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Bacterial zoonoses impacts to
conservation of wildlife
populations: a global synthesis

Kristen M. Hirst* and Samniqueka J. Halsey

Department Natural Resources, University of Missouri, Columbia, MO, United States

Emerging infectious diseases have significantly increased in recent years;
approximately 60% of these emerging diseases are of zoonotic origin, and of
those, around 70% were identified to start with wild animals. To better understand
the impacts of zoonotic diseases on wildlife, there is a need to identify the
distribution and impact of zoonotic pathogens in wildlife, particular those
species with threatened populations. To investigate this question, we
constructed a zoonotic disease database identifying wildlife hosts for each
bacterial zoonotic disease and recorded clinical signs of disease for each host-
pathogen relationship if found. Species of least concern were found to have a
significantly higher prevalence and richness of zoonotic bacterial diseases (n=
0.0608, x* = 5.898, p=0.01516). The taxonomic level Order was found to be the
best predictor for pathogen richness, and the Artiodactyla and Carnivora contain a
significantly higher pathogen richness than other vertebrate Orders. Species with
the greatest pathogen richness include the wild boar (Sus scrofa, n=66), Northern
raccoon (Procyon lotor, n=16) and the red fox (Vulpes vulpes, n=41). Our results
indicate bacterial zoonoses are not likely to be a driving factor of species
population declines, and future zoonotic disease surveillance efforts should
target species in the Artiodactyla and Carnivora families. The wild boar (Sus
scrofa) in particular may be a good candidate for zoonotic disease monitoring
due to its high pathogen richness, wide range, and large population.
Understanding the impacts and distribution of bacterial zoonoses in wildlife
populations can help in planning for future wildlife management efforts,
particularly in species of conservation concern and wildlife disease monitoring.
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1 Introduction

Biodiversity loss locally and globally has accelerated in the past few centuries resulting in
increasing emerging infectious disease (EIDs) outbreaks (Everard et al., 2020). Emerging
infectious diseases can have devastating effects on human populations, particularly those in
third-world countries who do not have the resources to treat and recover from an epidemic
(Halliday et al., 2015). The 2003 SARS outbreak was estimated to cost between 5 and 50
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billion dollars (Cunningham et al., 2017). In addition to EIDs being a
financial burden, wildlife populations can be significantly affected by
disease. White-nose syndrome results in extreme mortalities with
population declines in North American bat populations since its
detection in 2006 (Frick et al., 2010). In addition, chytridiomycosis
infections have resulted in significant population and species declines
and extinction of more than 200 amphibian species (Yap et al., 2015),
and a microsporidium protozoon was found to have caused the
extinction of Partula turgida, a species of tree snail (Cunningham and
Daszak, 1998). To ensure the overall health of the global ecosystem
and wildlife conservation, a better understanding of EIDs is needed.

Recent outbreaks of SARS-COV 2, Zika, and Ebola viruses have
emphasized the need to investigate zoonotic diseases more,
particularly in relation to wildlife populations (Bermejo et al., 2006;
Wang et al,, 2016; Everard et al.,, 2020). Zoonoses are diseases capable
of transmitting between humans and animals, making them a threat
not only to humans but to wildlife populations as well (Messenger
et al,, 2014). Prior to 2000, wildlife disease was primarily studied in
the context of zoo animal health and welfare unless the pathogen was
found to negatively impact livestock or popular game species such as
white-tailed deer (Cunningham et al., 2017). The tendency to focus
on domestic animal surveillance rather than wildlife for zoonoses is
primarily due to the difficulties of surveying wildlife populations and
the cost of surveying non-domesticated animals (Grogan et al., 2014).
As a result, less research is performed on the impact of zoonoses on
wildlife, despite records of previous outbreaks indicating zoonoses are
just as deadly to wildlife populations. For example, the Zaire strain of
the Ebola virus was found responsible for the death of over 5000
gorillas in the early twenty-first century (Bermejo et al, 2006).
Similarly, both prairie dog (Cynomys spp.) and ground squirrel
(Spermophilus spp.) populations experience mortalities as great as
90% during plague outbreaks caused by the zoonotic bacteria Yersinia
pestis (Russell et al., 2019). Neglecting wildlife disease surveillance will
have lasting negative effects on wildlife populations and will no doubt
negatively impact domestic animals and human populations.

The majority of pathogens involved in EID events are bacterial or
viral in nature (Jones et al., 2008). Many studies utilizing large datasets
of pathogens tend to focus on viral diseases (Shaw et al.,, 2020). This
preference leaves gaps in our knowledge of bacterial diseases and their
impacts on wildlife. Bacterial diseases are becoming more of a global
concern due to increasing cases of antibiotic resistance; wildlife near
human civilizations is more prone to infections due to increased
exposure rates from humans and domestic animals (Laborda et al.,
2022). Wildlife can act as reservoirs for antibiotic resistant bacteria
and contribute to the spread of antibiotic resistant bacteria to people,
domestic animals, and other wildlife populations (Tardon et al., 2021).
While antibiotic resistant bacteria are typically found in healthy
wildlife hosts, some pathogens have been found to causes signs of
disease and even death in wildlife (Heaton et al., 2020). The spread of
zoonotic bacteria in the environment increases the chance of EID
occurring and puts wildlife populations at risk.

While typically not a main factor of species declines and
extinction, disease can still have devasting impacts on wildlife
populations, for example, facial tumor disease in Tasmanian devils
(Sarcophilus harrisii), fibropapillomatosis in green sea turtles
(Chelonia mydas) and white-nose syndrome in six species of North
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American bats have all caused and continue to threaten major
declines in these populations (Altizer et al., 2007; Heard et al,
2013). In the United States, there is increasing evidence that disease
plays a role in threatened and endangered species decline and inhibits
population recovery (Brand, 2013). Endangered species may be more
at risk of zoonotic disease outbreaks due to less genetic diversity and
capacity for adaptations to aid recovery (O'Brien and Evermann,
1988). In addition, methods that are used to manage species of
conservation concern may also carry a risk of zoonotic disease
exposure to wildlife populations. For example, the translocation of
endangered species from larger populations to smaller populations to
bolster new population growth can cause elevated stress levels,
increasing vulnerability to diseases that otherwise would not cause
morbidity and mortality (Gartrell et al,, 2005). The threat of zoonoses
in wildlife populations needs to be evaluated to better understand the
present and future threats to species of conservation concern so that
we may be better prepared for when outbreaks do occur (Gaydos
et al, 2004). It should be noted that efforts are being made to
prioritize surveillance and management on zoonotic diseases that
can have detrimental impacts on people, domestic animals and the
economy (Cox et al., 2013). However, we need to be careful not to
neglect other zoonoses in our prioritizations. Identifying effective and
appropriate disease management strategies in wildlife will help to
prevent species declines and extinctions.

Typically, wildlife disease management is considered only after the
disease has been documented in a population, even though preventing
disease emergence during preemptive stages is a more effective action
(Grant et al,, 2017). One way to survey zoonotic pathogens in wildlife
is through the sentinel surveillance of reservoir species. Sentinel
surveillance focuses on specific populations to enhance our
detection of diseases and improve the cost-effectiveness of
surveillance (Halliday et al., 2007). Reservoir species are organisms
that are capable of contracting, maintaining, and transferring
pathogens to other individuals (Ostfeld, 2009). Bats are considered
major reservoir species for a large variety of zoonotic viral diseases
such as SARS, MERS, Ebola, Marburg, and many others (Luis et al,,
2013). Rodents are considered an important carrier of many wildlife
diseases, many of which are considered hyper-reservoirs; species
capable of carrying greater than two pathogens (Han et al, 2015).
Wild canids have been potentially identified as sentinels of wildlife and
human health due to their capability of successfully carrying a variety
of infectious diseases over a wide geographical range (Aguirre, 2009).
Recently, wildlife disease management has started incorporating
health and population monitoring, a method known as integrated
wildlife monitoring; this method has been used to find increased
disease risk in populations with large wild boar populations,
particularly when there are increased interactions between wild boar
and red deer (Barroso et al., 2023).

Competent reservoir species maintain pathogens in the
environment and increase disease spread, and some could possibly
be used as sentinel species for disease surveillance. Improving wildlife
disease monitoring could have significant socio-economic benefits,
such as reducing long-term disease management costs, protecting
biodiversity and ecosystem services, and contributing to pre-spillover
surveillance for public health and agricultural diseases (Grogan et al.,
2014). Despite the benefits associated with sentinel monitoring, this
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method is generally underutilized in infectious disease surveillance
(Rabinowitz et al., 2005). One of the reasons for this could be
researchers’ inability to identify appropriate wildlife species or groups
to use as sentinel species.

As biodiversity continues to decrease and EIDs continue to
increase, there is an even greater need to understand how these
pathogens impact wildlife populations. To better understand how
bacterial zoonoses impacts wildlife populations, we created a zoonotic
disease database that identified all documented mammal, bird, and
reptile wildlife hosts for each zoonotic bacterium. We then recorded
any signs of disease species experienced associated with the pathogen
infection. Large-scale host-pathogen datasets such as this one can
answer questions on how zoonoses are dispersed in the environment
and what potential factors are correlated with increased disease
prevalence. We aimed to answer two main questions using this
database: 1) Are species of conservation concern more at risk for
bacterial zoonosis infection than those of least concern 2) Are there
any relationships between zoonotic bacterial species richness and host
taxonomy? For the purpose of this research, species of conservation
concern (CC) were identified as those species with a conservation
status of Near threatened, Vulnerable, Endangered, Critically
Endangered, and Extinct in the Wild. Species without a
conservation status were listed as data deficient (DD) and were
excluded from the analysis, all other species had healthy population
sizes and were listed as least concern (LC). Identifying wildlife more at
risk for bacterial zoonoses infections could not only help in targeting
conservation methods to more at-risk species but may also identify
groups of animals that can be used for zoonotic disease surveillance.

2 Methods

From July of 2020 to December of 2022, we performed an internet-
based literature review identifying unique zoonotic bacterial infections
in mammal, bird, and reptile wildlife species prior to 2022 (Hirst and
Halsey, 2023). Due to time constraints other vertebrate classes were
excluded from this review. We identified zoonotic bacteria species
using an updated version of a previously published pathogen database
(Taylor et al, 2001). The majority of pathogens in this database are
known to commonly cause signs of disease in humans and animals, but
in order to be as comprehensive as possible, we also included pathogens
that have been reported to cause disease in humans once, those found
to cause disease only in immunocompromised patients and pathogens
that are typically identified as asymptomatic. In addition, we included
recently recognized pathogen species from the Center for Diseases
Control (CDC), Merck Veterinary Manual, and published literature
(Fischer et al., 2000; Raymond et al., 2000; Allsopp et al., 2005; Pitcher
and Nicholas, 2005; Lisle et al., 2008; Austin, 2010; Rudenko et al.,
2011; Ebani et al., 2012; Parola et al., 2013; Bittar et al., 2014; CDC,
2022; Flahou et al., 2014; Fuke et al., 2016; Fawzy et al., 2020; Geebe and
Hlokwe, 2017; Okaro et al., 2017; Rahim et al., 2017; Sousa et al., 2018;
Cheong et al., 2019; Odoi et al., 2020; Lopes et al., 2021; Ochoa and
Collado, 2021; Shopland et al,, 2020; Zulu et al, 2021; Merck
Manual, 2022).

Two literature reviews were performed, the first identified wildlife
hosts of each zoonotic bacterial pathogens, and the second identified
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signs of disease in each host-pathogen interaction. Using Web of
Science as our primary search engine, eligibility for host status was
distinguished using the following criteria:

1. The article was a peer-reviewed publication containing
subject matter related to zoonotic bacterial pathogen
infections in mammal, bird, and reptile species.

2. Pathogen infection occurs in wildlife species or captive
individuals such as animals in zoos or privately owned.
Domestic animals or animals used for agricultural purposes
were not included.

3. Pathogen infections were naturally occurring and not a
result of deliberate laboratory exposure.

4. Bacterial species identified were of a pathogenic nature or
were identified in an abnormal location if pathogenicity
was not determined in the article.

In the search fields of Web of Science, the following terms were
used to identify host-pathogen interactions: “Pathogen name” and
“Wildlife” or “Pathogen species name” and “Animal.” For example, to
search for publications regarding host-pathogen interactions for
Borrelia burgdorferi and animals, our search terms were [“Borrelia
burgdorferi” AND “Wildlife”] or [“Borrelia burgdorferi” AND
“Animal”]. If pathogen genus and species names had changed, all
names were searched to ensure all available information was found.
The full list of search strings is available in the supplemental
information (Supplemental 1). For this search, titles and abstracts
were reviewed for relevant host information. The first time a potential
host is identified, the article is retained for an in-depth review, other
articles focusing on this host are not pulled for review, unless the
article includes other hosts not yet identified for the pathogen. We
aimed to review each title and abstract found with our Web of Science
searches using our keyword search terms. However, in some cases,
searches would result in thousands of articles, and manual review was
not feasible. Due to a large number of publications in some topic
areas, we decided to limit the article review process to the first four
pages (equivalent to 200 publications) in Web of Science. Due to this
limitation, not all zoonotic bacteria in this list may have a complete
host range, however, we reviewed every article for 312 of the 366
(85%) of the searches; therefore, we are fairly confident we found a
large portion of mammal, bird, and reptile host species. At least one
article describing the pathogen and host interaction needed to be
found in our search to be eligible for inclusion in our database. If an
article was deemed insufficient in identifying the host-pathogen
relationship, an alternative article was searched for using the
pathogen and host name. Wildlife common names, scientific
names, and conservation status were standardized using the red list
of International Union for the Conservation of Nature (TUCN). Signs
of disease were recorded from the first search if they were described in
the articles. Reference lists from selected articles were reviewed for
further host-pathogen relationships.

Once host lists for each pathogen were compiled, a secondary
search identifying the full range of clinical signs of infection was
performed. For the second search, identifying signs of disease in
host species, eligibility was distinguished using the
following criteria:
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1. The article was a peer-reviewed publications containing
subject matter related to signs of disease in mammal, bird,
and reptile species.

2. Signs of disease in domestic animals or animals used for
agricultural purposes were not included, unless signs were
unavailable for their wildlife counterparts.

3. Signs of disease were a result of a naturally occurring
infection and not due to deliberate laboratory exposure.

4. Signs of disease were linked to a specific pathogen infection,
and not a result of multiple, different pathogen infections.

To identify clinical signs for each wildlife species associated
pathogen, we used the following terms to identify signs of disease:
“Pathogen species name” and “Species scientific name” or “Species
common name.” For example, to search for publications regarding
host-pathogen interactions for Borrelia burgdorferi and animals,
our search terms were [“Borrelia burgdorferi” AND “Peromyscus
leucopus”]. The full list of search string combinations is available in
the supplemental information (Supplemental 2). In cases where the
scientific name has changed recently, or there are multiple common
names for the species, each variation was searched to ensure all
available information was identified. Titles and abstracts were
reviewed for relevant information, unlike the host search, all
articles that indicated signs of disease in a host species were
retrieved for further review. Signs of disease were then recorded
in the database for each host-pathogen relationship. “Signs” were
defined as physical or behavioral abnormalities wildlife experience
as a result of pathogen infection (i.e., vomiting, pyrexia, lesions,
depression, etc.). Signs were included when they were identified as a
result of the zoonotic pathogen infection. In many cases signs of
disease in living individuals were not observed, so necropsy and
histology findings were also included as signs of disease. For both
searches, articles were limited to the English language only.
Duplicate articles were removed. For both searches, reference lists
of the identified studies were also checked for additional studies.

To investigate the presence and prevalence of zoonoses in
species of conservation concern, we used a 2-proportion z-test
and a one-way analysis of variance (ANOVA). Species that did not
have a conservation status in the IUCN database were excluded
from this analysis (n=84). We used a 2-proportion z-test where
TUCN status was the predictor variable and the presence/absence of
pathogens in wildlife species served as the response variable. The
data met all the assumptions of the 2- proportion z test. We used a
one-way ANOVA with zoonotic bacteria richness as the response
variable and TUCN status as the predictor variable. For this analysis,
our data met the assumptions of homogeneity of variances via the
Levene’s test (F(;16809) = 3.4559, p=0.063), yet did not meet the
assumptions of normality for the residuals via Shapiro-Wilks (W =
0.48613, p < 0.001); however, ANOVA is robust to departures from
normality especially when there is a large sample size (Blanca Mena
et al., 2017.

To determine which taxonomic level has the greatest zoonotic
bacterial richness, we again used ANOV A, where we perform model
comparisons including a null and global model via Akaike
information criterion (AIC). We transformed the bacterial
richness variable using the inverse (1/richness) to meet the
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assumption of homogeneity (F(ss 1600y =1.228, p = 0.124),
although the normality was still not met (W = 0908, p < 0.001);
ANOVA remained acceptable due to the large sample size and
robustness to departures from normality. For the best supported
model, we then used Dunn’s Kruskal-Wallis Multiple Comparisons
with p-values adjusted with the Bonferroni method post hoc to
identify the significantly different comparisons. All analyses were
run using R 2022.07.1 R Code Team, (2022).

3 Results
3.1 Literature review

Over 30,000 articles were investigated for potential host-
pathogen relationships. Of those, 3,006 were retrieved for a more
thorough evaluation, 2,963 from Web of Science, and an additional
43 from article reference lists. After removing duplicate articles, we
reviewed 2,981 articles. We then removed an additional 1,012
articles for not meeting the inclusion criteria. Articles were then
screened for wildlife host or symptom information. Articles that did
not provide any new information were excluded, a final reference
list of 1,373 studies were compiled in the bacterial zoonotic
database (Figure 1).

3.2 Database

The database was separated into different excel forms featuring
each zoonotic bacterial pathogen genus group. Column A lists the
class of the host animal, arranged to show Mammalia first, followed
by Aves then Reptilia. Column B contains the hosts common name
as it appears in the ITUCN red list. Column C identifies whether or
not the host-pathogen relationship has only ever occurred in

—
s
k=1 Records identified from:
8 Web of Science (n =27,696)
£ University of Missouri
H Libraries (n =43)
=
|
ae:(g%sogc):reened [~ | Duplicate records removed (n =25)
g l
=
3
§ Reports excluded:
3 ] Did not meet inclusion criteria
Reports assessed for eligibility (n=1012)
(n=2981) Provided no new host or clinical
signs information
(n=596)
= :
3 Studies included in database
B (n=1373)
Qo
=
)
FIGURE 1

Flow chart of bacterial zoonotic disease database inclusion and
exclusion based on PRISMA criteria. The diagram displays the total
articles screened for both literature reviews, individual statistics for
each review was not available
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captivity (yes) or has been observed naturally in the wild (no).
Columns D and E display the hosts genus and species name
respectively, and column F contains the pathogen species name.
Column G describes signs of disease hosts experience with pathogen
infection. Column F contains citations for each entry. The full list of
references was included in a separate file of the database
labeled citations_database.

We identified 4,971 records describing pathogenic associations
between 370 bacterial pathogens (74 families) and 1,742 unique
wildlife species (999 Mammals, 579 Aves, and 158 Reptiles). Data
review was limited in 54 of the 366 pathogen-host searches (14.8%).
The pathogens with limited searches are denoted in supplemental
information 1. We included clinical signs when they were
definitively found to be a result of the infecting pathogen. We
identified signs of disease in 2,588 records (1606 mammalian hosts,
825 avian hosts, and 127 reptilian hosts). All search results for signs
of disease were reviewed in Web of Science. In some cases, pathogen
infections were only observed in captive individuals or populations
(n=1099). Pathogen host ranges vary, but overall, zoonotic bacterial
pathogens have a mean host range of 13.44 hosts. Most pathogens
stick to one class of wild animals (n=235), but 43 bacterial
pathogens have been found to infect wild animals of Mammal,
Aves, and Reptilia classes (Table 1). The Rodentia order had the
most host-pathogen relationships (n=924), followed by Carnivora
(n=776), Artiodactyla (n=724), Passeriformes (n=381), and
Primates (n=304). Signs of disease were not described in 2,413
host-pathogen relationships; and many records that do describe
signs of disease are likely incomplete in their assessments (Figure 2).
Host species with the greatest pathogen prevalence are described in
Table 2. Of these species, no more than 60% of cases have signs of
disease described. When signs of disease were described,
asymptomatic cases made up over 50% of described host-
pathogen relationships in six of the ten hosts.

3.3 Pathogen prevalence, richness, and
conservation status

When comparing conservation status and occurrence of
zoonotic bacterial pathogen, proportionally, species of least
concern (n= 0.0695) were 13.4% more likely to be found with a
zoonotic bacterial infection than those of conservation concern, (n=
0.0608, x> = 5.898, p=0.01516). As a majority of wildlife species
served as hosts to more than one pathogen, comparisons of

TABLE 1 Pathogen range across Mammals, Aves, and Reptilia Classes.

Count (Pathogen)

Host Range per pathogen 370
Mammal Pathogen Range 323
Aves Pathogen Range 144
Reptilia Pathogen Range 81
Pathogen hosts across Classes 370

10.3389/fcosc.2023.1218153

zoonotic bacterial species richness between species of
conservation concern and least concern are also crucial. We
found significant difference in the mean species richness with
conservation status, with species of least concern having
significantly higher pathogen richness than species of
conservation concern (F = 4.7094, p=0.03022, Figure 3).

3.4 Taxonomy and pathogen richness

In order to investigate how pathogen richness differs between
different taxonomic levels, we used an AIC comparison of pathogen
richness at the genus, family, and order levels (Table 3). Order was
found to be the best model for bacterial pathogen richness with a
weight of 1.0 Next, we explored whether there were specific animal
orders that were significant different from each other using Dunn’s
Kruskal-Wallis Multiple comparisons test to compare the 57
taxonomic orders for mammals, birds, and reptiles include in the
database in total, 8 orders were found to show a significant
difference between each other; these include: Anseriformes (mean
(W) = 3.50), Artiodactyla (u = 3.80), Carnivora (U = 3.82),
Chiroptera (W = 1.2), Passeriformes (L = 3.0), Psittaciformes (W =
2.62), Rodentia (1 1.84), and Squamata (L = 1.36),. The
Anseriformes order had twice as many zoonoses than Squamata

(p = 0.016) significant The Artiodactyla order had a significantly
larger bacterial zoonoses richness than Rodentia (p < 0.001), and
Squamata (p < 0.001), orders (Figure 4). The Carnivora order had
significantly larger bacterial zoonoses richness than the
Charadriiformes, Chiroptera (p = 0.016), Passeriformes (p =
0.001), Psittaciformes, (p = 0.023), Rodentia (p < 0.001), and
Squamata (p < 0.001) orders.

4 Discussion

In order to investigate the range and impact of bacterial
zoonoses on wildlife populations, we compiled a database of
zoonotic bacterial pathogens in mammalian, avian, and reptilian
wildlife hosts and identified signs associated with individual
pathogen infection. We found zoonotic bacterial pathogens are
more prevalent and have greater richness in species of least concern
than those of conservation concern, therefore, pathogen prevalence
and richness is likely not the driving cause for species decline, at
least when it comes to zoonotic bacteria. In addition, bacterial

Mean St. dev. Min Max

13.43514 27.97419 1 (n=85) 254 (n=1)
10.08359 2092717 1 (n=85) 204 (n=1)
10.00000 22.32093 1 (n=50) 204 (n=1)
3382716 4789488 1 (n=40) 30 (n=1)
1.481081 0.695256 1 (n=235) 3 (n=43)

Pathogen ranges can extend to different classes, though this is less likely to occur. Most pathogens from this dataset (n=235) infect only one class of animals. In total, 43 bacterial zoonosis are

found in all three classes.
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Host pathogen richness across Reptilia (A), Mammalia (B), and Aves (C) Orders. Descriptions of signs of disease are not always available, the figures
compare the number of host pathogen relationships in each Order that have some signs that are described versus those with no data available.

zoonotic pathogens appear to have a broad host range (1 =13.44, SD
=27.97), some even jumping to different classes. Previous research
found species of least concern were more likely to have greater
zoonotic viral richness than those of conservation concern (Johnson
et al., 2020; Keesing and Ostfeld, 2021). Altizer et al., 2007 found
that non-threatened primates were more likely to harbor pathogens
than threatened primates. The differing results could be due to a
variety of factors. We included bacterial pathogens of captive

TABLE 2 Host species with the greatest pathogen prevalence found in
the literature.

Signs of
Disease
Found

Pathogen

Asymptomatic

Host Name
Cases

Prevalence

Wild boar (Sus 66 39 (59.1%) 15 (22.7%)
scrofa)

Northern 43 16 (37.2%) 13 (81.3%)
Raccoon

(Procyon lotor)

Red fox (Vulpes 41 24 (58.5%) 19 (79.2%)
vulpes)

Red deer (Cervus 35 15 (42.9%) 8 (53.3%)
elaphus)

House mouse 32 20 (32.5%) 18 (90%)

(Mus musculus)

Brown rat 30
(Rattus
norvegicus)

17 (56.7%) 14 (82.4%)

European roe 30
deer (Capreolus
capreolus)

8 (26.7%) 2 (25%)

Common 28 8 (28.6%) 5 (62.5%)
pheasant
(Phasianus

colchicus)

Lion (Panthera 26
leo)

15 (57.7%) 5 (33.3%)

Harbor seal 26
(Phoca vitulina)

12 (46.1%) 4 (33.3%)

We recorded the number of relationships in which signs of disease were described in the
literature. Of the relationships in which signs of disease were found, we recorded the number
and percentage of which asymptomatic host-pathogen relationships were observed.

Frontiers in Conservation Science

animals, while Altizer et al., 2007 did not. Individuals in captive
facilities such as zoos tend to be more researched and monitored for
diseases and can also be exposed to more diseases than wild animals
due to their proximity to humans and different geographical ranges.
Shaw et al.,, 2020 found pathogen richness in viruses to be more
strongly correlated with relatedness to humans than zoonotic
bacteria. This could imply zoonotic bacteria have broader host
ranges than viruses and are more likely to cross species barriers than
zoonotic viruses. Our research covers a broader range of host
species, including mammals, birds, and reptiles. Most studies
focus primarily on mammals which could have been a factor in
comparing bacterial richness in species of conservation concern
versus those of least concern. It is apparent that more data is needed
to better understand the impact zoonotic pathogen richness has on
population status; in particular, hosts of viral, helminth, protozoan,
prion, and fungal zoonoses would give us a better picture of the
distribution of zoonoses in wildlife populations.

We found signs of disease to be overall lacking in the literature.
Only 2,588, approximately 52% of the database, host-pathogen
relationships had any sort of description of how the pathogen
impacted the host species (Figure 2). 1160 host-pathogens were
found to result in the death of the host. 1117 host-pathogen
relationships have reported asymptomatic host carriers.
Unfortunately, many of these cases are likely incomplete in their

N w

Pathogen Richness (mean)

cc LC
Conservation Status

FIGURE 3

A comparison of bacterial zoonosis richness in wildlife species with
an IUCN status of conservation concern (CC) and least concern
(LO).
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TABLE 3 AIC table comparing bacterial pathogen richness in different taxonomic models.

K AlCc AAICc AICcWt Cum.Wt LL
Order 57 129478 0.00 1.0 1.0 -588.43
Null 2 1354.87 60.08 0.0 1.0 67543
Family 242 1508.38 213.60 0.0 1.0 -473.07
Genus 913 3724.48 2429.71 0.0 1.0 -53.74
Global 916 374829 2453.52 0.0 1.0 -55.09

assessments. Signs of disease, particularly in chronic cases, can be
difficult to observe in wildlife. The pathogen that is responsible
Lyme disease, borrelia burgdorferi s.l., was thought to reside
asymptomatically in its reservoir hosts, but a field study revealed
pathogen infection reduced reproductive success in bank voles
(Myodes glareolus)(Cayol et al., 2018). Investigations describing
signs of disease in wildlife population will help to better understand
the epidemiology and severity of zoonotic bacterial pathogens on
wildlife populations.

Widescale disease surveillance in wildlife is difficult, time-
consuming, and financially impractical. Identifying specific
groups of animals to survey could mitigate some of these
problems. Previous studies have investigated the proportion of
diseases in wildlife species and found mixed results. Johnson
et al, 2020 reviewed viral diseases in mammalian wildlife and
found viral richness was highest in the Rodentia, Chiroptera,
Primates, Artiodactyla, and Carnivora orders. Mollentze and
Streicker, 2020, also reviewed viral diseases in wildlife. Their work
surveyed both mammalian and avian classes. Unlike the previous
review, they found there was no relationship between Order and
viral richness. Olival et al., 2017 found zoonotic viruses in wildlife
were proportionally higher in species more closely related to
humans. A review of bacterial and viral diseases in wildlife by
Shaw et al.,, 2020 found that pathogen richness does not vary at the

ACD ACD ABD ABD

Pathogen Richness

Anserifrmes
Aidactya

Camivora
Chiroptera

Passeifomes

Peitacifmes
Fadertia
Squamate

order

FIGURE 4

Comparison of the significantly different taxonomic orders to
bacterial zoonosis richness. Different letters indicate pair-wise
significance at p < 0.05.
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order level, and bacterial diseases tended to be more
host specialized.

Our results found that of the Genus, Family, and Order
taxonomic levels, Order was the best predictor for zoonotic
bacterial richness. From a surveillance standpoint, the
relationship between pathogen richness is of interest as previous
studies have found mixed results. While some studies have found
significant diseases in certain orders of animals (Johnson et al,
2020), others have found no relationship (Mollentze and Streicker,
2020; Shaw et al, 2020). Order is an ideal taxonomic group to
examine as it has a broader range of species, allowing for a more
targeted surveillance effort of wildlife species to identify potential
emerging zoonotic pathogens. A breakdown of species richness in
each Order found some groups to have significantly higher species
richness than others (Figure 4). In particular, the Carnivora and
Artiodactyla, orders stand out. The Carnivora order compromised
166 unique species, 100 LC, 57 CC, and 9 DD species. The species
with the greatest pathogen richness were the northern raccoon
(Procyon lotor) with 43 pathogens, red fox (Vulpes vulpes) with 41
pathogens, and the lion (Panthera leo) with 26 pathogens. The
Artiodactyla order is comprised of 166 unique species, 84 LC, 72
CC, and 10 DD. The wild boar (Sus scrofa) has the greatest
pathogen richness of this order and the overall greatest pathogen
richness in the database with 66 host-pathogen relationships found.
Also high on the list red deer (Cervus elaphus) with 35 pathogens,
the European roe deer (Capreolus capreolus) with 30 pathogens and
the white-tailed deer (Odocoileus virginianus) with 25 pathogens.
As mentioned above, Carnivora and Artiodactyla groups have also
been found to have a higher viral richness than other groups.
Members of these two groups would be ideal for preemptive wildlife
disease surveillance and may mitigate future disease surveillance.
The wild boar in particular would be an ideal candidate for disease
surveillance due to its increasing densities, wide geographic range,
and its relatedness to domestic pigs put it more at risk of disease
transmission from domestic populations (Pittiglio et al., 2018).
Many of these cases are lacking in details of how the pathogen
impacts the host, but when information is available many of these
hosts-pathogen relationships contain asymptomatic carriers
(Table 2). Asymptomatic carriers are more likely to spread these
zoonotic pathogens because they have no impact on the hosts health
and can therefore move and interact with the environment as
normal while spreading the disease. Monitoring asymptomatic
carries will help to prevent zoonotic disease spread by identifying
zoonotic pathogen presence before it can jump to a more
susceptible species.
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The other significant relationship we found was between the
orders Anseriformes and Squamata. Anseriformes is represented by
62 unique species, 54 LC and 8 CC. The mallard has the greatest
pathogen richness (21) of this group. Birds and reptiles are not as
widely researched as mammals (Shaw et al., 2020). Many of the
species in the Anseriformes order are game species; since these
species provide an economic benefit, they are more likely to be
researched in terms of diseases they carry that can impact humans.
Birds have been researched in terms of avian disease spread, many
birds have migratory routes that take them thousands of miles,
sometimes across countries. The wide range of these animals, plus
the congregations with other species they make during migrations
make them ideal for transporting and dispersing pathogens
(Peterson et al., 2009). Yet there is a lack of avian information in
zoonotic pathogen databases such as this one (Shaw et al., 2020). To
get a better idea of how birds spread zoonoses, more research
focusing on this group will need to be performed.

Another result of interest was that the Rodentia order had
significantly lower bacterial pathogen richness than both Carnivora
and Artiodactyla. Species of the Order Rodentia are often implicated
as having high pathogen richness, particularly for zoonotic diseases
(Han et al., 2015; Keesing and Ostfeld, 2021; Lacher et al., 2021).
This database did find high pathogen richness in some species
including the house mouse (Mus musculus) to carry 32 different
zoonotic bacterial pathogens, the brown rat (Rattus norvegicus) to
carry 30, and the house rat (Rattus rattus) to carry 24. In this
database, 371 species are represented and 231 of these species have
been found with only one zoonotic pathogen. Whether or not other
species of Rodentia are capable of contracting many diseases
remains to be seen, more disease investigations on the lesser
researched species will give a better idea of whether or not
Rodentia are capable of contracting and maintaining pathogens or
if it is just a few specific species. Focusing disease surveillance efforts
on a few specific Rodentia species may be biasing where we observe
zoonoses. Further efforts identifying zoonoses in Artiodactyla and
Carnivora groups may better our understanding of bacterial
pathogen prevalence and dispersal in wildlife populations.

4.1 Limitations and avenues
for improvements

Our research was compiled through a comprehensive literature
review of available research on host-pathogen interactions. Therefore,
our results are likely biased by research intensity differences among
hosts and pathogen groups. For example, a search for “Mycobacterium
bovis” and “animal” yielded 4,083 articles on Web of Science, but a
search for “Trueperella pyogenes” and “animal” only yielded 240
articles. Pathogen surveillance performed by labs, state agencies, or
veterinary facilities that have not reported their findings were not
included and likely limited the host or symptom data in our database.
When wildlife or bacteria were not identified at the species taxonomic
level, they could not be included in the database, meaning some of
these host lists are likely larger than portrayed here. Many cases of
infection involve multiple pathogens. Clinical signs resulting from co-
infections could not be included as they could not be determined to
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belong to a specific pathogen or were likely exacerbated by the other
pathogens. As a result, signs of disease data are missing or lacking for
some host-pathogen interactions.

This database can be used to further our understanding of how
bacterial zoonoses impacts wildlife populations. While this database
only covers zoonotic bacterial pathogens and species of mammalian,
avian, and reptilian classes, the protocols used here can be applied to
other pathogens and animal groups, filling in the gaps in our zoonotic
disease knowledge. Species can be looked at individually for all the
zoonotic pathogens they can carry, and signs of disease can be used to
assess the risk of pathogen outbreaks in individual populations.
Pathogens only found in captive individuals may give us ideas of
what to look out for in wild populations. Pathogens with large host
ranges that can cross class barriers are identified in this database and
may need to be investigated more thoroughly. A number of species
have no data available on how pathogen infection impacts the host,
future research can be performed to fill in these gaps. The analysis in
this paper barely scratches the surface of our understanding of
bacterial zoonotic diseases in wildlife, this database can be used as
a resource for many future works.

5 Conclusion

As zoonoses become more prevalent and the biodiversity of
wildlife species continues to decline, understanding the presence
and richness of zoonoses in wildlife populations is imperative. We
found conservation status was a factor in pathogen prevalence, and
bacterial zoonoses are significantly more likely to be found in species
of least concern versus conservation concern. Species of conservation
concern are more at risk of individual species lost; therefore, although
species of least concern have greater pathogen prevalence and
richness, it is still important to monitor zoonotic pathogen
prevalence in populations of conservation concern for endangered
species management and recovery. We found Order to be the best
indicator of pathogen richness, particularly in the Carnivora and
Artiodactyla groups. Future disease surveillance efforts may have
better results identifying emerging bacterial zoonoses if they
investigate species of these two orders. Our study is limited in
scope to zoonotic bacteria and three vertebrate classes; expanding
the database to all zoonotic pathogens and vertebrates would give a
better understanding of the relationships between wildlife and
zoonotic pathogens. Nearly half of the host-pathogen relationships
found here were lacking information on how the pathogen impacted
the host species, further research needs to be done to fill in the gaps so
we may better understand how severe pathogen infections are on
wildlife species. Zoonoses pose a threat not only to humans and
domestic animals but to wildlife as well. Monitoring the presence of
zoonoses and understanding how pathogens impact host species is
imperative to maintaining healthy populations.
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