

The WHO’s statement appears to clarify that both WHO documents have the same status and
includes the following points: Both reports are science based, the primary focus is to protect public
health and they are not open to negotiations. Their adoption by the World Health Assembly is not
required under WHO rules and implementation by Member States is voluntary [24] (p. 2).

With the WHO Guidelines now a source of political contention and questioning the legitimacy
of decision making will prove disruptive. But in this important health security agenda questioning
the legitimacy of data also has the potential to create a significant fracturing of the global consensus
on AMR One Health Policy. Consumer and Health non-government organization’s input to TFAMR
indicated their full support for the WHO Guidelines.
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This dispute over politically endorsing the WHO Guidelines will not be resolved easily or quickly
as it signals implementing these WHO Guidelines to preserve the WHO CIA List may be politically
problematic or too difficult for some countries.

However, in stark contrast, the recommendations outlined in the OIE List of Antimicrobial Agents
of Veterinary Importance [36] and the WHO CIA List [30] are being simultaneously supported. But
there are obvious significant compatibility problems that run counter to the objectives of the WHO CIA
List. Endorsement of the OIE List sanctions the use of many of the medically important antimicrobials
listed in the WHO’s CIA List.

The two documents may be individually internally consistent according to the guidance for
developing them, but not compatible for delivering the objective of preserving the effectiveness of
medically important antimicrobials for human use—the WHO CIA List.

This, of course, is not the only difference in approach, and it would be naïve to expect that such
political differences would not arise when significant economic interests are at stake. But questioning
the legitimacy of the WHO Guidelines, particularly by such a powerful player as the U.S. could put a
break on measures to reduce using medically important antimicrobials that are currently extensively
used in food production. Other interested parties may welcome this dispute to delay transitioning away
from antimicrobial use. Worth noting, the TFAMR has not yet substantially focused on antimicrobials
important for humans also used in crop production or the broader environment [20,37]. These issues
will also be highly relevant for zoonotic and infectious disease experts.

Interestingly, asset managers of large investments in the global food industry are moving well
ahead of the deliberations in Codex (and many governments). Their agenda links into the WHO
CIA list and supports many of the implementation elements contained in the WHO Guidelines [38].
These corporate bodies are aware and expecting AMR trade regulations to be enacted [39] to preserve
antimicrobials important for human health. The EU being the most advanced and its One Health
Strategy includes commitment to act to protect citizens, food producers and that the efforts made
by EU farmers “ . . . are not compromised by the non-prudent use of antimicrobials in EU trading
partners” [40]. The U.S. FDA Strategy for the Safety of Imported Food also indicates a strategic focus
on consumer safety [41].

Case Study 3: The Political Agenda: Scientific-Evidence Based Data versus Precautionary Principle

For a complex subject such as ‘AMR in the food chain’ the interpretation of what constitutes
‘evidence’ and the legitimacy this conveys matters—particularly in Codex [42], OIE [43], and the
WTO [44] trade-related deliberations. To state the obvious, scientific evidence-based data matters but
there are numerous examples of scientific evidence-based claims being overturned as so narrow to be
almost meaningless or totally unjustifiable, including many attached to controversial health and food
issues i.e. tobacco use, and obesity issues.

AMR also shines a light on the need to implement and develop basic hygiene and public health
infrastructure. Developing countries’ technical capacity/resources to minimize the dangers of AMR in
the food chain are yet to be sufficiently addressed [45]. From an economic and development perspective,
those countries relying on export earnings from food production are particularly vulnerable. But for
those with well-developed public health systems there remains considerable resistance to transparently
collect or test the basic data needed to analyze consequences of antibiotic use in their food producing
animals and agriculture.

A reading of the many submissions made into the TFAMR negotiations by government, industry
and consumer representatives should leave the reader in no doubt of the underlying sensitivities and
interpretations of ‘valid’ scientific data and risk. Some of these positions may however be overtaken by
other events. For example, the WTO Secretariat’s Report to the TFAMR demonstrates that multilateral
dialogue on trade and AMR in the food chain is being opened up to further scrutiny outside of Codex.
WTO Members engaged in a substantive dialogue on AMR issues in the SPS Committee for the first
time, primarily focused on EU legislative intentions to address AMR in the food chain [14].
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This EU regulatory information provided is important and covers a range of issues and given the
response from several countries will be politically sensitive and played out in both Codex and WTO
forums. Topics worth noting being developed by the EU include legislative measures: Addressing
public health risk of AMR; reserving certain antimicrobials for treatment of infections in humans only;
misuse of antimicrobials in medicated feed for prophylaxis and limiting treatment duration. The
report records interesting responses and questions to the EU representative from several governments.
The report also includes a list of ‘regular and emergency’ SPS and TBT Notifications submitted by
Member States.

The debate opened up in the WTO SPS Committee may not yet have fully registered at the
December Codex/TFAMR meeting but is significant. These new inputs now formally expressed to
the SPS Committee illustrate further the importance of fully integrating WTO and Codex policy into
national AMR One Health strategic planning.

For an observer of the Codex/TFAMR negotiations it is interesting to note that national-based
AMR One Health implementation policies are actively reducing human access to antimicrobials. And
at the global level, governments have politically endorsed the position that antimicrobials need to be
protected and treated as a global public good. Contrasting this, reaching agreement on action to stop
or reduce the non-therapeutic use of antimicrobials for food-producing animals and also to preserve
medically important antimicrobials for humans, seem to require a much higher standard of scientific
evidence-based data. As consumers’ understanding of the AMR One Health agenda develops, they
may not support such reticence to act on this important health security issue.
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Abstract: The global burden of infectious diseases and the increased attention to natural, accidental,
and deliberate biological threats has resulted in significant investment in infectious disease research.
Translating the results of these studies to inform prevention, detection, and response efforts often
can be challenging, especially if prior relationships and communications have not been established
with decision-makers. Whatever scientific information is shared with decision-makers before, during,
and after public health emergencies is highly dependent on the individuals or organizations who are
communicating with policy-makers. This article briefly describes the landscape of stakeholders
involved in information-sharing before and during emergencies. We identify critical gaps in
translation of scientific expertise and results, and biosafety and biosecurity measures to public
health policy and practice with a focus on One Health and zoonotic diseases. Finally, we conclude
by exploring ways of improving communication and funding, both of which help to address the
identified gaps. By leveraging existing scientific information (from both the natural and social
sciences) in the public health decision-making process, large-scale outbreaks may be averted even in
low-income countries.

Keywords: One Health; zoonoses; Ebola virus; emerging infectious diseases

1. Introduction

For decades, researchers have been studying infectious diseases affecting people, domestic and
wild animals, and plants. Researchers have characterized emerging infectious diseases from viruses
such as Human Immunodeficiency Virus (HIV) [1] and Severe Acute Respiratory Syndrome (SARS)
coronavirus (CoV) [2,3], and bacteria such as Escherichia coli O104:H4 in Germany and France [4,5].
Approximately 75% of emerging pathogens have their origins in non-human reservoir hosts and are
classic examples of zoonoses [6]. Furthermore, antimicrobial resistance among zoonotic diseases has
become a significant health security challenge [7–9]. Combined with vaccine research and development
(R&D) and immunization campaigns, scientific studies have contributed to the prevention or reduction
of disease transmission globally [10–12]. Existing scientific knowledge and experience could be built
upon to prevent or mitigate future outbreaks. However, under pressure to respond quickly to emerging
outbreaks, decision-makers struggle to identify effective and relevant medical and non-medical public
health response measures because they may not have available information about the causative agents,
assessments of potential health and/or economic effects, effective biosafety and infection control
measures, information about societally appropriate control measures, and ready risk communication
measures for their constituents. Three primary types of gaps (data and models, safety and security, and
cultural awareness) limit the translation of research findings in the decision-making process before,
during, and after emergencies.

The 2014–2016 West-African Ebola virus disease (EVD) outbreak reinforced the concept that a
major pathogen outbreak in one country can affect other countries throughout the region and world,
and highlighted the aforementioned gaps in leveraging existing knowledge and practices to facilitate
outbreak response [13,14]. This outbreak demonstrated that urban settings, socio-cultural traditions,
and local migration affect outbreak dynamics. These lessons, along with the development and use of
an experimental Ebola virus vaccine, contributed to very different responses in the 2018 outbreaks in
the Democratic Republic of Congo (DRC) [15]. However, conflict and an unsafe public health response
environment in the DRC towards the end of 2018 and into 2019 have led to a significant increase of
known cases to over 1000 [16]. As long as the security situation ensues, the number of cases will
continue to increase and the ability of researchers to collect information about circulating strains will
be hampered.

In addition, advancing genomic sequencing capabilities are used to generate increasing amounts
of data about bacteria, viruses, and other microorganisms in different locations. For example, the
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U.S. government has supported sequencing and modelling studies to identify different strains of
pathogens in nature and evaluate their potential to initiate or drive outbreaks of local and international
concern. The Canadian government, World Health Organization, U.S. government, non-governmental
organizations (e.g., ProMED-mail), private companies, and research groups have leveraged data
analytics platforms to analyze these and other available data and attempt to identify potential
outbreaks before they become significant public health problems [17–20]. These platforms integrate
epidemiological or syndromic data from a variety of sources, both official (e.g., Ministry of Health
reports) and unofficial (e.g., media reports) sources, to help identify potential outbreaks as early as
possible. The utility of these and related efforts relies on access to data, the sharing of which is governed
by different international and national-level policies, and on awareness among policy-makers that
scientific information, however uncertain, can inform initial and ongoing assessments of infectious
disease risk and response [21,22]. These platforms do not appear to incorporate systematically the
results from environmental scanning, modeling, and other related research fields. These platforms
vary by the purpose, their intended stakeholders, the data they integrate, their analytic capabilities
and methodologies, their accuracy, and other factors, all of which have different utility to public health
decision-makers [23–25].

Although these results often are published in academic literature, decision-makers may not be
aware that the studies exist, may not have access to the publication or the information contained therein,
may not know how best to integrate the information into their decision-making processes, and/or
may prefer to rely on scientific studies conducted by government, rather than non-governmental,
researchers. Therefore, the existence of research, biosurveillance platforms, and official reporting
mechanisms for infectious disease events does not necessarily indicate that these activities intersect
and inform each other.

As observed after the launch of the 2014 Global Health Security Agenda (GHSA) and associated
action packages, much of the scientific information accessed by human and animal health officials and
public health decision-makers was, and continues to be, generated by local and/or central diagnostic
laboratories [26–28]. Continuing to address gaps in these capabilities can lead to significant advances
in disease prevention, such as a recent response to Nipah virus in India [29]. However, different sectors
(specifically, academic, industry, and non-profit organizations) comprise the science and technology
communities that develop and provide the tools necessary for detection, characterization, and analysis
of infectious disease events. The results of this basic and applied research are published in scientific
articles and discussed at scientific conferences, and genetic sequences and other similar information
are deposited in databases, many of which exist for various model systems (e.g., plants and animals)
and microbes. The scientists who conduct these studies become experts in their fields, often having
the skills to help understand the significance of unusual outbreaks with known pathogens and to
characterize new pathogens that resemble the ones they study. For example, in 2003, researchers on
three continents who studied known respiratory pathogens were able to identify the first member
of the coronavirus family causing widespread pneumonia in humans, the SARS-CoV [2,3,30–33]. In
addition, researchers who study insects contribute to the scientific knowledge about how mosquitoes
and ticks transmit pathogens such as Zika virus and Borrelia burgdorferi (the causative agent of Lyme
disease), respectively. However, the expertise of the independent researchers (i.e., researchers who
are not embedded within public or veterinary health agencies) and the data they produce often are
not included in the decision-making process for outbreak response, unless prior relationships exist
between the researchers and the public health decision-makers and practitioners.

The disconnect between research investment in human and animal health decision-making about
infectious disease outbreaks and translation of data and expertise generated from research in the
decision-making process may limit some early detection and response activities needed to prevent and
control infectious disease outbreaks. This article describes the current state of scientific input in the
public health decision-making process and highlights the different types of organizations involved
in communicating scientific information before and during outbreaks. Based on the identified gaps,
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we consider approaches for promoting communication and trust-building between scientists (both
governmental and non-governmental scientists) and policy-makers to ensure that existing data and
knowledge can be brought to bear when preparing for, assessing, and responding to infectious
disease incidents. Among these approaches, promoting objective, open communication among
policy-makers and researchers (from the natural and social sciences) before, during, and after public
health emergencies are critical for achieving the goals of the GHSA and related initiatives focused on
reducing natural, accidental, and deliberate biological risks, frequently through the lens of One Heath.

2. Science Informing Global Health Security Decision Making

Information Pathways and Decision-Making in Crises

The flow of scientific information into the global health security decision-making process relies
on several key factors, including: (a) networks of experts who are familiar to decision-makers
and trusted experts in their respective fields; (b) information that is accessible to organizations
and individuals involved in public health response; (c) decision-makers’ ability to understand and
evaluate scientific information; and (d) the use of scientific information by individual(s) responsible for
assessing the public health situation and operational decisions. In this paper, we distinguish between
scientific information (i.e., data) collected during an outbreak, and information generated by clinical or
fundamental research prior to an outbreak and published in publicly-available literature, regardless of
whether it is open access or available for a fee. In addition, we group together organizations involved
in data generation, whether through research or epidemiological studies, which includes academic,
industrial, non-profit, human and animal diagnostic, and government laboratories. We distinguish
these scientists from public health decision-makers and practitioners, who play roles in policy-making
and/or health response operations. All of these stakeholders are critical to the effective translation of
data to public health emergency prevention, detection, and response.

Under non-emergency conditions, scientific and technical information usually is provided to
policy and decision-makers of all levels (e.g., health and agricultural agencies, political leaders, and
lawmakers) through a variety of means, including white papers, briefings, informal communication,
published papers, and scientific conferences [34,35]. However, the flow of scientific information
during emergencies is different, often reflecting the immediacy of the situation. The GHSA and
International Health Regulations (IHR) provide a defined process, through guidance, for the generation
and reporting of public health emergencies of potential international concern. No clear process
exists for compiling and evaluating previously published scientific data to inform public health
decision-making. Without trusted networks of experts and organizations that communicate scientific
information to policy-makers objectively, interest groups which provide information selectively, may be
the prevailing voice [36,37]. This situation may result in policy-makers developing trusted relationships
with individuals and organizations with biases, which may limit objective and thorough examination
of the human, animal, agricultural, or environmental health problem(s). At the same time, many
researchers, though not all, do not engage with policy-makers because they do not believe they play a
role in policy or decision-making and/or believe that decision-makers may not be willing to listen
to their insights. This lack of engagement can limit the quality and objectivity of information being
conveyed to decision-makers.

Limitations in effective translation of scientific information under emergency and non-emergency
conditions determine its use in decision-making. For example, if information is perceived as partial
(i.e., incomplete and/or highly uncertain) or people communicating the information are perceived
as biased, decision-makers may question the utility of the data or disregard it completely. Similarly,
data inconsistent with beliefs, traditions, or political agendas may be disregarded and/or discredited
to maintain cultural and social realities. For example, a number of parents choose to not vaccinate
their children for unsubstantiated reasons, including a disbelief in the necessity of the vaccines,
perception that vaccines cause infections rather than prevent them, and belief that vaccines may cause

117



Trop. Med. Infect. Dis. 2019, 4, 60

autism [38]. Conversely, more complete data sets, more objective communication of the data, and
clearer descriptions of the uncertainty of the data and analytic results may engender greater confidence
in the information contributing to the decision-making process, especially if communicated effectively
and appropriately for the audience.

In emergency situations, when timing and dynamics change, confidence in scientific information
and advice is extremely important. Decision-makers frequently do not have time to identify and
familiarize themselves with existing scientific information. Consequently, gaps in knowledge may
develop, leading to uncertainty about the utility of scientific data. Similarly, uncertainty in known data
also may lead decision-makers to question the utility of the scientific data. In addition, the process
for sharing information with decision-makers may be cumbersome, inefficient, or nonexistent, all
hampering scientifically-informed decision making. Although these limitations exist in non-emergency
situations, they are exacerbated in emergencies. Therefore, during emergencies, decision-makers rely
more on established relationships with experts for sourcing scientific information, which may include
relevant knowledge and expertise (e.g., 2003 SARS-CoV outbreak) or only public health data, ignoring
other sources (e.g., 2014–2016 West Africa EVD outbreak).

3. Key Gaps and Impediments to Science-Driven Decision Making

3.1. Data and Models

Incorporating social, natural, computational, and mathematical science analyses, including
collection and characterization of specimens [39], into public health decision-making processes may
help prevent future outbreaks of infectious diseases [40]. Full integration of information is difficult
to achieve because of a lack of cross-pollination of disciplines and sectors [41]. Under-resourced
individuals and organizations (including diagnostic and research laboratories, particularly in
low-resource countries) may not have the capacity to conduct needed scientific assessments and
communicate results to key audiences, which significantly limits the sharing and use of scientific
information by researchers, health officials, and decision-makers. In addition, to evaluate the potential
risk of emerging outbreaks, researchers and decision-makers must interpret new scientific findings
from multidisciplinary studies and modeling data, which may vary in uncertainty based on the
availability and veracity of the input data [42]. The relative lack of inter-disciplinary research and
data analysis [43,44] in research of public health relevance contributes to these challenges of data
interpretation and risk assessment.

Scientific methodologies, such as ecological niche modeling and spatial regression analyses, could
contribute to better situational awareness in public health crises [45–48]. Combining these analyses
with existing case studies may improve outbreak prediction and prevention (e.g., recent assessments
of mosquito vectors for Zika virus in the United States) [49]. These and other types of modeling
approaches [50,51] help to identify the information needs for which little data exist by leveraging
results from other studies and revealing key knowledge gaps that, if filled, could improve accuracy
and reduce the uncertainty of computational models [42,44,52,53]. As data are generated and analytic
capabilities improve, uncertainty associated with modeling and data analysis decreases. Therefore,
investments in cross-disciplinary research on ecology, wildlife and domestic animals, human health,
behavioral sciences, implementation science, and cultural anthropology are essential for understanding
how humans interact with their environments and how these interactions facilitate the emergence of
previously unknown, wildlife-derived pathogens in the human population [54–58]. Similar trends can
be observed with integration of social and biomedical sciences research, where research on behavioral
change can inform compliance with medical interventions [59–61]. Communicating these and other
data clearly and concisely to public health decision-makers is important for translating research
investments to public health practice [62].
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3.2. Safety and Security

From a risk management and infection control perspective, data on the capability of nations to
respond to emerging or re-emerging infectious disease events are incomplete and the local traditions
that inform control measures generally are not integrated into formal public health responses [63–69].
However, these data play a key role in implementing measures that meet the objectives of the 2005
IHR, OIE (World Organization for Animal Health) Standards, and the GHSA objectives and Action
Packages (https://ghsagenda.org/). In 2016, a Commission on a Global Health Risk Framework
for the Future highlighted the neglected dimension of security in global health [70]. Still, the ability
to protect scientists, healthcare providers, the community, and the environment from exposure to
pathogens that could harm public health and safety often is overlooked. However, this situation may
change through efforts such as the GHSA 2024 Framework [71].

Critical to successful outbreak prevention and management is recognizing the need to identify, test,
and employ biosafety and biosecurity measures that are sustainable and adoptable in local conditions,
account for local infrastructure, laws, and social structure, and prevent accidental and deliberate
release of studied pathogens. Outbreak investigations for Ebola virus, Middle East Respiratory
Syndrome coronavirus (MERS-CoV), and SARS-CoV demonstrated the need for locally effective
biosafety measures that protect healthcare workers, diagnostic laboratory workers, and animal health
workers from exposure to the outbreak viruses, and biosecurity measures that prevent access to
pathogens by malicious actors. Applied research may identify measures that enhance current risk
management efforts, such as laboratory and clinical biosafety, biosecurity, and biorisk management.

3.3. Cultural Awareness

Social science research can provide a better understanding of local culture and traditions,
which strongly influence pathogen transmission and acceptance of medical and public health
interventions [43]. During the 2014–2016 West African EVD outbreak, a lack of cultural awareness
about local end-of-life traditions led to ineffective or unintentionally dangerous public health
interactions and undocumented infections [72–74]. Eventually, the public health community began
identifying approaches to communicate the risk of virus transmission from touching infected bodies,
mitigate transmission events through culturally acceptable means, and reduce fear of death through
appropriately chosen infection control methods (e.g., use of white, instead of black, body bags in West
Africa [75]). Early engagement with communities and social scientists who study the culture, tradition,
and linguistics of people from affected areas would help inform communication by decision-makers,
mitigation strategies used by public health responders, and trust-building with the local population.
Furthermore, leveraging the knowledge gained from these social science disciplines could enhance
efforts to build trust among affected individuals rather than allow the persistence of distrust between
local communities and foreign health workers [76,77]. Similar approaches should be used towards
domestic and wild animal research, with animal and conservation ethics and local cultural and
traditions considered.

Research involving bioethics and social equity helps scientists incorporate ethical principles in the
design and conduct studies involving human participants affected by public health emergencies [78].
Such studies are critically important for research examining the effectiveness of candidate vaccines
and medicines, understanding pathogen transmission and infection in natural settings, and testing
non-pharmaceutical interventions for disease prevention and mitigation. Although such studies
have been conducted for years, the U.S. National Academies of Science, Engineering, and Medicine
highlighted research needs for preparedness and response to public health emergencies and associated
bioethical considerations [79]. This focus on the bioethics of disaster research has prompted
non-governmental and governmental organizations alike to evaluate challenges and identify solutions
to promote ethical practices in research during public health emergencies. Building on this and other
social science research can promote the development and implementation of clinical and public health
research that takes into account the culture, society, and benefits to and needs of research participants.
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4. Potential Solutions

The purpose of much of infectious disease research is to identify pharmaceutical and
non-pharmaceutical approaches for preventing, detecting and monitoring, and responding to public
health outbreaks of national, regional, and international concern. Data that could inform prevention,
detection, and response activities are generated by several different types of studies, including
mathematical modeling, epidemiological studies, environmental scanning, life-sciences studies (e.g.,
microbial genomics), and cultural anthropology. By integrating known, published data in these fields,
considering key knowledge gaps and existing areas of uncertainty, scientists can assist public health
responders and decision-makers in understanding initial cases and feasible infection control measures.
However, the results of these investments have limited utility if they are not being conveyed to
policy-makers before the occurrence of and during an emergency. Without this information, human
and animal health officials and health care professionals are left to diagnose emerging outbreaks
using sub-optimal approaches and driving response efforts that might be unnecessarily ineffective and
promulgating distrust in health response efforts.

Three approaches for addressing these gaps are communication, funding, and translation efforts.
Although not explicitly described in this paper, international and national policies on data access
and decisions made for political or national security purposes present additional challenges to fully
informed decision-making. Some of the solutions described in this section may help reduce, but not
eliminate, these challenges, highlighting the realities inherent in global governance of public health
preparedness and response. Nevertheless, the proposed solutions could improve communication
between researchers and decision-makers and enhance translation of research investments to inform
public health practice before, during, and after emergencies.

4.1. Communication

Communication strategies that include better articulation and dissemination of existing scientific
knowledge and modeling approaches (including their use, gaps, and limitations), their relevance
to public health emergencies, and the inherent uncertainties in scientific assessment greatly would
enhance high-level public health decision-making before, during, and after emergencies [34]. Better
awareness about the types of public health decisions, associated information needs, operational
constraints, time pressures of decision-makers, and limitations of current scientific knowledge would
enable researchers to communicate scientific information more effectively. Understanding what is
required of data and how data are best communicated in public health emergencies would provide
researchers with the necessary operational context in which decision-makers must evaluate and base
their decisions. With greater appreciation for the limitations of and information needs during the
decision-making process, researchers can identify, integrate and distill data of greatest relevance to the
specific emergency.

Effective communication can be achieved through active interaction or written documents, and
fostered in a variety of venues, including scientific conferences, science and society workshops, and
governmental meetings. Although some of these efforts currently are used, their effectiveness can be
improved by tailoring communication to the audience. Interactions cultivated among stakeholders
before emergencies could promote the development of trusted relationships between decision-makers
and scientists, which can serve as the foundation for reach-back during public health emergencies. In
addition, interactions through networks, such as the GHSA and associated groups, could promote
open lines of communication between governmental health security officials and scientists, facilitating
information-sharing and enabling greater understanding of key questions with which decision-makers
struggle [35]. These interactions are most effective if they are in place before crises occur and maintained
after an emergency ends, which can lead to greater trust and familiarity between policy-makers and
researchers and more opportunities for information-sharing in non-emergency situations. Throughout,
promoting diversity of scientific expertise and experiences within these communications networks is

120



Trop. Med. Infect. Dis. 2019, 4, 60

critical for ensuring that policy-makers receive unbiased, objective information upon which to base
their decisions.

4.2. Funding and Open Access

Research investments can enhance detection, characterization, assessment, and response to
infectious diseases. However, several challenges exist with the current approaches: (1) limited funding
is available for basic research for a majority of infectious diseases, particularly neglected tropical
diseases and wildlife-associated, epizootic (animal only) diseases; (2) limited funding opportunities
exist for multi-disciplinary, multi-sectoral research and education; (3) limited support is provided for
social science research that is relevant to prevention and mitigation of infectious disease outbreaks;
(4) research funding continuously changes for many infectious diseases, limiting the sustainability of
individual efforts (e.g., the 2018 U.S. President’s proposed budget included funding cuts for efforts to
prevent and respond to EVD outbreaks even as the 2018 outbreak in the DRC emerged [80,81]); (5) lack
of communication from scientists to non-technical audiences, including policy-makers; and (6) lack of
evaluation metrics for assessing the effectiveness of scientific input into the public health process.

To counter these challenges, government agencies, intergovernmental organizations, private
funders, and philanthropic organizations should develop forward-looking, longer-term initiatives that
support basic and applied research in a variety of natural and social sciences, and in efforts promoting
integration and translation of scientific data to public health emergency prevention, detection, and
response. Although not routinely done, proactive and stable funding for these and other scientific
inquiries provides opportunities to increase the knowledge-base from which decision-makers can draw
when considering appropriate infection control actions, a suggestion supported by several scientific
organizations. For example, longer-term studies, such as those on New World hantaviruses, have
produced a great deal of information relevant to public health [82], including changing infection
prevalence with species richness [83], the preponderance of infected males [84], and the role of climatic
changes in causing fluctuations in rodent reservoir populations and their links to localized, sporadic
disease outbreaks. Although these studies were initiated as part of a reactive response to an acute
outbreak—in this case, hantavirus pulmonary syndrome—in 1993–1994, the information produced
addresses key knowledge gaps that can inform future outbreaks. Similarly, research supported during
and after EVD outbreaks has generated data on wildlife reservoir hosts and people’s perceptions of
health and healthcare practices, both of which could inform future outbreak assessments and response
efforts. In addition, funders should establish a process through which the results and assessments can
be communicated to public health decision-makers, leveraging the recent movement towards open
access publication requirements. As a positive example, the Bill and Melinda Gates Foundation and
The Wellcome Trust require all grantees to make their results publicly available, enabling access to
various stakeholders, including decision-makers [85–87]. However, access to information does not
ensure their use by decision-makers. In addition, new data protection laws may counteract these open
access policies of funders and journals [88].

Specific approaches for promoting greater translation of research include scientific staff support
for decision-makers, fellowship opportunities, cross-disciplinary cooperation, and strategic funding
mechanisms (e.g., contracts and cooperative agreements). Scientists and funders should identify and
support the integration and translation of science from multiple sectors, fields, and disciplines to
identify key information gaps for global health security and provide the scientific foundation for
assessing infectious disease risks. Funding support for training and fellowships can promote explicit
scientific input into decision-making and encourage open sharing of data with other researchers
and health officials. Researchers and research institutions should aim to shift the culture of data
sharing by promoting the open sharing of data with public health practitioners as an academic
product on par with publications, decreasing the potential for politicization or biased use of data [70].
Data sharing has been raised with H5N1 influenza A virus, Ebola virus, and Zika virus [89],
and informed by efforts to promote equitable benefit of results from the sharing of data and
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samples from emerging outbreaks [90,91]. In 2014, the U.S. government passed the DATA (Data
Transparency and Accountability) Act, which requires that data from federally-funded efforts be
made open and available. The U.S. government’s DATA.gov website (https://www.data.gov/)
is the platform that was developed to store and provide access to the datasets. In addition,
agencies such as U.S. Geological Survey now have an ‘eternal data’ archive called Science Base
(https://www.sciencebase.gov/catalog/). Despite these efforts, national policies restricting data
access and sharing to foreign entities present new challenges to equitable and reciprocal data sharing,
especially as biological research increasingly relies on data science approaches [92].

Approaches for improving communication between researchers and policy-makers, the funding
landscape, and open access policies could help promote research that addresses key knowledge gaps
in health security policy and practice, and translate funded research to global health decision-making.

4.3. Translation of Data

Looking forward, the 2024 Framework of the Global Health Security Agenda stresses
communication, political and financial advocacy, and engagement of a more diverse set of
stakeholders [71]. In part, these efforts intend to increase national-level investment and support
for addressing shortcomings in human and animal health capabilities that currently limit effective
prevention, detection, and response to public health emergencies of international concern. However,
the new structure developed to progress towards these GHSA efforts could be enhanced further
by including the research community as a critical stakeholder and focusing attention on data
sharing among the research, public health, veterinary health, agriculture, and environmental health
communities. Active engagement of the scientific arms of research and diagnostic entities (regardless
of their sector, whether academic, industry, or government laboratories) with local and national public
and veterinary health entities could enable better translation of scientific information to address
public health needs. Recent calls for integrating veterinary and human health research to improve
One Health efforts, including policy development and implementation, have been published [93,94].
Training on and implementation of data translation, improved strategies for communicating data and
their associated limitations and/or statistical significance, and active participation of the scientific
community in public health decision-making processes could reveal opportunities for leveraging data
in an informative and timely manner.

5. Conclusions

The global burden of infectious diseases and the increased attention to natural, accidental, and
deliberate biological threats has resulted in scientific and financial investment in infectious disease
research. However, the results of these studies often are not translated to prevention, detection, and
response efforts. Furthermore, the needs, receptivity, and stakeholders involved in sharing scientific
data before and during emergencies differ, which can lead to barriers towards research translation to
human and animal health practice. Overcoming these barriers is necessary to prevent and mitigate
emerging and re-emerging infectious diseases, including the recent epidemics caused by Zika virus
in the Americas, Yellow fever virus (YFV) in Angola and the DRC, and Ebola virus in the DRC. The
public health burden caused by influenza virus has led to the creation of WHO collaborating centers
through which data on naturally circulating strains and results from basic and applied research are
shared, informing influenza surveillance efforts. In addition, scientific data associated with the Zika
virus disease outbreak has been placed in the public domain to facilitate prevention and control of the
outbreak. However, these data sharing efforts are inconsistent across outbreaks, as demonstrated by
the lack of similar data sharing practice in the YFV outbreak in Africa [95]. Furthermore, sharing of
data is not the same as effective communication of the data.

Despite the increased investment for infectious disease research, significant knowledge gaps
remain in host–pathogen interactions, urbanization and climactic influences on pathogen transmission,
pathogen evolution, interactions between wild and domestic animals and humans, existence of
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unknown but naturally occurring pathogens, and other areas of interest. These knowledge gaps
introduce uncertainty about what can be concluded from available data, which in turn can raise doubt
in the utility of research results and validity of science-based conclusions during decision-making,
especially in emergency situations. Advanced engagement and communication between researchers
and policy-makers could help identify critical knowledge gaps that could reduce uncertainty levels
and promote better trust between scientists and decision-makers. Encouraging and training scientists
to recognize and translate research findings to public health decision-makers enhances these efforts.
Effective communication and long-term funding are important for providing decision-makers with
a clear understanding of what is known and what needs to be determined to improve prevention,
detection, and response efforts of current and future outbreaks.
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