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Mesquita
Molecular Evidence of Hemolivia mauritanica, Ehrlichia spp. and the Endosymbiont Candidatus
Midichloria Mitochondrii in Hyalomma aegyptium Infesting Testudo graeca Tortoises from Doha,
Qatar
Reprinted from: Animals 2020, 11, 30, doi:10.3390/ani11010030 . . . . . . . . . . . . . . . . . . . . 149

vi



About the Editor

João R. Mesquita

João R. Mesquita (Mesquita JR) holds a bachelor in veterinary medicine and an MSc and a PhD

in virology. He is a Diplomate of the European College of Veterinary Microbiology since 2019 and

has been teaching since 2006, currently affiliated with Instituto de Ciências Biomédicas Abel Salazar,

Universidade do Porto. His research interests are focused primarily on human and animal infectious

diseases, particularly on zoonotic agents, with special emphasis on surveillance and epidemiological

tools, as well with infection control. He is an author and co-author of several research papers and

book chapters, as well as editor for several scientific journals. ORCID: 0000-0001-8769-8103.

vii





Preface to ”Emerging and Re-Emerging
Diseases—Novel Challenges in Today’s World”

It is known today that more than 61% of human pathogens are zoonotic, representing 75% of all
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Abstract: More than 61% of all human pathogens are zoonotic, representing 75% of all emerging
pathogens during the past decade. Albeit significant technological leaps in diagnostics development
and disease surveillance, zoonotic emerging infectious diseases are evermore a matter of concern,
particularly in modern days where global warming keeps providing ideal climatic conditions to
the introduction of exotic infectious agents or disease vectors in new territories. Worryingly, the
2019 novel coronavirus epidemic acts as an extreme reminder of the role animal reservoirs play in
public health, accounting for over 4,200,000 deaths worldwide until today. In this Special Issue, we
approach a myriad of zoonotic infectious diseases and their complex mechanisms. This Special Issue
is composed of three reviews on zoonotic diseases of African Lions, hemogregarine classification,
and hepatitis E virus in Brazil, followed by one letter and one opinion piece that broadens the
spectrum of disease emergence to mechanistic aspects of emerging non-communicable diseases. The
Special Issue is completed by six research papers covering a wide array of emerging and re-emerging
diseases of poultry, bovine, poultry and tortoises, of various nature such as parasitic, bacterial,
and viral. This is a brief but assertive collection that showcases the need to address health at the
animal–human–environment interface, in a One Health perspective.

1. Introduction

The notion of crossing the species barrier in infectious diseases derives from the re-
lationship between infectious agents, such as viruses and bacteria, and their host species,
which is restricted by genetic adaptations that develop through co-evolution [1]. Spillover
of these agents is a reality that occurs frequently, potentially leading to the development
of severe disease in the new hosts [1]. Pathogens cross the species barrier frequently that
it is today known that over 61% of all human infectious diseases are of zoonotic origin,
representing 75% of all emerging pathogens during the past 10 years [2]. Although sub-
stantial developments in medical/environmental surveillance and in diagnostic methods
have been recently achieved, zoonotic emerging and re-emerging diseases are still a major
global concern. In fact, such threats are expanding under global warming conditions,
particularly in less developed regions. However, this has not started today. Emerging (and
re-emerging) transmissible diseases have been impacting human populations since the
Agricultural revolution, when hunter-gatherers settled and started crop cultivation and
animal domestication, circa 12,000 years ago, reflecting man’s first steps in nature’s manipu-
lation [3,4]. Since then, a vast number of animal and human diseases have circulated on the
earth’s surface [4], reaching to the current 2019 novel coronavirus epidemic as an extreme
reminder of the role animal reservoirs play in public health [5], shedding SARS-CoV-2 to
humans where it adapted and became transmissible by air [6] and surfaces [7].

This Special Issue of Animals: “Emerging and Re-Emerging Diseases—Novel Chal-
lenges in Today’s World”, presents a total of 11 manuscripts focusing on an important
group of aspects related to diseases that are found to significantly imbalance ecosystems
where humans/animals, pathogens, and the environment interact.
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2. Reviews on Wildlife, Taxonomy, and Public Health

It first starts with three interesting reviews, the first on zoonotic diseases of African
Lions, (Panthera leo) that are bred in captivity on commercial farms across South Africa and
often have close contact with farm staff, tourists, and other industry workers, hence posing
a potential risk of disease interchange between lions and humans [8]. The systematic review
describes a total of 63 pathogenic organisms, with several known pathogens that can be
transmitted from lions to other species, including humans. The second review [9] is focused
on hemogregarines, apicomplexan blood parasites with an obligatory heteroxenous life
cycle that are common blood parasites of fish, amphibians, lizards, snakes, turtles, tortoises,
crocodilians, birds, and mammals. This work recognizes that proper classification for the
hemogregarine complex is available and further develops on evolutionary relationships
producing a reflection on the criteria of generic and unique diagnosis of these parasites.
The last review proposes a systematic presentation of hepatitis E virus in humans, animals,
and environment of Brazil, the fourth largest pig producer in the world [10]. The review
shows that hepatitis E virus genotype 3 was the only retrieved genotype in humans,
animals, and environment in Brazil. The South region of Brazil showed the highest human
seroprevalence and also the highest density of pigs and related industry, suggesting a
zoonotic link and allowing to infer that hepatitis E virus epidemiology in Brazil is similar
to that of industrialized countries.

3. Letters and Opinions

These reviews are followed by one letter and one opinion piece that broadens the spec-
trum of disease emergence to mechanistic aspects of emerging non-communicable diseases
by developing the topic of trefoil factor family member 2 (TFF2), discussing, particularly,
the role of high-fat diet-induced TFF2 in counteracting immune-mediated damage [11] and
as an inflammatory-induced and anti-inflammatory tissue repair factor [12].

4. A Wide Diversity of Original Research

The Special Issue is completed by six research papers covering a wide array of emerg-
ing and re-emerging diseases of poultry, bovine, poultry and tortoises, of various nature
such as parasitic, bacterial, and viral. The first is a descriptive pathological study of avian
schistosomes infection in Whooper Swans (Cygnus cygnus) from rescue/rehabilitation
centers in Honshu, Japan, reporting that swans most likely died from obstructive phlebitis
associated with Allobilharzia visceralis [13]. Additionally, more avian pathogens were as-
sessed, initially bacteria, such as Salmonella Minnesota, with the genomic characterization
of clonal lineages associated with poultry production in Brazil, demonstrating the dis-
semination of two distinct S. Minnesota lineages with high resistance to antibiotics and
important virulence genetic clusters in Brazilian poultry farms [14]. A study on a viral
pathogen of avian origin, specifically, avian influenza H9N2 in broiler chicken, compared
the effectiveness of two different vaccination regimes, ultimately suggesting the use of a
vaccine prepared from a recently circulating H9N2 that showed significantly higher protec-
tion than the other and was found to be more suitable for birds in the Middle East [15]. This
Issue then presents a paper on bovine diseases, initially presenting a molecular approach
on the characterization of bovine papillomavirus Type 1 (BPV-1) in cattle from Egypt. In ad-
dition, the development of a point-of-need molecular test for BPV-1 diagnosis is described,
showing diagnostic utility comparable to PCR-based testing [16]. This article is followed by
a study on the first isolation and molecular characterization of bovine respiratory syncytial
virus strains in Turkish cattle, a disease with a huge economic burden on livestock indus-
tries of countries worldwide [17]. Lastly, the final work reports the molecular detection
and characterization of tick-borne agents on Hyalomma aegyptium ticks from tortoises of a
black market in Doha, Qatar. This study includes the detection of Hemolivia mauritanica,
Ehrlichia spp., and Candidatus Midichloria Mitochondrii and highlights the dangers of the
international trade of tortoises carrying ticks infected with pathogens of veterinary and
medical importance [18].
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5. Concluding Remarks

This is a brief but assertive collection that showcases the need to address health at the
animal–human–environment interface, in a One Health approach. The global perspective
highlighted by the content of this Special Issue reinforces the need of joint and wide efforts
by stakeholders.
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Simple Summary: In South Africa, thousands of African lions are bred on farms for commercial
purposes, such as tourism, trophy hunting, and traditional medicine. Lions on farms often have
direct contact with people, such as farm workers and tourists. Such close contact between wild
animals and humans creates opportunities for the spread of zoonotic diseases (diseases that can
be passed between animals and people). To help understand the health risks associated with lion
farms, our study compiled a list of pathogens (bacteria, viruses, parasites, and fungi) known to affect
African lions. We reviewed 148 scientific papers and identified a total of 63 pathogens recorded in
both wild and captive lions, most of which were parasites (35, 56%), followed by viruses (17, 27%)
and bacteria (11, 17%). This included pathogens that can be passed from lions to other animals and to
humans. We also found a total of 83 diseases and clinical symptoms associated with these pathogens.
Given that pathogens and their associated infectious diseases can cause harm to both animals and
public health, we recommend that the lion farming industry in South Africa takes action to prevent
and manage potential disease outbreaks.

Abstract: African lions (Panthera leo) are bred in captivity on commercial farms across South Africa
and often have close contact with farm staff, tourists, and other industry workers. As transmission of
zoonotic diseases occurs through close proximity between wildlife and humans, these commercial
captive breeding operations pose a potential risk to thousands of captive lions and to public health.
An understanding of pathogens known to affect lions is needed to effectively assess the risk of
disease emergence and transmission within the industry. Here, we conduct a systematic search of
the academic literature, identifying 148 peer-reviewed studies, to summarize the range of pathogens
and parasites known to affect African lions. A total of 63 pathogenic organisms were recorded,
belonging to 35 genera across 30 taxonomic families. Over half were parasites (35, 56%), followed by
viruses (17, 27%) and bacteria (11, 17%). A number of novel pathogens representing unidentified
and undescribed species were also reported. Among the pathogenic inventory are species that can
be transmitted from lions to other species, including humans. In addition, 83 clinical symptoms
and diseases associated with these pathogens were identified. Given the risks posed by infectious
diseases, this research highlights the potential public health risks associated with the captive breeding
industry. We recommend that relevant authorities take imminent action to help prevent and manage
the risks posed by zoonotic pathogens on lion farms.

Keywords: zoonotic disease; Panthera leo; human health; biosecurity; wildlife farming; wildlife trade;
disease transmission
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1. Introduction

Zoonotic diseases are infectious diseases caused by pathogenic agents (including bacteria, parasites,
fungi, viruses, and prions) that can be transmitted between vertebrate mammals and humans [1].
Outbreaks of zoonotic diseases can have widespread consequences for public health and are thought
to cause two billion cases of human illness and over two million human deaths every year [2].
Disease outbreaks from wild animal sources periodically result in hundreds of billions of dollars of
economic damage [3]. The most recent global health pandemic, coronavirus COVID-19, which was
also thought to originate in a wild animal host [4], is likely to cost the global economy between 5–9
trillion USD [5].

The increasing rate of emerging infectious diseases is thought to be a result of human-induced
changes in land use, extraction of natural resources, animal production systems, and the global wildlife
trade [6,7]. Wildlife harbor a large and often unknown reservoir of infectious diseases [8] and zoonotic
disease transmission to people occurs when wild animals are in close proximity with human activity [6].
Most recent global health pandemics [9], including COVID-19, are thought to have originated in wild
animal hosts [4]. A range of solutions could be put in place to prevent future zoonotic epidemics
(see Petrovan et al. [10]). However, it has been suggested that efforts to decrease contact between wild
animals and humans could prove to be the most practical and cost-effective approach in reducing the
global public health threat posed by zoonotic emerging infectious diseases [11].

Commercial use of wildlife, whether legal or illegal, puts humans in direct contact with a range of
wild species [12]. Wildlife farms (herein referred to as facilities that breed non-domesticated species
for commercial purposes) in particular can create opportunity for pathogen transmission between
wild animals and their human caretakers because of regular or prolonged contact for husbandry
purposes [13]. Furthermore, conditions often associated with wildlife farms, such as high concentrations
of wild animals in the same enclosures, poor hygiene, and stress associated with captive conditions,
can reduce resistance to pathogens and increase the risk for transmission of disease [14,15].

A diverse range of wild animal species are farmed around the world for a range of commercial
purposes, for example as exotic pets (e.g., snake farms in West Africa [16]), traditional medicine
(e.g., bear bile farms in China and South-East Asia [17]), leather (e.g., alligators farms in the USA [18]),
or fur (e.g., mink and fox farms in Europe [19]). Cases of infectious disease emergence from pathogen
transmission among farmed wildlife have been documented from across the taxonomic spectrum.
For example, transmission of zoonotic tape worm Armillifer armillatus from snakes to a farm owner
was reported in The Gambia [20], and rapid transmission of coronavirus COVID-19 occurred recently
between mink and farm workers at a mink farm in the Netherlands [21].

African lions (Panthera leo) are bred and kept on commercial farms across South Africa. These lions
are bred for a range of purposes that can involve direct contact with people, including interactive
tourism experiences (e.g., paying international volunteers working with predators and day tourists
involved in cub petting and walking activities), recreational hunting for ‘trophies’, and bone exports
to Asia for use in traditional medicine products [22,23]. For example, lion bone and trophy exports
require a number of ‘middle-men’ who are required to have direct contact with lions and/or handle
their derivatives during transport, slaughter, and/or preparation. This relatively high level of direct
contact between lions and people (or consumption of their parts and derivatives) provides ample
opportunity for zoonotic exchange.

A review of diseases present among lions in the Kruger Park during the 1970s provides an
important insight into the variety of infectious diseases that can affect populations in the wild
(e.g., trichinosis, filariasis, sarcoptic mange, pentastomiasis, echinococcosis, taeniasis, hepatozoonosis,
anthrax, and babesiosis), including some that are considered to be either directly or indirectly
transmissible to humans [24]. Likewise, scientific studies have reported the transmission of zoonotic
infectious diseases between humans and captive lions. For example, in 2015, a zoo-housed lion cub
presented with ‘dermatophytosis’, a disease caused by infection with pathogenic fungi Epidermophyton,
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Microsporum, or Trichophyton, was also contracted by a zookeeper caring for the lion as a result of
continuous contact with the animal [25].

The number of lions bred on farms in South Africa has grown exponentially in the last two decades
to a current captive population of up to 8500 individuals housed across more than 300 facilities [22].
The vast scale of these intensive breeding facilities further increases the number of people in close
contact with lions and the opportunities for zoonotic disease transmission. Yet, to the authors’
knowledge, despite its value for informing efforts to prevent, monitor, and manage any associated
zoonotic disease outbreaks, no attempt has yet been made to compile a list of pathogenic organisms
associated with African lions from recent scientific studies. Consequently, this review of the academic
literature published in the last ten years provides an initial baseline of pathogenic organisms and
discusses the potential animal and public health risks associated with the captive predator industry.

2. Materials and Methods

We conducted a systematic review of the scientific literature using the academic journal database
Web of Science (Philadelphia, PA, USA). A total of 13 search terms relating to pathogenic health
were searched on the database (Disease, Pathogen, Virus, Viral, Bacteria, Bacterial, Parasite, Parasitic,
Fungus, Fungal, Zoonosis, Zoonotic, and Health). Each search term was employed with the Boolean
operator ‘AND’, with the additional term Panthera leo. Searches were conducted for the time period
2009–2019, which returned a total of 252 results, comprising 152 individual academic papers. Of the
152 papers returned from the literature search, one could not be sourced due to institutional access
and three were excluded because they were not published in English. The remaining 148 papers are
included in the analysis.

Each paper was examined by one of six reviewers, who recorded any mention of ‘bacteria’, ‘fungi’,
‘parasite’, ‘protozoa’, or ‘virus’ in each article. All disorders, diseases, or conditions were recorded
in relation to African and Asiatic lions, with a list of specific named pathogenic organisms compiled.
The environment in which the lions were studied was recorded (wild or captive) with specific details
on the type of captivity lions were housed in (commercial enterprises, zoos, private ownership,
or mixed purposes). In addition, the papers were reviewed for information about disease transmission.
The reviewers recorded where it was specified that pathogenic organisms were transmissible between
African lions and other animal species, as well as between African lions and humans.

3. Results

A total of 63 different pathogenic organisms, known to affect lions, were reported (Table 1).
Over half of the reported pathogenic organisms were parasites (35, 56%), including ticks (order Ixodida)
(4, 6%), followed by viruses (17, 27%), and bacteria (11, 17%), with no pathogenic fungi reported.
These 63 pathogenic organisms belong to 35 different genera across 30 different taxonomic
families. Three novel pathogenic organisms representing unidentified and undescribed species were
also reported.

The review also identified a total of 83 clinical symptoms and diseases associated with these
pathogenic organisms (Table 2), highlighting the range of detrimental health risks that these pose to
their feline hosts. With regards to information on the transmission of infectious disease, 38 (26%) of the
scientific papers referred to transmission between lions and other species and three (2%) specifically
referred to transmission between lions and humans.
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Table 1. Pathogenic organisms (categorized into bacteria, parasites, and viruses) specified in the 148
papers in the dataset.

Pathogen Type Family Genus/Species Source

Bacteria Actinomycetaceae Actinomyces [26]
Anaplasmataceae Ehrlichia canis [27]

Bartonellaceae Bartonella koehlerae subsp. boulouisii;
Bartonella henselae [28]

Clostridiaceae Clostridia [26]
Enterobacteriaceae Escherichia coli [26]
Mycobacteriaceae Mycobacterium bovis [29–38]

Mycoplasmataceae Mycoplasma haemominutum [39,40]
Mycoplasma Hemoplasma spp. [41]

Rickettsiaceae Anaplasma phagocytophilum [27]
Streptococcaceae Alpha-hemolytic streptococcus [26]

Viruses Paramyxoviridae Morbillivirus spp. [42,43]
Canine distemper virus [32,37,42,44–59]

Caliciviridae Feline calcivirus [44,47,51,56,60–62]
Sapovirus Norovirus [56]

Herpesviridae Feline herpes virus [44,47,51,60,62]
Retroviridae Feline immunodeficiency virus [32,38,47,51,52,57,60,62–71]

Feline lentivirus [72]
Feline leukemia virus [65,73,74]

Feline panleukopenia virus [44,51,61]
Gammaretrovirus [74]

Parvoviridae feline panleukopenia virus [51]
Parvovirus [75]

Coronaviridae Feline coronavirus [47,62]
Picobirnaviridae Picobirnavirus [76]

Reoviridae Mammalian orthoreovirus [77]
Papillomaviridae Papillomavirus [78]

Smacoviridae Smacovirus [79]

Parasites Babesiidae Babesia canis [80,81]
Babesia felis [80,82]

Babesia lengau [80]
Babesia leo [27,80,82]

Babesia. spp. [32,51,82]
Babesia vogeli [27,80]

Novel babesia (similar to lengau) [80]

Ixodidae
Rhipicephalus simus;

Rhipicephalus sulcatus;
Rhipicephalus appendiculatus

[51]

Rhipicentor nuttalli [51]
Angiostrongylidae Aelurostrongylus abstrusus [83]

Aelurostrongylus spp. [83,84]
Sarcocystidae Cystoisospora spp. [85]

Cystoisospora felis like oocysts;
Cystoisospora rivolta like oocysts [86]

Sarcocystis spp. [84]
Toxoplasma gondii [87,88]

Theileriidae Cytauxzoon manul [27]
Theileria parva;

Theileria sinensis [27]

Diphyllobothriidae Spirometra pretoriensis [89]
Spirometra ranarum [89,90]
Spirometra theileri [89–91]
Spirometra spp. [84,85,92]

Trypanosomatidae
Trypanosome b. rhodesiense;

Trypanosome congolense;
Trypanosome brucei s.l.

[93]

Taeniidae Taeniid cestodes [84]
Taeniid spp. [85]

Toxocaridae Toxascaris leonine [94,95]
Toxocara cati [84]

Trichinellidae Trichinella spp. [96]

Hepatozoidae Hepatozoon canis;
Hepatozoon felis [27,82]
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Table 2. Associated diseases and clinical symptoms recorded in the 148 papers in the dataset.

Category Terms from Source Papers

Diseases

Babesiosis [54]; bovine tuberculosis [29,30,32–34,37,47,52,62,64,71,97–99];
echinococcosis [52]; bilateral pulmonary disease [100]; encephalitis [42,43]; neurologic
disease [43,50]; gingivitis [69]; gallbladder adenocarcinomas [26]; kidney disease [26];

biliary cystadenomas [26]; bacterial septicemia [26]; interstitial pneumonia [26,43];
necrotizing and neutrophilic hepatitis [26]; rabies [53]; pneumonia [94]

Clinical symptoms

Acute neurologic involvement [50]; anemia [32]; anisokaryosis [78]; anorexia [41,42,50];
ataxia [43,100]; bilateral submandibular swelling [100], cachexia [69]; congested lungs
[26]; corneal opacity [100]; dehydration [26,32,69]; dehydration and hypertension due
to kidney disease [101]; depletion of lymphoid organs [50]; depressed serum albumin

[32]; profound depression or stupor [43]; dermal and/or mucocutaneous perioral
masses [78]; diarrhea [94,95]; disorientation [43]; dyspnea [100]; elbow hygroma [33];
emaciation [33,35,100]; enlarged abdominal area [26]; facial and forelimb myoclonus
(recurrent twitching) [43]; feline sarcoids [78]; fibropapilloma [78]; grand mal seizure
[43]; hematologic derangements [64]; hyperglobulinemia [69]; immune depletion [70];
convulsions [102]; head tilt [102]; opisthotonos [102]; incoordination [102]; blindness
[102]; hypoalbunemia [32]; monoytosis [32]; intraductular cholestasis [26]; ivermectin

induced blindness [103]; lethargy [41]; leukopenia [75]; loss of coat condition [69];
lymphadenopathy [33,69]; lymphocytic depletion in lymph nodes and spleen [69];

lymphopenia [42]; hyperglobulinemia [32]; macroscopic abnormalities in the liver [26];
malnutrition [95]; mandibular swelling [33]; mange [33]; marked alopecia [100]; nasal
discharge [42]; neutrophilic splenitis [26]; nodular polycystic lesion [26]; obstruction of

the intestine [94]; papillomas [69]; peribiliary cysts [26]; polycystic liver [26];
pulmonary and bone lesions [35]; pyrexia [42]; severe seizures [104]; shoulder abscess

[33]; tachypnoea [100]; vomiting [94,95]

Of the 109 papers that focused on African lions, 45 (41%) were based on data from captive
lions, 61 (56%) from wild lions, and three (3%) from a mixture of both. Of the studies focusing on
captive lions, only one collected data from a commercial breeding facility in South Africa. The study
used samples from three deceased lions to analyze their evolutionary history and was unrelated to
pathogens or disease. One further study focused on commercial facilities in South Africa but did not
collect first-hand data and instead used literature sources to review the suitability of captive bred lions
for reintroduction into the wild. The remainder of the captive data came from lions housed in zoos,
wildlife sanctuaries, and reserves (34, 76%), in private ownership (5, 11%), or a combination of both
(4, 9%).

4. Discussion

A systematic review of scientific literature confirmed that a range of 63 different pathogenic
organisms are known to exist in both captive and wild free ranging lions (Tables 1 and 2). A number
of novel pathogenic organisms, in some cases representing unidentified and undescribed species,
were reported, including novel Babesia species and Cystoisospora-resembling oocysts.

There is a paucity of knowledge on disease susceptibility, transmission, epidemiology,
and pathology in lions [100]. While the list of known pathogenic organisms will undoubtedly
grow, this review provides an important baseline inventory. Given the conditions in which the lion
farming industry currently operates, the considerable scale of trade in lions, and their susceptibility
to such a wide range of multi-host pathogenic organisms, it is likely that farmed lions could play
a central role in the emergence, amplification, and transmission of disease to both people and wild
animal populations.

4.1. Significance for Lion Health

Some of the pathogenic organisms reported in this review are of significant health concern for
captive and wild lions. For example, Babesia parasites, Mycobacterium bovis (a bacteria known for
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causing tuberculosis), canine distemper virus (CDV), canine parvovirus (CP), and feline panleukopenia
virus (FPLV) (Table 1) are all highly contagious and cause significant morbidity and mortality in
susceptible carnivore species. Infection with these pathogens is associated with a range of clinical
symptoms, including but not limited to: emaciation, alopecia, diarrhea, seizures, recurrent twitching,
and depression (Table 2) from which infected lions can suffer.

Some of these pathogenic organisms are particularly difficult to manage because infection of
susceptible animals does not require direct physical contact. Infected lions shed pathogenic organisms
in feces and other bodily secretions, e.g., aerosolized respiratory secretions [105,106] facilitating
environmental contamination and rapid spread of disease. Furthermore, some of these organisms have
longer incubation periods and can therefore lie undetected in the animals’ systems until they reach
hazardous levels. For example, tuberculosis onset is slow, in many cases with the majority of infected
lions initially appearing healthy [100,107]. In a captive setting, this renders detection and prevention
of spread of infections between individuals housed together very difficult.

In addition, some of these pathogenic organisms are likely to present a management challenge
on commercial lion farms, as the onset of disease in lions often occurs suddenly after high stress
situations, for example after repeated periods of pregnancy and lactation [100]. It has been suggested
that intensive farming conditions and poor hygiene may be increasing the incidence of FPLV in captive
carnivores, such as lions [108]. Disease transmission is promoted in immunocompromising conditions,
and direct human–wildlife contact mixed with limited health and safety standards are all criteria for
an emerging zoonosis hotspot [12].

Another challenge for captive facilities is that seemingly innocuous pathogens can cause harm
when lions are ‘co-infected’ with multiple pathogens. For example, severe mortalities have occurred
when individual lions were infected with both babesiosis and CDV, resulting in severe diseases like
pneumonia and encephalitis, despite appearing healthy when infected with babesiosis alone [81].
This heightens the challenge of identifying infected individuals to manage diseases before transmission
can occur.

4.2. Significance for Human Health

In addition to the potential significance for lion health, many of the pathogenic organisms reported
in the reviewed scientific literature raise concerns for human health. For example, pathogenic strains
of the Enterobacteriaceae Escherichia coli [26], the parasitic Sarcocystidae Toxoplasma gondii [14,87],
and potentially, the parasitic Toxocaridae Toxascaris leonine [109] have a possible fecal–oral transmission
route from lions to humans. For others, such as the Rickettsiaceae Anaplasma phagocytophilum [27],
transmission via the bite of an infected arthropod tick is also possible.

Some pathogens possess the capacity to infect human tissue using keratin and therefore
only require physical contact with the lion’s fur; for example, Microsporum gypseum, the cause
of dermatomycosis [110]. The adoption of prophylactic measures for sanitary maintenance for these
animals and the professionals who maintain contact with them is paramount to reduce possible
transmission of infection but is difficult to manage because of the asymptomatic nature of the pathogens
in healthy lions [110]. Visitors to lion farms in South Africa have reported that basic hygiene protocols,
for example hand sanitizing and stepping points to disinfect shoes between enclosures, are often absent
for those intending to interact with the animals [111].

Lions have also been reported as hosts for diseases listed by the World Health Organization (WHO)
as ‘neglected tropical diseases (NTDs)’ [112]. For example, human African trypanosomiasis caused by
trypanosomes are multi-host parasites capable of infecting a wide range of wildlife species, including
lions [93], that constitute a reservoir of infection for both people and domestic animals. Echinococcosis,
a parasitic disease caused by tapeworms that reside in the intestines of carnivores, including lions [52],
can cause serious morbidity and death in people. The prevalence of Echinococcosis is increasing in some
African countries due to frequent contact between game animals (reservoir hosts), domestic animal
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hosts (such as dogs), and humans who are susceptible to transmission [113]. Neglecting these parasites
can have severe socioeconomic consequences [113].

Captive carnivores can be predisposed to infections of Toxoplasma, a protozoan parasite with
significant zoonotic potential [113]. Lions in particular have been identified as a susceptible host
species [113]. Lions infected with Toxoplasma can transmit the parasites to people via blood and feces,
causing severe pulmonary, cardiac, and brain inflammatory reactions (among others), sometimes with
fatal outcomes [113]. Some Toxoplasma species have also been reported to cause abortion and fetal
death; underestimating the impact of these parasites on humans could lead to a future epidemic where
reduction in life expectancy, and increased child and maternal death, are rife [113].

Lions are also vulnerable to bovine tuberculosis (bTB), a disease caused by infection with
the bacterial pathogen M. bovis [32,47]. Tuberculosis transmission at the wildlife–livestock–human
interface is a growing concern worldwide, particularly in sub-Saharan Africa where infection is
spreading [114]. Lions initially contracted bTB from infected buffalo carcasses [32], and although
no direct spill-over from wildlife to humans (or vice-versa) has yet been documented [114], it is a
growing concern, particularly in countries such as South Africa where there are a relatively high
number of people living with HIV [115,116] and because HIV is the strongest known risk factor for
TB [32]. Transmission of other pathogenic strains of tuberculosis from wild captive animals to humans
has already been documented [117].

Epidemics caused by cats are possible (e.g., canine distemper in big cats) but are considered
to be relatively rare [118]. While no evidence of lion-to-human transmission of feline coronavirus
exists, isolation of pathogens with pandemic potential from any mammalian host is significant as it
may provide conditions suitable for the virus to adapt to other mammalian hosts, enabling efficient
mammal-to-human, and possibly also human-to-human, transmission, paving the way for a potentially
devastating pandemic [119].

For example, it has recently been confirmed that big cats, including lions, can be infected with
Sars-CoV-2 [120]. Some experts have publicly stated their belief that it is unlikely Sars-CoV-2 will
naturally spread in a wild big cat population [118]. However, given the fact that the lions and tigers that
tested positive for Sars-CoV-2 in the Bronx Zoo were likely to be infected by a zoo employee [121,122],
there are on-going concerns that this virus could be passed from humans to big cats and vice versa in
scenarios that involve captive individuals [118].

4.3. Significance for Lion Farming

The maintenance of wild species in captivity provides an opportunity for unnatural human-wildlife
proximity, facilitating interspecies sharing of pathogenic organisms [123]. Lions are kept in captivity in
zoos in many cases as part of conservation breeding programs [124], but also, and in far greater numbers,
on commercial wildlife farms [125]. While published data detailing the scale of wildlife farming
and lion farming in particular in South Africa are scant, the South African Minister of Environment,
Forestry and Fisheries stated in July 2019 in response to a Parliamentary question that the captive lion
population in South Africa amounted to 7979 lions housed across 366 facilities.

Scientific papers that focus on the welfare conditions on commercial lion farms prevalent across
South Africa are currently lacking. However, the living conditions and environments provided
are frequently reported as low welfare, involving large numbers of lions, often in poor physical
condition and in over-crowded spaces [126,127] (Figure 1). High concentrations of wild animals in
the same enclosures can increase the risk for transmission of disease to and from wild animals due to
reduced resistance to pathogens from factors associated with captivity, such as poor hygiene, poor diet,
or stress [14,128]. Furthermore, cub separation from their mothers and the provision of alternative
milk formulas (a practice reported at some lion farms [111]] can lead to nutritional deficiencies [129],
which weakens immune systems and leaves animals more susceptible to pathogens [130].
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Figure 1. Environments provided for lions at commercial captive breeding facilities in South Africa
are frequently reported as low welfare, involving large numbers of lions, often in poor physical
condition and in over-crowded spaces. (Top left) Lioness housed in an enclosure with fecal matter and
decaying carcasses. (Top right) Lions with little to no fur left as a result of severe and untreated mange.
(Bottom left) Lion cub born with severe deformities, likely due to inbreeding. (Bottom right) Lions
housed in overcrowded conditions. Images copyright Blood Lions.

A key part of this industry is “ecotourism”, where people are provided with the opportunity to
come into close and unnatural proximity with lions via cub “petting” and “walking with” interactions
or international volunteers paying to hand-rear lion cubs. The process of preparation of carcasses
for human consumption also presents a considerable risk for transmission of disease to and from
wild animals [131], a risk that is amplified in situations where slaughter and preparation take place at
unregulated slaughterhouses, unbound by official hygiene standards [132]. Furthermore, the regulatory
body that governs the international export of lion bones (The Convention of International Trade of
Endangered Species, ‘CITES’) dictates quotas based on conservation science [133] and is not specifically
aimed at preventing zoonotic disease introduction, despite the major role wildlife trade has as a
transmission pathway for pathogenic organisms [12].

It is also important to note that any pathogenic organisms present in the captive lion population
may pose a threat to the conservation of wild populations, particularly in scenarios where lion farms
are located close to a wild lion habitat and where lion farm staff and visitors are actively engaged in
other activities (e.g., conservation-focused field research, hunting, and photo tourism) that bring them
into close proximity to free-ranging lions. For example, wild racoon dogs (Nyctereutes procyonoides)
are thought to have transmitted CDV to a group of zoo-housed tigers in Japan [42] and records of
transmission of intestinal nematodes between captive felids and local feral cats have been reported
in Brazil [134]. Multi-host pathogenic organisms may pose a particular threat in scenarios where
lion farm activity overlaps with areas inhabited by other free-ranging carnivore species (both wild
and domesticated).

4.4. Mitigating Animal and Public Health Risks

Remedial measures, such as improved animal welfare standards, veterinary interventions,
and biosecurity protocols can partially mitigate the risk of zoonosis at captive lion breeding
facilities [135]. However, due to the potential of asymptomatic pathogens affecting lions [110],
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biosecurity would require sophisticated disease surveillance, which could prove challenging [136,137].
Even with comprehensive surveillance, identification of emerging pathogens is still a challenge
that poses significant animal and public health risks [12]. There is currently no publicly available
information detailing the biosecurity protocols and regulatory standards within the lion breeding
industry and, from our initial review of the literature, an apparent lack of national norms and standards
for the health of the lions housed on commercial farms.

Alternatively, a phased reduction in the scale of, or end to, the commercial captive breeding
of lions for non-conservation purposes in South Africa could help to remove the animal and public
health risks associated with this industry. However, efforts focused on improving animal husbandry,
reducing consumer demand for lions (and their derivatives), increased enforcement effort, and the
provision of economic incentives for farm staff would need to be considered to prevent any unintended
consequences on lion welfare, conservation, and local livelihoods.

4.5. Limitations

We acknowledge that restricting our search to a ten-year time period and to one academic database
will limit the number of relevant articles in our review. In addition, we recognize that additional onsite
research is required to determine the incidence and prevalence of particular pathogenic organisms
(in both captive and wild lion populations) and to help identify which infectious diseases are more likely
to affect them under certain conditions. However, it was not our intention to provide a comprehensive
overview of all pathogens affecting African lions or to provide specific statistics on their occurrence.
Rather, the aim of our study was to create a baseline inventory of key pathogens and associated diseases
and to describe the potential associated health concerns for both lions and people. Although our review
may omit some relevant pathogens, we hope to demonstrate that, by only scratching the surface of this
field, we identify a previously neglected area of consideration that will stimulate increased attention
in future.

5. Conclusions

There are many socio-cultural, political, economic, and conservation factors that create a complex
and nuanced debate around the commercial captive lion breeding industry in South Africa [133].
However, all economic, ethical, and environmental considerations aside, the data presented here
indicate that the industry poses a potential risk to wild animal and public health. This initial literature
review reveals a long and varied list of pathogenic organisms known to affect African lions, some of
which can be transmitted to people. Given the range of pathogens identified, the growth of the
industry over the last couple of decades, and the increasing number of people who have direct contact
with live lions and/or their parts and derivatives, we recommend that a closer examination of the
current policies and practices associated with commercial lion farming is required, particularly under
a biosecurity lens. Furthermore, to properly safeguard lion and public health, it is paramount that
the recommendations of any such examinations should be acted on with clear time-bound objectives
relating to both implementation and enforcement.
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50. Konjević, D.; Sabočanec, R.; Grabarević, Ž.; Zurbriggen, A.; Bata, I.; Beck, A.; Kurilj, A.G.; Cvitković, D.
Canine distemper in Siberian tiger cubs from Zagreb ZOO: Case report. Acta Vet. Brno 2011, 80, 47–50.
[CrossRef]

51. McDermid, K.R.; Snyman, A.; Verreynne, F.J.; Carroll, J.P.; Penzhorn, B.L.; Yabsley, M.J. Surveillance for viral
and parasitic pathogens in a vulnerable African Lion (Panthera Leo) population in the Northern Tuli Game
Reserve, Botswana. J. Wildl. Dis. 2017, 53, 54–61. [CrossRef]

52. Miller, S.M.; Bissett, C.; Burger, A.; Courtenay, B.; Dickerson, T.; Druce, D.J.; Ferreira, S.; Funston, P.J.;
Hofmeyr, D.; Kilian, P.J. Management of reintroduced lions in small, fenced reserves in South Africa:
An assessment and guidelines. Afr. J. Wildl. Res. 2013, 43, 138–154. [CrossRef]

53. Norton, B.B.; Tunseth, D.; Holder, K.; Briggs, M.; Hayek, L.-A.; Murray, S. Causes of morbidity in captive
African lions (Panthera leo) in North America, 2001–2016. Zoo Biol. 2018, 37, 354–359. [CrossRef]

54. Oates, L.; Rees, P.A. The historical ecology of the large mammal populations of N gorongoro C rater, T anzania,
east A frica. Mammal Rev. 2013, 43, 124–141. [CrossRef]

55. O’brien, S.J.; Troyer, J.L.; Brown, M.A.; Johnson, W.E.; Antunes, A.; Roelke, M.E.; Pecon-Slattery, J. Emerging
viruses in the Felidae: Shifting paradigms. Viruses 2012, 4, 236–257. [CrossRef] [PubMed]

56. Olarte-Castillo, X.A.; Hofer, H.; Goller, K.V.; Martella, V.; Moehlman, P.D.; East, M.L. Divergent sapovirus
strains and infection prevalence in wild carnivores in the Serengeti ecosystem: A long-term study. PLoS ONE
2016, 11, e0163548. [CrossRef] [PubMed]

57. Packer, C. The African lion: A long history of interdisciplinary research. Front. Ecol. Evol. 2019, 7, 259.
[CrossRef]

58. Rafiqi, S.I.; Kumar, S.; Reena, K.K.; Garg, R.; Ram, H.; Karikalan, M.; Mahendran, K.; Pawde, A.M.;
Sharma, A.K.; BANERJEE10, P. Molecu-lar characterization of Hepatozoon sp. and Babesia sp. isolated from
endangered asiatic lion (Panthera leo persica). Indian J. Anim. Sci. 2018, 88, 662–666.

59. Watts, H.E.; Holekamp, K.E. Ecological determinants of survival and reproduction in the spotted hyena.
J. Mammal. 2009, 90, 461–471. [CrossRef]

16



Animals 2020, 10, 1692

60. Chaber, A.-L.; Cozzi, G.; Broekhuis, F.; Hartley, R.W.; McNutt, J. Serosurvey for selected viral pathogens
among sympatric species of the African large predator guild in northern Botswana. J. Wildl. Dis. 2017,
53, 170–175. [CrossRef]

61. Risi, E.; Agoulon, A.; Allaire, F.; Le Dréan-Quénec’hdu, S.; Martin, V.; Mahl, P. Antibody response to vaccines
for rhinotracheitis, caliciviral disease, panleukopenia, feline leukemia, and rabies in tigers (Panthera tigris)
and lions (Panthera leo). J. Zoo Wildl. Med. 2012, 43, 248–255. [CrossRef]

62. Trinkel, M.; Cooper, D.; Packer, C.; Slotow, R. Inbreeding depression increases susceptibility to bovine
tuberculosis in lions: An experimental test using an inbred–outbred contrast through translocation.
J. Wildl. Dis. 2011, 47, 494–500. [CrossRef]

63. Adams, H.; Van Vuuren, M.; Kania, S.; Bosman, A.-M.; Keet, D.; New, J.; Kennedy, M. Sensitivity and
specificity of a nested polymerase chain reaction for detection of lentivirus infection in lions (Panthera leo).
J. Zoo Wildl. Med. 2010, 41, 608–615. [CrossRef]

64. Broughton, H.M.; Govender, D.; Shikwambana, P.; Chappell, P.; Jolles, A. Bridging gaps between zoo and
wildlife medicine: Establishing reference intervals for free-ranging african lions (panthera leo). J. Zoo
Wildl. Med. 2017, 48, 298–311. [CrossRef] [PubMed]

65. Filoni, C.; Helfer-Hungerbuehler, A.K.; Catão-Dias, J.L.; Marques, M.C.; Torres, L.N.; Reinacher, M.;
Hofmann-Lehmann, R. Putative progressive and abortive feline leukemia virus infection outcomes in captive
jaguarundis (Puma yagouaroundi). Virol. J. 2017, 14, 226. [CrossRef] [PubMed]

66. Fountain-Jones, N.M.; Packer, C.; Troyer, J.L.; VanderWaal, K.; Robinson, S.; Jacquot, M.; Craft, M.E. Linking
social and spatial networks to viral community phylogenetics reveals subtype-specific transmission dynamics
in African lions. J. Anim. Ecol. 2017, 86, 1469–1482. [CrossRef] [PubMed]

67. Hayward, J.J.; Rodrigo, A.G. Molecular epidemiology of feline immunodeficiency virus in the domestic cat
(Felis catus). Vet. Immunol. Immunopathol. 2010, 134, 68–74. [CrossRef]

68. Kerr, T.J.; Matthee, S.; Govender, D.; Tromp, G.; Engelbrecht, S.; Matthee, C.A. Viruses as indicators of
contemporary host dispersal and phylogeography: An example of feline immunodeficiency virus (FIVP le)
in free-ranging African lion (Panthera leo). J. Evol. Biol. 2018, 31, 1529–1543. [CrossRef]

69. Roelke, M.E.; Brown, M.A.; Troyer, J.L.; Winterbach, H.; Winterbach, C.; Hemson, G.; Smith, D.; Johnson, R.C.;
Pecon-Slattery, J.; Roca, A.L. Pathological manifestations of feline immunodeficiency virus (FIV) infection in
wild African lions. Virology 2009, 390, 1–12. [CrossRef]

70. Troyer, J.L.; Roelke, M.E.; Jespersen, J.M.; Baggett, N.; Buckley-Beason, V.; MacNulty, D.; Craft, M.; Packer, C.;
Pecon-Slattery, J.; O’Brien, S.J. FIV diversity: FIVPle subtype composition may influence disease outcome in
African lions. Vet. Immunol. Immunopathol. 2011, 143, 338–346. [CrossRef]

71. Van Hooft, P.; Keet, D.F.; Brebner, D.K.; Bastos, A.D. Genetic insights into dispersal distance and disperser
fitness of African lions (Panthera leo) from the latitudinal extremes of the Kruger National Park, South Africa.
BMC Genet. 2018, 19, 21. [CrossRef]

72. Meoli, R.; Eleni, C.; Cavicchio, P.; Tonnicchia, M.C.; Biancani, B.; Galosi, L.; Rossi, G. B-cell chronic lymphocytic
leukaemia in an African lion (Panthera leo). Veterinární Med. 2018, 63, 433–437. [CrossRef]

73. Harrison, T.M.; McKnight, C.A.; Sikarskie, J.G.; Kitchell, B.E.; Garner, M.M.; Raymond, J.T.; Fitzgerald, S.D.;
Valli, V.E.; Agnew, D.; Kiupel, M. Malignant lymphoma in African lions (Panthera leo). Vet. Pathol. 2010,
47, 952–957. [CrossRef]

74. Mourier, T.; Mollerup, S.; Vinner, L.; Hansen, T.A.; Kjartansdóttir, K.R.; Frøslev, T.G.; Boutrup, T.S.; Nielsen, L.P.;
Willerslev, E.; Hansen, A.J. Characterizing novel endogenous retroviruses from genetic variation inferred
from short sequence reads. Sci. Rep. 2015, 5, 15644. [CrossRef]

75. Duarte, M.D.; Barros, S.C.; Henriques, M.; Fernandes, T.L.; Bernardino, R.; Monteiro, M.; Fevereiro, M. Fatal
infection with feline panleukopenia virus in two captive wild carnivores (Panthera tigris and Panthera leo).
J. Zoo Wildl. Med. 2009, 40, 354–359. [CrossRef]

76. Gillman, L.; Sánchez, A.M.; Arbiza, J. Picobirnavirus in captive animals from Uruguay: Identification of new
hosts. Intervirology 2013, 56, 46–49. [CrossRef] [PubMed]

77. Ahasan, M.S.; Subramaniam, K.; Sayler, K.A.; Loeb, J.C.; Popov, V.L.; Lednicky, J.A.; Wisely, S.M.;
Krauer, J.M.C.; Waltzek, T.B. Molecular characterization of a novel reassortment Mammalian orthoreovirus
type 2 isolated from a Florida white-tailed deer fawn. Virus Res. 2019, 270, 197642. [CrossRef] [PubMed]

78. Orbell, G.M.B.; Young, S.; Munday, J.S. Cutaneous sarcoids in captive African lions associated with feline
sarcoid-associated papillomavirus infection. Vet. Pathol. 2011, 48, 1176–1179. [CrossRef]

17



Animals 2020, 10, 1692

79. Kraberger, S.; Serieys, L.; Fountain-Jones, N.; Packer, C.; Riley, S.; Varsani, A. Novel smacoviruses identified
in the faeces of two wild felids: North American bobcat and African lion. Arch. Virol. 2019, 164, 2395–2399.
[CrossRef] [PubMed]

80. Chhibber-Goel, J.; Joshi, S.; Sharma, A. Aminoacyl tRNA synthetases as potential drug targets of the Panthera
pathogen Babesia. Parasites Vectors 2019, 12, 482. [CrossRef]

81. Githaka, N.; Konnai, S.; Kariuki, E.; Kanduma, E.; Murata, S.; Ohashi, K. Molecular detection and
characterization of potentially new Babesia and Theileria species/variants in wild felids from Kenya.
Acta Trop. 2012, 124, 71–78. [CrossRef] [PubMed]

82. Williams, B.M.; Berentsen, A.; Shock, B.C.; Teixiera, M.; Dunbar, M.R.; Becker, M.S.; Yabsley, M.J. Prevalence
and diversity of Babesia, Hepatozoon, Ehrlichia, and Bartonella in wild and domestic carnivores from
Zambia, Africa. Parasitol. Res. 2014, 113, 911–918. [CrossRef]

83. Di Cesare, A.; Laiacona, F.; Iorio, R.; Marangi, M.; Menegotto, A. Aelurostrongylus abstrusus in wild felids of
South Africa. Parasitol. Res. 2016, 115, 3731–3735. [CrossRef]

84. Berentsen, A.R.; Becker, M.S.; Stockdale-Walden, H.; Matandiko, W.; McRobb, R.; Dunbar, M.R. Survey
of gastrointestinal parasite infection in African lion (Panthera leo), African wild dog (Lycaon pictus) and
spotted hyaena (Crocuta crocuta) in the Luangwa Valley, Zambia. Afr. Zool. 2012, 47, 363–368. [CrossRef]

85. Seltmann, A.; Webster, F.; Ferreira, S.C.M.; Czirják, G.Á.; Wachter, B. Age-specific gastrointestinal parasite
shedding in free-ranging cheetahs (Acinonyx jubatus) on Namibian farmland. Parasitol. Res. 2019,
118, 851–859. [CrossRef]

86. Dubey, J.P. A review of Cystoisospora felis and C. rivolta-induced coccidiosis in cats. Vet. Parasitol. 2018,
263, 34–48. [CrossRef] [PubMed]

87. Alvarado-Esquivel, C.; Gayosso-Dominguez, E.A.; Villena, I.; Dubey, J.P. Seroprevalence of Toxoplasma
gondii infection in captive mammals in three zoos in Mexico City, Mexico. J. Zoo Wildl. Med. 2013, 803–806.
[CrossRef] [PubMed]

88. Ferreira, S.C.M.; Torelli, F.; Klein, S.; Fyumagwa, R.; Karesh, W.B.; Hofer, H.; Seeber, F.; East, M.L. Evidence
of high exposure to Toxoplasma gondii in free-ranging and captive African carnivores. Int. J. Parasitol.
Parasites Wildl. 2019, 8, 111–117. [CrossRef] [PubMed]

89. Eom, K.S.; Park, H.; Lee, D.; Choe, S.; Kang, Y.; Bia, M.M.; Lee, S.-H.; Keyyu, J.; Fyumagwa, R.; Jeon, H.-K.
Molecular and morphologic identification of Spirometra ranarum found in the stool of African lion, Panthera
leo in the Serengeti plain of Tanzania. Korean J. Parasitol. 2018, 56, 379. [CrossRef]

90. Eom, K.S.; Park, H.; Lee, D.; Choe, S.; Kang, Y.; Bia, M.M.; Ndosi, B.A.; Nath, T.C.; Eamudomkarn, C.;
Keyyu, J. Identity of Spirometra theileri from a Leopard (Panthera pardus) and Spotted Hyena (Crocuta
crocuta) in Tanzania. Korean J. Parasitol. 2019, 57, 639–645. [CrossRef] [PubMed]

91. Jeon, H.-K.; Kim, K.-H.; Sohn, W.-M.; Eom, K.S. Differential Diagnosis of Human Sparganosis Using Multiplex
PCR. Korean J. Parasitol. 2018, 56, 295. [CrossRef]

92. Eberhard, M.L.; Thiele, E.A.; Yembo, G.E.; Yibi, M.S.; Cama, V.A.; Ruiz-Tiben, E. Thirty-Seven Human Cases
of Sparganosis from Ethiopia and South Sudan Caused by Spirometra Spp. Am. J. Trop. Med. Hyg. 2015,
93, 350–355. [CrossRef]

93. Anderson, N.E.; Mubanga, J.; Fevre, E.M.; Picozzi, K.; Eisler, M.C.; Thomas, R.; Welburn, S.C. Characterisation
of the wildlife reservoir community for human and animal trypanosomiasis in the Luangwa Valley, Zambia.
PLoS Negl. Trop. Dis. 2011, 5. [CrossRef]

94. Sheng, Z.-H.; Chang, Q.-C.; Tian, S.-Q.; Lou, Y.; Zheng, X.; Zhao, Q.; Wang, C.-R. Characterization of
Toxascaris leonina and Tococara canis from cougar (Panthera leo) and common wolf (Canis lupus) by nuclear
ribosomal DNA sequences of internal transcribed spacers. Afr. J. Microbiol. Res. 2012, 6, 3545–3549.

95. Xue, L.-M.; Chai, J.-B.; Guo, Y.-N.; Zhang, L.-P.; Li, L. Further studies on Toxascaris leonina (Linstow, 1902)
(Ascaridida: Ascarididae) from Felis lynx (Linnaeus) and Panthera leo (Linnaeus) (Carnivora: Felidae).
Acta Parasitol. 2015, 60, 146–153. [CrossRef]

96. Marucci, G.; La Grange, L.J.; La Rosa, G.; Pozio, E. Trichinella nelsoni and Trichinella T8 mixed infection in a
lion (Panthera leo) of the Kruger National Park (South Africa). Vet. Parasitol. 2009, 159, 225–228. [CrossRef]
[PubMed]

97. Maruping-Mzileni, N.T.; Funston, P.J.; Ferreira, S.M. State-shifts of lion prey selection in the Kruger National
Park. Wildl. Res. 2017, 44, 28–39. [CrossRef]

18



Animals 2020, 10, 1692

98. Groom, R.J.; Funston, P.J.; Mandisodza, R. Surveys of lions Panthera leo in protected areas in Zimbabwe
yield disturbing results: What is driving the population collapse? Oryx 2014, 48, 385–393. [CrossRef]

99. Roos, E.O.; Olea-Popelka, F.; Buss, P.; Hausler, G.A.; Warren, R.; Van Helden, P.D.; Parsons, S.D.;
de Klerk-Lorist, L.-M.; Miller, M.A. Measuring antigen-specific responses in Mycobacterium bovis-infected
warthogs (Phacochoerus africanus) using the intradermal tuberculin test. BMC Vet. Res. 2018, 14, 1–7.
[CrossRef]

100. Viljoen, I.M.; Van Helden, P.D.; Millar, R.P. Mycobacterium bovis infection in the lion (Panthera leo):
Current knowledge, conundrums and research challenges. Vet. Microbiol. 2015, 177, 252–260. [CrossRef]

101. McCain, S.; Allender, M.C.; Schumacher, J.; Ramsay, E. The effects of a probiotic on blood urea nitrogen and
creatinine concentrations in large felids. J. Zoo Wildl. Med. 2011, 42, 426–429. [CrossRef]

102. Gross-Tsubery, R.; Chai, O.; Shilo, Y.; Miara, L.; Horowitz, I.H.; Shmueli, A.; Aizenberg, I.; Hoffman, C.;
Reifen, R.A.M.; Shamir, M.H. Computed tomographic analysis of calvarial hyperostosis in captive lions.
Vet. Radiol. Ultrasound 2010, 51, 34–38. [CrossRef]

103. Saqib, M.; Abbas, G.; Mughal, M.N. Successful management of ivermectin-induced blindness in an African
lion (Panthera leo) by intravenous administration of a lipid emulsion. BMC Vet. Res. 2015, 11, 287. [CrossRef]

104. Loots, A.K.; Cardoso-Vermaak, E.; Venter, E.H.; Mitchell, E.; Kotzé, A.; Dalton, D.L. The role of toll-like
receptor polymorphisms in susceptibility to canine distemper virus. Mamm. Biol. 2018, 88, 94–99. [CrossRef]

105. Deem, S.L.; Spelman, L.H.; Yates, R.A.; Montali, R.J. Canine distemper in terrestrial carnivores: A review.
J. Zoo Wildl. Med. 2000, 31, 441–451. [PubMed]

106. Steinel, A.; Parrish, C.R.; Bloom, M.E.; Truyen, U. Parvovirus infections in wild carnivores. J. Wildl. Dis.
2001, 37, 594–607. [CrossRef] [PubMed]

107. Keet, D.F.; Michel, A.L.; Bengis, R.G.; Becker, P.; Van Dyk, D.S.; Van Vuuren, M.; Rutten, V.; Penzhorn, B.L.
Intradermal tuberculin testing of wild African lions (Panthera leo) naturally exposed to infection with
Mycobacterium bovis. Vet. Microbiol. 2010, 144, 384–391. [CrossRef]

108. Lane, E.P.; Brettschneider, H.; Caldwell, P.; Oosthuizen, A.; Dalton, D.L.; du Plessis, L.; Steyl, J.; Kotze, A.
Feline panleukopaenia virus in captive non-domestic felids in South Africa. Onderstepoort J. Vet. Res. 2016,
83, 1–8. [CrossRef]

109. Moudgil, A.D.; Singla, L.D.; Singh, M.P. An issue of Public Health concern due to emerging drug resistance
against Toxascaris leonina (Linstow, 1909) in Asiatic lions (Panthera leo persica). Int. J. Infect. Dis. 2016,
45, 105. [CrossRef]

110. Bentubo, H.D.L.; Fedullo, J.D.L.; Corrêa, S.H.R.; Teixeira, R.H.F.; Coutinho, S.D. Isolation of Microsporum
gypseum from the haircoat of health wild felids kept in captivity in Brazil. Braz. J. Microbiol. 2006, 37, 148–152.
[CrossRef]

111. Anonymous Personal Comms; 2019.
112. World Health Organisation Neglected Tropical Diseases; World Health Organisation: Geneva, Switzerland, 2020.
113. Odeniran, P.O.; Ademola, I.O. Zoonotic parasites of wildlife in Africa: A review. Afr. J. Wildl. Res. 2016,

46, 1–13. [CrossRef]
114. De Garine-Wichatitsky, M.; Caron, A.; Kock, R.; Tschopp, R.; Munyeme, M.; Hofmeyr, M.; Michel, A. A review

of bovine tuberculosis at the wildlife–livestock–human interface in sub-Saharan Africa. Epidemiol. Infect.
2013, 141, 1342–1356. [CrossRef]

115. Probst, C.; Parry, C.D.; Rehm, J. Socio-economic differences in HIV/AIDS mortality in South Africa. Trop. Med.
Int. Health 2016, 21, 846–855. [CrossRef]

116. Tadokera, R.; Bekker, L.-G.; Kreiswirth, B.N.; Mathema, B.; Middelkoop, K. TB transmission is associated with
prolonged stay in a low socio-economic, high burdened TB and HIV community in Cape Town, South Africa.
BMC Infect. Dis. 2020, 20, 120. [CrossRef] [PubMed]

117. Kiers, A.; Klarenbeek, A.; Mendelts, B.; Van Soolingen, D.; Koëter, G. Transmission of Mycobacterium
pinnipedii to humans in a zoo with marine mammals. Int. J. Tuberc. Lung Dis. 2008, 12, 1469–1473. [PubMed]

118. IUCN SSC Cat Specialist Group 2020. Available online: https://www.facebook.com/IUCN-SSC-Cat-Specialist-
Group-1478766355730648/ (accessed on 29 August 2020).

119. Peiris, J.M.; De Jong, M.D.; Guan, Y. Avian influenza virus (H5N1): A threat to human health.
Clin. Microbiol. Rev. 2007, 20, 243–267. [CrossRef] [PubMed]

120. Opriessnig, T.; Huang, Y. Update on possible animal sources for COVID-19 in humans. Xenotransplantation
2020, 27. [CrossRef]

19



Animals 2020, 10, 1692

121. Goldstein, J.D. Bronx Zoo Tiger is Sick with Coronavirus. The New York Times. 2020. Available online:
https://www.nytimes.com/2020/04/06/science/tiger-cats-coronavirus.html (accessed on 13 August 2020).

122. Steenhuisen, F.J.; Lorimer, J.; Street, P. Didiza’s Attempt to Legalise the Consumption of Wild Animals
Is Unfathomable. Available online: https://www.da.org.za/2020/05/didizas-attempt-to-legalise-the-
consumption-of-wild-animals-is-unfathomable. (accessed on 25 August 2020).

123. Daszak, P.; Cunningham, A.A.; Hyatt, A.D. Anthropogenic environmental change and the emergence of
infectious diseases in wildlife. Acta Trop. 2001, 78, 103–116. [CrossRef]

124. Association of Zoos and Aquiariums African Lion Breeding Program Receives Award from Association
of Zoos & Aquariums. News Releases. 2018. Available online: https://www.aza.org/aza-news-releases/
posts/african-lion-breeding-program-receives-award-from-association-of-zoos--aquariums (accessed on 18
August 2020).

125. Williams, V.L.; Michael, J. Born captive: A survey of the lion breeding, keeping and hunting industries in
South Africa. PLoS ONE 2019, 14, e0217409. [CrossRef]

126. Fobar, R. More than 100 Neglected Lions Found in a South African Breeding Facility. National Geographic.
2019. Available online: https://www.nationalgeographic.co.uk/animals/2019/05/more-100-neglected-lions-
discovered-south-africa-breeding-facility (accessed on 12 August 2020).

127. Katz, B. 108 Neglected Lions Found on South African Breeding Farm. Smithsonian Magazine. 2019. Available
online: https://www.smithsonianmag.com/smart-news/108-neglected-lions-found-south-african-breeding-
farm-180972146/ (accessed on 20 August 2020).

128. Humphrey, T. Are happy chickens safer chickens? Poultry welfare and disease susceptibility. Br. Poult. Sci.
2006, 47, 379–391. [CrossRef]

129. Saragusty, J.; Shavit-Meyrav, A.; Yamaguchi, N.; Nadler, R.; Bdolah-Abram, T.; Gibeon, L.; Hildebrandt, T.B.;
Shamir, M.H. Comparative skull analysis suggests species-specific captivity-related malformation in lions
(Panthera leo). PLoS ONE 2014, 9, e94527. [CrossRef]

130. Beck, M.A.; Levander, O.A. Host nutritional status and its effect on a viral pathogen. J. Infect. Dis. 2000,
182, S93–S96. [CrossRef]

131. Woo, P.C.; Lau, S.K.; Yuen, K. Infectious diseases emerging from Chinese wet-markets: Zoonotic origins of
severe respiratory viral infections. Curr. Opin. Infect. Dis. 2006, 19, 401–407. [CrossRef]

132. Wildlife Conservation Society. Commercial Wildlife Farms in Vietnam: A Problem or Solution for Conservation?
Wildlife Conservation Society: Hanoi, Vietnam, 2008.

133. Coals, P.; Burnham, D.; Loveridge, A.; Macdonald, D.W.; Sas-Rolfes, M.T.; Williams, V.L.; Vucetich, J.A.
The Ethics of Human-Animal Relationships and Public Discourse: A Case Study of Lions Bred for Their
Bones. Animals 2019, 9, 52. [CrossRef] [PubMed]

134. Rendón-Franco, E.; Romero-Callejas, E.; Villanueva-García, C.; Osorio-Sarabia, D.; Muñoz-García, C.I. Cross
transmission of gastrointestinal nematodes between captive neotropical felids and feral cats. J. Zoo Wildl. Med.
2013, 44, 936–940. [CrossRef]

135. Saegerman, C.; Dal Pozzo, F.; Humblet, M.-F. Reducing hazards for humans from animals: Emerging and
re-emerging zoonoses. Ital. J. Public Health 2012, 9. [CrossRef]

136. Halliday, J.; Daborn, C.; Auty, H.; Mtema, Z.; Lembo, T.; de Bronsvoort, B.M.C.; Handel, I.; Knobel, D.;
Hampson, K.; Cleaveland, S. Bringing together emerging and endemic zoonoses surveillance: Shared
challenges and a common solution. Philos. Trans. R. Soc. B Biol. Sci. 2012, 367, 2872–2880. [CrossRef]
[PubMed]

137. Halliday, J.E.B.; Hampson, K.; Hanley, N.; Lembo, T.; Sharp, J.P.; Haydon, D.T.; Cleaveland, S. Driving
improvements in emerging disease surveillance through locally relevant capacity strengthening. Science 2017,
357, 146–148. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

20



animals

Review

Haemogregarines and Criteria for Identification

Saleh Al-Quraishy 1, Fathy Abdel-Ghaffar 2 , Mohamed A. Dkhil 1,3 and Rewaida Abdel-Gaber 1,2,*

����������
�������

Citation: Al-Quraishy, S.;

Abdel-Ghaffar, F.; Dkhil, M.A.;

Abdel-Gaber, R. Haemogregarines

and Criteria for Identification.

Animals 2021, 11, 170. https://

doi.org/10.3390/ani11010170

Received: 27 November 2020

Accepted: 7 January 2021

Published: 12 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Zoology, College of Science, King Saud University, Riyadh 11451, Saudi Arabia;
guraishi@yahoo.com (S.A.-Q.); mohameddkhil@yahoo.com (M.A.D.)

2 Zoology Department, Faculty of Science, Cairo University, Cairo 12613, Egypt; fathyghaffar@yahoo.com
3 Department of Zoology and Entomology, Faculty of Science, Helwan University, Cairo 11795, Egypt
* Correspondence: rabdelgaber.c@ksu.edu.sa

Simple Summary: Taxonomic classification of haemogregarines belonging to Apicomplexa can
become difficult when the information about the life cycle stages is not available. Using a self-
reporting, we record different haemogregarine species infecting various animal categories and
exploring the most systematic features for each life cycle stage. The keystone in the classification
of any species of haemogregarines is related to the sporogonic cycle more than other stages of
schizogony and gamogony. Molecular approaches are excellent tools that enabled the identification
of apicomplexan parasites by clarifying their evolutionary relationships.

Abstract: Apicomplexa is a phylum that includes all parasitic protozoa sharing unique ultrastructural
features. Haemogregarines are sophisticated apicomplexan blood parasites with an obligatory
heteroxenous life cycle and haplohomophasic alternation of generations. Haemogregarines are
common blood parasites of fish, amphibians, lizards, snakes, turtles, tortoises, crocodilians, birds,
and mammals. Haemogregarine ultrastructure has been so far examined only for stages from the
vertebrate host. PCR-based assays and the sequencing of the 18S rRNA gene are helpful methods to
further characterize this parasite group. The proper classification for the haemogregarine complex is
available with the criteria of generic and unique diagnosis of these parasites.

Keywords: haemogregarines; gamogony; sporogony; schizongony; molecular analysis

1. Introduction

Phylum Apicomplexa was described by Levine [1] to include parasitic protozoa shar-
ing unique ultrastructural features known as the “apical complex” (Figure 1). Haemogre-
garines (Figure 2) are ubiquitous adeleorine apicomplexan protists inhabiting the blood
cells of a variety of ectothermic and some endothermic vertebrates [2–4]. They have also an
obligatory heteroxenous life cycle (Figure 3), where asexual multiplication occurs in the ver-
tebrate host; while sexual reproduction occurs in the hematophagous invertebrate vector [5].
This family contains four genera, according to Levine [6]: Haemogregarina Danilewsky [7],
Karyolysus Labbé [8], Hepatozoon Miller [9], and Cyrilia Lainson [10]. Barta [11] conducted a
phylogenetic analysis of representative genera in phylum Apicomplexa using biological
and morphological features to infer evolutionary relationships in this phylum among
the widely recognized groups. The data showed that the biologically diverse Haemogre-
garinidae family should be divided into at least three families (as suggested by Mohammed
and Mansour [12]), were family Haemogregarinidae, containing the genera Haemogrega-
rina and Cyrilia; family Karyolysidae Wenyon [13], of the genus Karyolysus; and family
Hepatozoidae Wenyon [13], of the genus Hepatozoon, since the four genera currently in
the family do not constitute a monophyletic group. The picture is further complicated by
evidence from a study by Petit et al. [14] of a new Brazilian toad haemogregarine parasite
Haemolivia stellata.
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It undergoes sporogonic development in its tick host’s gut wall and has a complex
life cycle that resembles Karyolysus species much more than Hepatozoon, Haemogregarina,
and Cyrilia species. Haemogregarines can be morphologically classified based on the
developmental details of sporogonic phases of the parasite in the vector, which provide the
main characters for classification, the morphology of gametocytes in the red blood cells,
and an evaluation of the stages of development [15,16]. Although useful, this methodology
is not sufficient for a taxonomic diagnosis [17,18] also the classical systematics has been
problematic because of the variability to which morphological details are subjected [19].
Therefore, the use of molecular methods from blood or tissue samples [20–22], with appro-
priate molecular phylogeny study, became an essential adjunct to existing morphological
and biological characters for use in the inference of evolutionary history relationships
among haemoprotozoan parasites [23–25]. Molecular data has been carried out based
using PCR assays targeting the nuclear 18s ribosomal RNA gene, which have been exten-
sively applied to characterize hemoparasites DNA more fully in the absence of complete
life cycles [26–32].

In the present critical review of the haemogregarines complex, the proper classifica-
tion, the criteria of generic and unique diagnosis, and the cosmopolitan distribution of
haemogregarines among the vertebrate and invertebrate hosts are examined because of
their relevant characteristic and taxonomic revisions.

2. Materials and Methods

This review included all related published scientific articles from January 1901 to
December 2020. This article was conducted by searching the electronic databases NCBI,
ScienceDirect, Saudi digital library, and GenBank database, to check scientific articles and
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M.Sc./Ph.D. Thesis related to the research topic of this review. Studies published in the
English language were only included and otherwise are excluded.

Relevant studies were reviewed through numerous steps. In the first step, target
published articles were identified by using general related terms related to the morpholog-
ical features, such as “Haemogregarines” and “Apicomplex”. The second step involved
screening the resulting articles by using highly specific keywords of the generic features for
stages in the life cycle of haemogregarines species, including “Merogony”, “Gamogony”,
“Sporogony”, “Infective stages”, “Motile stage”, “Infection sites”, and “sporozoites”. The
last step of the review focused on selected studies involving the use of molecular analysis
for accurate taxonomic identification by using highly specific keywords, including “PCR”,
“Genetic markers”, “Variable regions”, “18S rRNA”, and “Phylogenetic analysis”.

The obtained data were presented in tables and figures and were: Table 1 representing
the characteristic features for the haemogregarines genera, Tables 2–6 showing haemogre-
garines species, the vertebrate host, site of the merogonic stage, the invertebrate vectors,
site of gamogony and sporogonic stages, geographical locality for hosts, and the authors
for publishing data, Table 7 with the primer sets used for the amplification and sequencing
for the appropriate gene of 18S rRNA for haemogregarines, and Table 8 representing all the
sequenced and deposited haemogregarines in the GenBank database until now.

3. Results and Discussion

In this review, the different stages of the apicomplexan life cycle were used to identify
haemogregarines. However, in most cases, their assignment to one or another genus cannot
be considered more than provisional. Accordingly, about 82 haemogregarines in 155 re-
search articles were identified previously. Osimani [33] stated that the differences between
the haemogregarines relied more on the host’s identity than the parasite’s characteristics.
Mohammed and Mansour [12] reported that haemogregarines gamonts morphology does
not provide generic identification with a reliable key. However, Telford et al. [34], and
Herbert et al. [35] stated that the determination of generic haemogregarines should not be
based exclusively on the gamonts’ form, the type of parasitized host cells, and their effect
on the host and site merogony in host cells. While the most characteristic feature for the
basic identification via the sporogonic stage.

The reviewed species belonged to the four genera within Hemogregarinidae (Table 1).
Following the parsimony analysis in the phylogenetic study of the representative gen-
era in phylum Apicomplexa performed by Siddall and Desser [36] primarily based on
ultrastructural observations, it was concluded that the variations between the differ-
ent haemogregarines genera are mainly reflected by the sporogony features. Besides,
Dvořáková et al. [37] added that the host specificity, together with the haemogregarine’s
careful morphological and biological analysis, is a sound criterion for accurate identifica-
tion. These species are common in different animals as fish (Table 2), amphibians (Table 3),
reptiles (Tables 4–7), birds (Table 8), and mammals (Table 9).
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In the schizogony (merogony) stage, haemogregarines are characterized by their
considerable ability to invade and develop within different organs and cell types inside
the vertebrate host (Tables 2–9). Bray [127] proposed that haemogregarines with schizonts
in the liver should be placed in the genus Hepatozoon. In contrast, those species that
precede schizogony in other organs should belong to another genus as Haemogregarina or
Karyolysus. However, only in the lung of the river turtle, Trionyx gangeticus infected with
Haemogregarina gangetica, was described by Misra [87]. In addition to the usual location of
merogonic development in the liver, lung, and spleen, Ball et al. [71] have found certain
merogonic stages in the highly infected snakes’ brain and heart. Siddall and Desser [84]
described merogonic stages in the lacunar endothelial cells of the circulatory system of the
leech and its proboscis, besides the liver, lung, and spleen in the turtle. Yanai et al. [128]
also described nodular lesions containing schizonts and merozoites of Hepatozoon sp. of the
heart’s martens, perisplenic, and perirenal adipose tissues, the diaphragm, mesentery, and
tongue. Úngari et al. [102] reported that the genus Haemogregarina underwent schizogony
in the circulating blood cells as in turtles and fish, and the genus Hepatozoon underwent
schizogony in the liver. Additionally, there are two morphologically different meronts were
the micro- and macromeronts. The presence of these two forms of meronts was mentioned
to be a fundamental feature of the whole haemogregarine [74,129,130].

Gametocytes are usually the only stages of the parasite detected by scientists. Their
morphology, unfortunately, does not provide a reliable clue to the generic differentiation.
Together with other relevant data, their morphological characteristics offer a reliable basis
for specific identification [35,67]. The haemogregarines gametocytes appeared as sausage-
shaped and generally lie singly within erythrocytes (Tables 2–9), but sometimes free in
extracellular space, which is consistent with Telford et al. [34], Sloboda et al. [79] as the
presence of free extracellular gametocytes. They are also observed in the leucocytes of fish
(Table 2), birds (Table 8), and mammals (Table 9).

The shape, size, and structure of infected blood-corpuscles often undergo considerable
changes. Hypertrophy may result directly from the gametocyte’s added intraerythrocytic
volume or represent an erythrocyte adaptation to the gametocyte’s presence [53,82,131,132].
An entirely different cell response occurred when the gametocytes of Hemogregarina sp.
invaded erythrocytes of Rana berlandieri. The erythrocytes undergo hypertrophy, and
the plasmalemma of the infected erythrocyte demonstrated numerous microvilli-like out-
growings. Hussein [133] also described the hypertrophy of Karyolysus-infected erythrocytes.
Most haemogregarine gametocytes do not invade the host cell’s nucleus but instead move
it to the opposite side or the other host cell’s other pole. This is contrary to the effect of the
genus Karyolysus on the infected erythrocytes. Karyolysus has a karyolytic impact on the
host cell’s nucleus and is therefore identified Karyolysus Reichenow [134].

Little work had been done to identify the actual arthropod vectors of haemogregarines,
as the transmission by inoculation of blood was rarely successful. In general, the inverte-
brate vectors of haemogregarines were the most challenging problem facing this group’s
research progress [49]. The haemogregarines displayed a wide distribution of vertebrate
host infections, and a large number of invertebrate vectors (Tables 2–9). In all haemogre-
garines, fertilization is of Adelea type; both micro- and macrogamonts lie in syzygy within
the same parasitophorous vacuole. Syzygy can stimulate the production of the associ-
ated gamonts in haemogregarines, since only the parasites found in pairs were mostly
differentiated, which is consistent with Davies and Smit [42]. Regarding the number of mi-
crogametes produced by each microgamont, the members of the suborder Adeleidea were
characterized by the production of only a few (four or less) microgametes [135]. Simultane-
ously, the formation of multiple microgametes has been identified in most haemogregarines
species [52]. However, there are some suggestions that multiple microgamete formation
does not occur in the entire genus Hepatozoon [111]. Regarding the number of flagella in
microgametes in haemogregarines, contradictions were recorded. While monoflagellated
microgametes have been described for haemogregarines species [74], biflagellated microga-
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metes were also recorded for other haemogregarines [52]. On the other hand, Michel [85]
reported non-flagellated microgametes in Hepatozoon mauritanicum.

Fertilization follows, leading to the formation of a zygote that becomes an oocyst.
The oocyst is surrounded by a flexible membrane rather than a wall, and it produces
sporozoites that may undergo further merogony. Sporogony is elucidated for just a few
known haemogregarines species, the vast majority of which is supposed to investigate
this aspect of their life-cycle, as reported by Forlano et al. [113]. There is also another
potential criterion for distinguishing between Hepatozoon and Haemogregarina based on
the presence or absence of oocysts containing sporocysts in the invertebrate vector, which
is consistent with Levine [6]. When the developing mite reaches the nymphal stage, the
sporozoites attain their maturity. The sporozoites eventually get the nymph’s stomach
and pass out with their faeces, which are considered infection sources of the vertebrate
host (lizard). The morphological characteristics of the gamonts and meronts found in
the blood cells sometimes provide inadequate information for differential diagnoses [37],
meaning that assigning species of haemogregarines to one of these genera must be based
on the characteristics of its sporogony in the invertebrate vectors [6,64]. However, data on
invertebrate vectors and sporogony are missing for the majority of species [23].

Until now, the current taxonomy of haemogregarines is facing a great challenge due
to the high variation in gamont morphology, low host specificity, unknown invertebrate
hosts in many cases, and fewer details of sporogony. Therefore, molecular approaches
are now available to distinguish populations of morphologically identical but geneti-
cally different parasites, including DNA and polymerase chain reaction (PCR) based
approaches [22,136–141]. Some studies based on PCR-based assays as the reference diag-
nostic test for epidemiological studies, which given their greater sensitivity, particularly
for testing different hosts with intermittent levels of parasitemia via a low infection rate
by gamonts, as Otranto et al. [114], Haklová-Kočíková et al. [18], Jòzsef et al. [24], Ramos
et al. [116], and Mitkova et al. [120]. Notably, all the molecular evidence comes from the
complete and partial sequences of the small subunit (SSU) ribosomal DNA (rDNA) 18S
gene is a sufficient phylogenetic marker to approximate ordinal level relationships and
those within orders [68,98,119,142–145]. Previous molecular studies of Harris et al. [22]
and Barta et al. [19] demonstrated that the haemogregarine species are clustered in sister
clades with interspecies linked more with the host geographic distribution, rather than
host species. There are universal primer sets that were able to molecularly characterize
haemogregarines, as mentioned in Table 10. However, many species with sequences de-
posited in the GenBank database are not identified correctly at the generic level. Table 11
expressed only haemogregarines identified at the species level and others identified at the
generic level are excluded.

Table 10. Primer sets used in the phylogenetic analysis of haemogregarines by 18S rRNA gene.

Primer Set Primer Sequence Reference

4558F 5′- GCT AAT ACA TGA GCA AAA TCT CAA -3′
Mathew et al. [146]2733R 5′- CGG AAT TAA CCA GAC AAA T -3′

2867F 5′- AAC CTG GTT GAT CCT GCC AG -3′
Mathew et al. [146]2868R 5′- TGA TCC TTC TGC AGG TTC ACC TAC -3′

HEMO1 5′ - TAT TGG TTT TAA GAA CTA ATT TTA TGA TTG - 3′
Perkins and Keller [147]HEMO2 5′ - CTT CTC CTT CCT TTA AGT GAT AAG GTT CAC - 3′

HepF 5′- ATA-CAT-GAG-CAA-AAT-CTC-AAC -3′
Inokuma et al. [148]HepR 5′- CTT-ATT-ATT-CCA-TGC-TGC-AG -3′

HepF300 5′- GTTTCTGACCTATCAGCTTTCGAC -3′ Ujvari et al. [20]
HepR900 5′- CAAATCTAAGAATTTCACCTCTGAC -3′
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Table 10. Cont.

Primer Set Primer Sequence Reference

HEP-1 5′- CGC GAA ATT ACC CAA TT -3′
Criado-Fornelio et al. [149]HEP-2 5′- CAG ACC GGT TAC TTT YAG CAG -3′

Piroplasmid-F 5′- CCA GCA GCC GCG GTA ATT -3′ Tabar et al. [150]
Piroplasmid-R 5′- CTT TCG CAG TAG TTY GTC TTT AAC AAA TCT -3′

EF 5′-GAA ACT GCG AAT GGC TCA TT-3′
Kvičerová et al. [26]ER 5′-CTT GCG CCT ACT AGG CAT TC-3′

Hep-001F 5′- CCT GGC TAT ACA TGA GCA AAA TCT CAA CTT -3′
Kledmanee et al. [151]Hep-737R 5′- CCA ACT GTC CCT ATC AAT CAT TAA AGC -3′

BTH-1F 5′- CCT GAG AAA CGG CTA CCA CAT CT -3′
Zintl et al. [152]BTH-1R 5′- TTG CGA CCA TAC TCC CCC CA -3′

GF2 5′- GTC TTG TAA TTG GAA TGA TGG -3′
Hodžić et al. [153]GR2 5′- CCA AAG ACT TTG ATT TCT CTC -3′

Haemog11_F 5′- ATT GGA GGG CAA GTC TGG TG -3′
Rakhshandehroo et al. [99]Haemog11_R 5′- GCG TTA GAC ACG CAA AGT CT -3′

HemoFN 5′- CCG TGG TAA TTC TAG AGC TAA TAC ATG AGC -3′
Alhaboubi et al. [100]HemoRN 5′- GAT AAG GTT TAC GAA ACT TTC TAT ATT TA -3′

Table 11. List of sequences for haemogregarines from GenBank database based on the 18S rRNA gene.

Parasites Hosts Accession Number in GenBank

Haemogregarina podocnemis Podocnemis unifilis MF476203.1 - MF476205.1

Haemogregarina pellegrini Platysternon megacephalum KM887509.1
Malayemys subtrijuga KM887508.1

Haemogregarina sacaliae Sacalia quadriocellata KM887507.1

Haemogregarina stepanowi
Emys orbicularis MT345287.1

Mauremys leprosa MT345284.1 - MT345286.1, KX691418.1, KX691417.1
Emys orbicularis KT749877.1, KF257928.1

Mauremys leprosa KF257929.1
Mauremys rivlata KF257927.1
Mauremys caspica KF257926.1, KF992697.1

Haemogregarina bigemina Lipophrys pholis MK393799.1 - MK393801.1
Haemogregarina balli Chelydra serpentine HQ224959.1

Hepatozoon fitzsimonsi Kinixys zombensis KR069084.1
Chersina angulate KJ702453.1

Hepatozoon ursi Ursus thibetanus japonicus EU041718.1, AB586028.1, LC431855.1 - LC431853.1
Melursus ursinus HQ829437.1 - HQ829429.1

Hepatozoon seychellensis Gradisonia alternans KF246566.1, KF246565.1,

Hepatozoon ayorgbor

Apodemus sylvaticus KT274177.1, KT274178.1
Ctenophthalmus agyrtes KJ634066.1

Python regius EF157822.1
Rhombomys opimus MW342705.1

Hepatozoon musa Crotalus durissus MF497763.1 - MF497767.1
Philodryas natterei KX880079.1

Hepatozoon involucrum Hyperolius marmoratus MG041591.1 - MG041594.1
Ursus arctos MN150506.1 - MN150504.1

Hepatozoon clamatae Rana pipiens MN310689.1
Hepatozoon catesbianae Rana clamitans MN244529.1, MN244528.1, AF040972.1,

Hepatozoon aegypti Spalerosophis diadema MH198742.1
Hepatozoon martis Martes foina MG136688.1, MG136687.1

Hepatozoon procyonis Nasua nasua MF685386.1 - MF685409.1
Hepatozoon griseisciuri Scinurus carolinensis MK452389.1, MK452388.1, MK452253.1, MK452252.1,
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Table 11. Cont.

Parasites Hosts Accession Number in GenBank

Hepatozoon sciuri Scinus vulgaris MN104636.1 - MN104640.1,
Hepatozoon americanum Canis familiaris AF206668.1, KU729739.1

Hepatozoon ingwe Panthera pardus pardus MN793001.1, MN793000.1

Hepatozoon theileri Amietia quecketti KP119773.1, KX512804.1, KJ599676.1,
Amietia delalandii MG041605.1

Hepatozoon caimani Caiman crocodilus yacare MF322538.1, MF322539.1
Caiman crocodilus MF435046.1 - MF435049.1

Hepatozoon silvestris Felis silvestris silvestris KX757032.1
Felis catus MH078194.1, KY649445.1

Hepatozoon tenuis Afrixalus fornasini MG041595.1 - MG041599.1
Hepatozoon thori Hyperolius argus MG041600.1 - MG041603.1
Hepatozoon ixoxo Amietophrynus maculatus KP119772.1

Hepatozoon luiperdjie Panthera pardus pardus MN793002.1 - MN793004.1,
Hepatozoon cuestensis Crotalus durissus MF497769.1, MF497770.1

Hepatozoon sipedon Snakes AF110249.1 - AF110241.1
Hepatozoon erhardovae Megabothris turbidus KJ608372.1
Hepatozoon domerguei Furcifer sp. KM234649.1 - KM234646.1
Hepatozoon tuatarae Sphenodon punctatus GU385473.1 - GU385470.1

Hepatozoon cf. ophisauri Rhombomys opimus MW256822.1
Hepatozoon colubri – MN723844.1
Hepatozoon canis Amblyomma cajennense KT215377.1 - KT215353.1

Amblyomma sculptum KP167594.1
Tapir tapir MT458172.1

Haemaphysalis longicornis MT107092.1 - MT107097.1, MT107087.1 - MT107089.1,
LC169075.1

Haemaphysalis concinna KC509532.1 - KC509527.1

Rhipicephalus sanguineus
MH595911.1 - MH595892.1, MG807347.1, KY056823.1,

MG241229.1, KT587790.1, KT587789.1, KY196999.1,
KY197000.1 - KY197002.1, JQ867389.1, MN207197.1

Rhipicephalus microplus HQ605710.1
Rhipicephalus decoloratus MN294724.1

Canis lupus familiaris

MH615003.1, EU289222.1, DQ071888.1, MK910141.1 -
MK910144.1, MK757793.1 - MK757815.1, MN791089.1,
MN791088.1, MN393913.1, MN393910.1, MK645971.1 -
MK645946.1, MK214285.1 - MK214282.1, MG254613.1 -
MG254622.1, MK091084.1 - MK091092.1, KY940658.1,
MG772658.1, MG254573.1 - MG254611.1, KY021176.1 -
KY021184.1, MG496257.1, MG496273.1, MG062866.1,
MG076961.1, MG209580.1 - MG209594.1, KX588232.1,

KU729737.1, KU729738.1, KY026191.1, KY026192.1,
KX880502.1 - KX880506.1, KX761384.1, KU232309.1,
KU232310.1, KT736298.1, LC012839.1 - LC012821.1,
LC053450.1, JX976545.1, JN584478.1 - JN584475.1,
JF459994.1, GQ176285.1, EU571737.1, EF650846.1,

MW019643.1 - MW019630.1, MT909554.1, MT081051.1,
MT081050.1, MT821184.1, MT499356.1 - MT499354.1,
MT754266.1, LC556379.1, MT433126.1 - MT433121.1

Lycalopex vetulus AY150067.2, MT458173.1
Kinixys species MT704950.1

Lycalopex gymnocercus KX816958.1
Didelphis albiventris KY392884.1, KY392885.1

Canis aureus
KF322145.1, KC886721.1, KC886729.1 - KC886733.1,

KJ868814.1, KJ572977.1 - KJ572975.1, KJ634654.1, JX466886.1
- JX466880.1,
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Table 11. Cont.

Parasites Hosts Accession Number in GenBank

Felis catus KY469446.1, MN689671.1 - MN689661.1

Vulpes vulpes

KF322141.1-KF322144.1, KC886720.1 - KC886728.1,
MK757741.1 - MK757792.1, MN103520.1, MN103519.1,
MH699884.1 - MH699892.1, MG077084.1 - MG077087.1,

KY693670.1, KJ868819.1 - KJ868815.1, KU893118.1 -
KU893127.1, KM096414.1 - KM096411.1, KJ572979.1,
KJ572978.1, EU165370.1, GU376458.1 - GU376446.1,

DQ869309.1, AY731062.1, MW295531.1, MN463026.1 -
MN463021.1

Ixodes ricinus KU597235.1 - KU597242.1, KC584780.1
Hydrochoerus hydrochaeris KY965141.1 - KY965144.1

Cuon alpinus HQ829448.1 - HQ829438.1, MK144332.1
Dermacentor reticulatus KC584777.1 - KC584773.1

Pseudalopex gymnocercus AY471615.1, AY461376.1, AY461375.1
Panthera leo MT814748.1

Panthera tigris MT232064.1 - MT232062.1
Camelus dromedrius MN989311.1

Hepatozoon apri Sus scrofa leucomystax LC314791.1
Amietophrynus gutturalis KP119771.1
Amietophrynus garmani KP119770.1,

Sclerophrys maculata KX512803.1
Sclerophrys pusilla MG041604.1

Hepatozoon cf. felis Felis catus
MK301457.1 - MK301462.1, MK724001.1, MG386482.1 -

MG386484.1, KY649442.1 - KY649444.1, AY628681.1,
AY620232.1

Felis silvestris silvestris KX757033.1, MT210593.1 - MT210598.1,
Puma concolor MT458171.1

Eira barbara MT458170.1
Lycalopex gymnocercus HQ020489.1

Leopardus pardalis KY684005.1
Asiatic lion KX017290.1

Prionailurus bengalensis AB771577.1 - AB771501.1, GQ377218.1 - GQ377216.1
Prionailurus iriomotensis AB636287.1 - AB636285.1

Panthera onca KU232302.1 - KU232308.1
Panthera tigris MT645336.1, MT634695.1

Rhipicephalus sanguineus JQ867388.1
Eurasian lynx MN905025.1, MN905023.1, MN905027.1

Haemolivia parvula Kinixys zombensis KR069083.1, KR069082.1
Haemolivia stellata Amblyomma dissimile MH196477.1 - MH196482.1, MH196475

Amblyomma rotundatum KP881349.1
Haemolivia mariae Egernia stokesii KF992712.1, KF992711.1

Tiliqua rugosa JN211118.1, HQ224961.1

Haemolivia mauritanica Hyalomma aegyptium

MH618775.1, MN463032.1, MN463031.1, MW092781.1 -
MW092776.1, MK918611.1 - MK918608.1, MH497199.1 -
MH497190.1, MH975037.1, MH975031.1, MH975026.1,

MH975025.1,
Hyalomma sp. MF383512. - MF383506.1,

Haemolivia mauritanica Canis lupus familiaris KP719092.1
Testudo marginata KF992710.1, KF992699.1

Testudo graeca KF992709.1 - KF992698.1, MH975039.1 - MH975032.1,
MH975030.1 - MH975027.1, MH975024.1 - MH975021.1,

Karyolysus paradoxa Varanus albigularis KX011039.1, KX011040.1
Karyolysus cf. lacazei Ixodes ricinus MK497254.1
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4. Conclusions

Few haemogregarine characteristics provide a reliable basis for the related parasite to
recognized genera. Details of the sporogonic cycle seem to be the only reliable criterion
as they are the “Key-stone” in the classification system. Morphological characteristics
of the gametocytes do not help in this respect. Features of the schizogonic stages, when
these are known, are not much better as criteria of generic value. Molecular phylogenetic
studies using the appropriate genetic markers are helpful tools for the accurate taxonomic
identification for haemogregarines. Further studies are recommended to include other
nuclear and mitochondrial genes to provide more information about the genetic variability
among haemogregarines.
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Simple Summary: Hepatitis E virus (HEV) is an important causative agent of acute and chronic
hepatitis worldwide. Originally identified in epidemics associated with flooding in Asia, it nowadays
shows very distinct genetic and epidemiological patterns. While HEV genotypes (HEV-) 1 and
2 are associated with the original outbreaks (waterborne diseases), HEV-3 and HEV-4 present a
zoonotic pattern (associated with consumption of meat from infected animals), HEV-5 and 6 have
been found only in wild boar in Japan, and HEV-7 and 8 have been detected in camels and dromedary
seldom affecting humans. Brazil, with a precarious sanitary structure and being an important world
meat producer, was the focus of this study in order to identify patterns of occurrence of HEV. After
reviewing scientific studies, it was identified that the only genotype found in Brazil is HEV-3 and
the area where there were more reports was the South region of the country. This is the region
that produces more pork. These results indicate that HEV-3 is widespread in the country and
sanitary surveillance is essential in the national production of pigs, as well as the implementation of
monitoring protocols in hospitals.

Abstract: Brazil is the fifth largest country in the world with diverse socioeconomic and sanitary
conditions, also being the fourth largest pig producer in the world. The aim of the present systematic
review was to collect and summarize all HEV published data from Brazil (from 1995 to October 2020)
performed in humans, animals, and the environment, in a One Health perspective. A total of
2173 papers were retrieved from five search databases (LILACs, Mendeley, PubMed, Scopus, and
Web of Science) resulting in 71 eligible papers after application of exclusion/inclusion criteria. Data
shows that HEV genotype 3 (HEV-3) was the only retrieved genotype in humans, animals, and
environment in Brazil. The South region showed the highest human seroprevalence and also the
highest pig density and industry, suggesting a zoonotic link. HEV-1 and 2 were not detected in Brazil,
despite the low sanitary conditions of some regions. From the present review we infer that HEV
epidemiology in Brazil is similar to that of industrialized countries (only HEV-3, swine reservoirs,
no waterborne transmission, no association with low sanitary conditions). Hence, we alert for the
implementation of HEV surveillance systems in swine and for the consideration of HEV in the
diagnostic routine of acute and chronic hepatitis in humans.

Keywords: Brazil; HEV; zoonotic; One Health

1. Introduction

In the last years, hepatitis E virus (HEV) has captured widespread attention when
autochthonous hepatitis E cases started to be reported in industrialized countries [1]. Until
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then, hepatitis E was considered a rare disease in these countries and only associated with
travelers returning from HEV endemic areas in Africa and Asia [2]. All the autochthonous
cases reported in industrialized countries were caused by two HEV genotypes, namely
HEV genotypes 3 (HEV-3) and 4 (HEV-4), that showed to have distinct epidemiological
and clinical characteristics from the HEV genotype 1 (HEV-1) and HEV genotype 2 (HEV-2)
circulating in developing countries. HEV-1 and HEV-2 are restricted to humans, trans-
mitted by orofecal route through contaminated waters (usually linked to the lack of basic
sanitation), and associated with large waterborne outbreaks of acute hepatitis in under-
developed regions [3]. HEV-3 and HEV-4 are zoonotic viruses, common in domestic and
wild pigs that infect humans as an accidental host through the consumption of uncooked
contaminated pork products, being associated with sporadic human hepatitis cases [2,4].
Clinical features of these genotypes are also unique, with infections mostly asymptomatic
in immunocompetent but with the capacity to progress to chronic hepatitis with liver
cirrhosis in immunocompromised patients (such as organ transplant recipients and HIV
patients), being also associated to diverse extra-hepatic manifestations (neurological and
haematological) [2].

HEV is a non-enveloped positive-sense single-stranded RNA virus, belonging to
Hepeviridae family, genera Orthohepevirus, species A, with eight genotypes currently recog-
nized (HEV-1 to HEV-8) [3]. HEV-1 and HEV-4 have been detected in human cases, while
HEV-5 and HEV-6 are genotypes strictly found in wild boar, HEV-7 and HEV-8 found
in dromedary and Bactrian-camels [3]. There is only one report of HEV-7 in humans [5].
Currently, HEV-3 is subdivided into at least 11 subtypes (3a–3j, 3ra) [6].

Since swine are the main reservoir of HEV-3 as well as the main source of human
infection and given that Brazil is the fourth largest pig producer in the world [7], a high
HEV-3 circulation in the country is expected. Brazil is divided into 5 regions, namely North,
Northeast, Midwest, Southeast and South, 26 states and a Federal District, with a total, of
5570 municipalities [8]. The South region has the highest pig production in the territory,
accounting for 66.12% of the national production [7]. Moreover, Brazil is a country with
continental dimensions, being the 5th largest country in the world with a population of
circa 211 million, having a great extension of rural and urban areas with extremely diverse
socioeconomic and sanitary conditions that influence infectious diseases dynamics [9].
There is today an increased awareness to monitor and survey the interfaces of human,
animal, and environment in order to manage global health. Hence, the present systematic
review aimed to collect and summarize all HEV published data from Brazil (from 1995 to
October 2020) performed in humans, swine, other animals, and the environment, from a
One Health perspective.

2. Materials and Methods

Exhaustive searches were carried out in the electronic databases: Latin American and
Caribbean Health Sciences Literature (LILACs), Mendeley, PubMed, Scopus, and Web of
Science. Two independent investigators (DFSDM and JRM) searched the databases, and
included all studies published until October 2020. The study followed the protocol of the
Preferred Reporting of Systematic Reviews and Meta-Analysis (PRISMA) [10], and the
studies included should necessarily be published, indexed, and peer reviewed. No filters
or other forms of search restrictions were used to achieve the greatest possible reach.

The literary search was made in the databases already mentioned above using the
keywords (HEV OR Hepatitis E Virus) AND (Brazil). After reading the title and the abstract,
papers that did not address Brazil as a scope or part of the scope, papers that did not study
HEV, duplicate studies, review articles and experimental studies were excluded from this
systematic review. Papers that did not make clear the information in the title and abstract
were read in full and only those that contained the target content were included.

For the purpose of constructing this systematic review, all studies found in the
databases that aimed at the parsing HEV in Brazil on their study scope were included,
regardless of language, studied population or sample size. All authors independently
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screened the databases, and relevant information was extracted. Differences in opinions
about whether to include an article were solved by consensus between all the authors.

3. Results

A total of 2173 papers were retrieved from the 5 databases used for the search
(Figure 1). After removal of duplicated papers (n = 542), exclusion criteria were applied
to eliminate non-related papers, namely papers classified as “non-Brazilian” (n = 24),
“non-HEV” (n = 1519), as well as review articles and in vivo animal experimental studies.

Figure 1. PRISMA Flow diagram showing the steps of the record selection procedure and reporting
the strategies of inclusion/exclusion (explaining their reasons).

Application of inclusion and exclusion criteria generated a total of 71 eligible papers.
They were all included in the study after being assessed by full-reading. The distribution of
published papers by regions of Brazil and type of study can be observed in Figure 2. HEV
studies in humans, swine and animal products, animals other than swine, and environment
are summarized in Tables 1–4, respectively.
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Figure 2. Distribution (number) of HEV studies according to the regions of Brazil and the origin
(human, swine and animal products, animals other than swine, and environmental).

3.1. HEV in Humans

HEV studies performed in humans in Brazil (Table 1) were focused on a variety of
population groups and most were serological surveys.

Studies performed in populations from regions with lower sanitation and hygiene
conditions in the North region found an anti-HEV IgG seroprevalence of 0.3% in afro
descendants [14]. Studies done in poor communities in the Midwest region found an
anti-HEV IgG seroprevalence of 3.3% and 10.66% in adults [28,30] and 4.5% in children [27].
In the Southeast region, a seroprevalence of 2.4% was found also in poor communities [34].

Seroprevalence studies focusing on rural settlements (Table 1) found anti-HEV IgG
seroprevalences of 12.9% in the North [11], 3.4% [25], 3.9% [23], and 8.4% [26] in the
Midwest, and 2.1% [35] and 20.7% [41] in the Southeast. Three of these studies performed
in rural settlements were also focused on current and/or recent infections. The study of
the Midwest region found 0% of anti-HEV IgM and HEV RNA [25] and the study of the
North found 0.3% of anti-HEV IgM [14].

Several investigations were conducted in HIV patients from Brazil and found anti-
HEV IgG seroprevalence of 4.1% [19] in the North, 0% [32], 6.7% [53] and 10.7% [42] in
the Southeast. Anti-HEV IgM and HEV RNA in HIV patients was searched only in the
Southeast region and found anti-HEV IgM in 0% [32], 0.83% [53], and 1.4% [42], while HEV
RNA was detected in 2.23% [53] and 3.6% [32].

HEV studies in Brazil have also focused on transplant recipients (Table 1). Among
those with kidney transplants, anti-HEV IgG seroprevalence was found to be of 2.5% [21]
in the Midwest, and 3.1% [45] and 15% [43] in the Southeast. HEV RNA was found in
3.1% [45] and 10% [43] of kidney transplant recipients. Only two studies investigated HEV
infection in liver transplant recipients, namely a case report in a pediatric patient [40] and
a study in the Southeast region that found a seroprevalence of anti-HEV IgG and IgM of
8.1% and 2.6%, respectively [39].

65



Animals 2021, 11, 2290

Several investigations in Brazil were conducted in healthy blood donors and pregnant
women (Table 1). Anti-HEV IgG seroprevalence in blood donors was found to be 0.45% [13]
in the North, 2% [18] in the Northeast, 4% [26] in the Midwest, 4% [47], 4.3% [35] and
9.8% [37] in the Southeast, and 2.3% [50], 7.1% [53], 10% [54], 26% [49], and 40.25% [52]
in the South. Of these studies, three also investigated current and/or recent infections
by detecting anti-HEV IgM/HEV RNA, having found 0.33% and 0% [54], and 0.35% and
0.35% [53] respectiely, in the South. In the study of Southeast, anti-HEV IgM/RNA was
2.4% and 0%, but only IgG positive samples were tested [37].

Seroprevalence studies were also conducted in populations with occupational, ex-
posure risk to HEV infection. In hospital employees anti-HEV IgG seroprevalences of
4.34% [48] and 5.9% [47] were found, while in recyclable waste pickers [24] and pig han-
dlers [11] seroprevalences were 5.1% and 6.3%, respectively.

Molecular characterization of the HEV strains detected in humans in Brazil showed
that all belonged to HEV-3 [32,33,40,45,53]. Further characterization of some of the strains
identified subtypes 3b [33,40] and 3i [45].

3.2. HEV in Swine and in Animal Products

All studies performed in swine (Table 2) found evidence of HEV infection, either by
using the detection of anti-HEV IgG and/or HEV RNA. Seroprevalence studies in younger
pigs (<10 months) found an anti-HEV IgG prevalence of 8.6% in North region of Brazil [57]
and 69.7% in the Midwest region [60]. The detection of HEV RNA in stools in this age
group was 1.7% in the Northeast region [58] 7.94% in the North region [57] and 87.5%
in Southwest [67].

In pigs from family-scale the anti-HEV IgG prevalence was 0% [61] and 67% [60] in
the Midwest region, and 77.6% in the South region [71]. Regarding the detection of HEV
RNA in stools of pigs from family-scale farms, 8% [61] and 24% [62] were found positive in
the Midwest region, and 20% [68] in the South region.

Seroprevalence studies on slaughtered pigs showed anti-HEV IgG in 81.2% in Mid-
west [64] and 81.3% in the Northeast [59]. The detection of HEV RNA in bile from slaugh-
tered pigs showed to be positive in 9.6% [66] and 15.2% [65] in Southeast and 0.84%
in South [69].

The molecular characterization of the HEV found in pigs showed several subtypes
(Table 2), namely 3b [62,66,68–72] 3c [57,65,71], 3d [61], 3f [57,58,62], 3h [61,71], and 3i [61,65].

Concerning wild boar, only two HEV seroprevalence studies were performed, both in
the South region, having found a seroprevalence of 14.29% in Rio Grande do Sul state [73]
while in Santa Catarina state, 1.55% [73] and 13.1% [74] seroprevalences were observed.

Regarding the HEV contamination of meat and meat products derived from swine
and other animals (Table 2), HEV RNA was detected in 36% of the pig pâtés and blood
sausages (morcilla) derived from pork [76]. In another study, no HEV was detected either
in pig processed meats such as mortadella, sausage, salami, ham, and pate, or in the raw
meat of bovine, swine, chicken, and capybara [75].

3.3. HEV in Animals Other Than Swine

None of the studies performed in free-living monkeys has found evidence of HEV
infection, either by using the detection of anti-HEV IgG [11] or HEV RNA [77] (Table 3).
Anti-HEV IgG was detected in cows (1.42%), dogs (6.97%), chickens (20%), and wild
rodents (50%), but not in sheep and goats [11]. Two new viruses were detected in wild
rodents, Calomys HEV (CaHEV) and Necromys HEV (NeHEV), and a new orthohepevirus
species was proposed [78] (Table 3).

3.4. HEV in Environment

The detection of HEV RNA in waters (bathing/recreation waters, pig farm drain-
ing waters, settlement influenced waters), bivalve molluscs, and sediments was nega-
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tive [55,76,79] (Table 4). In the two studies performed on pig slurry lagoons, HEV RNA
was detected in 50% [66] and 100% [72] of the samples.

4. Discussion

The HEV studies in humans in Brazil started in the early 90s. The majority of these
initial investigations were conducted in rural areas, possibly motivated by the HEV-1
and HEV-2 data from endemic regions in developing countries with similar poor sanitary
conditions. The first HEV reports in Brazil focused on communities with low levels of
sanitation, such as gold miners [29] and poor communities [28,30] from the Amazon
area of the Midwest region, and from the Southeast region [34]. In these reports, the
fecally contaminated water was pointed as a potential route of HEV transmission and
the seroprevalences within these communities ranged from 0.45% in children to 10.66%
in adults [27,28].

After the recognition of HEV-3 as being responsible for autochthonous hepatitis E in
industrialized countries [81,82], HEV studies in Brazil started to focus on cases of acute
non-A-C viral hepatitis in order to clarify the potential role of HEV in these undiagnosed
cases [17,28,35], efforts that still motivate publications nowadays [15,36]. In general, mark-
ers of current and/or recent HEV infection (anti-IgM HEV and HEV RNA) have been
detected but at a low prevalence, indicating that HEV was not the causal agent of the
majority of these acute hepatitis cases.

Based on the knowledge that HEV-3 infection may progress to a chronic hepatitis in
immunocompromised patients [3], some HEV studies in Brazil have focused on organ
transplant recipients [39] and HIV patients [42]. In kidney transplants, HEV seroprevalence
varied from infrequent (2.5%) [21] to frequent (15%) [43]. In liver transplant recipients the
prevalence of anti-HEV antibodies showed to be higher than immunocompetent popula-
tions in Brazil, suggesting HEV infection as a possible cause of liver injury [39]. Concerning
HIV patients, studies showed similar HEV seroprevalences when compared with blood
donors indicating that HIV patients are not at risk for HEV infection [19,53].

Hepatitis E caused by HEV-1 and HEV-2 has been associated with morbidity and
mortality in pregnant women [3]. Possibly motivated by this, some HEV seroprevalence
studies have been performed in pregnant women in Brazil, however no risk for HEV
seropositivity has been shown in this particular group when compared with the gen-
eral population [13,35,49].

Several studies have evaluated the HEV seroprevalence in the general population
of Brazil, with the majority using blood donors as the sampled group. A great range of
HEV seroprevalence was observed, with the lowest detected in the North (0.45%) [13] and
Northeast regions (2%) [18]. Mid-range levels of HEV seroprevalence were observed in
the Midwest (4%) and Southeast (4%, 9.8%) regions [26,37,47]. In the South region, the
five seroprevalence studies showed values of 2.3% [50], 7.1% [53], 10% [54], 26% [49], and
40.25% [52]. The high seroprevalence detected in the South has been justified for being
the region in Brazil with the highest density of pig farms and the largest consumption of
pig meat and related products [52]. In fact, pig breeding has been suggested to influence
human HEV seroprevalence in other countries [83,84]. Epidemiologic surveys performed
in rural population of Brazil, namely in the North [11] and in the Southeast regions, have
found higher seroprevalences in these populations (12.9% and 20.7%, respectively) when
compared to those previously reported on blood donors from the same regions [11,41].
This difference has been attributed to the lower sanitary conditions of the rural popula-
tions. Overall, the range of seroprevalences observed in Brazil has to be interpreted with
caution since some studies were performed several decades apart and using different
immunoassays. It is widely known that the different anti-HEV IgG immunoassays and
their performance characteristics strongly influence HEV seroprevalence data [85].

Despite the strong evidence of widespread HEV circulation in Brazil, the recent report
of the official governmental databases presented no notification of hepatitis E among the
notified 216,379 hepatitis cases [86]. This draws attention to an underdiagnosis and/or
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underreporting of hepatitis E in Brazil. The underdiagnosing of hepatitis E cases has
been reported elsewhere and is partly attributed to the fact that HEV testing has not been
traditionally included in hepatitis differential diagnostic algorithms [87].

Many HEV studies in Brazil have focused on swine, which is understandable given
the fact that this country is the 4th largest pig producer in the world, with more than
2 million breeders and producing 3975 thousand tons/year of pork meat, with the South
region representing 66.12% of the national production [88]. Circulation of HEV in pigs
of Brazil was observed either in large or family-scale herds, and in all age groups, based
on HEV RNA presence in stools/biological fluids/organs (0.8–88.9%) or anti-HEV IgG
seroprevalence (0–77.6%) [61,62,68,72]. Evidence for HEV infection in slaughtered pigs was
also shown by the high seroprevalence (>80%) detected [59,64]. The circulation of HEV
was also demonstrated in wild boars of Brazil with seroprevalences ranging from 1.55% to
14.29% [73,74]. HEV was inclusively found in pig pâtés and blood sausages derived from
pork [76]. Overall, HEV is highly disseminated in the swine population throughout Brazil
and might present a risk to animal handlers and pork consumers, mainly if pork meat and
meat products are eaten raw or undercooked. The presence of HEV in pigs and derived
pig products has been widely reported in other countries [84,88–90].

In the past years there has been an interest in studying HEV infection in non-human
primates, inclusively Macaca fascicularis were used on experimental in vivo studies per-
formed in Brazil to evaluate HEV pathogenesis [91–93]. HEV seroprevalences have been
reported in farmed Rhesus monkeys in China (70.8%) [94] and in captive non-human
primates in Italy (4.2%) [95] but the only seroprevalence study performed in Brazil in
wild non-human primates did not detect any (0%) anti-HEV antibodies [11]. Further-
more, no HEV RNA was detected in the stools and livers of Golden-headed lion tamarins
of Brazil [77].

Serological studies in Brazil also focused on other animals, having reported the pres-
ence of antibodies anti-HEV in cows, dogs, chicken, and wild rodents, but not in sheep
and goats [11]. Antibodies against HEV have also been detected in dogs in the United
Kingdom [96], in chicken, cows, wild rodents, sheep, and goats in China [97–100], chickens
in Korea [101], sheep in Italy [102], but the zoonotic importance of these animals concerning
HEV remain to be clarified. Noteworthy, two novel HEV strains were discovered in wild
rodents from Brazil (Calomys tener and Necromys asiurus) [78].

Concerning the HEV studies that focused on the environment in Brazil, only water
samples under the influence of swine farm effluents, namely slurry lagoons, were found
positive for HEV [66,72]. Samples from the southern region of Brazil, with a high density
of swine production, detected HEV in up to 100% of the samples analyzed [72]. This same
region coincides with the highest rates of human seropositivity for HEV and is also the
region with the highest concentration of pig production in the country. This fact, analyzed
from the One Health perspective, highlights the zoonotic character of this virus. Swine-
influenced waters contaminated by HEV have been frequently detected and reported
in other countries [103,104]. In the studies of Brazil, HEV was not detected in bivalve
molluscs, recreation waters, or even in waters that drained effluents from pig farms or
waters of poor quality, very close to human settlements [76,79,80]. However, studies in
other countries have reported HEV in bivalve molluscs [105–107], seawater [108], and
wastewater [109,110]. These discrepancies of detection of HEV in environment samples
could be in part due to the low concentration of HEV and complexity of the matrices, two
well-known limiting factors of the detection of enteric viruses in environmental samples.

Concerning the molecular characterization of HEV strains detected in Brazil, studies
showed that all HEVs found in Brazil were classified as HEV-3 (6 studies in humans, 15 in
swine and animal products, and 2 on environmental samples). HEV-3 is known to have
a zoonotic (swine) origin and the subtypes 3b and 3i were detected in humans [33,40,45]
and pigs [61,62,65,66,68–72], while the subtypes 3c [57,65,71], subtype 3d [61], subtype
3f [57,58,62] and subtypes 3h [61,71] have been only detected in pigs. As molecular studies
have been performed using several molecular assays and primer choices, different regions
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of HEV have been targeted and characterized. This clearly hampers the robust classification
of HEV subtypes and, consequently, a solid comparison between subtypes, hence caution
must be taken when analyzing this data. In fact, attention should be paid to several factors
that could bias the interpretation of results here presented. A clear focus has been given
to human samples with little attention to animal or environmental matrices, most likely
due to the initial understanding of this disease, not known to be zoonotic at that time.
Additionally, not only a higher number of studies have also focused on the South where
the highest density of pig farms is present but also a vast diversity of sample sizes has
been used throughout the studies, making it difficult to robustly compare results. Further
studies spatially dispersed are for these reasons recommended.

The present systematic review is not the first that targets HEV in Brazil. The two
published so far have centered only on human infection [111,112] while here we present for
the first time a perspective focusing on the One Health triad, having included HEV studies
on humans, animals, and environment. A One Health approach makes it possible to look
at issues such as zoonotic diseases, food safety, and food security, as well as environmental
contamination and other aspects. In this perspective this review evidenced that the scientific
community has approached the topic of HEV on every aspect of environment, human,
and animal systems individually, however when compiled, this translates into data that
broadens the scope to One Health.

5. Conclusions

Overall, this systematic review shows that HEV-3 was the only retrieved genotype in
humans, animals, and environment in Brazil. The South region showed the highest HEV
seroprevalence in humans, which curiously is also the region with the highest pig density,
swine industry, and pig HEV circulation, suggesting a zoonotic link. HEV- 1 and HEV-2
were not detected in any of the studies performed in Brazil, even in those focusing on low
sanitary condition communities. This allowed us to infer that HEV epidemiology in Brazil
is similar to that of industrialized countries (only HEV-3 circulation, swine reservoirs, no
waterborne transmission, no association with low sanitary conditions). Hence, we alert for
the implementation of HEV surveillance systems in swine and for the inclusion of HEV in
the diagnostic routine of acute and chronic hepatitis in humans. More sequence data are
needed on HEV strains circulating in humans, animals, and the environment to further
evidence the zoonotic origin of HEV infection in Brazil.
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Simple Summary: High-fat (HF) diet induces both immune-mediated damage and trefoil factor
family member 2 (Tff2) expression. As TFF2 has tissue repair and protection properties, this suggests
that HF diet-induced Tff2 production and the resulting TFF2 mucosal protective effects would be a
mechanism to counteract the HF diet-induced tissue damage. On the other hand, the induction of
Tff2 by HF diet could indicate that TFF2 is a food intake regulator (appetite control) since Tff2 is also
expressed in the brain. This highlights the importance of exploring TFF2-related pathways in the
context of obesity management towards potential therapies.

Abstract: Physiological homeostasis requires a balance between the immunological functions and the
resulting damage/side effects of the immunological reactions including those related to high-fat (HF)
diet. Within this context, whereas HF diet, through diverse mechanisms (such as inflammation), leads
to immune-mediated damage, trefoil factor family member 2 (Tff2) represents a HF diet-induced gene.
On the other hand, TFF2 both promotes tissue repair and reduces inflammation. These properties are
towards counteracting the immune-mediated damage resulting from the HF diet. These observations
suggest that the HF diet-induction of Tff2 could be a regulatory pathway aiming to counteract the
immune-mediated damage resulting from the HF diet. Interestingly, since Tff2 expression increases
with HF diet and with Tff2 also expressed in the brain, we also hypothesize that TFF2 could be a HF
diet-induced food intake-control signal that reduces appetite. This hypothesis fits with counteracting
the immune damage since reducing the food intake will reduce the HF intake and therefore, reduces
the HF diet-induced tissue damage. Such food intake signaling would be an indirect mechanism
by which TFF2 promotes tissue repair as well as a pathway worth exploring for potential obesity
management pharmacotherapies.

Keywords: trefoil factor family member 2 (TFF2); high-fat diet; immunity; damage; mice

Animal physiological homeostasis requires a balance between the immunological
functions and the damage/side effects of those immunological reactions. Knowing that
immunological reactions can be triggered by diverse factors, the homeostasis supposes
that parallel or secondary pathways are activated or stimulated with these immunological
reactions to repair the damage. The immune system is a complex network of cells and
circulating fluids that is modulated by the nervous system [1], endocrine system [2],
infections [3], and even diet. Indeed, different types of diets, such as high-sucrose and high-
fat (HF) diets, have been shown to impact immune functions [4,5], among other factors
and genes [6,7]. HF diets characterize our modern life, and are associated with diverse
diseases and health problems, such as obesity, dyslipidemia, diabetes, fatty liver disease
and cardiovascular diseases [7–10]. However, such HF diet-induced immune modulations,
which could be implicated in the HF diet-induced risks and diseases, are yet to be fully
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understood. Within this context, the molecules and signals that are either upregulated or
downregulated with HF diets could be the mechanistic answer, as per the examples we
provide below from studies on mice.

For instance, trefoil factor family member 2 (TFF2), known as spasmolytic peptide [11],
is well involved in mucosal repair, protection and proliferation, as it represents an important
stabilizer of the gastric mucus, with roles in tissue remodeling [12]. Herein, we go beyond
its mucosal protective role to explore the hypothesis linking this diet-induced molecule,
TFF2, to the diet-induced immunomodulation. Indeed, whereas Tff2 has been reported as a
gene that is specifically induced by HF diets in mice [13,14], its knockout protected mice
from HF diet-induced obesity [15] through a metabolic phenotype that contributes to more
energy expenditure and reduced energy storage [16]. The importance of the studies that
identified Tff2 as a gene specifically induced by HF diets is that the control groups were,
unlike in other studies, fasted mice [13,14]. Based on the HF induction of TFF2, we notice
a correlation between the HF diet-induced immunological changes and the TFF2-related
immunological effects and benefits (as illustrated below). This correlation suggests that
TFF2 would be involved in mediating the protective effects against such HF diet damage.

On one side, a HF diet has important immunological impacts. For instance, a HF diet
increases TNFα and IL1β in young mice’s hippocampus [17], and leads to chronic systemic
inflammation [18]. Moreover, a chronic HF diet is also associated with obesity [19,20],
which also affects the immunity [21] and might explain some of the impacts obesity has on
regeneration impairment through diverse processes, including inflammation [22], which is
important in the context of TFF2′s roles in tissues repair.

On the other hand, TFF2, beyond its well-known roles in injured mucosa healing [23–25],
has a noticeable role in the immune response [25,26], as suggested by its expression in
immune organs [27] and its expression during inflammations [12]. Indeed, Helicobacter
infection upregulated it in gastric tissues, macrophages and lymphocytes [11], whereas
Helicobacter pylori eradication decreased TFF2 level in patients’ sera [28]. Furthermore,
TFF2 deficiency leads to a deregulation of macrophages’ and lymphocytes’ proliferative
responses [11], and an accelerated gastritis progression [29] during Helicobacter infection.
This correlates with both the ulceration role of Helicobacter pylori [30] and the tissue re-
pair/protections roles of TFF2 in animal selected tissues [12].

TFF2 expression during such immunological changes seems to be an attempt to
limit the negative impacts of these immune reactions, such as inflammation [12], due to
the HF diet. For instance, TFF2 could both limit the recruitment of leukocytes and the
monocyte production of nitric oxide [25], and decrease macrophage responsiveness [27],
which would contribute to promoting the tissue repair environment. Therefore, this TFF2-
induced downregulation of selected immunological responses would be a step required to
accomplish the healing and protecting effects TFF2 governs.

These illustrative examples present TFF2 as a mediator of the HF diet-triggered
mechanisms attempting to correct the HF diet’s negative impacts, mediated through the
immune system. Interestingly, unlike glucose, which causes insulin as a hormone to be
secreted immediately following meal ingestion [31], there is no equivalent hormone for
lipid ingestion. TFF2 could be that missing signal within animal endocrinology, since in
the studies in which Tff2 was shown to be unregulated at 3 h following a low-fat meal
ingestion, it was upregulated with a HF meal [13,14]. The acute character of this expression
indicates an immediate effect of the HF diet on Tff2 expression. Therefore, TFF2 could
be a short-term lipid-specific signal that controls lipid intake by limiting lipid ingestion
through a TFF2-dependant feedback acting on food intake centers. This is supported by
the differential Tff2 expression in the hypothalamus of fasted, and low-fat and HF diet-
fed, mice (lipid ratio-dependent expression) [15]. This hypothesis is further supported
by the increase in the drive to consume a HF meal, as well as the appetite enhancement
as a consequence of TFF2 deficiency [15]. This would suggest that TFF2 counteracts HF
diet-induced damage indirectly through reducing the HF intake. The other remarkable
link is that TFF2 is mostly expressed in the digestive system [32,33], which represents
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the site whereat the animal’s neuroendocrine receptors first interact with the ingested
food, including HF meals; this further suggests the acute responsiveness of the HF diet’s
induction of TFF2 in the mouse intestine. Always within the digestive system, the HF diet
impacts the local microbiome [34,35], which could be another key link between the diet and
the immunological changes, especially with the known interactions between the immune
system and the microbiome [36–38], the microbiota richness reduction [39], and dysbiosis,
in all of which the HF diet has been implicated [40]. In addition, since several effects of a
HF diet are mediated by microbiota [18] with probiotics that upregulate TFF2 [41], these
microbiota-mediated effects of the HF diet could be through TFF2 expression changes.

These elements highlight TFF2 expression (HF diet-induced) as a feedback aiming
to counteract the immune-mediated HF diet-induced damage. However, the correcting
potential and efficacy of TFF2 would depend on the severity and the chronic or acute
character of such a HF diet. This explains why during obesity (such as in HF diet-induced
obesity in animal models), those TFF2-correcting mechanisms are less efficient due to the
strong immune-mediated damage that overcomes the TFF2-counteracting ability. Further
explorations of diets’ impacts on TFF2 expression, such as high-salt diets [42], within an
immunological context would expand this emerging field linking the type of diet to the
immunological changes via identifying the linking factors. Importantly, combining these
metabolic and immunological properties of TFF2 would allow us to further understand
how mice immunologically react to a HF diet, and elucidate more diet-induced effects on
immunology, infections and inflammation. Importantly, extrapolating these concepts from
mice to humans and building clinical trials based on animal experiments could lead to
developing novel TFF2-based therapies for diseases and conditions, such as inflammation,
and, most importantly, a potential control for lipid intake (appetite control) towards a better
obesity management strategy, which requires urgent solutions due obesity’s epidemiologi-
cal profile and its impacts on health and the economy [43–46].
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3. Brizić, I.; Hiršl, L.; Britt, W.J.; Krmpotić, A.; Jonjić, S. Immune responses to congenital cytomegalovirus infection. Microbes. Infect.

2018, 20, 543–551. [CrossRef] [PubMed]
4. Brown, K.; DeCoffe, D.; Molcan, E.; Gibson, D.L. Diet-Induced Dysbiosis of the Intestinal Microbiota and the Effects on Immunity

and Disease. Nutrients 2012, 4, 1095–1119. [CrossRef]

77



Animals 2021, 11, 258

5. Sato Mito, N.; Suzui, M.; Yoshino, H.; Kaburagi, T.; Sato, K. Long term effects of high fat and sucrose diets on obesity and
lymphocyte proliferation in mice. J. Nutr. Health Aging 2009, 13, 602–606. [CrossRef]

6. Ghanemi, A.; Melouane, A.; Yoshioka, M.; St-Amand, J. Exercise and High-Fat Diet in Obesity: Functional Genomics Perspectives
of Two Energy Homeostasis Pillars. Genes 2020, 11, 875. [CrossRef]

7. Keleher, M.R.; Zaidi, R.; Shah, S.; Oakley, M.E.; Pavlatos, C.; El Idrissi, S.; Xing, X.; Li, D.; Wang, T.; Cheverud, J.M. Maternal
high-fat diet associated with altered gene expression, DNA methylation, and obesity risk in mouse offspring. PLoS ONE 2018,
13, e0192606. [CrossRef]

8. Heydemann, A. An Overview of Murine High Fat Diet as a Model for Type 2 Diabetes Mellitus. J. Diabetes Res. 2016, 2016,
2902351. [CrossRef]

9. Udomkasemsab, A.; Prangthip, P. High fat diet for induced dyslipidemia and cardiac pathological alterations in Wistar rats
compared to Sprague Dawley rats. Clin. Investig. Arterioscler. 2019, 31, 56–62. [CrossRef]

10. Recena Aydos, L.; Aparecida do Amaral, L.; Serafim de Souza, R.; Jacobowski, A.C.; Freitas Dos Santos, E.; Rodrigues Macedo,
M.L. Nonalcoholic Fatty Liver Disease Induced by High-Fat Diet in C57bl/6 Models. Nutrients 2019, 11, 3067. [CrossRef]

11. Kurt-Jones, E.A.; Cao, L.; Sandor, F.; Rogers, A.B.; Whary, M.T.; Nambiar, P.R.; Cerny, A.; Bowen, G.; Yan, J.; Takaishi, S.; et al.
Trefoil family factor 2 is expressed in murine gastric and immune cells and controls both gastrointestinal inflammation and
systemic immune responses. Infect. Immun. 2007, 75, 471–480. [CrossRef] [PubMed]

12. Ghanemi, A.; Yoshioka, M.; St-Amand, J. Trefoil Factor Family Member 2 (TFF2) as an Inflammatory-Induced and Anti-
Inflammatory Tissue Repair Factor. Animals 2020, 10, 1646. [CrossRef] [PubMed]

13. Mucunguzi, O.; Melouane, A.; Ghanemi, A.; Yoshioka, M.; Boivin, A.; Calvo, E.L.; St-Amand, J. Identification of the principal
transcriptional regulators for low-fat and high-fat meal responsive genes in small intestine. Nutr. Metab. 2017, 14, 1–10. [CrossRef]
[PubMed]

14. Yoshioka, M.; Bolduc, C.; Raymond, V.; St-Amand, J. High-fat meal-induced changes in the duodenum mucosa transcriptome.
Obesity (Silver Spring) 2008, 16, 2302–2307. [CrossRef]

15. De Giorgio, M.R.; Yoshioka, M.; Riedl, I.; Moreault, O.; Cherizol, R.G.; Shah, A.A.; Blin, N.; Richard, D.; St-Amand, J. Trefoil factor
family member 2 (Tff2) KO mice are protected from high-fat diet-induced obesity. Obesity (Silver Spring) 2013, 21, 1389–1395.
[CrossRef]

16. Ghanemi, A.; Melouane, A.; Mucunguzi, O.; Yoshioka, M.; St-Amand, J. Energy and metabolic pathways in trefoil factor family
member 2 (Tff2) KO mice beyond the protection from high-fat diet-induced obesity. Life Sci. 2018, 215, 190–197. [CrossRef]

17. Nakandakari, S.; Muñoz, V.R.; Kuga, G.K.; Gaspar, R.C.; Sant’Ana, M.R.; Pavan, I.C.B.; da Silva, L.G.S.; Morelli, A.P.; Simabuco,
F.M.; da Silva, A.S.R.; et al. Short-term high-fat diet modulates several inflammatory, ER stress, and apoptosis markers in the
hippocampus of young mice. Brain Behav. Immun. 2019, 79, 284–293. [CrossRef]

18. Schachter, J.; Martel, J.; Lin, C.S.; Chang, C.J.; Wu, T.R.; Lu, C.C.; Ko, Y.F.; Lai, H.C.; Ojcius, D.M.; Young, J.D. Effects of obesity on
depression: A role for inflammation and the gut microbiota. Brain Behav. Immun. 2018, 69, 1–8. [CrossRef]

19. Lissner, L.; Levitsky, D.A.; Strupp, B.J.; Kalkwarf, H.J.; Roe, D.A. Dietary fat and the regulation of energy intake in human subjects.
Am. J. Clin. Nutr. 1987, 46, 886–892. [CrossRef]

20. Schutz, Y.; Flatt, J.P.; Jéquier, E. Failure of dietary fat intake to promote fat oxidation: A factor favoring the development of obesity.
Am. J. Clin. Nutr. 1989, 50, 307–314. [CrossRef]

21. Andersen, C.J.; Murphy, K.E.; Fernandez, M.L. Impact of Obesity and Metabolic Syndrome on Immunity. Adv. Nutr. 2016,
7, 66–75. [CrossRef] [PubMed]

22. Ghanemi, A.; Yoshioka, M.; St-Amand, J. Regeneration during Obesity: An Impaired Homeostasis. Animals 2020, 10, 2344.
[CrossRef] [PubMed]

23. Taupin, D.; Podolsky, D.K. Trefoil factors: Initiators of mucosal healing. Nat. Rev. Mol. Cell Biol. 2003, 4, 721–732. [CrossRef]
[PubMed]

24. Tran, C.P.; Cook, G.A.; Yeomans, N.D.; Thim, L.; Giraud, A.S. Trefoil peptide TFF2 (spasmolytic polypeptide) potently accelerates
healing and reduces inflammation in a rat model of colitis. Gut 1999, 44, 636–642. [CrossRef] [PubMed]

25. Baus-Loncar, M.; Kayademir, T.; Takaishi, S.; Wang, T. Trefoil factor family 2 deficiency and immune response. Cell Mol. Life Sci.
2005, 62, 2947–2955. [CrossRef]

26. Baus-Loncar, M.; Schmid, J.; Lalani el, N.; Rosewell, I.; Goodlad, R.A.; Stamp, G.W.; Blin, N.; Kayademir, T. Trefoil factor 2 (TFF2)
deficiency in murine digestive tract influences the immune system. Cell Physiol. Biochem. 2005, 16, 31–42. [CrossRef] [PubMed]

27. Judd, L.M.; Chalinor, H.V.; Walduck, A.; Pavlic, D.I.; Däbritz, J.; Dubeykovskaya, Z.; Wang, T.C.; Menheniott, T.R.; Giraud, A.S.
TFF2 deficiency exacerbates weight loss and alters immune cell and cytokine profiles in DSS colitis, and this cannot be rescued by
wild-type bone marrow. Am. J. Physiol. Gastrointest. Liver. Physiol. 2015, 308, G12–G24. [CrossRef]

28. Kaise, M.; Miwa, J.; Fujimoto, A.; Tashiro, J.; Tagami, D.; Sano, H.; Ohmoto, Y. Influence of Helicobacter pylori status and
eradication on the serum levels of trefoil factors and pepsinogen test: Serum trefoil factor 3 is a stable biomarker. Gastric Cancer
2013, 16, 329–337. [CrossRef]

29. Fox, J.G.; Rogers, A.B.; Whary, M.T.; Ge, Z.; Ohtani, M.; Jones, E.K.; Wang, T.C. Accelerated progression of gastritis to dysplasia in
the pyloric antrum of TFF2 -/- C57BL6 x Sv129 Helicobacter pylori-infected mice. Am. J. Pathol. 2007, 171, 1520–1528. [CrossRef]

30. Mobley, H.L. The role of Helicobacter pylori urease in the pathogenesis of gastritis and peptic ulceration. Aliment. Pharmacol. Ther.
1996, 10 (Suppl. 1), 57–64. [CrossRef]

78



Animals 2021, 11, 258

31. Kalwat, M.A.; Cobb, M.H. Mechanisms of the amplifying pathway of insulin secretion in the β cell. Pharmacol. Ther. 2017,
179, 17–30. [CrossRef] [PubMed]

32. Madsen, J.; Nielsen, O.; Tornøe, I.; Thim, L.; Holmskov, U. Tissue localization of human trefoil factors 1, 2, and 3. J. Histochem.
Cytochem. 2007, 55, 505–513. [CrossRef] [PubMed]

33. Hoffmann, W.; Jagla, W.; Wiede, A. Molecular medicine of TFF-peptides: From gut to brain. Histol. Histopathol. 2001, 16, 319–334.
[CrossRef]

34. Hasebe, K.; Rivera, L.R.; Smith, C.M.; Allnutt, T.; Crowley, T.; Nelson, T.M.; Dean, O.M.; McGee, S.L.; Walder, K.; Gray, L.
Modulation of high fat diet-induced microbiome changes, but not behaviour, by minocycline. Brain Behav. Immun. 2019,
82, 309–318. [CrossRef] [PubMed]

35. Hassan, A.M.; Mancano, G.; Kashofer, K.; Fröhlich, E.E.; Matak, A.; Mayerhofer, R.; Reichmann, F.; Olivares, M.; Neyrinck,
A.M.; Delzenne, N.M.; et al. High-fat diet induces depression-like behaviour in mice associated with changes in microbiome,
neuropeptide Y, and brain metabolome. Nutr. Neurosci. 2019, 22, 877–893. [CrossRef] [PubMed]

36. Lambring, C.B.; Siraj, S.; Patel, K.; Sankpal, U.T.; Mathew, S.; Basha, R. Impact of the Microbiome on the Immune System.
Crit. Rev. Immunol. 2019, 39, 313–328. [CrossRef] [PubMed]

37. Shi, N.; Li, N.; Duan, X.; Niu, H. Interaction between the gut microbiome and mucosal immune system. Mil. Med. Res. 2017, 4, 14.
[CrossRef]

38. Ticinesi, A.; Lauretani, F.; Tana, C.; Nouvenne, A.; Ridolo, E.; Meschi, T. Exercise and immune system as modulators of intestinal
microbiome: Implications for the gut-muscle axis hypothesis. Exerc. Immunol. Rev. 2019, 25, 84–95.
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Abstract: Trefoil factor family member 2 (TFF2) is known for its involvement in mucosal repair. Whereas
it is overexpressed during inflammatory processes, adding TFF2 leads to an anti-inflammatory effect that
would contribute to create the microenvironment required for tissue repair. These properties present
TFF2 with a homeostatic pattern during inflammatory processes as illustrated by selected examples.

Keywords: trefoil factor family member 2 (TFF2); inflammation; tissue repair

Dear Editor,

Compared to the diverse physiological entities, digestive and respiratory systems represent the
tissues that interact the most with exogenous organisms and molecules, as they represent the two
“entrances” of the body. This anatomical property exposes these systems to diverse stimuli and injuries
leading to inflammatory reactions, especially with their rich blood flow and close interactions with
the immune system. In addition, their mucosa have a relatively high regenerative and repair activity.
Within the context of mucosal repair, trefoil factor family member 2 (TFF2), also known as spasmolytic
polypeptide and isolated in 1982 [1], is a biological factor known for its involvement in mucosal
repair, protection and proliferation especially within both digestive and respiratory systems [2–8].
TFF2 represents an important component and a stabilizer of the gastric mucus with the property of
binding to the mucin MUC6 [9] and is also involved in tissue remodeling [2,10]. It is expressed in
different species such as mouse [11], cow [12], rat [13], pork [9] and human [14]. In veterinary science,
the animal models of TFF2-modified expression illustrate the importance of this protein in animal
health as shown by studies investigating obesity, gastric secretion, asthma, etc [2,3,10,11].

These TFF2 properties are reflected by the increased susceptibility to injury seen in TFF2-deficient
mice. Indeed, TFF2-deficient mice have an increased gastric ulceration degree compared to wild-type mice
following indomethacin administration [3]. Since there is numerous inflammatory diseases [4,15–17]
that develop in the digestive and respiratory systems, we would like to summarize hypothetic links
between the TFF2 and selected inflammatory-related processes [2,18–20].

TFF2 has been shown to be overexpressed (or upregulated) following inflammations or
inflammatory conditions [18] such as in asthma [2], gastrointestinal ulcerative disease [19] and allergic
airway inflammation [20]. Furthermore, knowing that some interleukins (IL) have been linked to tissue
repair [21–23], such regulation could also be under the control of selected cytokines since, for instance,
IL-4 and IL-13 induce TFF2 in the lung [20]. Other treatments, also leading to cell damage, upregulate
TFF2 or TFF2 expression, such as hypoxia [24] and aspirin in which the damages are also associated with
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hypoxia [24,25]. This suggests that the upregulation would be a response of the inflammation-induced
damage rather than the inflammation itself, which correlates with aspirin damage-induced activation of
Tff2 gene in rats [13]. This would mean that TFF2 would not be required to develop the inflammation
but would rather increase with inflammation, either induced by inflammation or the factor triggering
the inflammation. This TFF2 induction would initiate the healing and repairing process that counteracts
the inflammation-induced damage, which could be a protective mechanism such as during chronic
superficial gastritis [26].

Interestingly, other studies have pointed TFF2 with a potential anti-inflammatory effect.
For instance, a recombinant human TFF2 was shown to reduce colitis inflammation in a rat model;
it increases the colonic epithelial repair rate [27]. Within the same line, applying TFF2 does reduce
inflammatory indexes in a hapten colitis rodent model and has even been suggested as a therapeutic
scaffold for inflammatory bowel disease treatment [28]. Importantly, TFF2 treatment reduces fibrosis
(subepithelial collagen deposition) in a murine model of chronic allergic airways disease [2], which could
indicate a reduced fibrogenesis in tissues undergoing inflammation [29,30]. Thus, TFF2 effects are not
limited to an anti-inflammatory effect but would also reduce the tissue fibrosis. Both effects are towards
tissue repair and counteract the deteriorating inflammatory consequences (damage and fibrosis) as well.
This could explain the TFF2 beneficial effect on intestinal inflammation in animal models, which would
involve reducing both macrophage responsiveness [28] and leukocyte recruitment [31], regulating the
NO-mediated inflammation (monocyte) [32] and blocking inflammatory cell recruitment [28] within
its mechanism. On the same path, TFF2 is also expressed during gastric cancer [33,34]. This could
indicate that the presence of TFF2 aims to limit the cancer-induced inflammatory damages. It could
also represent an attempt to limit cancer growth as suggested by an in vitro study that shows the
inhibition of the growth of gastric cancer cells by TFF2 expression [35].

It is worth precising that the anti-inflammatory effect or fibrosis reduction have been observed when
exogenous TFF2 was added in different conditions [2,27,32] rather than when the inflammation-related
endogenous TFF2 was overexpressed (since inflammation develops although the inflammation-induced
upregulation of TFF2 expression [2,18–20]). This highlights TFF2 overexpression as an attempt to
limit the inflammation and its consequences (such as fibrogenesis). Such an anti-inflammatory effect
or fibrosis reduction would be among the main mechanisms underlying the pathways via which
TFF2 mediates its mucosal protection. Although the inflammatory-induced TFF2 overexpression
(not its exogenous addition) would not lead to a measurable effect on inflammation or fibrosis,
inflammatory-related TFF2 expression would probably contribute to create the biological environment
required for tissue repair, but not only through recruiting selected factors and interacting with
biomolecules such as mucins [18,36].

Interestingly, probiotics have been shown to increase the production of TFF2 in the mouse
stomach [37]. Probiotics also have, in addition to roles in tissue repair [38], anti-inflammatory effects
especially in the intestine [39], which is one of the key tissues of TFF2 expression. Thus, TFF2 might be
among the pathways linking probiotics to the anti-inflammatory and tissue repair effects, probably
involving immunological mechanisms impacted by probiotics [40]. In addition, the reported antibiotic
activity of TFF2 [14] could be complimentary in both inflammation and immunological regulation
towards reducing inflammation-related damages.

Tff2 has been recently characterized as a high-fat diet-induced gene in the intestinal mucosa [41]
and the knock out of this gene lead to a protection from high-fat diet-induced obesity [11,42]. Both these
facts could be further considered for the future exploration of the links between inflammation and
metabolics. Indeed, obesity, for which a high-fat diet increases its development, also represents a risk
factor for both inflammation and cancer development. Therefore, the metabolic implications of TFF2
could be behind a part of the inflammatory and cancer processes, especially based on known links
between metabolic activities and the factors related to inflammation and cancer [43–45]. Within this
context, IL could complete TFF2 roles during tissue repair. For instance, tissue injuries induce IL-6
production [46], which is required for gastric homeostasis [47] and has been shown to play metabolic
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roles [43]. This would indicate complementarity roles between TFF2 and IL during tissue repair by
contributing to create the microenvironment as well as the metabolic conditions required for post-injury
repair and counteracting the tissue damages. Within the context of diet, it is also worth mentioning that
a diet rich in antioxidants would have a beneficial effect on inflammation development [48]. Moreover,
the high-fat diet-induced Tff2 gene expression could be related to counteracting inflammation damages,
since high-fat diet induces oxidative stress [49] and is usually associated with obesity [50,51] which
has both oxidative stress [52] and inflammation [53,54] in its context.

Moreover, the other TFFs (TFF1 and TFF3) would require additional exploration within the context
of inflammation because of their implication in the inflammation process [4] as well as the possible
expression interdependence linking TFF2, TFF1 and TFF3 [55,56]. Furthermore, the inflammatory
properties of TFFs correlate with their immunological roles [28]. This could also justify the expression of
TFFs (minute amounts) in the immune and central nervous systems [57] as well as in cancers [12,58] as
regulatory factors. Deeper understudying of TFF2 implications in inflammation or inflammatory-related
diseases and conditions would allow developing new methods to confirm diagnosis, make prognosis
or follow a therapy efficiency based on TFF2 expression variation as a biological marker, such as in
tumors [33]. Moreover, these implications of TFF2 in inflammation would suggest the potential usage
of TFF2 or targeting TFF2-related pathways to develop novel therapies or optimize those in usage
for diseases and conditions involving an inflammatory component. The “homeostatic property” of
TFF2 exposed is similar to the one we reported for the secreted protein acidic and rich in cysteine
(SPARC) during inflammation [59] and cancer [60]. Interestingly, SPARC is also involved in response
to injury and tissue remodeling [61,62]. Such opposing effects may broaden the application horizons
and these two examples of TFF2 and SPARC illustrate mechanistic links between the need to control
inflammation as well as adapting cellular patterns (metabolism, structural shape, etc.) during tissue
repair and regeneration processes. Elucidating these links will expand therapeutic perspectives based
on molecular pathways of diseases in animals and humans.
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Simple Summary: Avian schistosomes are a group of parasites responsible for most of the reported
cases of cercarial dermatitis outbreaks. Among others, Trichobilharzia is considered the largest genus
of avian Schistosomatidae, and it infects more than 40 avian species. The present study involves
a descriptive pathological study of avian schistosome in 54 whooper swans (Cygnus cygnus) from
various rescue/rehabilitation centers in Honshu, Japan. Interestingly, adult schistosomes were detected
in the lumen of mesenteric, serosal, portal, and testicular veins, in the capillaries of the intestinal
lamina propria, and in the sinusoids of the adrenal gland, spleen, and liver of 23 (42.59%) swans.
Schistosomes were assumed to be Allobilharzia visceralis based on the morphological characteristics of
the worm and eggs found at histopathological examination of internal organs, along with suggestive
pathological findings as well as the pathological findings. Collectively, the present study provides
novel descriptive pathological data about schistosome infection in whooper swans with new insights
on their role in the transmission and spreading of avian schistosomes in Japan.

Abstract: Cercarial dermatitis, or Swimmer’s itch, is one of the emerging diseases caused by the
cercariae of water-borne schistosomes, mainly Trichobilharzia spp. Since the zoonotic potential
of Allobilharzia visceralis is still unknown, studies on this schistosome would be helpful to add
knowledge on its possible role in causing human infections. In the present study, 54 whooper swans
(Cygnus cygnus) from rescue/rehabilitation centers in Honshu, Japan, were necropsied to identify the
cause of death. Grossly, 33 (61.11%) swans were severely emaciated and 23 (42.59%) had multiple
reddened areas throughout the length of the intestine with no worms detected in the internal organs.
Microscopically, adult schistosomes were found in the lumen of the mesenteric, serosal, portal,
and testicular veins, in the capillaries of the intestinal lamina propria, and in the sinusoids of the
adrenal gland, spleen, and liver of 23 (42.59%) swans. Hypertrophy of veins containing adult worms
was identified in 15 (27.77%) swans, and vascular lumen obliteration was observed in 8 (14.81%)
swans. Mild to severe villous atrophy and superficial enteritis were observed in 8 birds (14.81%),
whereas bile pigments and hemosiderin were detected in the livers of 14 (25.92%) and 18 (33.33%)
swans, respectively. In three swans (5.55%), schistosome parasites were found in the subcapsular
veins of the testes. The schistosomes in the present study were assumed to be A. visceralis based
on the microscopical and histological evidence of adult schistosomes found in the lumen of veins
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as well as the infection pathology, which was very similar to the schistosome-induced pathology
previously reported in swans infected by A. visceralis in Europe and Australia. The swans examined
herein most likely died from obstructive phlebitis associated with A. visceralis, but further molecular
confirmation is required for identification of this species. However, the present study does not
provide new data on the zoonotic potential, but only on the pathogenic potential of this schistosome
in swans. Furthermore, our study provides a novel contribution to the description of the pathological
effects of avian schistosomes infection in whooper swans in Japan.

Keywords: schistosome; Allobilharzia visceralis; whooper swans; obstructive phlebitis

1. Introduction

Avian schistosomes are a specialized group of parasites and have a particular importance due
to their zoonotic potential [1–3]. These schistosomes inhabit the circulatory system of the definitive
avian hosts and are commonly known as “blood flukes.” Various species of birds can be infected with
schistosomes, but infection is most prevalent in waterfowl [1,4–7]. Among others, Trichobilharzia is
the largest genus of avian Schistosomatidae, covering more than 40 avian species [8], and they can
be divided into visceral and nasal species based on their predilection sites. Visceral species migrate
through the viscera and are typically found in mesenteric, renal, cloacal, and portal blood vessels [9,10].

Most of these digenean trematodes have an indirect lifecycle involving a gastropod intermediate
host. Fresh-water snails are required for the development of schistosomes belonging to the genera
Bilharziella, Ornithobilharzia, Jilinobilharzia, Macrobilhazia, and Trichobilharzia and salt or brackish mollusks
are instead required for genera Dendritobilharzia, Gigantobilharzia, and Austrobilharzia [3,8,10,11]. Infected
aquatic bird excrete schistosome eggs, that hatch and release miracidia that penetrate inside the
intermediate hosts where they develop to cercaria [11,12]. Thereafter, cercaria is released from the
snail intermediate hosts and invade the warm-blooded vertebrate host via skin penetration, in whose
circulatory system they develop to adults [1,4,7].

Avian schistosomiasis is characterized by lesions similar to those present in mammals infected with
schistosomes, e.g., obliterative endophlebitis, venous hypertrophy, necrosis, granulomatous reaction
combined with a mixed inflammatory response, thrombosis of mesenteric veins, fibrinohemorrhagic
colitis, and portal fibroplasia, due to the presence of adults and/or eggs in blood vessels [5,9,13–21].
However, extensive anatomopathological studies on avian schistosomiasis are lacking. In humans,
the repeated penetration of the skin causes the human cercarial dermatitis (HCD), an allergic
reaction also known as “swimmer’s itch” [1,15,22]. Cercarial dermatitis can be caused by several
species of avian schistosomes, e.g., those belonging to the genera Trichobilharzia, Gigantobilharzia,
and Austrobilharzia [3,8,10,11,23]. The zoonotic potential of other species, such as the swan schistosome
Allobilharzia visceralis remains unknown [6,24,25], despite it cannot be excluded that it can produce
HCD. Human cercarial dermatitis is considered endemic in Japan and rice farmers are among the
occupational groups at high risk of infection [1,15,26]. In many cases, an etiological diagnosis of
HCD at species level can be difficult to achieve, and it cannot be excluded that some cases could be
due to A. visceralis. Swans are present in Japan and can transport their schistosomes during their
migrations [15,23,27]. Indeed, A. visceralis has been already reported in swans either in Japan other
than in North America and Iceland [13,28–30]. Therefore, in the light of the scarce knowledge on the
pathology of avian schistosomiasis and of the potential zoonotic implications of blood flukes infecting
swans [1,15,31,32], this study evaluated the occurrence of blood flukes in swans from Japan, discussing
anatomopathological findings.
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2. Materials and Methods

2.1. Ethical Statement

This study was approved by the Animal Care and Use Committee of Gifu University (approval I:
EA07-05) and the Department of Veterinary Pathology, Kafrelsheikh University. Appropriate
Institutional Animal Care Guidelines were followed during all handling and procedures.

2.2. Animals and Sample Collection

Fifty-four swans were received from rescue/rehabilitation centers in Honshu, Japan, between May
2005 and June 2007. Of these 54 birds, 38 were found dead, 12 swans died shortly after their arrival,
whereas 4 swans were severely or moderately emaciated and dehydrated and were euthanized to
avoid them unnecessary suffering. To determine the cause of death, the swans were submitted to the
veterinary pathology department of the Gifu University for postmortem examination. Thirty-one
swans were young (24–36 months), and the remaining were adults (48–72 months). Birds were
categorized as immature if they still had brown feathers in their plumage, a pink-gray beak, and gray
feet, whereas birds with fully white plumage, an orange beak, and black feet were categorized as
mature [19,33]. This study followed the guidelines and measures of the Department of Veterinary
Pathology, Gifu University, Japan, for the care and use of animals. In addition, before proceeding
with euthanasia, appropriate veterinary care consistent with international, national, and institutional
guidelines was guaranteed to the swans.

2.3. Gross and Histopathological Examination

Necropsies were performed on all swans in accordance with a standardized protocol.
This procedure began with a review of the relevant history followed a full examination to detect
anatomopathological alterations. To identify small foreign fragments or any lesions, the contents
of the gizzard and intestine were carefully washed. Tissue samples were collected from all organs
and from any noticeable lesions. The specimens were fixed in 10% phosphate-buffered formalin,
embedded in paraffin, sectioned at a thickness of 4 µm, and then stained with hematoxylin and
eosin [34]. Liver sections were also stained with Hall’s bilirubin stain for bile pigment, and specimens
of the liver and spleen were stained with Berlin blue stain for iron [34,35].

2.4. Parasitological Examination

It is difficult to describe the morphological features of the worms in this study, because the adult
worms were very small and typically present only in the lumen of the affected veins. The different
stages of the parasites observed in the various histopathological sections were incidentally reported
during the measurement of lead (Pb) content in the soft tissues (liver and kidney). The morphology of
the different stages of the adult worm in the blood vessels of different damaged internal organs and
the effect of eggs in the intestinal mucosa of the affected birds were used for localization of the parasite
during histopathological examination, as reported elsewhere [36].

3. Results

3.1. Gross Examination

Thirty-three out of 54 necropsied whooper swans were severely emaciated and lean, with atrophied
pectoral muscles, serious atrophy of pericardial fat, and an absence of fat depots. Twenty-three birds
showed multiple reddened areas throughout the entire length of the intestine, which were most
prominent in the ileum, cecum, and colon. The main histological lesions were found in the intestinal
tract, liver, adrenal gland, spleen, and testis; these lesions were caused by both worms and eggs
(Table 1).
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3.2. Histopathological Examination

Adult schistosomes were found in 43% (23/54) of the swans. In these cases, one or more adult
worms were detected in the veins but not in the arteries. Adult worms were found in the lumen of
the mesenteric veins, serosal veins, portal veins, testicular veins, capillaries of the intestinal lamina
propria, and sinusoids of the adrenal gland, spleen and liver. Macrophages containing brownish
pigment were occasionally seen in the parenchyma surrounding the worms, most commonly in the
splenic veins and the hepatic sinusoids. Some affected veins, mainly the serosal and mesenteric
veins, showed endophlebitis, irregular intimal thickening due to the infiltration of inflammatory cells,
and hypertrophy of the muscular fibers in the tunica media.

3.2.1. Intestine

Numerous sections of adult schistosomes were found in the mesenteric and serosal veins
throughout the intestine in all 23 infected birds, being the ileum, caecum, and colon the most affected
areas. Vessels containing adult schistosomes showed endophlebitis characterized by myointimal
hyperplasia, with infiltration of plasma cells, heterophils, and eosinophils in the surrounding tissues
(Figure 1A,B). In 12 swans, the mesenteric and serosal veins, along with the veins between the muscular
layers of the intestine, exhibited nodular hypertrophy of the tunica media. Eight swans suffered
from obliterative endophlebitis with complete occlusion of the venous lumen (Figure 1C). Superficial
enteritis was present in eight birds, and mild to severe villous atrophy was observed in association
with numerous parasitic eggs in the lamina propria (in both the small and large intestine) have been
observed by microscopical or histological evidence. The eggs were surrounded by venous congestion
and diffuse infiltration of the lamina propria, with a variable number of lymphocytes and a few plasma
cells, heterophils, and eosinophils (Figure 1D).
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Figure 1. Effect of the parasite in the intestine. (A) Adult worms (W) are seen in the thickened walls of
the serosal vein (H). Note the normal thickness of the artery (black arrow). (B) Brownish pigment–laden
macrophages (white arrow) around the worm (W) in the thickened wall of the mesenteric veins (H).
(C) The vein lumen was almost occluded due to marked myointimal hyperplasia in the veins of the
muscular layer of the intestine (white star), with perivascular inflammatory reaction (I). (D) Several
schistosome eggs (white arrowheads) present in the intestinal lamina propria and surrounded by an
inflammatory reaction of lymphocytes and plasma cells (I); the intestinal villi are markedly blunted (g).
Hematoxylin and eosin stain (100×).

91



Animals 2020, 10, 2361

3.2.2. Liver

Adult worms were found in the portal veins and hepatic sinusoids of 14 birds. In five cases,
mild to severe inflammatory reactions were observed around the parasites or eggs in the hepatic
parenchyma, with degeneration of the hepatic cells and infiltration of a large number of inflammatory
cells in the hepatic sinusoids and the portal triads (Figure 2A,B). Fourteen swans had areas of bile
pigment deposition (biliverdin) in the liver parenchyma, which stained positively with Hall’s stain
(Figure 2C). In addition, mild to marked deposition of hemosiderin pigment, positive on Berlin blue
staining, was apparent in the liver of 18 swans (Figure 2D).
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Figure 2. Effect of the parasite in the liver. (A) Adult worms (W) present in the thickened walled of
the portal vein (H) with hemosiderin pigment deposition (white arrow) and bile duct hyperplasia (b).
(B) Schistosome parasite (W) found in the hepatic sinusoids surrounded by degenerated hepatocyte (d)
and massive inflammatory reaction (I). Hematoxylin and eosin stain (100×). (C) Emerald green–colored
clumps of bile pigment (bi), Hall stain (400×). (D) Macrophages laden with bluish pigment (He),
Berlin blue stain (100×).

3.2.3. Adrenal Glands

Numerous sections of adult schistosomes were observed within the adrenal sinusoids of 10 swans,
and some sinusoids were completely occluded, resulting in pressure on the surrounding cells (Figure 3A).
An inflammatory reaction was seen around the worms in six birds, with infiltration of lymphocytes
and plasma cells and degeneration of the adrenal gland cells (Figure 3B).

3.2.4. Spleen

Adult worms were present in the subcapsular sinusoids and splenic veins of 10 swans (Figure 3C).
Furthermore, mild to marked deposition of hemosiderin pigment was reported in the spleen of 18
swans (Figure 2D).

3.2.5. Testes

Multiple adult worms were found in the superficial subcapsular veins underneath the tunica
albuginea in three swans. In these cases, infiltration of inflammatory cells, predominantly lymphocytes,
macrophages, and a few heterophils, was seen in the surrounding parenchyma (Figure 3D).
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Figure 3. Effect of the parasite in the adrenal gland, spleen, and testis. (A, B) Multiple cross-sections of
adult worms (W) found in the sinusoids of the adrenal gland surrounded by infiltration of mononuclear
inflammatory cells (I). (C) Adult worms (W) found in the splenic veins. Note the oral sucker (Os) and
acetabulum (Ac) of the parasite. (D) Multiple cross-sections of adult schistosomes (W) completely
occlude the subcapsular veins of the testis and were surrounded by the infiltration of mononuclear
inflammatory cells (I). Note the seminal vesicles of the parasite (Sv) and the presence of female (f) in
the ventral groove of the male (m) parasite. Hematoxylin and eosin stain (100×).

3.3. Parasitological Findings

Based on the available information, including the species of the affected bird and its location,
the morphological characteristics of the schistosome worm and eggs in the intestinal lamina propria,
and pathological findings, the schistosomes of the present study were assumed to be A. visceralis.
The death of the investigated swans was suspected to be due to obstructive phlebitis associated with
the suspected parasite. Eggs were found abundantly in the intestinal lamina propria and were mostly
ovoid to asymmetrical in shape (Figure 1D); however, confirmation at the species level requires further
molecular investigation. Moreover, the schistosome flukes occurred in abundance in the veins of
different internal organs with varying morphological characteristics, i.e., oral sucker, posterior sucker,
or acetabulum), seminal vesicles, and testis (Figure 3C). Some adult schistosome parasites were found
in pairs, with the male carrying the female in its ventral groove or gynecophoric canal (Figure 3D).

4. Discussion

Schistosomes are considered to be highly pathogenic in migratory waterfowl [37]. Because the
worm is very small and located in the blood vessels, schistosomes in whooper swans can be overlooked
on gross necropsy [9,36]. It should be stressed that Swimmer’s itch is considered an emerging disease
in various parts of the world, resulting in various nervous or pulmonary symptoms on the basis of
the infecting species [38]. Furthermore, avian schistosomes have been considered the most neglected
parasitic zoonosis among aquatic birds worldwide [23]. To the best of our knowledge, there are no
published studies describing the pathological effects of schistosome infection in whooper swans in
Japan. Thus, this study provides a novel contribution to this research topic and adds knowledge on a
potentially zoonotic parasite.

We detected adult schistosomes in 43% (23/54) of whooper swans on necropsy; the worms were
mostly present in the veins of the large and small intestine, liver, adrenal gland, spleen, and testis.
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These findings are consistent with previous studies reporting that vascular lesions caused by avian
schistosome infection in birds are comparable with lesions observed in visceral schistosomiasis in
mammals [9,13,20]. Given the fact that this study was carried out during the period 2005–2007,
we planned to perform molecular characterization of the parasite but there were no available samples
to do perform this step. In Japan, Hayashi et al. (2017) [13] detected for the first time A. visceralis in the
capillaries of several organs of whooper swans using molecular methods, without microscopical or
histological evidence of eggs or worm. Meanwhile, studies performed in Iceland [28,29] and North
America [30] identified vascular lesions caused by schistosomes in whooper swans and tundra swans,
respectively. We believe that emaciation and weakness in all 23 infected swans may have resulted
from the severe vascular effects associated with schistosome infection, namely, the obstruction of
venous return in the mesenteric, intestinal, splenic, and portal veins as well as enteropathy. Both adult
schistosomes and eggs contributed to the enteropathy: the adults caused obliterative vascular lesions,
whereas the migration of the eggs led to enteritis with villous atrophy [19]. However, in cases such as
these, it is not clear whether the parasites are the cause of emaciation [31,39], as important data, such as
bodyweight and parasitic load of healthy birds for comparison, are missing [15]. We did not have
data on the body weight and parasitic load of apparently healthy whooper swans from this region for
comparison. In the current study, the blood flukes infecting the whooper swan were assumed to likely
be A. visceralis, on the basis on the species of the affected bird, morphological characteristics of the
worm and eggs found in the internal organs, and pathological findings associated with their presence
in the blood vessels of different organs in both adult and juvenile birds. This method of identification
was previously accepted and is in agreement with the findings of Kolářová et al. (2010) [36]. However,
further accurate identification methods (i.e., molecular characterization methods are still needed.
We were unable to describe the morphological features of adult worms in this study because of the
difficulty in obtaining intact specimens: adult worms are very small and are usually present only
in the lumen of affected veins, which is consistent with some previous reports [11,19]. Furthermore,
these findings are supported by the results from Hayashi et al. (2017) [13], who did not detect egg-like
structures of the schistosome in the swans but there was no any gross abnormality or necrosis in
the organs of affected swans and assumed that schistosomes did not cause severe damage to the
swans examined. Similarly, a recent study reported unidentified schistosomes and their eggs only
by histopathological examination [18]. In this study, flukes were found inside the lumen of blood
vessels of the muscular layer and in the mucosa of the esophagus, intestine, and caeca but with a
slight inflammatory response in only three cases, represented by hemorrhage and infiltration of some
inflammatory cells, such as lymphocytes and heterophiles [18]. In contrast, Brant (2007) [24] detected
adult worms and egg-tissue debris in a nodule of the inferior mesenteric vein and suggested that,
to identify the species of parasite, it is important to investigate the correlation between the pathological
lesions and the general condition of the swans, as well as to determine the presence or absence of
eggs. The disease features were similar to those described in several reports of schistosome infection
in swans from Europe and Australia, including the black swan (Cygnus atratus) and the mute swan
(Cygnus olor) in Australia [27,40] and the whooper swan in Europe [27]. Our results indicated that the
number of young birds affected was higher than the numbers of adults, i.e., 61% (14/23) of affected
swans were immature. The higher prevalence of infection in the young birds might be due to lower
immunity, as compared with the increased immunity in adults that results from repeated exposure to
schistosome parasites [41]. In the present study, most infected swans 78% (18/23) showed endophlebitis
of the veins containing adult worms, with infiltration of leukocytes into the surrounding tissues.
This may have resulted from the irritation of the vessel walls caused by the worms, which led to
myointimal hyperplasia and, in some instances, to occlusion of the affected blood vessels. This concept
and previous findings are consistent with the reports of Warren (1977) [42], Bolhuis et al. (2004) [19],
and Kolářová et al. (2001) [43], all of whom suggested that viable adult schistosomes cause proliferation
of the vascular intima either via mechanical injury to the intima or via the secretion of antigens as an
immune (allergic) reaction against the schistosomes. Bolhuis et al. (2004) [19] revealed the occurrence
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of Trichobilharzia sp. in five of eight mute swans, whereas pathological lesions including moderate to
severe, diffuse, hyperplastic endophlebitis were reported in the intestinal veins together with splenic
and hepatic hemosiderosis [19]. In the current study, we did not find any fibrosis in the portal triad in
the birds examined. This is consistent with the findings of Kolářová et al. (2006) [15] but in contrast
to those of Bolhuis et al. (2004) [19], who reported mild to extensive fibroplasia of the portal triads
in mute swans and attributed this finding to the aberrant localization of female schistosomes in the
bile ducts. Similarly, Wojcinski et al. (1987) [44] reported the same lesions in ducks infected with
schistosomes but found no evidence of parasites in bile ducts, and Robinson and Maxie (1993) [20]
reported that in mammals, severe cases of schistosomiasis might result in occlusion of the lumen of the
veins, and lesions may extend to the intrahepatic branches of the portal vein, leading to prominent
portal fibrosis. Bolhuis et al. (2004) [19] also reported the development of granulomas due to the
severe perivascular inflammatory reaction around the veins harboring the adult parasite in the liver of
juvenile and adult birds; in contrast, Brant (2007) [24] did not find any granulomas in the portal triads
of infected swans.

In the present work, worm eggs were found multifocally in the lamina propria of the small and/or
large intestine, and 35% (8/23) of swans showed mild to severe villous atrophy (villous blunting, fusion,
and edema) and superficial enteritis, which might have resulted from the migration of schistosome
eggs through the intestinal wall. This explanation is supported by a previous study conducted by
Wojcinski et al. (1987) [44]. In addition, in their study, Bolhuis et al. (2004) [19] reported lymphocytic
and granulocytic enteritis associated with the presence of eggs of schistosomes in the intestinal mucosa
of examined swans. However, Horák et al. (2002) reported that in human schistosomiasis, some eggs
fail to reach the intestinal lumen and are instead disseminated through the circulatory system to
the liver, lungs, and other organs, where they cause reactions ranging from very mild to marked
granulomatous inflammation. Robinson and Maxie (1993) [20] stated that schistosome eggs release
antigens that induce a delayed hypersensitivity response and cause the formation of small granulomas,
which are characterized by the infiltration of eosinophils, mononuclear leukocytes, and giant cells as
well as reactive fibrosis. In the present study, we observed bile pigments and hemosiderin in the liver of
61% (14/23) and 78% (18/23) of whooper swans infected with avian schistosomes, respectively, whereas
adult worms and/or eggs were detected in the liver of 61% (14/23) of infected swans. This indicates that
cholestatic jaundice may be caused by avian schistosomiasis, as found by Akagami et al. (2010) [16].
Schistosomes were detected in the sinusoids of the adrenal gland in 44% (10/23) of swans in the present
study; this finding has not previously been reported, except in one study by Hayashi et al. (2017) [13].
A unique finding of this study is the detection of worms in the sinusoids of the testes in 13% (3/23) of
infected swans. We believe that the presence of parasites in the adrenal glands and in the testes was
due to the migration of parasites through the vascular system of heavily infected birds.

5. Conclusions

In conclusion, our study provides interesting data that describe the pathological effects of
schistosome infection, assumed to be A. visceralis, in whooper swans in Japan, which provides a novel
contribution to this field of research. It could be suggested that these parasites were the cause of death
in the infected swans in this study, because they were found in the blood vessels of all infected swans
and caused obstructive phlebitis. Additional molecular studies on schistosome infection in whooper
swans and in their snail intermediate hosts are required to better characterize the parasite species.

Author Contributions: M.S.A. and T.Y. involved in the conception of the research idea and methodology design
and performed data analysis and interpretation. R.E.K., A.A.-B. and E.K.E. participated of the methodology,
sampling, the laboratory work and data analysis and prepared the manuscript for publication. M.S.A., R.E.K.,
A.A.-B., T.Y. and E.K.E. contributed their scientific advice, prepared the manuscript for publication, and performed
the revision. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Taif University Researchers Supporting Program (Project number:
TURSP-2020/151), Taif University, Saudi Arabia.

95



Animals 2020, 10, 2361

Acknowledgments: The authors sincerely thank the staff members of the rescue/rehabilitation centers for their
efforts in the collection of swans. They also thank the members of the Department of Veterinary Pathology,
Faculty of Applied Biological Science, Gifu University, and Biomedical Science Examination and Research Center,
Okayama University of Science, Japan, for their support. The authors thank Taif University Researchers Supporting
Program (Project number: TURSP-2020/151), Taif University, Saudi Arabia for their support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Horak, P.; Mikes, L.; Lichtenbergova, L.; Skala, V.; Soldanova, M.; Brant, S.V. Avian schistosomes and
outbreaks of cercarial dermatitis. Clin. Microbiol. Rev. 2015, 28, 165–190. [CrossRef] [PubMed]

2. Turjanicová, L.; Mikeš, L.; Pecková, M.; Horák, P. Antibody response of definitive hosts against antigens of
two life stages of the neuropathogenic schistosome Trichobilharzia regenti. Parasites Vectors 2015, 8, 1–11.
[CrossRef] [PubMed]

3. Azimov, D. Schistosomes of Animals and Man; Izdatel’stvo ‘FAN’: Taskhent, Uzbekistan, 1975.
4. Webster, B.L.; Southgate, V.R.; Littlewood, D.T. A revision of the interrelationships of Schistosoma including

the recently described Schistosoma guineensis. Int. J. Parasitol. 2006, 36, 947–955. [CrossRef]
5. Atkinson, C.T.; Thomas, N.J.; Hunter, D.B. Parasitic Diseases of Wild Birds; John Wiley & Sons: Hoboken, NJ,

USA, 2009.
6. Brant, S.V.; Loker, E.S. Molecular systematics of the avian schistosome genus Trichobilharzia (Trematoda:

Schistosomatidae) in North America. J. Parasitol. 2009, 95, 941–963. [CrossRef] [PubMed]
7. Rudolfová, J. New findings of schistosomes in wildfowl and snails. Helminthologia 2001, 38, 248–249.
8. Skrjabin, K. Family Schistosomatidae Looss, 1899. Trematodes Anim. Man 1951, 5, 225–414.
9. Horak, P.; Kolarova, L.; Adema, C.M. Biology of the schistosome genus Trichobilharzia. Adv. Parasitol. 2002,

52, 155–233.
10. Farley, J. A review of the family Schistosomatidae: Excluding the genus Schistosoma from mammals.

J. Helminthol. 1971, 45, 289–320. [CrossRef]
11. Khalil, L. Family Schistosomatidae Stiles & Hassall, 1898. Keys Trematoda 2002, 1, 419–432.
12. McLaren, D.J.; Hockley, D.J. Blood flukes have a double outer membrane. Nature 1977, 269, 147–149.

[CrossRef]
13. Hayashi, K.; Ichikawa-Seki, M.; Ohari, Y.; Mohanta, U.K.; Aita, J.; Satoh, H.; Ehara, S.; Tokashiki, M.;

Shiroma, T.; Azuta, A.; et al. First detection of Allobilharzia visceralis (Schistosomatidae, Trematoda) from
Cygnus cygnus in Japan. Parasitol. Int. 2017, 66, 925–929. [CrossRef]

14. Randall, C.; Reece, R.L. Color Atlas of Avian Histopathology; Mosby-Wolfe: London, UK; Baltimore, MD, USA, 1996.
15. Kolarova, L.; Rudolfova, J.; Hampl, V.; Skirnisson, K. Allobilharzia visceralis gen. nov., sp. nov.

(Schistosomatidae-Trematoda) from Cygnus cygnus (L.) (Anatidae). Parasitol. Int. 2006, 55, 179–186.
[PubMed]

16. Akagami, M.; Nakamura, K.; Nishino, H.; Seki, S.; Shimizu, H.; Yamamoto, Y. Pathogenesis of venous
hypertrophy associated with schistosomiasis in whooper swans (Cygnus cygnus) in Japan. Avian Dis. 2010,
54, 146–150. [CrossRef] [PubMed]

17. Paré, J.A.; Black, S.R. Schistosomiasis in a collection of captive Chilean flamingos (Phoenicopterus chilensis).
J. Avian Med. Surg. 1999, 187–191.

18. Oyarzún-Ruiz, P.; Muñoz, P.; Paredes, E.; Valenzuela, G.; Ruiz, J. Gastrointestinal helminths and related
histopathological lesions in black-necked swans Cygnus melancoryphus from the Carlos Anwandter Nature
Sanctuary, Southern Chile. Rev. Bras. De Parasitol. Vet. 2019, 28, 613–624. [CrossRef] [PubMed]

19. van Bolhuis, G.H.; Rijks, J.M.; Dorrestein, G.M.; Rudolfova, J.; van Dijk, M.; Kuiken, T. Obliterative
endophlebitis in mute swans (Cygnus olor) caused by Trichobilharzia sp. (Digenea: Schistosomatidae)
infection. Vet. Pathol. 2004, 41, 658–665. [PubMed]

20. Robinson, W.F.; Maxie, M.G. The cardiovascular system. In Pathology of Domestic Animals, 4th ed.; Jubb, K.V.F.,
Kennedy, P.C., Palmer, N., Eds.; Academic Press: San Diego, CA, USA, 1993; Volume 3, pp. 1–100.

21. Pence, D.B.; RHODES, M.J. Trichobilharzia physellae (Digenea: Schistosomatidae) from endemic waterfowl
on the high plains of Texas. J. Wildl. Dis. 1982, 18, 69–74. [CrossRef]

22. Leedom, W.S.; Short, R.B. Cercaria pomaceae sp. n., a dermatitis-producing schistosome cercaria from
Pomacea paludosa, the Florida apple snail. J. Parasitol. 1981, 257–261. [CrossRef]

96



Animals 2020, 10, 2361

23. Lashaki, E.K.; Teshnizi, S.H.; Gholami, S.; Fakhar, M.; Brant, S.V.; Dodangeh, S. Global prevalence status
of avian schistosomes: A systematic review with meta-analysis. Parasite Epidemiol. Control 2020, 9, e00142.
[CrossRef]

24. Brant, S.V. The occurrence of the avian schistosome Allobilharzia visceralis Kolakrova, Rudolfova, Hampl et
Skirnisson, 2006 (Schistosomatidae) in the tundra swan, Cygnus columbianus (Anatidae), from North
America. Folia Parasitol (Praha) 2007, 54, 99–104. [CrossRef]

25. Jouet, D.; Ferte, H.; Hologne, C.; Kaltenbach, M.L.; Depaquit, J. Avian schistosomes in French aquatic birds:
A molecular approach. J. Helminthol. 2009, 83, 181–189. [CrossRef] [PubMed]

26. Chamot, E.; Toscani, L.; Rougemont, A. Public health importance and risk factors for cercarial dermatitis
associated with swimming in Lake Leman at Geneva, Switzerland. Epidemiol. Infect. 1998, 120, 305–314.
[CrossRef] [PubMed]

27. Kolárová, L. Avian schistosomes of the genus Trichobilharzia in final hosts in Europe. Bull. Scand. Soc.
Parasitol. 2005, 14, 85–86.

28. Kolarova, L.; Skirnisson, K.; Horak, P. Schistosome cercariae as the causative agent of swimmer’s itch in
Iceland. J. Helminthol. 1999, 73, 215–220. [CrossRef] [PubMed]

29. Huelsenbeck, J.P.; Ronquist, F. MRBAYES: Bayesian inference of phylogenetic trees. Bioinformatics 2001,
17, 754–755. [CrossRef]

30. Petersen, A. Íslenskir Fuglar (Icelandic Birds.); Vaka-Helgafell: Reykjavík, Iceland, 1998.
31. Wobeser, G.A. Diseases of Wild Waterfowl; Springer Science & Business Media: New York, NY, USA, 2012.
32. Blankespoor, H.; Reimink, R. The Control of Swimmer’s Itch in Michigan: Past, Present, and Future.

Mich. Acad. 1991, 24, 7–23.
33. Cramp, S.; Perrins, C. The Birds of the Western Palearctic; Oxford University Press: Oxford, UK, 1977;

Volumes 1–9.
34. Bancroft, J.D.; Gamble, M. Theory and Practice of Histological Techniques; Elsevier Health Sciences: Amsterdam,

The Netherlands, 2008.
35. Watanaba, Y.; Sakaguchi, H.; Hosoda, Y. The Methods of Preparing Histologic Sections, 6th ed.; Igaku Shoin

Company Ltd.: Tokyo, Japan, 1992; pp. 81–140.
36. Kolarova, L.; Horak, P.; Skirnisson, K. Methodical approaches in the identification of areas with a potential

risk of infection by bird schistosomes causing cercarial dermatitis. J. Helminthol. 2010, 84, 327–335. [CrossRef]
37. Soulsby, E. Helminths Arthropods and Protozoa of Domesticated Animals; Baillière Tindall: London, UK, 1982.
38. Picot, H.; Bourdeau, P.; Bardet, R.; Kerjan, A.; Piriou, M.; Le, A.G.; Bayssade-Dufour, C.; Chabasse, D.; Mott, K.

Cercarial dermatitis in Europe: A new public health problem? Bull. World Health Organ. 1996, 74, 159–163.
39. Pennycott, T.W. Lead poisoning and parasitism in a flock of mute swans (Cygnus olor) in Scotland. Vet. Rec.

1998, 142, 13–17. [CrossRef] [PubMed]
40. Palmer, D.; Ossent, P. Nasal schistosomiasis in mute swans in Switzerland. Rev. Suisse De Zool. 1984,

91, 709–715. [CrossRef]
41. Guth, B.; Blankespoor, H.; Reimink, R.; Johnson, W. Prevalence of dermatitis-producing schistosomes in

natural bird populations of lower Michigan. Proc. Helminthol. Soc. Wash. 1979, 46, 58–63.
42. Warren, K.S. Modulation of immunopathology and disease in schistosomiasis. Am. J. Trop. Med. Hyg. 1977,

26, 113–119. [CrossRef] [PubMed]
43. Kolarova, L.; Horak, P.; Cada, F. Histopathology of CNS and nasal infections caused by Trichobilharzia

regenti in vertebrates. Parasitol. Res. 2001, 87, 644–650. [PubMed]
44. Wojcinski, Z.W.; Barker, I.K.; Hunter, D.B.; Lumsden, H. An outbreak of schistosomiasis in Atlantic brant

geese, Branta bernicla hrota. J. Wildl. Dis. 1987, 23, 248–255. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

97





animals

Article

Genomic Characterization of Salmonella Minnesota
Clonal Lineages Associated with Poultry Production
in Brazil

Diéssy Kipper 1, Laura M. Carroll 2, Andrea K. Mascitti 1, André F. Streck 3, André S. K. Fonseca 4,
Nilo Ikuta 4 and Vagner R. Lunge 1,4,*

1 Laboratório de Diagnóstico Molecular, Universidade Luterana do Brasil (ULBRA), Canoas,
Rio Grande do Sul 92425-020, Brazil; diessykipper@hotmail.com (D.K.);
andreakaroline88@hotmail.com (A.K.M.)

2 Department of Food Science, Cornell University, Ithaca, New York, NY 14850, USA; laura.carroll@embl.de
3 Laboratório de Diagnóstico em Medicina Veterinária, Universidade de Caxias do Sul (UCS), Caxias do Sul,

Rio Grande do Sul 95070-560, Brazil; afstreck@ucs.br
4 Simbios Biotecnologia, Cachoeirinha, Rio Grande do Sul 94940-030, Brazil;

fonseca@simbios.com.br (A.S.K.F.); ikuta@simbios.com.br (N.I.)
* Correspondence: vagner.lunge@gmail.com; Tel.: +55-5199984-1770

Received: 29 September 2020; Accepted: 3 November 2020; Published: 5 November 2020 ����������
�������

Simple Summary: Salmonella is a leading cause of foodborne illnesses and a global public health concern.
Salmonella enterica serotype Minnesota has been increasingly isolated from Brazilian poultry farms.
The present study investigated the phylogenetic relationships, evolution and genetic characteristics of
S. Minnesota isolates from Brazilian poultry farms. The results demonstrated two main S. Minnesota
lineages in the poultry production chain from Brazil, both presenting genes for antibiotic resistance and
virulence. The present study also provides insights into the temporal evolution, population structure,
and genetic characteristics of the two S. Minnesota lineages disseminated in Brazilian poultry farms.

Abstract: Salmonella serotype Minnesota has been increasingly detected in Brazilian poultry farms
and food products (chicken meat, eggs) in recent years. In addition, S. Minnesota isolates from
poultry are generally resistant to several antibiotics and persistent in farm environments. The present
study aimed to assess phylogenomic diversity of S. Minnesota isolates from the poultry production
chain in Brazil. In total, 107 worldwide S. Minnesota whole genomes (including 12 from Brazil)
were analyzed using a comparative approach. Phylogenetic analysis demonstrated two clades more
related to poultry production in Brazil: S. Minnesota poultry lineages I and II (SM-PLI and SM-PLII).
Phylodynamic analysis demonstrated that SM-PLI had a common ancestor in 1915, while SM–PLII
originated circa 1971. SM-PLII encompassed a higher number of isolates and presented a recent
increase in effective population size (mainly from 2009 to 2012). Plasmids IncA/C2 and ColRNA,
antimicrobial resistance genes (aph(3′)-Ia, blaCMY-2, qnrB19, sul2, and tet(A)) and mainly a virulence
genetic cluster (including the yersiniabactin operon) were detected in isolates from SM-PLI and/or
SM-PLII. This study demonstrates the dissemination of two distinct S. Minnesota lineages with high
resistance to antibiotics and important virulence genetic clusters in Brazilian poultry farms.

Keywords: phylodynamic; whole-genome sequencing (WGS); chicken; antimicrobial resistance genes;
virulence genetic cluster
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1. Introduction

Salmonella is a leading cause of foodborne illnesses and a global public health concern [1]. It is a
Gram-negative, rod-shaped facultative anaerobic bacterium belonging to the family Enterobacteriaceae.
The genus Salmonella is divided into two species (Salmonella enterica and Salmonella bongori), but it is
also classified into several serotypes by immunological assays. So far, more than 2600 serotypes have
already been identified within the Salmonella genus worldwide, many of them associated with enteric
and systemic diseases in domestic animals and humans [2].

In poultry production, Salmonella is disseminated into the flocks and farm environments via the
avian feces. Other animals may become infected through contaminated poultry litter or close contact
with an infected bird. High Salmonella bacterial content in the enteric tract of broilers and layers can
result in the contamination of chicken meat, eggs, and other poultry products in slaughterhouses [3].

Salmonella enterica serotype Minnesota was first isolated in a turkey farm from Minnesota
(United States) in 1936 [4]. Since then, this serotype has been detected in different sources, including the
natural environment, plants, animal-producing farms, and foods [5–7]. Poultry products seem to
be an important source of human infection with this bacterial foodborne pathogen. In addition,
bacteriological analyses have demonstrated that S. Minnesota isolates are resistant to antibiotics,
including extended-spectrum cephalosporins [8].

In Brazil, S. Minnesota has been frequently detected on poultry farms (10% to 30%) since the
beginning of this century [9,10]. In addition to the farm environment, S. Minnesota has also been
detected in slaughterhouses and foods [10]. A very high frequency (reaching 86.6%) was observed
in several poultry farms from the Brazilian Center West Region around 2010 [6]. S. Minnesota was
even detected in chicken carcasses in Brazilian markets, as well as in poultry products exported to
Portugal [8,11]. The present study aimed to evaluate the population structure, phylogenetic relationships,
temporal evolution, and genetic characteristics (e.g., plasmids and antibiotic resistance and virulence
genes) of the S. Minnesota strains isolated from Brazilian poultry production chain.

2. Material and Methods

2.1. Bacterial Isolates and Molecular Biology Assays

Three S. Minnesota isolates were obtained from poultry farms in the state of Mato Grosso do
Sul, Center West Region from Brazil, in 2018 (Table S1). Single colonies of each isolate were removed
from xylose lysine desoxycholate (XLD) agar plates and placed in brain heart infusion (BHI) broth,
following overnight incubation at 35 ◦C. DNA was extracted using a commercial method according
to the manufacturer’s instructions (NewGene, Simbios Biotecnologia, Cachoeirinha, RS, Brazil) and
was further characterized by PCR/sequencing to confirm the genus Salmonella and serotype Minnesota
with the following experimental approaches: (i) invA real-time PCR for Salmonella detection (reagents
NewGene SALAmp, Simbios Biotecnologia, Cachoeirinha, RS, Brazil), and (ii) rrnH operon intergenic
sequence ribotyping (ISR) analysis for serotype assignment [12].

2.2. Whole-Genome Sequencing

The PureLink® Genomic DNA Mini Kit was used to extract DNA following the manufacturer’s
instructions (Thermo Fisher Scientific, Waltham, MA, USA), and DNA was visualized on a 2% agarose
gel stained with ethidium bromide. Sequencing libraries were prepared using the Nextera XT kit
(Illumina, Inc., San Diego, CA, USA). DNA concentration was adjusted to 0.2 ng/µL, and sequencing
was performed on an Illumina NextSeq platform, using 150 bp paired-end reads (Wadsworth Center,
New York State Department of Health (NYSDOH), Albany, NY, USA).

2.3. Acquisition of Genomic Data and in Silico Identification of Genetic Elements

Trimmomatic version 0.33 [13] was used to trim raw Illumina sequence reads and remove
low-quality bases. The quality of the resulting trimmed reads was assessed using FastQC version
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0.11.2 [14] prior to de novo assembly using SPAdes version 3.6.0 [15]. The quality of draft genomes was
evaluated using QUAST version 5.0.2 [16], and per-base average coverage was estimated by mapping
each isolate’s trimmed reads to its respective assembled contigs using BBmap version 38.26 [17] and
Samtools version 1.9 [18]. Assemblies were annotated using Prokka version 1.12 [19]. SISTR version
0.3.1 [20] was used to perform in silico serotyping, and each isolate was also assigned to a sequence
type (ST) using seven-gene multi-locus sequence typing (MLST; https://github.com/tseemann/mlst).

The isolates sequenced here were analyzed together with publicly available S. Minnesota genomes.
Among the genome sequences available in the National Center for Biotechnology Information’s
(NCBI’s) Sequence Read Archive (SRA) database [21], 104 were selected to represent as many countries,
sources, and years as possible and were downloaded. These whole-genome sequences (WGS), plus the
three new Brazilian S. Minnesota sequenced here, were used in all analyses (Table S1).

ABRicate version 0.8 (https://github.com/tseemann/abricate) was used to detect antimicrobial
resistance genes, virulence factors, and plasmid replicons in each assembled genome, using the
ResFinder database [22], Virulence Factor Database (VFDB) [23], and PlasmidFinder [24] database,
respectively (accessed 11 June 2018). Salmonella pathogenicity islands (SPIs) were additionally detected
in each genome using the nucleotide Basic Local Alignment Search Tool (BLASTN) [25]. For all searches,
minimum nucleotide identity and coverage thresholds of 75% and 50% were used, respectively.

2.4. Identification of Single-Nucleotide Polymorphisms (SNPs) and Construction of Maximum
Likelihood Phylogenies

Single-nucleotide polymorphisms (SNPs) were identified among all 107 S. Minnesota assemblies
(i.e., the three isolates sequenced here, plus 104 genomes downloaded from NCBI; Table S1) using kSNP3
version 3.1 [26] and the optimal k-mer size determined by Kchooser (k = 19). The maximum parsimony
tree produced by kSNP3 was used to cluster the genomes on the basis of the core SNPs identified.

The CFSAN SNP Pipeline was used to identify high-quality SNPs (hqSNPs) using trimmed
Illumina reads associated with two different clusters, the first with the 28 SM-LI (Salmonella Minnesota
lineage I) isolates and the second with the 44 SM-LII (Salmonella Minnesota lineage II) isolates.
The genome assembly of isolate SRR1646144_UK_2012 was used as reference (i.e., assembly with
N50 > 100,000 nt and <50 contigs). The resulting SNP matrix of preserved sites was used to build a
phylogeny using the maximum likelihood (ML) method implemented in W-IQ-TREE (the IQ-TREE
web server; accessed 11 December 2019) [27], using ModelFinder to select the optimal substitution
model [28] and 1000 replicates of the UltraFast bootstrap approximation [29].

2.5. Tip-Dated Evolutionary Analysis

The linear regression approach implemented in TempEst version 1.5 [30] was used to evaluate
the temporal signal and clock-likeness of the ML phylogenies constructed using hqSNPs detected
among the SM-LI and SM-LII genomes. The resulting R2 value produced by TempEst was 0.45 for
SM-LI and 0.53 for SM-LII. Thus, these two separate datasets were queried individually in subsequent
temporal analyses.

A tip-dated phylogeny was constructed using BEAUti version 1.8.2 and BEAST version 1.8.2 [31],
using combinations of the general time reversible (GTR) model [32] and one of (i) a strict clock and
coalescent constant size population model, (ii) a strict clock and coalescent Bayesian skyline model,
(iii) a lognormal relaxed clock and coalescent constant size population model, and (iv) a lognormal
relaxed clock and coalescent Bayesian skyline model, for multiple datasets including SM-LI and SM-LII.
For all models, the initial clock rate was set to 2.1 × 10−7 substitutions/site/year.

The Markov chain Monte Carlo (MCMC) algorithm implemented in BEAST was run for 1 × 109

generations, and parameters were logged every 1 × 105 generations. The optimal model (i.e., the strict
clock and coalescent Bayesian skyline model) was identified using marginal likelihood estimates
obtained via path-sampling using 10 steps of at least 1 × 109 generations, and by assessing effective
sample size (ESS) values and mixing of parameters in Tracer version 1.6.0 [33]. Five independent
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MCMC runs using the optimal model were performed, using chain lengths of 1 × 109 generations,
sampling every 1 × 105 generations. The resulting log files were viewed in Tracer to ensure that
ESS values were sufficiently high (i.e., >200 for all parameters) and that all parameters had mixed
adequately with 10% burn-in. LogCombiner version 1.8.3 was used to combine the log and tree files of
five independent runs, and TreeAnnotator version 1.8.2 [34] was used to construct a maximum clade
credibility (MCC) tree, using 10% burn-in and common ancestor node heights. FigTree version 1.4.2
(http://tree.bio.ed.ac.uk/software/figtree/) was used to annotate the resulting phylogeny, using bars to
denote 95% highest posterior density (HPD) intervals for node heights and branch labels to denote
posterior probabilities.

2.6. Identification of Clade-Associated Genes within S. Minnesota

Roary version 3.12.0 [35] was used to identify orthologous genes present in the S. Minnesota core and
pan genome, using a minimum protein BLAST (BLASTP) identity value of 90% (-i 90). Scoary version
1.6.14 [36] was used to identify genes associated with each of two clades (i.e., SM-PLI (Salmonella
Minnesota poultry lineage I) and SM-PLII (Salmonella Minnesota poultry lineage II)) within the S.
Minnesota lineages, using a p-value cutoff of 0.05.

3. Results

3.1. WGS Data of S. Minnesota and Sequence Types (STs)

Raw sequencing reads obtained in this study and downloaded from NCBI (Table S1) were
assembled with a median of 67 contigs larger than 1 kb (ranging from 28 to 457 kb), a median N50 of
227,625 bp (ranging from 21,874 to 429,939 bp), and median average coverage of 70× (ranging from 20×
to 345×). The median length of the 107 assembled S. Minnesota genomes (made of contigs > 1000 bp)
was 4.81 Mbp (ranging from 4.49 to 5.18 Mbp). In silico analysis showed that 102 sequences matched
to ST 548 and five sequences to ST 285 (Table S1). The difference between ST 548 and ST 285 was in one
single-nucleotide polymorphism of the hisD gene.

3.2. S. Minnesota Isolates of Brazilian Origin Are Confined to Two Lineages

A maximum parsimony phylogeny constructed using core SNPs (n = 39,752) identified among
all 107 S. Minnesota genomes revealed the distribution of all sequences in several clusters with no
strong relationship to specific countries and sources (poultry, human, environment, food, animal feed,
and livestock). According to this phylogeny, Brazilian isolates were grouped into two major specific
clusters, here called Salmonella Minnesota lineages I and II (SM-LI and SM-LII) (Figure 1).

Phylogenomic relationships among the two clusters (SM-LI and SM-LII) were, thus,
further investigated. Using the high-quality SNP (hqSNP) calling approach implemented in the
CFSAN SNP Pipeline, the maximum likelihood (ML) phylogeny clearly demonstrated that Brazilian
genomes clustered into SM-LI and SM-LII. SM-LI included a total of 28 isolates: 11 from the United
States, five from Brazil, five from Mexico, three from the United Kingdom, three from Haiti, and one
from the Netherlands. This lineage differed by 0–322 pairwise hqSNPs (median 160) and included
S. Minnesota isolates from four different sources: poultry, food, human, and the environment.
A subclade within this lineage, referred to here as SM-PLI, contained eight genomes, including five
from Brazil, two from the United States, and one from the Netherlands, and differed by 0–74 pairwise
hqSNPs (median 50). These isolates were derived from different sources, including five from poultry,
two from foods, and one from human feces (Figure 2A). SM-LII included 44 isolates: 23 from the
United Kingdom, 11 from the Portugal, seven from Brazil, and three from Chile. This second lineage
differed by 0–202 pairwise hqSNPs (median 37) and included isolates from three different sources:
21 from poultry, 20 from food, and three from humans. This whole clade is referred to hereafter as
SM-PLII, since it included mainly poultry isolates (Figure 2B).
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Figure 1. Maximum parsimony phylogeny construct using core single-nucleotide polymorphisms
(SNPs) identified among 107 Salmonella Minnesota genomes using kSNP3. All Brazilian S. Minnesota
isolates were grouped into two clades (Salmonella Minnesota lineages I and II (SM-LI and SM-LII)),
denoted using Roman numerals. The label colors denote the source of isolates (green for poultry
genomes). The phylogeny constructed using the maximum parsimony method implemented in kSNP3
is midpoint rooted, and branches withbootstrap values are labeled.
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Figure 2. Maximum likelihood phylogeny constructed using high-quality SNPs (hqSNPs) identified
among 28 SM-LI and 44 SM-LII genomes using the CFSAN SNP Pipeline. The label colors denote the
source of isolates (green for poultry). The phylogeny was constructed using IQ-TREE and is midpoint
rooted, with branch lengths representing the number of substitutions per site, and the bootstrap values
are labeled. (A) 28 SM-LI genomes. In clade SM-PLI (n = 8) are five Brazilian isolates, two from the
United Kingdom, and one from Netherlands, deposited in the National Center for Biotechnology
Information (NCBI). (B) 44 SM-LII genomes. In clade SM-PLII (n = 44) are the three isolates sequenced
in this study, four Brazilian isolates, three isolates from Chile, 11 isolates from Portugal, and 23 isolates
from the United Kingdom, deposited in the NCBI.
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3.3. Bayesian Phylogenetic Analysis of S. Minnesota

The evolutionary rate for the SM-LI isolates was predicted to be 1.27 × 10−7 substitutions/site/year
(95% HPD 1.96 × 10−8–2.39 × 10−7) and shared a common ancestor emerging in the year 1676 (95% HPD
928–1765). SM-PLI shared a common ancestor that existed circa 1915 (95% HPD 1375–1982) (Figure 3A).
The evolutionary rate for the clade SM-PLII was predicted to be 4.29 × 10−7 substitutions/site/year
(95% HPD 3.06 × 10−7–5.49 × 10−7) and shared a common ancestor emerging in 1971 (95% HPD
1908–2006). Most SM-PLII isolates (97%; 43/44) shared a common ancestor emerging even more recently
in 2004 (95% HPD 1986–2016), suggesting the high dissemination of this lineage in the beginning of the
2000s (Figure 3B).

Historical demographic trends of the median estimate of the S. Minnesota effective population
sizes of SM-LI and SM-PLII over time were reconstructed using a Bayesian skyline approach. The SM-LI
effective population size remained constant from 1985 to 2000 (Figure 4A). The SM-PLII effective
population size remained constant from 1985 until 2009, when there was an increase until 2012,
after which the effective population size remained constant through 2020 (Figure 4B).

3.4. Genes That Confer Resistance to Tetracyclines and Sulfonamides Are Prevalent among the S. Minnesota
Poultry Lineages

Of the 107 S. Minnesota genomes queried here, 11.2% (12/107) did not have plasmid replicons,
while 88.8% (95/107) possessed one to six replicons. The following replicons were detected (in order of
frequency): ColRNAI (n = 61; 57.1%), IncA/C2 (n = 47; 43.9%), IncFIC(FII) (n = 23; 21.5%), ColpVC (n = 15;
14.1%), and IncFII(S) (n = 11; 10.2%). Plasmid replicons Col(MGD2), Col(Ye449), Col156, Col8282,
IncFIB(AP001918), IncFIB(pB171), IncFIB(pECLA), IncFIB(pHCM2), IncFIB(29), IncFII(SARC14),
IncFII(p14), IncFII(p96A), IncFII(pECLA), IncFII(pHN7A8), IncFII(pKPX1), IncFII(pRSB107), IncFII,
IncFII_1_pSFO, IncI1, IncY, and pSL483 were each detected among 107 genomes, but in fewer than
10 isolates each (i.e., with frequencies less than 10%).

A separate analysis of the eight SM-PLI genomes demonstrated the occurrence of six different
plasmid replicons. One SM-PLI sequence (12.5%) did not have plasmid replicons, while the remaining
seven (87.5%) possessed one to three of them. The following replicons were detected most frequently:
IncA/C2 (n = 4; 50%) and ColRNAI (n = 3; 37.5%) (Figure S1). Among the 44 SM-PLII genomes,
13 different plasmid replicons were detected, and each isolate genome harbored one to six of these
replicons. The following replicons were detected most frequently: IncA/C2 (n = 43; 97.7%) and
ColRNAI (n = 40; 90.1%) (Figure S1).

Twenty-eight different antimicrobial resistance genes were detected among 107 isolates, with each
genome harboring 2–11 genes and/or integrons. The aac(6′)-Iaa and mdf(A) genes, which confer
resistance to amynoglicosides (aac(6′)-Iaa), benzalkonium chloride (mdf(A)), and rhodamine (mdf(A)),
were detected in all 107 genomes (100%). The sul2, tet(A), blaCMY-2, aph(3′)-Ia_1, qnrB19, and ant(3′’)-Ia
genes, which confer resistance to sulfonamides, tetracyclines, cephamycins, cephalosporins,
aminoglycoside phosphotransferases, fluoroquinolones, and streptomycins, respectively, were less
frequent (n = 55 (51.4%), n = 48 (44.6%), n = 42 (39.2%), n = 39 (36.5%), n = 38 (35.5%), n = 25 (23.3%),
respectively). The remaining 20 genes, which confer resistance to aminoglycosides, cephalosporins,
diaminopyrimidines, penams, penems, phosphomycins, phenicols, tetracycline, and sulfonamides,
were detected in fewer than 8% of the isolates.

Among the eight SM-PLI genomes, 12 different antimicrobial resistance genes and/or integrons were
detected. Apart from genes detected in 100% of the isolates (i.e., aac(6′)-Iaa and mdf(A)), the following
other antimicrobial resistance genes were present: sul2 and tet(A) in four isolates (50%) each
(Figure S1, Supplementary Materials). In addition, 13 different antimicrobial resistance genes and/or
integrons were detected among the 44 SM-PLII genomes. Apart from genes detected in 100% of the
isolates (i.e., aac(6′)-Iaa and mdf(A)), other antimicrobial resistance genes included sul2 and tet(A)
in 43 isolates (97.7%), blaCMY-2 in 42 isolates (95.4%), aph(3′)-Ia and qnrB19 in 28 isolates (86.3%),
and ant(3′’)-Ia in 23 isolates (52.7%) (Figure S1).
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Figure 3. Maximum clade credibility tree constructed using high-quality SNPs (hqSNPs) identified
among two S. Minnesota lineages using the CFSAN SNP Pipeline, rooted using BEAST. Time in years
is plotted along the x-axis. Branch labels denote posterior probabilities of branch support, and node
bars correspond to 95% highest posterior density (HPD) intervals for node heights. The label colors
denote the source of isolates (green for poultry genomes). (A) 28 SM-LI genomes shared a common
ancestor emerging in the year 1676. Clade SM-PLI shared a common ancestor that existed circa 1915.
(B) 44 SM-PLII genomes shared a common ancestor emerging in the year 1971.
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Figure 4. Bayesian skyline plot constructed via BEAST and Tracer, using high-quality SNPs (hqSNPs)
detected among SM-LI and SM-LII/SM-PLII. The x-axis represents time in years, while the y-axis
denotes the effective population size. The dark-blue line represents the median, while light-blue
shading represents the 95% highest posterior density (HPD) interval. (A) Bayesian skyline plot detected
among 28 SM-LI genomes. (B) Bayesian skyline plot detected among 44 SM-LII/SM-PLII genomes.

3.5. Virulence Mapping and Pan-Genome of S. Minnesota

To understand the pathogenicity repertoire of S. Minnesota isolates, genetic virulence factors were
queried in the 107 genomes. Four pathogenicity islands (SPI2, SPI5, SPI13, and SPI14) were detected
in all isolates, two (SPI3 and SPI9) were detected in 106 isolates (99.1%), two (SPI4 and SPI1) were
detected in 103 isolates (96.2%), and C63PI was detected in 99 isolates (92.5%). A separate analysis of
the eight SM-PLI genomes demonstrated that seven pathogenicity islands (SPI2, SPI3, SPI4, SPI5, SPI9,
SPI13, and SPI14) were detected in all isolates, C63PI was detected in seven isolates (87.5%), and SPI1
was detected in five isolates (62.5%). Among the 44 SM-PLII genomes, seven pathogenicity islands
(SPI1, SPI2, SPI5, SPI9, SPI13, SPI14, and C63PI) were detected in all isolates, SPI3 was detected in
43 isolates (97.2%), and SPI4 was detected in 40 isolates (90.9%). Overall, 160 Salmonella virulence genes
were detected, with 113 genes present in all isolates. Noteworthy, there was the additional occurrence
of some specific virulence genes in Brazilian lineages; 50% SM-PLI genomes (4/8) and 93.1% SM-PLII
(41/44) genomes carried fyuA, irp1, irp2 and the operon ybtABPQSTUX (Figure S2) with a median of
100% identity and 97% coverage.

Of the 15,320 genes identified among the 107 S. Minnesota genomes, 3873 (25.2%) were core
genes (i.e., present among all 107 genomes), while the remaining 11,447 (74.8%) comprised the
pan-genome (Figure S3).
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4. Discussion

S. Minnesota is a foodborne pathogen recently associated with the Brazilian poultry production
chain. This serotype has been increasingly detected in avian farms from the Center West, one of the
fastest growing poultry-producing regions in Brazil [6]. In this study, three S. Minnesota strains from
this region were isolated and sequenced and compared to other genomes submitted to NCBI’s SRA
database as S. Minnesota (n = 104), including nine more from Brazil.

In order to study the phylogenetic relationships of Brazilian S. Minnesota isolates of poultry origin,
all 107 complete genomes were first assigned to STs using seven-gene MLST. Only STs 548 and 285 were
detected, and the former was more frequent, as previously reported [7,37]. In the phylogeny (Figure 1),
ST 285 was nested within ST 548. ST 285 is rare and normally detected in Mexico, although some strains
have been detected in the United Kingdom and the United States from environment, livestock, human and
avian sources (http://enterobase.warwick.ac.uk/species/senterica/search_strains?query=st_search).

Despite encompassing two STs, the S. Minnesota genomes queried here displayed considerable
genomic diversity, and Brazilian isolates clustered within two specific clades (SM-LI and SM-LII).
Additionally, it could be observed that some European S. Minnesota genomes also clustered with
SM-PLI and SM-PLII. Noteworthy, the occurrence of S. Minnesota isolates in Europe has already been
previously described, including in poultry meat imported from Brazil [8,11]. A more recent study also
associated some S. Minnesota isolates (n = 3) with poultry production in Brazil [37]. These previously
sequenced S. Minnesota genomes from Brazil clustered in one unique clade together with isolates from
the United Kingdom, all being predominantly found in humans and food, according to a core genome
phylogeny [37]. Furthermore, a temporal study of Salmonella enterica serotypes from broiler farms in
Brazil showed that S. Minnesota was the most frequent serotype in broiler flocks, and the transmission
on the surveyed farms was predominantly horizontal and through different contamination sources [6].

The Bayesian temporal phylogenetic evaluation showed that the common ancestor of the SM-PLI
and SM-PLII presented tMRCAs in the 20th century (around 1915 and 1971, respectively). Interestingly,
97.7% (43/44) SM-PLII isolates shared a common ancestor that existed circa 2004, and a recent increase
in effective population size was also estimated (mainly from 2009 to 2012; Figure 4B). There are too
few isolates from this lineage associated with poultry production in the specific Brazilian producing
regions to conclusively say that S. Minnesota is spreading due to SM-PLII in Brazil. Further studies
should be carried out with more S. Minnesota genomes from poultry sources to reach at more detailed
information about the main lineages and their temporal evolution in this specific animal production
chain. However, the three isolates sequenced here, and other information obtained from field reports
demonstrated the high recent dissemination of this serotype, probably related to the recent expansion of
poultry production in Brazil in the last two decades [38,39]. The increased global trade of poultry meat
and recent major changes in international microbiological food regulations have further evidenced the
occurrence of this Salmonella serotype in chicken meat and other poultry products [11,40,41].

S. Minnesota isolates sequenced here and others from poultry were predicted to be resistant to
multiple antibiotics and to carry genes ant(3′’)-Ia, aph(3′)-Ia, blaCMY-2, mdf(A), qnrB19, sul2, and tet(A),
which confer resistance to the class of aminoglycosides, betalactams, fluoroquinolones, sulfonamides,
and tetracyclines. These genes and even a multidrug resistance (MDR) profile have already been
described in other studies of S. Minnesota [11,37,40]. This gene set was probably selected as a result
of management practices in the Brazilian poultry production chain. A recent study reported several
places in Brazil as hotspots of antimicrobial resistance emergence [41].

Most SM-PLI and SM-PLII isolates also possessed some recognized virulence genes, such as fyuA,
irp1, irp2, and the operon ybtAPQSTUX (i.e., median of 100% identity and 97% coverage). This last gene
cluster is usually located in a chromosomal region called the highly pathogenic island (HPI). HPI encodes
a yersiniabactin-mediated iron acquisition system previously demonstrated in pathogenic strains of
Yersinia and several members of the Enterobacteriaceae, including Salmonella [42]. HPI has been reported
in other Salmonella serotypes, such as Infantis [43] and Seftenberg [42]; however, to our knowledge,
this is the first study identifying HPI in S. Minnesota. The HPI presence in S. Minnesota could provide
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a more concerning metabolic profile in different ways: (i) improving the environmental fitness and
persistence of the bacteria [44], (ii) suppressing the host immune response [45], and (iii) influencing
the expression of virulence determinants or additional genes not associated with this specific island,
which may increase their ability to initiate infection [44]. These additional genetic properties may
therefore, be, determinants for the dissemination and persistence of S. Minnesota in Brazilian poultry
farms [6]. New studies would be necessary to experimentally confirm this genomic evidence.

5. Conclusions

The present study provided insights into the evolution and genomic content of S. Minnesota,
particularly the lineages currently circulating in the poultry production chain in Brazil. Two specific
lineages (SM-PLI and SM-PLII) were identified, as well as numerous isolates that possessed genes
conferring antibiotic resistance and high genetic virulence potential. There are still few studies in the
literature evaluating this important Salmonella serotype, and there were no data on the evolutionary
analysis of S. Minnesota lineages. This information can contribute to the improvement of the
management of all production systems affected by this serotype, particularly avian flocks in the poultry
production chain from Brazil.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/11/2043/s1:
Table S1. Metadata of S. Minnesota isolates from NCBI and three isolates sequenced in this study; Figure S1.
Presence and absence of 28 antimicrobial resistance genes and 26 plasmids replicons among 107 S. Minnesota
genomes; Figure S2. Presence and absence of 47 virulence genes among 107 S. Minnesota genomes; Figure S3.
Pie plots of gene content in core, soft core, shell, and cloud genomes describing the pan genome for S. Minnesota.
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Simple Summary: The low pathogenic avian influenza H9N2 virus has been associated with severe
economic losses in broiler chicken flocks. Problems associated with its control strategy are potential
early infection and level of immune response that may be high in one-day-old chicks due to maternally
derived antibodies. Herein, two vaccination regimes were evaluated in commercial broilers kept under
either field or laboratory conditions. Two different vaccine types and concentrations were used, and the
results highlighted a significantly higher protection against early infection when a homologous vaccine
of high antigenic mass was applied at 7 days of life. Shedding was significantly reduced in this regime.

Abstract: Low pathogenic avian influenza virus is one of the major threats that has been affecting
the poultry industry in the Middle East region for decades. Attempts to eradicate this disease have
failed. Currently, there are commercial vaccines that are either imported or produced locally from
recently circulating isolates of H9N2 in Egypt and Middle Eastern countries. This present work
focused on comparing the effectiveness of two vaccines belonging to these categories in Egypt. Two
commercial broiler flocks (Cobb-500 Broiler) with maternally derived immunity (MDA) against H9N2
virus were employed and placed under normal commercial field conditions or laboratory conditions.
Immunity was evaluated on the basis of detectable humoral antibodies against influenza H9N2 virus,
and challenge was conducted at 28 days of life using a recent wild H9N2 virus. The results showed
that vaccination on the 7th day of life provided significantly higher immune response in both vaccine
types, with significantly lower virus shedding compared to vaccination at day 1 of life, regardless of
field or laboratory conditions. In addition, the vaccine produced from a recent local H9N2 isolate
(MEFLUVAC-H9-16) provided a significantly higher humoral immune response under both field and
laboratory conditions, as measured by serology and virus shedding (number of shedders and amount
of shedding virus), being significantly lower following challenge on the 28th day of life, contrary to
the imported H9 vaccine. In conclusion, use of H9N2 vaccine at 7 days of life provided a significantly
higher protection than vaccination at day 1 of life in birds with MDA, suggesting vaccination regimes
between 5–8-days of life for broiler chicks with MDA. Moreover, use of a vaccine prepared from a
recently circulating H9N2 virus showed significantly higher protection and was more suitable for
birds in the Middle East.
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1. Introduction

The poultry industry has been suffering from several pathogens in Egypt during recent decades,
including avian influenza viruses (AIV) that may be either highly pathogenic avian influenza (HPAIV;
H5N1, H5N2, H5N8) or low-pathogenic avian influenza (LPAIV; H9N2) viruses, velogenic Newcastle
disease virus (vNDV), infectious bronchitis virus (IBV; variant 1, variant 2, and classic wild virus),
infectious bursal disease (either variant or virulent virus), multidrug-resistant bacteria (MDR; Escherichia
coli, Salmonella, Pasteurella, etc.), in addition to coccidia species. All these pathogens have caused
severe economic losses and have badly affected the veterinary care strategies [1–10]. Avian influenza
(AI) is a contagious viral disease, belonging to the Orthomyxoviridae family, and is a segmented,
single-stranded, negative sense RNA virus [11,12]. Avian influenza viruses (AIV) belong to type-A
and are divided into subtypes on the basis of antigenic relationships of the surface glycoproteins
(hemagglutinin and neuraminidase) into 18 hemagglutinins (HA) and 11 neuraminidases (NA),
with variable combinations. These glycoproteins are considered the main antigenic components of
the virus and act as immune modulators for pattern recognition receptors of the immune system.
Structural variations within these pathogen surface glycoproteins were shown to affect the different
host responses, whether they be avian, fish, or mammalian [13–16]. On the basis of the pathogenicity
of the avian virus, it is further classified into two types known as a highly pathogenic avian influenza
virus “H5/H7” (HPAIV) and a low pathogenic avian influenza virus (LPAIV) [12,17,18]. The H9N2
avian influenza virus is associated with one of the major viral problems affecting the poultry industry
in Egypt since it was officially reported for the first time in 2011 until now [19]. Virus infection leads to
high economic losses in both layers and for breeders due to a drop in egg production. Broilers may
also show severe losses during co-infection with other pathogens, especially Infectious Bronchitis
Virus (IBV),Newcastle disease virus (NDV), bacteria such as E. coli and Mycoplasma, or even live
virus vaccines [5,9,20,21]. Recently several reports have highlighted the immunosuppressive effect
associated with LPAI-H9N2 in poultry flocks either by altering the differentiation of lymphocytes or
inflammatory cytokines or the depletion and apoptosis of some immune cells [22–29]. Moreover, some
reports have discussed the effect of H9N2 on the alteration of blood biochemical and hematological
parameters [30]. Regarding the potency and efficacy of the H9N2 inactivated vaccine in Egypt, there is
a paucity of knowledge addressing this issue.

This work focuses on evaluating the value of applying the H9N2 vaccine at 1 day or 7 days of life
on the developed immune response under both farm commercial conditions and laboratory standard
conditions in broiler chicks with maternally derived immunity (MDA). Two commercially available
vaccines were compared: one imported that is based on an old Middle East isolate (1998) and another
produced in Egypt from a recent Middle East isolate (2016). Protection following challenge was assessed
against live H9N2 virus in birds kept under standard laboratory conditions only.

2. Materials and Methods

2.1. Ethical Approval

Animal studies were approved by the Animal Welfare and Research Ethics Committee of Suez
Canal University and all procedures were conducted strictly in accordance with the Guide for the Care
and Use of Laboratory Animals. Every effort was made to minimize animal suffering.

2.2. Birds and Vaccines

A total of 108,120 one-day-old commercial Cobb-500 broilers from vaccinated broiler breeders with
H9N2 vaccine was used in this experiment. All birds were given vaccines for infectious bursal disease
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(IBD), AIV-H5, and Newcastle disease (ND) as is routine for commercial broilers in Egypt. Two commercial
inactivated H9N2 vaccines were used in this trial (vaccines A and B). Vaccine A (MEFLUVAC-H9ND-16) is
produced by MEVAC Co. Egypt and prepared from the A/ck/Egypt/ME/543V/2016(H9N2) virus. Vaccine
B (Gallimune 208 H9ND) is produced by Merial Incorporation, France, and was brought from a local
agency in Egypt. Vaccine B is prepared from A/chicken/Iran/Av1221/1998. Both were used according to
the manufacturer’s recommendations.

2.3. Experiment Design

2.3.1. Laboratory Groups

A total of 120 one-day-old commercial Cobb-500 broiler chicks with maternally derived antibodies
for H9N2 virus (MDA) were divided into 6 different experimental groups: group 1 was vaccinated
with MEFLUVAC-H9ND-16 (vaccine A) and group-2 received an imported H9ND vaccine (vaccine
B)—both were administered at day 1 of life. Group 3 took vaccine A and group 4 took vaccine B, but at
the 7th day of life. Group 5 served as a positive control (non-vaccinated, challenged group) and group
6 served as a negative control (non-vaccinated, non-challenged group). All vaccines were provided
as per the manufacturer’s recommendations, as shown in Table 1. Challenge was conducted in G1-5
(10 birds from each group) at the 28th day of life using a previously identified AIV-H9N2 virus [31].

Table 1. Experimental design for different groups (G-1-10).

Group
No.

Bird
No.

Vaccine Regime Challenge
at 28 Day
of Age

Assessment of Protection
Vaccine Type Age/Days Dose/mL

Experim
ent1

lab
experim

ent

G-1 20 A 1 0.3 +++ Follow up of immune response of
vaccinated birds at weeks post
vaccination to H9, H5, ND, IBD,
and IB vaccines using HI and
ELISA tests.
Viral shedding detected by
real-time PCR.

G-2 20 B 1 0.3 +++

G-3 20 A 7 0.3 +++

G-4 20 B 7 0.3 +++

G-5 20 - —— —- +++

G-6 20 - —— — —–

Experim
ent2

field
group

G-7 27K A 1 0.3 - Follow up of immune response of
vaccinated birds on weekly basis.
Measure of performance
parameters and field exposure.
Natural exposure monitoring by
RT-PCR.

G-8 27K B 1 0.3 -

G-9 27K A 6 0.3 -

G-10 27K B 6 0.3 -

2.3.2. Field-monitored Groups

A total of 108,000 broiler chickens (Cobb-500) produced from vaccinated broiler breeders with
H9N2 vaccine and showing maternally derived antibodies for H9N2 virus (MDA) were placed equally
in 4 pens, each with 27,000 birds (G-7-10). Group 7 took a commercial local H9ND vaccine (A), while
group 8 took a commercial imported H9ND vaccine (B); both products were administered at the 1st
day of life by subcutaneous (S/C) injection using the manufacturer’s recommended dose. Group 9 took
vaccine A while group 10 took vaccine B at the 7th day of life. Birds in groups 7–10 were brought from
the same broiler breeder flock and the same hatchery and kept under commercial field conditions with
proper biosecurity measures and took the same ratio and management standers.

2.4. Hemagglutination Inhibition (HI) Test

The HI test was used to monitor post-vaccination humoral immune response for each vaccine
using avian influenza H9N2 antigens (one representative of the circulating virus in Egypt and another
imported antigen). Chicken sera were examined for HA-specific antibodies against H9N2 virus by
HI test according to the Office International des Epizooties (OIE) manual (OIE, 2015). Serial twofold
serum dilutions in phosphate buffer saline (PBS) were subsequently mixed with equal volumes (25 µL)
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of the virus containing 4 hemagglutinating units (HAU), then 25 µL of washed chicken red blood cells
were added. After we incubated the HI titers for 40 min at room temperature, we determined them as
reciprocals of highest serum dilutions in which inhibition of hemagglutination was observed.

2.5. Challenge Virus

Vaccinated birds grown in isolated rooms were challenged at 4 weeks of age by intranasal
inoculation of 6 log10 embryo infective dose50 (EID50) of the previously isolated wild type AI-H9N2
virus [31].

2.6. qRT-PCR for Virus Shedding

Tracheal swabs were collected from the challenged birds for detection of virus shedding by
RT-PCR at 3 and 7 days post challenge, as per the OIE manual [32], using specific primers and
probes, as previously described [31]. qRT-PCR titers were converted into log10 EID50/mL, as described
previously [33]. Briefly, a triplicate of 6 10-fold dilutions of challenge AIV-H9N2 (AIV-H9N2; 106

EID50/mL) were used to generate a standard curve using stock virus dilutions from 10−1 to 10−6. Since
Ct is defined as the point at which the curve crosses the horizontal threshold line, we plotted virus
log10 titers of a specimen against the Ct value, and the best fit line was constructed. The linear range
of the assay ranged from 1 to 106 EID50/mL, with a correlation coefficient of 0.99. System detection
limit was 0.5 EID50/mL, as has been standardized and described previously [31]. AIV-H9N2 quantity in
unknown samples were derived by plotting the Ct of an unknown against the standard curve and
were expressed in log10 EID50/mL equivalents.

2.7. Statistical Analysis

Where necessary, data were analyzed by Student’s t-test or by ANOVA followed by application
of Duncan’s new multiple range test to determine the significance of differences between individual
treatments and corresponding control [34].

3. Results

3.1. Different AIV-H9N2 Virus Hemagglutinin Segment Amino Acid Identity Degrees

The hemagglutination segment (HA) amino acids identity degree showed higher similarities
with vaccine A seed, ranging from 93.8 to 98.8% with different isolated viruses from Middle Eastern
countries while with vaccine B, the degree of similarity was lower as it ranged from 89.5 to 92.8%,
as shown in Table 2.

Table 2. Different avian influenza (AIV)-H9N2 virus hemagglutinin segment amino acid identity degrees.

Items Alg.
2017

Egypt
2018

Iraq
2017

KSA
2018

Leb.
2017

Libya
2015

Mor.
2018

Pak.
2018

Tun.
2015

UEA
2017

Vaccine
A

Vaccine
B

Alg./2017 94.59 94.78 96.39 94.59 96.39 99.28 91.88 91.76 98.10 93.68 92.24
Egypt/2018 94.59 94.79 93.68 94.64 95.54 94.64 92.54 94.58 96.46 98.86 91.79
Iraq/2017 94.78 94.79 94.34 93.32 93.93 93.21 94.46 93.11 93.04 94.43 90.71
KSA/2018 96.39 93.68 91.34 94.22 95.49 96.57 90.43 92.31 96.39 94.78 91.88
Leb./2017 94.59 94.64 92.32 94.22 96.79 94.82 90.89 93.41 94.64 94.75 92.86

Libya/2015 96.39 95.54 93.93 95.49 96.79 96.25 92.86 95.33 96.07 94.64 93.93
Mor./2018 99.28 94.64 93.21 96.57 94.82 96.25 91.96 92.31 99.82 94.75 92.14
Pak./2018 91.88 90.54 94.46 90.43 90.89 92.86 91.96 89.84 91.79 94.18 89.11
Tun./2015 91.76 92.58 90.11 92.31 93.41 95.33 92.31 89.84 92.31 95.48 89.56
UEA/2017 98.10 94.46 93.04 96.39 94.64 96.07 99.82 91.79 92.31 96.57 91.96
Vaccine A 94.68 98.86 94.43 94.78 93.75 94.64 94.75 94.18 95.48 96.57 90.61
Vaccine B 92.24 91.79 90.71 91.88 92.86 93.93 92.14 89.11 89.56 91.96 91.61

Alg.: Algeria; Leb.: Lebanon; Mor.: Morocco; Pak.: Pakitsan.
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3.2. Immune Response to Other Vaccines at 28th Day of Life

Birds in all groups showed immune responses for vaccinations with infectious bursal disease
vaccine, avian Influenza-H5 vaccine, and Newcastle disease vaccines. No significant differences were
found among the different groups, as is shown in Table 3.

Table 3. Serological response of broiler chickens to infectious bursal disease virus (IBDV), Newcastle
disease (ND), and avian influenza-H5N1 (AI-H5) vaccines at 28 days of age.

Group
No.

Bird
No.

Vaccine Regime ELISA Mean Titers HI Titer Log2

Vaccine Type Age/days Dose/mL IBD AI-H5 ND
28 Days 28 Days 28 Days

G-1 20 A 1 0.3 17,553 ± 1105 3.7 ± 0.51 4.8 ± 0.72
G-2 20 B 1 0.3 17,703 ± 1120 3.8 ± 0.61 4.9 ± 0.61
G-3 20 A 7 0.3 17,612 ± 1090 3.6 ± 0.42 4.7 ± 0.66
G-4 20 B 7 0.3 16,217 ± 1220 3.6 ± 0.52 4.8 ± 0.62
G-5 20 - - - 17,533 ± 1140 3.7 ± 0.65 4.9 ± 0.56
G-6 20 - - - 17,533 ± 1170 3.7 ± 0.72 4.8 ± 0.81

ELISA = enzyme-linked immunosorbent assay; HI = hemagglutination inhibition test; IBDV = infectious bursal
disease virus; ND = Newcastle disease virus; AI-H5 = avian influenza-H5N1.

3.3. Immune Response in Groups Kept under Laboratory Conditions

HI assay using antigen A (representing recently circulating H9N2 virus in the Middle East), not
H9N2 virus challenge, revealed that birds in groups 3–4 (vaccinated at 7 days of life) had significantly
higher (p ≤ 0.05) immune responses at 28 and 35 days of life, compared to groups 1 and 2 that were
vaccinated at day 1 of life. Moreover, group 1 (vaccine A) showed a significantly higher immune
response (p ≤ 0.05) at 21, 28, and 35 days of life compared to birds in group 2 (vaccine B). At 7 and 14
days of life, birds in group 1 showed a higher but not significantly different (p value ≥ 0.05) immune
response compared to group 2, as shown in Figure 1 and Table 3. Birds in group 3 (vaccine A at D-7)
showed a significantly higher immune response (p ≤ 0.05) at 28 and 35 days of life in comparison with
birds in group 4 (vaccine B). Yet, at 7, 14, and 21 days of life, birds in group 3 showed a higher but
non-significant difference in the immune response (p ≥ 0.05) compared to group 4, as shown in Figure 1
and Table 3. Birds in groups 5 and 6 showed non-detectable (nt) HI titer at 21 and 28 days of life,
which reflected complete weaning from the maternally derived antibodies at 21 days of age. Birds in
group 6 showed an undetectable immune response at 35 days of life, which ensured a negative control
condition. Birds in group 6 developed seroconversion at 35 days of life (7 days post-challenge), which
reflected the positive effect of the challenge virus. Performing HI assay using antigen B (representing
the imported vaccine, not the recently circulating virus in the Middle East) without challenge showed
that birds in groups 3–4 (vaccinated at the 7th day of life) developed a significantly higher (p ≤ 0.05)
immune response at 28 and 35 days of life versus groups 1-2 that were vaccinated at day 1 of life. There
was no significant difference between the HI titers of the different groups vaccinated at the same age.
Birds in group 5 showed significantly lower HI titers using antigen B as compared with antigen A at
7 days post-challenge, as shown in Table 4.
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Table 4. Hemagglutination inhibition (HI) test results in bird groups (G-1-6) using two-antigens.

Days of Life Antigen Type
Experimental Groups

G-1 G-2 G-3 G-4 G-5 G-6

D-7
Antigen A 3.2 ± 0.79 3.2 ± 0.79 3.2 ± 0.79 3.2 ± 0.79 3.2 ± 0.79 3.2 ± 0.79
Antigen B 2.6 ± 0.69 2.6 ± 0.69 2.6 ± 0.69 2.6 ± 0.69 2.6 ± 0.69 2.6 ± 0.69

D-14
Antigen A 2.8 ± 0.54 1.8 ± 0.42 1.8 ± 0.49 1.8 ± 0.56 1.8 ± 0.48 1.8 ± 0.32
Antigen B 2.1 ± 0.44 2.2 ± 0.54 1.6 ± 0.74 1.6 ± 0.64 1.6 ± 0.74 1.6 ± 0.64

D-21
Antigen A 2.6 ± 0.55 1.8 ± 0.67 2.4 ± 0.52 2.2 ± 0.42 nd nd
Antigen B 2.2 ± 0.54 2.3 ± 0.64 2.1 ± 0.54 2.1 ± 0.54 nd nd

D-28
Antigen A 4.1 ± 0.71 2.9 ± 0.59 4.4 ± 0.57 3.6 ± 0.46 nd nd
Antigen B 3.1 ± 0.44 3.1 ± 0.54 3.4 ± 0.64 3.2 ± 0.64 nd nd

D-35
Antigen A 5.4 ± 0.61 4.0 ± 0.57 6.4 ± 0.52 4.5 ± 0.67 8.3 ± 0.65 nd
Antigen B 4.2 ± 0.54 4.1 ± 0.48 5.1 ± 0.45 4.9 ± 0.64 7.4 ± 0.82 nd

Antigen A: antigen prepared from recently circulating H9N2 virus similar to vaccine A seed virus; antigen B:
imported antigen representing vaccine B seed virus; D-7: 7 days of life; D-14: 14 days of life; D-21: 21 days of life;
D-28: 28 days of life; D-35: 35 days of life; nd: non-detectable level; G-1: vaccine A at D-1; G-2: vaccine B at D-1; G-3:
vaccine A at D-7; G-4: vaccine B at D-7; G-5: non-vaccinated, challenged (positive control); G-6: non-vaccinated,
non-challenged (negative control).

3.4. Protection Following Challenge with a Wild Type H9N2 at the 28th Day of Life

3.4.1. Seroconversion 7-DPC with Recent Middle Eastern H9N2

At 7-DPC (days post-challenge), birds in group 5 (non-vaccinated, challenged) showed seroconversion
with an average Geometric mean titer (GMT) HI titer of 8.3 ± 0.65 using antigen representing the recently
circulating H9N2 virus in Egypt. At the same time, the titer was 7.4 ± 0.82 using the standard imported
H9N2 antigen. Birds in group 2 and group 4 showed a significant increase in immune response (HI titer)
at 7-DPC in comparison with birds of the same group and age, but unchallenged. Birds in group 1 and
group 3 at 7-DPC demonstrated a declined immune response compared to those unchallenged in the
same group and age, as shown in Table 5.
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Table 5. The seroconversion at 7-DPC (days post-challenge) with recent Middle East H9N2 virus with
two types of AIV-H9 antigen.

Group
No.

Bird
No.

Vaccine Regime GMT Log2 HI Titer (n = 10)

Vaccine Type Age/days Dose/mL
7 Days Post-Challenge

Local Antigen Imported Antigen

1 10 A 1 0.3 4.1 ± 1.2 * 3.2 ± 1.21 *
2 10 B 1 0.3 7.0 ± 2.57 * 5.9 ± 2.57 *
3 10 A 7 0.3 5.1 ± 0.92 * 4.8 ± 0.89 *
4 10 B 7 0.3 6.5 ± 1.67 * 5.5 ± 1.87 *
5 10 - - - 8.3 ± 0.65 * 7.4 ± 0.82 *
6 10 - - - - -

*: mean there is a significant difference between means when p > 0.05.

3.4.2. Virus Shedding Following Challenge with H9N2 at 28 Days of Life

Birds in groups 3 and 4 (vaccinated at 7 days of life) showed a significantly lower number of
shedders at 3-DPC in comparison with groups 1 and 2 (vaccinated at day 1 of life). Of groups vaccinated
on the first day of life, group 1 (vaccine A) showed a significant reduction in virus shedding; number
of shedders and amount of shed virus at 3/7-DPC compared to group 2 (vaccine B) (Table 6). Birds in
group 3 (vaccine A at D-7) showed a significant reduction in virus shedding in terms of number of
shedders and amount of shed virus at 3/7-DPC compared to group 2 (vaccine B), as shown in Table 6.
Birds in group 2 (vaccine B) showed a reduction in the number of shedders compared to birds in
group 5 (non-vaccinated, challenged), while there was no significant difference in the amount of virus
shedding via the cloacal route at 3-DPC between birds in group 2 (vaccine B at day 1 of life) and group 5
(non-vaccinated, challenged). Moreover, birds in both groups (group 2 and group 5) showed the same
virus shedding amount via tracheal route at 7-DPC, while birds in group 6 showed non-detectable (nd)
virus shedding at 3- and 7-DPC in both tracheal and cloacal swaps.

Table 6. Virus shedding at 3- and 7-days post-challenge.

G
roup
N

o.

Vaccinal
Regime Assessment of Protection

V
accine
Type

V
accine
A

ge

3-DPC 7-DPC
Tracheal Swabs Cloacal Swabs Tracheal Swabs Cloacal Swabs

No./EID50 % No./EID50 % No./EID50 % No./EID50 %

G-1 A 1 4/10 (2.1 ± 0.9) b 40% 3/10 (1.5 ± 0.3) c 30% 3/10 (1.8 ± 0.7) b 30% 3/10 (1.8 ± 0.8) b 30%

G-2 B 1 6/10 (2.8 ± 0.8) c 60% 4/10 (2.1 ± 0.4) c 40% 3/10 (2.3 ± 1.1) c 30% 4/10 (2.5 ± 0.8) c 40%

G-3 A 7 2/10 (1.6 ± 0.6) a 20% 2/10 (1.1 ± 0.3) a 20% 1/10 (1.3 ± 0.0) a 10% 2/10 (1.8 ± 0.5) a 20%

G-4 B 7 4/10 (2.4 ± 0.7) c 40% 3/10 (1.9 ± 0.3) c 30% 2/10 (1.9 ± 0.7) c 20% 3/10 (2.1 ± 0.6) c 30%

G-5 - - 10/10 (3.1 ± 0.9) d 100% 6/10 (2.1 ± 0.3) c 60% 7/10 (2.3 ± 1.9) c 70% 10/10 (3.1 ± 1.8) d 100%

G-6 - - nd - nd - nd - nd -
abcd means different superscripts differ significantly (p ≤ 0.05); DPC: days post-challenge; EID50: egg infectious
dose50; nd: non-detectable level; G-1: vaccine A at day 1; G-2: vaccine B at day 1; G-3: vaccine A at day 7; G-4:
vaccine B at day 7; G-5: non-vaccinated, challenged (+ control); G-6: non-vaccinated, non-challenged (control).

3.5. Immune Response in Groups Kept under Field Condition

Birds in groups 9–10 (vaccinated at 7 days of life) showed a significantly higher immune response
at 28 and 35 days of life in comparison with groups 7 and 8 that were vaccinated at day 1 of life.
In groups vaccinated at the first day of life, group 7 (vaccine A) showed a significantly higher immune
response (p ≤ 0.05) at 28 and 35 days of life compared to birds in group 8 (vaccine B), while at 7, 14,
and 21 days of life, birds in this group showed a non-significant increase (p ≥ 0.05) in the immune
response versus group 8 (Figure 2). Birds in group 9 (vaccine A at 7 days of life) showed a significantly
higher immune response (p ≤ 0.05) at 28 and 35 days of life in comparison with birds in group 10
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(vaccine B), while at 14 and 21 days of life, birds in group 9 showed a non-significant increase (p ≥ 0.05)
in the immune response compared to group 10 (Figure 2).
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4. Discussion

Broiler chicks in Egypt and the Middle East almost always arise from broiler-breeders’ flocks
vaccinated against H9N2. Accordingly, the vast majority of one-day-old broiler chicks produced in the
region carry MDA against H9N2, which compromises the use of the inactivated H9N2 vaccines [29,31].
However, the immune response to other applied vaccines (IBD, NDV, H5) among all bird groups
showed detectable antibody levels, with no significant differences after receiving one of the two
vaccines employed either at day 1 of life or 7 days of life, or among non-vaccinated controls, which
agrees with the previous reports of Kilany et al., Sultan et al., and Khalil et al., who claimed that
applying vaccines does not interfere with the immune response of other different vaccines [30,35,36].

Commercial broilers with MDA against AIV-H9N2 face difficulties in developing an immune
response following vaccination with inactivated H9N2 vaccines at day 1 of life due to interference.
However, the most common regime for H9N2 vaccination in Egypt is to administer a single-dose
between days 1–5 of life in broiler sectors, resulting in frequent vaccine failure. Results from the present
study show that commercial broilers with MDA against H9N2 develop significantly higher immune
response when applied at 7 days of life rather than day 1 of life, regardless the vaccine type used
(either A or B). This result explains in part the repeated H9N2 vaccination failure in commercial boiler
flocks with MDA (vaccinated at day 1 of life). Interference of the vaccine with the high titer of MDA
against H9N2 (average = 6–8 log2) leads to this failure, as previously reported [37–39]. Under standard
laboratory conditions, birds receiving vaccine A developed significantly higher immune response
compared to vaccine B when administered at the same age (day 1 of life and 7 days of life). This may
be referred to the amount of antigen in each vaccine, with vaccine A containing a higher amount of
antigen (350 HAU unit/dose), while vaccine B contained around 200 HAU unit/dose [38]. As previously
reported by Kilany et al. (2016), increasing the dose from 200 to 250 or 350 HAU can improve the
immune response and protection against H9N2 [6].

Virus shedding is an important factor in the epidemiology of avian influenza; the lower the
amount of virus shedding (amount of virus shedding and number of shedders’ birds), the better
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we can control avian influenza. Results from the current study showed that use of the inactivated
H9N2 vaccine at 7 days of life significantly reduced the virus shedding at 3- and 7-DPC compared
to the inoculation at day 1 of life. Birds receiving vaccine A at day 1 of life significantly showed
lower virus shedding in amount and number of shedders compared to those receiving vaccine B at
the same age. However, birds receiving vaccine B at day 1 of life showed a significant reduction in
virus shedding compared to the non-vaccinated challenge group, with tracheal shedding at 3-DPC and
cloacal shedding at 7-DPC. No significant virus shedding was observed in the tracheal and cloacal
swabs at 7-DPC between group 5 (non-vaccinated challenged) and group 2 (vaccine B at day 1 of
life), which may have been due to the lower antigenic mass in the vaccine dose and higher level of
MDA at day 1 of life. This negatively impacts the development of immune response, in agreement
with the previous reports by Kilany et al. (2016), who demonstrated that lower antigenic masses (less
than 128–200 HAU/dose) do not significantly reduce virus shedding compared to non-vaccinated
challenged birds [40].

Applying vaccine-A at 7 days of life showed a significant reduction in virus shedding at 3- and
7-DPC compared to administering it at day 1 of life. This is contrary to the findings from vaccine B at 1
or 7 days of life, which may be explained by the higher antigenic mass in vaccine A along with the
decline of MDA at 7 days of life, consent with Sun et al. (2012) and Khalil et al. (2015), who reported a
significantly higher protection in chickens with H9N2 vaccines containing a higher antigenic mass
than 250 HAU/dose. Moreover, Elfeil et al. (2019) reported a significant reduction in virus shedding in
turkey following vaccination with H9N2 vaccine (350 HAU/dose) [36,40,41].

Commercial farm conditions always differ from laboratory conditions. In this study, birds kept
under farm conditions and vaccinated at 7 days of life showed a significantly higher immune response
than those vaccinated at day 1 of life. This matches with the results of laboratory groups and confirms
the observation that vaccination at 7 days of life provides a significantly higher immune response
and expected protection [36,42]. In addition, groups kept under farm commercial conditions of mass
production (25,000 birds/pen) showed 1–3 log2 lower HI titers than those kept under laboratory
conditions, indicating that there is around 7–25% difference in expected immune response between
farm and laboratory conditions. This finding highlights the need to perform more research trials
under commercial farm conditions, including virus challenge under Biosafety level-3 (BSL-3) isolators,
bearing in mind that the negative pressure inside the isolators may affect virus spreading, as mentioned
previously in the case of AIV-H9N2 in turkey poults, as well as in Newcastle disease virus and infectious
bronchitis virus in chicken [40–44].

5. Conclusions

Application of AIV-H9N2 inactivated vaccine at 7 days of life provides a significantly higher
protection on the basis of antibody level and reduction of virus shedding, number of shedders,
and amount of virus shed per bird versus vaccines given at day 1 of life. Use of a homologous vaccine
with high antigenic mass could also help in the reduction virus shedding and provide a significantly
higher immunity and protection. Application of such a regime could help the control strategies of
AIV-H9N2 in commercial broiler flocks in endemic areas and reduce the epidemiological load of
AIV-H9N2 virus in the environment.
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Simple Summary: Bovine papillomatosis is a disease caused by bovine papillomavirus (BPV),
which is a diverse group of oncogenic viruses that challenge cattle industry, resulting in significant
economic losses. The present study investigated the occurrence of bovine papillomatosis among
cattle (n = 308) with cutaneous warts on the head and neck from New valley Province, Egypt through
molecular detection of BPV-1, -2, -4, -5, and -10. The work also involved a phylogenetic analysis of
the positive samples for detection of the genetic relatedness of the virus. Interestingly, BPV-1 DNA
was detected in 84.6% of the collected samples. Furthermore, the study included the development of
an isothermal nucleic acid amplification test, which is a field test combining molecular and lateral
flow immunoassays for point-of-need testing appropriate for veterinary use in resource-limited
settings. Collectively, our study provided interesting data related to the combined use of molecular
and immunoassays methods in the detection of the virus besides better understanding the genetic
relatedness of the circulating genotypes of BPV-1 in Egypt. Our study suggested further research to
explore more about the other genotypes of BPV in the Egyptian environment that could be helpful for
the implementation of control strategies for combating this disease.
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Abstract: Bovine papillomatosis is a viral disease of cattle causing cutaneous warts. A diagnosis
of this viral infection is very mandatory for combating the resulting economic losses. Given the
limited data available about bovine papillomavirus (BPV) in Egypt, the present study involved the
molecular diagnosis of bovine papillomavirus type-1 (BPV-1), -2, -4, -5, and -10 in cattle presenting
cutaneous warts on the head and neck from New Valley Province, Egypt. The phylogenetic analysis
of the detected types of BPV was also performed, followed by developing a point-of-need molecular
assay for the rapid identification of identified BPV types. In this regard, a total of 308 cattle from
private farms in Egypt were clinically examined, of which 13 animals presented cutaneous warts
due to suspected BPV infection. The symptomatic animals were treated surgically, and biopsies from
skin lesions were collected for BPV-1, -2, -4, -5, and -10 molecular identification using polymerase
chain reaction (PCR). The presence of BPV-1 DNA was confirmed in 11 collected samples (84.6%),
while BPV-2, -4, -5, and -10 were not detected. Sequencing of the PCR products suggested the
Egyptian virus is closely related to BPV found in India. An isothermal nucleic acid amplification test
(NAAT) with labeled primers specific for the BPV-1 L1 gene sequence, and based on recombinase
polymerase amplification (RPA), in combination with a lateral flow strip assay for the detection of RPA
products, was developed and tested. The point-of-need molecular assay demonstrated a diagnostic
utility comparable to PCR-based testing. Taken together, the present study provides interesting
molecular data related to the occurrence of BPV-1 in Egypt and reveals the genetic relatedness of
the Egyptian BPV-1 with BPV-1 found in buffalo in India. In addition, a simple, low-cost combined
test was also validated for diagnosis of the infection. The present study suggests the necessity of
future investigations about the circulating strains of the virus among the cattle in Egypt to assess
their genetic relatedness and better understand the epidemiological pattern of the disease.

Keywords: bovine papillomavirus; cattle; Egypt; nucleic acid lateral flow immunoassay; PCR

1. Introduction

Papillomaviruses are small nonenveloped viruses within the Papillomaviridae family with
icosahedral symmetry, 55 to 60 nm in diameter, with a double-stranded DNA (dsDNA) genome
and approximately 8-kilobase pairs in length [1,2]. The replication of these viruses occurs in the
nuclei of squamous epithelial cells, and these viruses exhibit tropism to skin and mucosal tissues,
causing benign and malignant tumors that replicate in the nuclei of squamous epithelial cells [3–6].
This group of viruses constitutes a wide range of DNA viruses that are found in mammals, birds,
reptiles, and human beings [7]. In accordance with its occurrence in animals, the virus was identified
in many domestic species, including bovine, ovine, swine, felines, and canines [8]. The resulting
virus got its name based on the species from which the virus was characterized, as in case of
bovine-named bovine papillomaviruses (BPVs) [8]. To our knowledge, twenty-six types of BPV
have been described; 23 of them are grouped into five genera, with three types still unclassified [9].
The Deltapapillomavirus has four types: BPV-1, BPV-2, BPV-13, and BPV-14. The Xipapillomavirus
genus has two species: Xipapillomavirus 1 (BPV-3, BPV-4, BPV-6, BVP-9, BPV-10, BPV-11, and BPV-15)
and Xipapillomavirus 2 (BPV-12). The other two genus are Epsilonpapillomavirus 1 (BPV-5 and
BPV-8) and Dyoxypapillomavirus 1 (BPV-7) [1,10–13]. Lastly, two recently described types (BPV-17)
and BPV-20) are still unclassified as species. Taken into account, BPVs are generally species-specific;
however, BPV-1, BPV-2, and BPV-13 can infect both cattle and equids [14–16]. Bovine papillomatosis is
the resulting viral disease characterized by cutaneous warts or papillomas that represent proliferative
lesions ranging from small nodular lesions to large cauliflower warts that are often rough and spiny to
the touch and gray to black in color [17]. The transmission of BPV between animals may occur due
to contaminated milking, ear-marking, grooming equipment, and animals rubbing on contaminated
objects, such as wire fences [17]. Venereal warts may be transmitted sexually [6,17]. The prevalence of
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BPV is high in calves and yearlings, although all ages can be infected [17]. Steers are less frequently
affected than heifers [6,18]. Regarding its occurrence in Egypt, some previous reports involved limited
clinical and epidemiological studies on BPV in Egypt [18,19], but little yet is known about its occurrence
in Egypt.

The accurate detection of the infected cases represents one of the main strategies for controlling
the virus. In this regards, a tentative diagnosis is based on the clinical signs, while a confirmative
diagnosis relies on histopathology, electron microscopy of the specimens, immunohistochemistry,
and molecular or nucleic acid-based tests, e.g., polymerase chain reaction (PCR) [20,21]. To the authors’
knowledge, there are no reports of in vitro cultivation of BPV [22,23]. Importantly, the development of
a low-cost, minimally instrumented, simple-to-use method for the rapid (30 to 60 min) detection of
BPV would facilitate and inform the implementation of control measures and help reduce its economic
impact. This method would enable sample testing in the field (e.g., on the farm) or at remote testing
sites close to the farmer. In addition, it would eliminate the need for sample transport to central
laboratories and the consequent delay times of days or weeks between sample collections and test
results. Taking into consideration molecular tests based on specific enzymatic amplification of part
of the virus genome, combined with either real-time or subsequent (post-amplification) detection
of the amplicon (amplification product), are many advantages that include the highest sensitivity
and specificity among all diagnostics methods [21,24]. However, conventional implementations of
such molecular tests require relatively expensive instruments, i.e., benchtop thermal cyclers that
provide precise and rapid temperature cycling of the sample, and are typically limited to use in
facilities with reliable electric power and trained technicians [25]. In the past decade, the advent
of isothermal amplification methods that use constant temperature instead of thermal cycling have
fostered dramatic simplifications in point-of-care molecular diagnostics systems [26]. In laboratory
settings, the amplification process is assayed by real-time fluorescent monitoring or post-amplification
gel or capillary electrophoresis. These are costly or inconvenient for use outside of the laboratory.
Alternatively, lateral flow strips (also called LF immunoassays or immunochromatography) provide
convenient and simple noninstrumented methods for the detection of amplicons and are especially
amenable to field tests. They are of low cost, compact (palm size), do not require electricity, and have a
long shelf life [27]. For the detection of nucleic acids, the amplification primers are conjugated with
antigen labels that bind with capture and reporter antibodies on the strip. The amplification product is
blotted on the strip, and the presence of the amplicon (positive test result) is indicated by a darkened
test line (and control line), whereas a negative test should, in principle, be implied by changes in
only the control line [28]. For isothermal amplification, recombinase polymerase amplification (RPA)
has a lower incubation temperature (37 ◦C), requires only two primers, compared to four or six with
Loop-mediated isothermal amplification (LAMP), and generally exhibits very rapid amplification
(10 to 20 min). RPA has demonstrated a sensitivity comparable to PCR, and for this work, with regard
to point-of-need testing, RPA would appear advantageous [26,29–31]. Furthermore, LF immunoassays
have proven suitable for on-site detection and field use in developing countries [27]. Combined RPA
and LF immunoassays have previously been described for veterinary use for infectious bronchitis
virus and Newcastle disease virus, as well as influenza virus (H9 subtype) detection [28,32]. Given the
above information, our study was focused on the molecular detection and phylogenetic analysis of
BPV-1, -2, -4, -5, and -10 in cattle from New Valley Province, Egypt presenting cutaneous warts on the
head and neck that indicate a likely BPV infection. Furthermore, the work involved development of a
field test combining RPA and LF immunoassays for point-of-need molecular testing as appropriate for
veterinary use in resource-limited settings.
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2. Materials and Methods

2.1. Ethical Statement

The ethical approval was performed as described by the ethical standards of Veterinary Medicine,
Mansoura University, Egypt, which complies with all relevant Egyptian legislations. Cattle owners
gave consent orally, which is in harmony with ethical regulations of the nation.

2.2. Animals

The study was carried out during the summer of 2016. A total number of 308 cattle (Bos Taurus)
from private farms in New Valley Province, Egypt were examined (Table 1). Of which, 13 animals
(9 females and 4 males, all aged 1 to 2 years) showed clinical signs consistent with BPV infection.
Cattle over 2 years of age did not present any such clinical manifestations, and the history of these cases
did not reveal the appearance of external signs of infection at any point in their lives. The clinically
diseased cattle exhibited small, firm nodules on the head and cauliflower growths on the neck
(Figure 1A,B). The skin lesions were grayish to black in color. The body temperatures of the infected
cattle were within the normal range, and their appetites were normal.

Table 1. Details of examined animals (n = 308) that showed clinical signs of bovine papillomatosis and
positive result by bovine papillomavirus type-1-polymerase chain reaction (BPV-1-PCR).

Farm
Number

Age Range
(Year)

Total Number of
Animals/Farm

Sex of Examined
Animals

No, Sex, and Age of Animals
Showed Clinical Signs and

Positive Result by BPV-1-PCRFemale Male

1 1–4 15 10 5 0
2 1–5 19 11 8 1 male (13 month)
3 1–3 13 9 4 0

4 1–5 21 13 8 1 Female (18 months)
1 male (24 month)

5 1–5 16 10 6 0
6 1–3 10 8 2 1 male (23 month)
7 1–4 15 11 4 0
8 1–3 18 12 6 0
9 1–3 12 8 4 0

10 1–5 14 10 4 1 Female (14 month)
11 1–4 16 11 5 1 Female (13 month)
12 1–5 15 10 5 0
13 1–3 20 12 8 0
14 1–4 14 10 4 1 Female (20 month)
15 1–4 17 11 6 1 Female (15 month)
16 1–5 10 8 2 0
17 1–4 19 12 7 1 Female (14 month)
18 1–5 19 13 6 0
19 1–3 12 9 3 1 Female (17 month)
20 1–5 13 9 4 1 Female (22 month)

Total
(%)

308
(100%)

207
(67.2%)

101
(32.8%)

11 (3.6%)
8 females

(2.6%)
3 males
(1.0%)

2.3. Surgical Treatment of the Cutaneous Warts and Sampling

Diseased animals were sedated with 0.2 mg/kg xylazine 2% solution (Xyla-Ject, ADWIA
Pharmaceuticals Co., Sharqia Governorate, Egypt) by intramuscular injection, and lidocaine HCL 2%
(Hospira, Inc, 300 N Field Dr, Lake Forest, IL 60045, USA) was infiltrated around the cutaneous warts
after preparation of the surgical site. Animals were restrained and typed before surgical excision.
Excision of warts (Figure 1C) on the head and neck was performed by sharp scalpel until the blood
oozed; then, hemorrhage was controlled. Povidone iodine 10% W/V skin solution (BETADINE®

antiseptic solution, El-Nile Co. for pharmaceuticals and chemical industries, Cairo, Egypt) was
applied on the skin wounds to avoid secondary bacterial infection. All surgically treated cattle were
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injected with multivitamins (Elyoser Medicine Trading Co., Cairo, Egypt) by intramuscular injection.
Recovery of the animals from clinical manifestation was checked 25 to 86 days post-treatment. Pieces
of skin warts were collected after surgical excision. The samples were collected in bottles containing
sterile saline for the molecular identification of BPV types 1, 2, 4, 5, and 10 by PCR. Skin samples from
two apparently healthy cattle were involved as negative controls.
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Figure 1. Typical cases of bovine papillomavirus (BPV) infection in cattle with macroscopic cutaneous
warts around the eye (A), on the neck (B), and after surgical removal of cutaneous growths around the
eye (C).

2.4. Skin Wart Sample Preparations

Samples from cutaneous warts were minced with sterile scissors and homogenized. The samples
were then suspended in phosphate-buffered saline (20% w/v PBS) solution and centrifuged at 2000 rpm
for 15 min, from which supernatants were stored at −20 ◦C for PCR tests.

2.5. Polymerase Chain Reaction (PCR)

Molecular identification of BPV-1, -2, -4, -5, and -10 in head and neck skin wart specimens was
made with PCR. Oligonucleotide primers were synthesized for the amplification of the L1 gene of
BPV-1 and -2, the E7 gene of BPV-4, and the E2 gene for BPV-5 and -10 according to protocols described
elsewhere [33,34]. Primers were synthesized by Metabion International AG, Planegg, Germany and
used at a 10-µM concentration. DNA extraction was carried out using a QIAamp® MiniElute® Virus
Spin Kit (QIAGEN, GmbH, Hilden, Germany) based on the manufacturer’s instructions. Negative
control skin samples were also involved. PCR amplification was done following a protocol described
elsewhere [33], using a Thermo Scientific PCR Master Mix (Thermo Scientific, Waltham, MA, USA).
The PCR conditions and time-temperature program was as follows: 95 ◦C for 10 min for initial melting,
30 cycles of 94 ◦C for 45 s (melting), 50 ◦C for 45 s (annealing), and 72 ◦C for 1 min (extension),
followed by 72 ◦C for 7 min (final extension). Visualization of the PCR products by gel electrophoresis
was performed as reported elsewhere [35].

2.6. PCR Product Sequencing and Analysis

Purification of PCR products from agarose gel was done using a QIAquick Gel Extraction kit
(Qiagen Inc., Valencia, CA, USA). The ABI Prism BigDye™ Terminator v3.1 Cycle sequencing kit
was used for DNA sequencing of the PCR amplicon using an ABI PRISM 3130x1 Genetic Analyzer
(Life Technologies, Carlsbad, CA, USA). Analysis of the sequencing data was performed using
ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2/). The alignment *.aln output file was utilized for
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the neighbor-joining phylogenetic analysis, as well as divergence, and identity percent calculation was
carried out via Mega software v5.2.2 (http://www.megasoftware.net/)

2.7. Developing Recombinase Polymerase Amplification-Nucleic Acid Lateral Flow Immunoassays
(RPA-NALF) for Point-of-Need Molecular Identification of BPV

A point-of-need rapid molecular assay comprising an isothermal RPA amplification step with
BPV-1-specific primers for the detection of conjugated amplicons with a lateral flow strip was developed
to detect BPV-1.

2.7.1. Oligonucleotide Primers for RPA

Primers were designed to amplify a 105-bp fragment based on the sequence of the
virus gene (accession sequence MH543316) targeted for RPA amplification. The forward
primer (5′CCTGATCCCAATCAATTTGC-3′) was labeled with DIG, and the reverse primer
(5′-AGAGGCTGCCCTCTGGAC-3′) was labeled with Biotin. A BLAST search (http://www.ncbi.nlm.
nih.gov) indicated no potential cross-hybridization of the primers with other bovine papillomaviruses,
capripoxviruses, or bovine herpesvirus 2 (BHV2).

2.7.2. BPV-1 RPA Amplification

The twistAmp™ Basic Kit (TwistDx Ltd., Cambridge, UK) was used for isothermal RPA. Briefly,
4.8 µl of forward and reverse primers (480 nM of each), 29.5-µl rehydration buffer, and 11.2 µl of
nuclease-free water were added to RPA tubes provided in the kit and containing lyophilized enzyme
and other reagents. Additionally, 2.5 µl of 280-nM/Mg acetate was placed on the inside of the tube
lid, which was mixed on tube inversion. Finally, 2 µl of DNA from the sample was added to the
tube. The tube was briefly centrifuged and placed in a water bath (38 ◦C) for 30 min. Nontemplate
(no sample DNA) controls were also included. Samples with lumpy skin disease virus (LSDV) and
sheep poxvirus (SPV) were used as a check for nonspecific amplification. All reactions were repeated
three times.

2.7.3. Visualization with Nucleic Acid Lateral Flow (NALF) Strip

Labeled RPA amplicons were assayed using Abington Health Lt (York, UK) PCRD lateral
flow (nitrocellulose) strip immunoassay cassette, which can detect DIG/BIO-conjugated amplicons.
Following RPA, 5 µl of RPA product and 70 µl of PCRD buffer were loaded into the PCRD cassette
sample well, and the cassette was laid horizontally for at least five minutes. The DIG/Biotin amplicon
bonded with colloidal carbon coated with anti-biotin detection antibodies (bonded with the biotin
label). The carbon-conjugated amplicon migrated as the buffer wicked down the strip. The first test
line on the nitrocellulose strip was striped with anti-DIG to capture carbon particles, which aggregated
to darken the test line as a visual positive indicator of the amplicon. A second test line (striped with
anti-FAM antibodies) was not used in this test. Further downstream, a control line was involved to
capture excess carbon particles (not captured at the test lines) and as an indicator that the assay was
working properly.

2.7.4. The Limit of Detection (LOD)

Purified BPV DNA standard with 106 viral genome copies/µL in Tris-EDTA buffer was used to
estimate the minimum copies number of BPV-1 nucleic acid that can be identified via the RPA-NALF
assay [36]. Serial dilutions (ten-fold) of purified BPV DNA were spiked into negative samples to
estimate the LOD.
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2.7.5. BPV RPA-NALF Immunoassay Detection Performance

Thirteen clinical samples (n = 13) collected from suspected cattle and assayed by PCR, along with
negative controls, were tested using the RPA-NALF immunoassay test described above.

3. Results

3.1. PCR Detection and Sequence Analysis

As mentioned above, PCR products from skin wart biopsies were visualized by gel electrophoresis.
Out of 13 collected samples, 11 (eight female and three male) were positive for the BPV-1 L1 gene,
with an amplicon of 301-bp size. BPV-2, -3, -5, and -10 were not detected, and the controls from healthy
animals showed no PCR product. Accordingly, the prevalence of BPV-1 in our study population was
3.6% (11 out of 308). The results showed the infection rate more in females (2.6%) than male ones
(1.0%). In accordance with sequence analysis, sequencing of the PCR product partial L1 gene showed
100% identity between our 11 positive specimens.

The sequence was submitted to GeneBank (accession: MH543316) and compared with similar
sequences (Table 2) from China, India, Sweden, Morocco, Switzerland, Turkey, USA, Croatia, and Japan.
The phylogenetic analysis (Figure 2) showed the Egyptian BPV in the same clade and closely related to
Indian BPV from cattle that were identified in 2014 at both the DNA and protein sequences. The virus
sequenced in the present work revealed 99.7% identity with the Indian virus (accession number
HG918265).

Table 2. Detailed information of L1 gene sequences of bovine papillomavirus (BPV) type-1 used in the
present study.

Isolate
Number Country of Isolation Year of

Identification Host Species Accession
Number

BPV 1 Egypt\New Valley Governorate (This study) 2016 Cattle MH543316
BPV 2 India 2014 Cattle HG918265
BPV 3 Sweden 1983 Cattle J02045
BPV 4 China 2017 Cattle MF045489
BPV 5 Morocco 2017 Cattle KY746722
BPV 6 India 2012 Buffalo KF148690
BPV 7 India 2012 Equine KF114855
BPV 8 Japan 2011 Cattle AB626705
BPV 9 Switzerland 2017 Cattle MF384294

BPV 10 Switzerland 2017 Cattle MF384293
BPV 11 Switzerland 2017 Cattle MF384292
BPV 12 Switzerland 2017 Cattle MF384291
BPV 13 Switzerland 2017 Cattle MF384290
BPV 14 India 2018 Cattle MK396096
BPV 15 Japan 2016 Cattle LC426023
BPV 16 India 2018 Cattle MK173052
BPV 17 Turkey 2018 Cattle MH197482
BPV 18 Japan 2014 Cattle LC333380
BPV 19 USA 2012 Equine KY886226
BPV 20 China 2018 Cattle MK347523
BPV 21 China 2017 Cattle MG263871
BPV 22 China 2016 Cattle MF435917
BPV 23 China 2016 Cattle MF435916
BPV 24 China 2016 Cattle KX907623
BPV 25 Switzerland 2017 Equine MF384284
BPV 26 Switzerland 2017 Equine MF384283
BPV 27 Switzerland 2017 Equine MF384282
BPV 28 Switzerland 2017 Equine MF384286
BPV 29 Croatia 2010 Cattle JX046521
BPV 30 India 2017 Cattle LT837966
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Figure 2. Phylogenetic tree of our bovine papillomavirus type-1 (BPV-1) from cattle with others BPVs
that were taken from the GeneBank database based on L1 gene sequences. Numbers at the internal
nodes represent the bootstrap probabilities (1000 replicates).

3.2. RPA-NALF Assay Results

As shown in Figure 3, PCRD cassettes were observed after incubation in a horizontal position for
5 min, with dark lines at the control line (C) and test line 1 (L1). Negative controls revealed dark lines
only at the control line (C) (Figure 4). The LOD of our assay (based on the previously mentioned serial
dilution tests) was approximately 100 viral genome copies per RPA reaction. RPA-NALF immunoassay
was used to screen 13 samples for BPV, and it showed a 84.6% positivity rate, which is similar to that
obtained by PCR.
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To the authors’ knowledge, BPV is associated with several clinical problems that might result in 
considerable economic losses in cattle production due to the resulting damage of infected cattle’s 
hides and dairy industries [37–39]. BPV can also affect the udders and teats of lactating cows, which 

Figure 3. PCRD cassette. The carbon-conjugated biotin antibodies at the conjugate pad bind to biotin
of the BPV-1 L1 gene amplicons and flow towards L1 and L2. L1 is lined with anti-DIG monoclonal
antibodies to bind the labeled amplicons. L2 is decorated with anti-FAM monoclonal antibodies and
will remain free from any carbon particles. C line is the control line that is lined with anti-mouse
antibodies and will capture excess carbon-conjugated biotin.
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Figure 4. Results of recombinase polymerase amplification (RPA) amplicons identification after 30-min
incubation at 38 ◦C using a PCRD cassette: (A) BPV assay revealed a negative reaction, (B) BPV assay
revealed a positive reaction, and (C) negative result of the negative control.

4. Discussion

To the authors’ knowledge, BPV is associated with several clinical problems that might result in
considerable economic losses in cattle production due to the resulting damage of infected cattle’s hides
and dairy industries [37–39]. BPV can also affect the udders and teats of lactating cows, which might
interfere with the suckling of young calves and milking of infected animals, besides predisposing the
animals to secondary bacterial infection, which might result in mastitis [19,40]. Moreover, BPV infection
causes gastrointestinal and bladder cancers in cattle, and further, the virus has been confirmed in
the peripheral blood [41–44]. Despite the economic impact of BPV, there is insufficient information
regarding the types of BPV circulating in Egypt. Interestingly, the present study reports BPV-1 (type 1)
infection in cattle less than two years of age in New Valley Province. Furthermore, other BPV types
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(BVP-2, -4, -5, and -10) were not detected in wart specimens collected from the symptomatic cattle.
Moreover, the phylogenetic analysis revealed that the Egyptian BPV is closely related to strains
reported in India. The virus was molecularly identified based on the amplification and sequencing
of L1 gene fragments. As shown, a lower prevalence (3.6%) of BPV-1 infection was found in this
study than previous studies either at the national or international level [18,19,45,46]. This difference
might be attributed to various factors, including differences in cattle management systems, sampling
locations, and sample sizes [10,47,48]. In the present work, the higher infection rate of female cattle
versus males may be due to the immunosuppression associated with pregnancy and lactation [49].
These observations are consistent with those described elsewhere [50]. In addition, the treatment
regime in the current study showed that cattle recovered from 25 to 86 days post-surgical excision.
This treatment was similar to that used previously for BP-infected cattle [18]. As depicted in our results,
BPV-1 could be only detected in cattle less than two years of age, while examined animals over two
years old did not reveal such clinical signs at the time of examination. The history of these older cases
revealed that they did not show the external signs of the disease throughout their lives. The lack of
infection in older animals may be due to more well-developed immune systems, and the absence of
clinical signs in these animals when they were young could be due to their good health status or may
be the absence of the source of infection at that time [3,7,10].

In accordance with its diagnosis, several previous studies documented the role played by
the molecular methods in the detection and characterization of various strains of BPV [19,51–54].
The present study confirmed the occurrence of BP infection in Egypt and further demonstrated the
typing of the causative virus by molecular methods. These methods offer many advantages over
the immunological methods that require specific antibodies against strains of BPV that may not be
readily available in developing countries such as Egypt [19,51–54]. The two PCR-negative samples of
putative BPV specimens may be due to infection by other strains of BPV than those investigated in
our study. Sequencing the L1 gene of BPV-1 revealed a close genetic relationship with BPV-1 found in
India, suggesting a possible transmission of BPV from India to Egypt. Further studying of the genetic
relationships and diversity among BPVs may identify other types of BPV that might circulate in Egypt
and provide more information of their places of origin, patterns of spreading, or other causes of cattle
warts. Furthermore, investigation of the virus using immunohistochemistry and histopathological
methods would be interesting to gain a better understanding of bovine papillomatosis in Egypt

Timely control measures are essential to curtail BPV spread, and therefore, a second aim of the
present work was to develop a simple, easy-to-use point-of-need molecular test appropriate for use
outside of laboratories, which could provide test results in less than about 30 min. The current work also
investigated a test comprising RPA available commercially as a tube-based reaction, with lyophilized
reagents in combination with a commercially available NALF strip immunoassay cassette to visually
detect amplification products, as demonstrated for the sensitive (LOD: 100 viral genome copies)
detection of BPV in samples derived from cattle wart excisions. This test provides a minimally
instrumented, simple-to-interpret, fast diagnostic for BPV infection appropriate for a limited-resource
setting [55–57]. The development of nucleic acid amplification tests (NAATs) similar to that used in the
present study enhances both the sensitivity and specificity of diagnostics of various infectious agents
compared to simple immunoassays [58,59]. In addition, the isothermal RPA method obviates the need
for an expensive thermal cycler unit as needed for PCR. Further development integrating nucleic acid
extraction into simple tests will facilitate their wider use and convenience and improve reliability and
performance [60].

5. Conclusions

The present findings concluded that BPV-1 was molecularly confirmed in cattle in Egypt using
NAATs. The tests found no incidence of other BPV types (BPV-2, -4, -5, and -10) in cattle wart specimens.
Our study revealed the close genetic relatedness of the Egyptian BPV-1 with BPV-1 found in buffalo
in India. Taken into account, the control of BPV infection and mitigation of its economic impact can
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be facilitated by simple point-of-need tests. A simple low-cost combined RPA-NALF test was also
developed and validated for the point-of-need molecular diagnostics of cattle suitable for use outside
of laboratories. Further studies seem mandatory to investigate the other circulating strains of BPV in
Egypt, combined with assessing the risk factors for BP in Egypt being warranted, especially comparing
different cattle management systems.
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Simple Summary: Bovine respiratory syncytial virus (BRSV) is an important pathogen of both dairy
and beef cattle, and causes huge economic losses annually across the world. This study reports the
identification, isolation, and molecular characterization of a new BRSV (subgroup III) strain collected
from respiratory distressed cattle in Turkey. The three field isolates obtained showed 100% similarity
to each other at the nucleotide (nt) level and were found to be 99.49% and 99.22% identical to another
Turkish strain—KY499619—at both (nt) and amino acid (aa) levels, respectively. They were also
97.43% (nt) and 98.44% (aa) similar to the American reference strain KU159366. This important
information will inform Turkish BRSV diagnostic and control strategies, as well as highlight the
urgent need to better understand the burden that BRSV is placing on the Turkish agricultural sector.

Abstract: Bovine respiratory disease (BRD) is a huge economic burden on the livestock industries
of countries worldwide. Bovine respiratory syncytial virus (BRSV) is one of the most important
pathogens that contributes to BRD. In this study, we report the identification and first isolation,
with molecular characterization, of a new BRSV strain from lung specimens of three beef cows in
Turkey that died from respiratory distress. After the screening of lung tissues for BRD-associated
viruses using a multiscreen antigen-ELISA, a BRSV antigen was detected. This was then confirmed
by real-time RT-PCR specific for BRSV. Following confirmation, virus isolation was conducted
in MDBK cell cultures and clear CPE, including syncytia compatible with BRSV, were detected.
RT-nested PCR, using F gene-specific primers, was performed on the cultured isolates, and the
products were sequenced and deposited to Genbank with accession numbers MT179304, MT024766,
and MT0244767. Phylogenetic analysis of these sequences indicated that the cattle were infected with
BRSV from subgroup III and were closely related to previously identified American and Turkish
strains, but contained some amino acid and nucleotide differences. This research paves the way
for further studies on the molecular characteristics of natural BRSV isolates, including full genome
analysis and disease pathogenesis, and also contributes to the development of robust national
strategies against this virus.
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1. Introduction

Bovine respiratory disease (BRD) is a term used to describe respiratory disease in cattle caused by
single or a range of pathogens. It is a complex disease, with multiple viruses, bacteria, and parasites
potentially involved [1,2]. BRD can negatively affect production and is therefore considered a major
economic burden on the livestock industry worldwide [1,3]. Bovine respiratory syncytial virus (BRSV),
also called Bovine orthopneumovirus, is an important pathogen of this complex [2,4,5]. BRSV belongs
to the genus Orthopneumovirus of the family Pneumoviridae in the order Mononegavirales [6] and has a
negative sense, single-stranded RNA genome. The non-segmented virus genome consists of 10 genes
that encode 11 proteins: Two non-structural proteins (NS1 and NS2); a nucleocapsid (N) protein;
a phosphoprotein (P); a matrix protein (M); glycoproteins SH, G (attachment), and F (fusion); M2-1 and
M2-2 (control transcription and RNA replication); and RNA polymerase (L) [7,8].

Phylogenetic analysis based on both F and G proteins has led to a subdivision of BRSV into eight
subgroups, denoted I–VIII [7,9–11]. These subgroups tend to separate geographically; subgroup I BRSV
strains are typically isolated in the UK and Switzerland, whereas subgroup II normally includes strains
from the Netherlands, Denmark, Belgium, France, and Japan [9,12]. The strains from the USA are
commonly included in subgroup III, while some strains from the USA and other European countries
fall into subgroup IV [7,9]. Finally subgroups V and VI include BRSV strains usually found in Belgium
and France [9]. Subgroups VII and VIII are a recent addition and are predominantly seen in Europe,
particularly in Italy and Croatia [7,10]. In addition, a putative new BRSV subgroup, tentatively named
subgroup IX, has been proposed, in order to classify recent strains isolated from Brazil, which have
mutations in the immunodominant region of the G protein [11].

BRSV predominantly infects cattle, although sheep and goats can also be infected [8,12]. The virus
is mainly transmitted by direct contact and/or aerosols and both clinical and sub-clinical animals are
capable of transmitting [7,13,14]. BRSV outbreaks can occur in all ages of animals, but young calves
(particularly those between 2 weeks and 9 months old) are especially vulnerable [12,13].

The clinical manifestations of BRSV infections in cattle can vary from mildly symptomatic to fatal,
and the outcome is multifactorial. The breed of cattle; the strain of virus; and the contribution of other
viruses, bacteria, and parasites all play a role, alongside other factors, such as management practices
and environments [5,14,15]. Although BRSV infection is rarely fatal, it can lead to upper and lower
respiratory damage in young calves and is characterized by a fever, cough, decreased feed intake,
increased respiratory rate, and nasal discharge [14,15].

There is limited information available about the seroprevalence of BRSV in Turkey and very
few BRSV sequences from Turkish isolates have been submitted to GenBank [4,5]. Cases of BRD are
plentiful in Turkey and some have been characterized, but major gaps in our understanding remain,
thus limiting the ability to control it [3,16]. In this context, the aim of this study was to present both the
first isolation of BRSV in Turkey and its molecular characterization, consisting of both sequencing and
phylogenetic analysis.

2. Material and Methods

2.1. Samples

Between December 2018 and January 2019, a veterinarian in the Samsun province of Northern
Turkey reported three cases of respiratory disease in beef cattle from the same farm. The cattle
were unvaccinated against any BRD-associated viruses, including BRSV. The cattle died from severe
respiratory disorders, including pneumonia. Lung tissue samples were taken post-mortem and
sent to the Virology Department of The Faculty of Veterinary Medicine, Ondokuz Mayis University,
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for diagnosis. To differentiate the samples, they were labeled 34TR2018, 43TR2018, and 07TR2019,
according to the animal they came from.

2.2. Virus Isolation

For cell culture isolation, approximately 1 g of lung tissue was placed in 5 mL of cold Minimal
Essential Medium (MEM) containing 2% penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO,
USA), and then homogenized on ice for 1 min at 6000 rpm using a tissue homogenizer (Heidolph
Ins., Schwabach, Germany). The homogenate was then centrifuged at 1500× g for 15 min and the
supernatant was sterile-filtered (0.22 µm) and stored at −20 ◦C. For PCR, approximately 30 mg of
lung tissue was homogenized with a Tissue-Lyser (Qiagen AG, Hilden, Germany) in 1.8 mL of MEM
containing 2% penicillin/streptomycin. Obtained homogenates were clarified by centrifugation at
1500× g for 15 min and the supernatant was then sterile-filtered (0.22 µm) and stored at −20 ◦C.

MDBK cells were used for the virus isolation studies. Briefly, MDBK cells were cultivated at 37 ◦C
with 5% CO2 in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, Paisley, UK) supplemented
with 10% fetal calf serum (FCS, Sigma-Aldrich) and 1% penicillin/streptomycin (Sigma-Aldrich).
Virus isolation from suspected samples was conducted by performing blind passages. Supernatants
from tissue homogenates were inoculated onto MDBK monolayers at 37 ◦C for 60 min and then
replaced with DMEM containing 2% FCS. Cells were maintained at 37 ◦C with 5% CO2, and checked
daily for cytopathic effects (CPE).

2.3. Antigen-ELISA for BRD-Associated Viruses

The lung tissues were tested using a commercially available multiscreen antigen-ELISA kit (Bio-X,
Rochefort, Belgium, Cat. No: BIO K, 340/5). The kit has been reported to detect Bovine parainfluenza-3
(BPIV-3), Bovine viral diarrhea virus (BVDV), BRSV, and Bovine herpesvirus-1 (BHV-1), and was used
according to the manufacturer’s instructions.

2.4. Nucleic Acid Extraction and Amplification

We performed RNA extractions from homogenized lung tissue, as well as infected cell culture
lysates, using a GeneJET RNA Purification Kit (Thermo Fisher Scientific, Vilnius, Lithuania), according
to the manufacturer’s instructions. The extracted RNA was eluted in 75 µL of elution buffer and kept
at −80 ◦C.

For the real time RT-PCR analysis, the primers and the TaqMan probe targeted the N gene of
BRSV and have been previously described by Boxus et al. [17]. For the RT-nested PCR, F gene-specific
primers were used as previously described by Vilcek et al. [18]. For the first round of RT-nested PCR,
we used B1 and B2A primers that amplify a 711 bp product. This was followed by B3 and B4A primers
that amplify a 481 bp product. The sequence data of the primers and probe are given in Table 1.

Table 1. Information on the primers and probes used in the analysis.

Primers and Probe Sequences (5′-3′) Product Size(bp) Ref.

F primer GCAATGCTGCAGGACTAGGTATAAT
124 Boxus et al.

[17]
R primer ACACTGTAATTGATGACCCCATTCT

Probe FAM-ACCAAGACTTGTATGATGCTGCCAAAGCA-TAMRA

B1 AATCAACATGCAGTGCAGTTAG
711 Vilcek et al.

[18]
B2A TTTGGTCATTCGTTATAGGCAT
B3 GTGCAGTTAGTAGAGGTTATCTTAGT

481B4A TAGTTCTTTAGATCAAGTACTTTGCT

The real time RT-PCR was carried out using an iTaq™ Universal Probes One-Step Kit (Biorad,
Hercules, CA, USA, Cat No: 1725140) on a CFX Connect real time PCR machine (Biorad). The real
time RT-PCR reactions were carried out in a final volume of 25 µL containing 5 µL of RNA, 12.5 µL
of 2X buffer, 320 nM of each primer, 160 nM of probe, 0.5 µL of RT enzyme, and 5 µL of RNAse-free
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water. The PCR conditions were as follows: 10 min at 50 ◦C for reverse transcription and 3 min at
95 ◦C, followed by 45 cycles at 95 ◦C for 7 s and 59 ◦C for 10 s.

The RT-nested PCR was carried out using the Qiagen Onestep RT-PCR kit (Qiagen, Cat No:210212).
The first round of PCR was performed in a final volume of 50 µL consisting of 5 µL of RNA, 10 µL of
5X buffer, 400 nM of each primer, 1 µL of dNTP, 1 µL of RT enzyme, and 29 µL of RNAse-free water.
The PCR conditions were as follows: 30 min at 50 ◦C for reverse transcription and 15 min at 95 ◦C,
followed by 35 cycles at 95 ◦C for 45 s, 50 ◦C for 45 s, 72 ◦C for 60 s, and finally a cycle at 72 ◦C for
10 min. The second round of PCR was also carried out in a final volume of 50 µL containing 5 µL of
the first round RT-PCR product, 10 µL of 5X buffer, 400 nM of each primer, 1 µL of dNTP, 1 µL of RT
enzyme, and 29 µL of RNAse-free water. The cycling conditions employed for the second round of
PCR were as follows: 1 min at 95 ◦C and 45 s at 95 ◦C, followed by 35 cycles at 50 ◦C for 45 s, 72 ◦C for
1 min, and finally a cycle at 72 ◦C for 10 min. Positive controls for both RT-PCR tests were provided
by the virology laboratory of the Samsun Veterinary Control Institute, Turkey. For the nested PCR,
all amplicons were visualized on 1% agarose gels.

2.5. Sequencing and Phylogenetic Analysis

PCR products were purified using a QIAquick PCR purification kit (Qiagen), according to
the manufacturer’s instructions and then Sanger sequenced by RefGen Biotechnology, Ankara,
Turkey (http://www.refgen.com). The sequences were aligned using Bioedit, version 7.2.5, followed by
BLAST analysis in GenBank databases [19]. For comparison, we selected seventeen representative
isolate sequences from GenBank, including BRSV and human respiratory syncytial virus (HRSV)
strains. The phylogenetic tree was constructed with the maximum likelihood method under the
Tamura-3 parameter model using MEGA X (Molecular Evolutionary Genetics Analysis-MEGA, version
10.0.5) [20], and the bootstrap values were based on F gene nucleotide (nt) sequences. The tree
was assessed using 1000 bootstrap replications. The sequences identified from animals 07TR2019,
34TR2018, and 43TR2018 were deposited in GenBank with the accession numbers MT179304, MT024766,
and MT0244767, respectively.

3. Results

3.1. The Identification of Lung Tissue Samples Infected with BRSV

The first step of this study was the screening of all lung tissues for BRD-associated viruses using
both the multiscreen antigen-ELISA and real time RT-PCR. All tissue samples were BRSV positive by
ELISA, and negative for BVDV, BHV-1, and BPIV-3. The samples were also confirmed to be positive
for BRSV by real time RT-PCR.

3.2. Virus Isolation

Lung homogenates from each animal, consisting of 43TR2018, 342TR2018, and 07TR2019,
were added to MDBK cultures and incubated. Obvious CPE including syncytia were visible between 3-
and 4-days post inoculation (Figure 1).
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Figure 1. Photos of MDBK cells: (a) Cell control; (b) and (c) MDBK cells displaying cytopathic effects 
(CPE) and syncytia formation 72 h post-infection with isolates 43TR2018 and 34TR2018, respectively; 
(d) MDBK cells displaying limited CPE and syncytia foci 72 h post-infection with isolate 07TR2019. 

3.3. RT-Nested PCR 

Following virus propagation in culture, RNA was extracted from each of the infected MDBK 
cultures and nested PCR was performed. Based on this, 711 and 481 bp bands corresponding to the F 
gene were visible for 43TR2018 and 07TR2019, while only a 481 bp band, corresponding to the 
second round of PCR, was visible for isolate 34TR2018. 

3.4. Sequencing and Phylogenetic Analysis 

Following the RT-nested PCR, the 481 bp fragments were sequenced. As detailed in Table 2, the 
sequencing showed that the three isolates—MT179304, MT024766, and MT024767—had a 100% 
similarity to each other at the nucleotide (nt) level. Furthermore, the three isolates were found to be 
99.49% and 99.22% identical to another Turkish strain—KY499619 [3]—at both nt and amino acid 
(aa) levels, respectively. The three isolates presented here were also 97.43% (nt) and 98.44% (aa) 
identical to the American reference strain KU159366. 

As depicted in Figure 2, the phylogenetic analysis of the F gene revealed that our 
isolates—MT179304, MT024766, and MT024767—are in the same cluster in subgroup III, together 
with isolates KY499619 and KU159366, based on the nucleotide sequence. 

Interestingly, however, there are some small amino acid differences that exist between these 
newly presented isolates and KY499619 and KU159366 (Table 3). Unlike the three isolates presented 
here, in isolate KU159366, a Threonine (T) at position 118 is an Alanine (A) and a Threonine (T) at 
position 173 is a Serine (S), while a Lysine (K) at position 176 is a Glutamic Acid (E) in isolate 
KY499619. 
  

Figure 1. Photos of MDBK cells: (a) Cell control; (b,c) MDBK cells displaying cytopathic effects
(CPE) and syncytia formation 72 h post-infection with isolates 43TR2018 and 34TR2018, respectively;
(d) MDBK cells displaying limited CPE and syncytia foci 72 h post-infection with isolate 07TR2019.

3.3. RT-Nested PCR

Following virus propagation in culture, RNA was extracted from each of the infected MDBK
cultures and nested PCR was performed. Based on this, 711 and 481 bp bands corresponding to the F
gene were visible for 43TR2018 and 07TR2019, while only a 481 bp band, corresponding to the second
round of PCR, was visible for isolate 34TR2018.

3.4. Sequencing and Phylogenetic Analysis

Following the RT-nested PCR, the 481 bp fragments were sequenced. As detailed in Table 2,
the sequencing showed that the three isolates—MT179304, MT024766, and MT024767—had a 100%
similarity to each other at the nucleotide (nt) level. Furthermore, the three isolates were found to be
99.49% and 99.22% identical to another Turkish strain—KY499619 [3]—at both nt and amino acid (aa)
levels, respectively. The three isolates presented here were also 97.43% (nt) and 98.44% (aa) identical to
the American reference strain KU159366.

As depicted in Figure 2, the phylogenetic analysis of the F gene revealed that our
isolates—MT179304, MT024766, and MT024767—are in the same cluster in subgroup III, together with
isolates KY499619 and KU159366, based on the nucleotide sequence.

Interestingly, however, there are some small amino acid differences that exist between these newly
presented isolates and KY499619 and KU159366 (Table 3). Unlike the three isolates presented here, in
isolate KU159366, a Threonine (T) at position 118 is an Alanine (A) and a Threonine (T) at position 173
is a Serine (S), while a Lysine (K) at position 176 is a Glutamic Acid (E) in isolate KY499619.
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Table 2. Percentage of nucleotide and amino acid similarity between the isolates identified in this study
(marked with *) and other bovine respiratory syncytial virus (BRSV) strains obtained from Genbank.
NA: Not available.

GenBank
Number

Strain Name
and Country

Amino Acid Similarities (%)

N
C

03
82

72

FJ
54

30
91

M
82

81
6

D
00

95
3

M
G

94
75

94

K
U

15
93

66

K
Y

49
96

19

M
T

17
93

04
*

M
T

02
47

66
*

M
T

02
47

67
*

A
F0

92
94

2

A
F1

24
56

1

M
F1

53
47

7

Nucleotide
Similarities (%)

NC038272 ATCC51908
NA 96.05 96.05 97.65 98.44 93.60 92.77 93.60 93.60 93.60 98.44 100.00 95.24

FJ543091 BRSV-25-BR
Brasil 96.14 98.44 95.24 96.05 89.38 88.51 89.38 89.38 89.38 94.42 96.05 91.09

M82816 NA
NA 96.14 99.49 95.24 96.05 90.24 89.38 90.24 90.24 90.24 94.42 96.05 91.93

D00953 RB 93
NA 98.20 96.40 96.40 97.65 91.93 90.24 91.09 91.09 91.09 96.05 97.65 92.77

MG947594 Lovsta 2016
Sweden 97.69 95.89 95.89 98.46 91.93 91.09 91.93 91.93 91.93 96.85 98.44 93.60

KU159366 USII/S1
USA 96.14 93.06 93.57 94.60 94.09 97.65 98.44 98.44 98.44 93.60 93.60 93.60

KY499619 BRS/TR/Erz/2014
Turkey 95.63 93.06 93.57 94.09 93.57 97.43 99.22 99.22 99.22 92.77 92.77 92.77

MT179304 * 07TR2019
Turkey 95.63 93.57 94.09 94.09 93.57 97.43 99.49 100.00 100.00 93.60 93.60 93.60

MT024766 * 34TR2018
Turkey 95.63 93.57 94.09 94.09 93.57 97.43 99.49 100.00 100.00 93.60 93.60 93.60

MT024767 * 43TR2018
Turkey 95.63 93.57 94.09 94.09 93.57 97.43 99.49 100.00 100.00 93.60 93.60 93.60

AF092942 ATue51908
Germany 99.49 95.89 95.89 97.94 97.43 96.14 95.63 95.63 95.63 95.63 98.44 95.24

AF124561 A2Gelfi
France 99.49 95.63 95.63 97.69 97.17 95.63 95.12 95.12 95.12 95.12 98.97 95.24

MF153477 BRSV-UnepJab-1
NA 96.66 93.06 93.06 95.12 94.60 94.86 94.34 94.34 94.34 94.34 96.66 96.14
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Figure 2. The phylogenetic analysis of the BRSV strains isolated in this study. The tree was 
constructed from a partial analysis of the BRSV F gene using the maximum likelihood method with 
MEGA X software. The robustness branching pattern was tested with 1000 bootstrap replications. 
According to the phylogenetic tree, the current strains were in subgroup III (marked in bold and with 
a ▲). The BRSV sequences were named using their GenBank accession number, strain name, and 
geographical origin. NA: Not available. 

Figure 2. The phylogenetic analysis of the BRSV strains isolated in this study. The tree was constructed
from a partial analysis of the BRSV F gene using the maximum likelihood method with MEGA X
software. The robustness branching pattern was tested with 1000 bootstrap replications. According
to the phylogenetic tree, the current strains were in subgroup III (marked in bold and with a N). The
BRSV sequences were named using their GenBank accession number, strain name, and geographical
origin. NA: Not available.
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Table 3. Partial alignment of the F gene from the isolates identified in this study (marked with *), with
a selection of strains from the different subgroups. NA: Not available.

Sub-
Groups

GenBank
Number

Strain Name
Amino Acid Positions of BRSV F Gene Sequence

67 70 71 75 80 91 10
0

10
1

10
2

10
4

10
5

11
3

11
4

11
5

11
8

12
4

14
8

16
8

17
3

17
6

I
FJ543091 BRSV-25-BR N N G K K V E P T S S E S I T K I N S K
M82816 NA . . . . . A . . . . . . . . . . . K . .

II
D00953 RB 94 . . S N . . . . A . . . L . K . . K . .

MG947594 Lovsta 2016 . . S . . . . L A . . . L . . . . K . .

III

KU159366 USII/S1 D K S . . T V . A F N . L M A R . K . .
KY499619 BRS/TR/Erz/2014 D K S . . T V . A F N . L M . R . K T E

MT179304 * 07TR2019 D K S . . T V . A F N . L M . R . K T .
MT024766 * 34TR2018 D K S . . T V . A F N . L M . R . K T .
MT024767 * 43TR2018 D K S . . T V . A F N . L M . R . K T .

IV AF092942 ATue51908 . K S . . . . . A F . . L . . . V K . .

V AF124561 A2Gelfi . . S . . . . . A F . . L . . . . K . .

NC038272 ATCC51908 . . S . . . . . A F . . L . . . . K . .

Untyped MF153477 BRSV-UnepJab-1 . K S . Q I . . A F . G L T . R . K . .

4. Discussion

BRD is an economically important condition in the worldwide livestock industry that can be
caused by a number of different viruses, bacteria, and parasites, individually or in combination [2,21].
The disease is typically caused by early virus infection, followed by bacterial secondary infection that
can lead to lung damage and pneumonia-like illnesses [2,21]. Surprisingly, we have recently observed
cattle with severe, sometimes fatal, BRD, associated with just single-pathogen infections, such as BRSV,
BPIV3, or BHV-1 [3,5,22].

To investigate this and to understand potential changes in the viruses that may be causing
an increased virulence, it is vital to be able to isolate and study the viruses in question. Previous
studies in Turkey have mainly been diagnostic in nature, with limited phylogenetic analysis [4,5,23,24].
We present here, for the first time, the isolation and growth in culture of BRSV from infected cattle,
phylogenetic analysis of the aforementioned isolates, and the identification of differences between
them and previous isolates from Turkey and abroad. In this study, lung tissues from diseased animals
were collected post-mortem and screened for the most common BRD-associated viruses, including
BVDV, BHV-1, BPIV3, and BRSV, using commercially available ELISA kits, and only a BRSV antigen
was found to be present [5]. No screening for bovine coronavirus or bacteria in the lung tissue was
carried out, so the contribution from these pathogens to the disease state of the animals cannot be ruled
out. Following a positive ELISA, lung homogenates were added to the cell culture and observed daily
until CPE including syncytia and round apoptotic cells were visible. The isolation of BRSV in culture
can be challenging because the virus is relatively labile and can struggle to grow in culture; however,
this successful isolation now opens the door to extensive studies that would not have been possible
otherwise [25–27].

The F gene of BRSV encodes a major structural protein that is commonly targeted by the
adaptive immune response. It is a protein that is central to virus entry into cells, as well as being
responsible for the fusion of infected cells with adjacent cells, resulting in the formation of large
multinucleated syncytia [28]. Furthermore, the F gene is also a highly conserved region of the BRSV
genome compared with the G gene [11]. The results of partial sequencing of the F gene of the current
three isolates revealed that they were 100% identical to each other and were closely related to the
sequence submitted (KY499619) from Turkey by Timurkan et al. [3]. We determined that the current
strains—MT179304, MT024766, and MT024767—had a 99.49% nt and 99.22% aa similarity to the
KY499619 strain. When compared to an international strain—KU159366—the isolates had a 97.43% nt
and 98.44% aa similarity.

Phylogenetic analysis classified the isolates in subgroup III, similar to isolate KY499619, which
was previously identified in Turkey and KU159366 from the USA. Considering the geographical
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location of Turkey, one could imagine a scenario where European strains would be readily imported
into Turkey as globalization and international trade may hold potential risks for the spreading of
diseases [29]; however, this does not seem to be the case for the outbreak on the farm in the present study.
The amino acid change at position 118 is particularly interesting because that is the −2 position for an
N-glycosylation sequence. The −2 position can have an influence on the efficiency of glycosylation of
the local Asparagine [30]. Position 118 is also in the middle of the virokinin that is cleaved from the
fusion protein of BRSV and is known to increase pulmonary inflammation during infection [31,32]. It is
possible that this glycosylation efficiency may impact cleavage at the fusion protein furin cleavage sites,
or that the amino acid change may impact the function of the virokinin itself. The second amino acid
difference identified in the fusion protein compared to strain KY499619 is in the F2 subunit. Changes
in this region could impact antibody recognition and may have consequences for vaccine development.
All of these questions are areas for future exploration using the isolates in culture from this study.

Turkey has strong economic links to the USA and live animals are transported to Turkey from this
region [33]. This is a possible source of the virus and illustrates the risks associated with globalized
trade. Animals are known to harbor BRSV without symptoms, meaning the virus could easily be
transported without detection [3], and constant introductions of new strains will increase the diversity
of viruses in circulation, thus potentially complicating control efforts.

While the sample number is small in this study and from just one farm, it is a clear warning to
the agricultural industry in Turkey that variant strains of BRSV exist in Turkey—variants that may
have an increased virulence—and an increased molecular understanding of those variants is needed,
along with better, more widespread surveillance and control strategies, in order to reduce the impact
of this virus.

5. Conclusions

It is believed that BRSV is endemic in Turkey; however, minimal information is available on the
prevalence of the virus, along with an understanding of the strains present. In order to successfully
control infection, defining the target is essential. This study reports the identification and isolation of a
new strain of BRSV that has not previously been identified in Turkey. It was associated with animals
that died from respiratory distress and the strain shows amino acid differences in the Fusion protein
(compared to the only other Turkish isolate) that are known to contribute to virulence. Importantly,
the virus has been isolated in culture, which will allow further investigations into its virulence and the
significance of those amino acid changes.
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Simple Summary: Due to the veterinary and medical importance of pathogens transmitted by
Hyalomma aegyptium, we tested ticks removed from Testudo graeca tortoises for the presence of
Anaplasma, Ehrlichia, Hemolivia, Babesia and Hepatozoon. Forty-three percent of the examined adult ticks
were infected with at least one agent. The most prevalent agent identified was Hemolivia mauritanica
(28.6%), followed by Candidatus Midichloria mitochondrii (9.5%) and Ehrlichia spp. (4.7%). Our study
reported for the first time H. mauritanica, Ehrlichia spp. and Candidatus M. mitochondrii in H. aegyptium
ticks collected from pet spur-thighed tortoises, in Qatar, providing data that adds to the geographical
extension of these agents.

Abstract: Tick-borne agents constitute a growing concern for human and animal health worldwide.
Hyalomma aegyptium is a hard tick with a three-host life cycle, whose main hosts for adults are Palearc-
tic tortoises of genus Testudo. Nevertheless, immature ticks can feed on a variety of hosts, representing
an important eco-epidemiological issue regarding H. aegyptium pathogens circulation. Hyalomma ae-
gyptium ticks are vectors and/or reservoirs of various pathogenic agents, such as Ehrlichia, Anaplasma,
Babesia and Hepatozoon/Hemolivia. Ehrlichia and Anaplasma are emergent tick-borne bacteria with a
worldwide distribution and zoonotic potential, responsible for diseases that cause clinical manifesta-
tions that grade from acute febrile illness to a fulminant disease characterized by multi-organ system
failure, depending on the species. Babesia and Hepatozoon/Hemolivia are tick-borne parasites with
increasing importance in multiple species. Testudo graeca tortoises acquired in a large animal market
in Doha, Qatar, were screened for a panel of tick-borne pathogens by conventional PCR followed
by bidirectional sequencing. The most prevalent agent identified in ticks was Hemolivia mauritanica
(28.6%), followed by Candidatus Midichloria mitochondrii (9.5%) and Ehrlichia spp. (4.7%). All sam-
ples were negative for Babesia spp. and Hepatozoon spp. Overall, 43% of the examined adult ticks were
infected with at least one agent. Only 4.7% of the ticks appeared to be simultaneously infected with
two agents, i.e., Ehrlichia spp. and H. mauritanica. This is the first detection of H. mauritanica, Ehrlichia
spp. and Candidatus M. mitochondrii in H. aegyptium ticks collected from pet spur-thighed tortoises,
in Qatar, a fact which adds to the geographical extension of these agents. The international trade
of Testudo tortoises carrying ticks infected with pathogens of veterinary and medical importance
deserves strict control, in order to reduce potential exotic diseases.

149



Animals 2021, 11, 30

Keywords: endosymbionts; Hemolivia; surveillance; tortoises; tick-borne pathogens; ticks

1. Introduction

Ticks are known as important vectors of many viral, bacterial and protozoan in-
fectious microorganisms capable of producing disease in both humans and animals [1].
As hematophagous arthropods, while taking a blood meal, they can transmit pathogens
to susceptible hosts, supporting the enzootic cycles of many infectious agents in various
ecosystems and being regarded as major human and veterinary public health problems [2].
Nevertheless, these arthropods also harbor intracellular bacteria that are apparently not
detrimental to humans, animals or even to ticks themselves. Symbionts, such as Candidatus
Midichloria mitochondrii, are obligately intracellular bacteria, and in some cases are closely
associated with the presence of known pathogens, such as Rickettsia parkeri [3]. Symbiotic,
commensal and pathogenic microorganisms harbored by ticks can positively influence
pathogen transmission or interfere with their maintenance in the tick [4]. For example,
Coxiella-like endosymbionts seem to impair the transmission of Ehrlichia chaffeensis by
Amblyomma ticks [5], whereas the presence of Francisella sp. endosymbionts increases the
colonization success of pathogenic Francisella novicida in Dermacentor andersoni ticks [6].

Hyalomma aegyptium is a three-host life cycle hard tick endemic in North Africa, Balkan
countries, the Middle East, Caucasus, Central Asia, Afghanistan and Pakistan, whose adult
stage main hosts are Palearctic tortoises of the genus Testudo [7–9]. However, adult ticks,
together with the less host-specific nymphs and larvae, also feed on various vertebrates,
such as domestic animals (dogs, cattle, pigs, horses), wild animals (birds, boar, deer, foxes,
jackals, hamsters, hares, hedgehogs, mustelids, squirrels) and humans [10–15]. This wide
host range yields a variety of pathogen transmission scenarios between the numerous
hosts, becoming a concern under an eco-epidemiological point of view.

Various known pathogens have been detected in H. aegyptium ticks, such as Rickettsia
aeschlimannii and Rickettsia africae [16], Borrelia burgdorferi s.l. [17] and Borrelia turcica [18],
Hepatozoon kisrae [19], Coxiella burnetii [20] and Hemolivia mauritanica [21]. The last one is
the most widely distributed blood parasite of turtles, but its geographical distribution still
remains cryptic [22].

Due to the veterinary and medical importance of pathogens transmitted by H. aegyp-
tium ticks and their wide host range, ticks from Testudo graeca acquired in an animal market
in Doha, Qatar, were screened for several pathogens, namely, Ehrlichia, Anaplasma, Babesia
and Hepatozoon/Hemolivia.

2. Materials and Methods
2.1. Study Area

A country located on the eastern side of the Arabian Peninsula, Qatar has a desert
climate with an arid and hot summer characterized by temperatures ranging between 25 ◦C
and 46 ◦C. Rainfall is scarce (75.6 mm per year), falling with erratic patterns from October
to March. Doha is the country’s capital and its largest city.

2.2. Specimen Collection and Processing
2.2.1. Ticks

Ticks included in this study were previously collected and screened for the presence of
Rickettsia spp. in 2019 [16]. Briefly, a total of 21 ticks were removed from two pet tortoises
(T. graeca), which had been acquired from one of Qatar’s largest animal markets just before
presentation at Parkview Pet Center Veterinary Clinic for a health check and ectoparasitic
control in May 2018, Doha. The animal market had a total of 20 animal stores, four of which
sold tortoises (averaging 10–15 tortoises per store). The removed ticks were previously
identified to the species level as Hyalomma aegyptium [16] using the morphological criteria
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already described and further confirmed by PCR using mitochondrial genes (12S and 16S
rDNA) as molecular targets [23,24].

2.2.2. Detection of Ehrlichia/Anaplasma, Babesia and Hepatozoon/Hemolivia DNA in Ticks

Tick extracted DNA by the alkaline hydrolysis [25] was tested for the presence of
Ehrlichia, Anaplasma, Babesia and Hepatozoon/Hemolivia by conventional PCR in the Pathol-
ogy and Immunology Department of the Institute of Biomedical Sciences Abel Salazar,
Porto University, according to previously described protocols (Table 1). For PCR, the KAPA
HiFi HotStart ReadyMix, KAPA Biosystems (Woburn, MA, USA) was used according to
the manufacturer’s instructions. The amplification was performed in Bio-Rad T100TM

Thermal Cycler. Aliquots of each PCR product were electrophoresed on 1.5% agarose gel
stained with Xpert Green Safe DNA gel stain (Grisp, Porto, Portugal) and examined for the
presence of the specific fragment under UV light. DNA fragment size was compared with
a standard molecular weight, 100 bp DNA ladder (Grisp, Porto, Portugal). Distilled water
was used as negative control.

Table 1. Primer sequences used for the detection of tick-borne agents.

Target Gene Primer Sequence bp References

16S rRNA EHR16SD: 5′-GGTACCYACAGAAGAAGTCC-3′

EHR16SR: 5′-TAGCACTCATCGTTTACAGC-3′ 345 [26]

18S rRNA PIRO-A: 5′-AATACCCAATCCTGACACAGGG-3′

PIRO-B: 5′-TTAAATACGAATGCCCCCAAC-3′ 408 [27]

18S rRNA HEP-F: 5′-ATACATGAGCAAAATCTCAAC-3′

HEP-R: 5′-CTTATTATTCCATGCTGCAG-3′ 666 [28]

2.2.3. Sequencing and Phylogenetic Analysis

All Ehrlichia-positive and Hemolivia-positive amplicons obtained were sequenced for
genetic characterization. Amplicons were purified with Exo/SAP Go (Grisp, Porto, Portu-
gal), and bidirectional sequencing was performed with the Sanger method at the genomics
core facility of the Institute of Molecular Pathology and Immunology of the University of
Porto. Sequence editing and multiple alignments were performed with the BioEdit Sequence
Alignment Editor v7.1.9 software package, version 2.1 (Ibis Biosciences). The sequences
obtained were subjected to the basic local alignment search tool (BLAST) [29–31] using the
non-redundant nucleotide database (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

3. Results

From the PCR analysis of H. aegyptium (n = 21), three (14.2%) were positive for the
Ehrlichia/Anaplasma 16S rRNA gene, and six (28.6%) were positive for Hepatozoon 18S rRNA
gene. Bidirectional sequencing and BLAST analysis of consensus sequences of partial 16S
rRNA gene of H. aegyptium tested showed that two shares 99.11% identity with Candidatus
M. mitochondrii sequences from France (GenBank accession no. EU780455), and one of
tested H. aegyptium presented the highest identity (98.64%) with Ehrlichia spp. (GenBank
accession no. KX987321) and E. ewingii (GenBank accession no. MN148616) sequences from
China.

Phylogenetic analysis was performed for 16S rRNA sequences to obtain information
about their genetic relatedness with other Candidatus M. mitochondrii and Ehrlichia species.
Clustering with reference sequences confirmed the final classification as Candidatus M.
mitochondrii (Figure 1) and Ehrlichia ewingii (Figure 2).
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When screening the 21 ticks for the 18S rRNA gene, 5 were found positive for H. mau-
ritanica. Further characterization of the 18S rRNA sequences showed a nucleotide iden-
tity between 99.70% and 99.84% with H. mauritanica sequences from the blood of Tes-
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tudo graeca from Syria (GenBank accession no. KF992707) and Greece (GenBank accession
no. KF992710). Phylogenetic analysis was performed for 18S rRNA sequences and con-
firmed clustering with H. mauritanica reference strains (Figure 3).
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No amplification was obtained for Babesia spp. nor Hepatozoon spp. One (4.8%) of the
ticks was co-infected with Ehrlichia spp. and H. mauritanica.

The following accession numbers were assigned to the sequences obtained in this
work: MW092747 and MW092748 (16S rRNA gene fragment of Candidatus M. mitochondrii),
MW092750 (16S rRNA gene fragment of Ehrlichia spp.) and MW092776 to MW092781 (18S
rRNA gene fragment of H. mauritanica).

4. Discussion

This report presents the molecular findings for a panel of tick-borne pathogens from a
total of 21 H. aegyptium ticks previously removed from two Testudo graeca tortoises acquired
in a large animal market in Doha, Qatar.

In 38% of the 21 H. aegyptium collected from T. graeca tortoises, tested for Ehrlichia/
Anaplasma, Hemolivia/Hepatozoon and Babesia spp., at least one agent was detected. The most
commonly detected agent was H. mauritanica, with 28.6% of the H. aegyptum ticks being pos-
itive for it, followed by the endosymbiont Candidatus M. mitochondrii, 9.5%, and bacterium
Ehrlichia spp., 4.8%. Hemolivia mauritanica and Ehrlichia spp. co-infection was detected in
one H. aegyptium.

Hemolivia mauritanica is a pathogen of tortoises and has H. aegyptium as the definitive
host [11]. The results obtained in this study are in accordance with previous prevalence
levels from Lebanon (38%), Algeria (30.4%) and Bulgaria (14%), but are much lower when
compared with results observed in Turkey (82%), Romania (84%), Syria (82%) and Greece
(81%) [32].

The molecular analysis of a 345 bp stretch of the 16S rRNA gene showed that a
sequence found in a tick presented the highest identity with Ehrlichia spp.

153



Animals 2021, 11, 30

Ehrlichia spp. are maintained in complex zoonotic systems involving vector ticks
and reservoir hosts. These agents affect both humans [33] and animals such as dogs,
ruminants [34,35] and even deer [36]. Infected humans [33] and dogs [37] may manifest
fever, malaise, leucopenia, thrombocytopenia and abnormal liver function. Tick species
that are vectors of these pathogens, such as Amblyomma, Dermacentor, Rhipicephalus, Ixodes,
Haemaphysalis and Hyalomma, also parasitize humans, thus posing a considerable risk [38].
Our results demonstrate a lower occurrence of H. aegyptium infected with Ehrlichia spp.
(4.7%) when compared with recent work, which has shown an occurrence of 30.2% [38].

Candidatus M. mitochondrii, an α-proteobacterial symbiont first detected in Ixodes rici-
nus, has a unique intramitochondrial lifestyle [39]. It was the first bacterium shown to
reside within the mitochondria and the possible role in ticks is yet to be determined [40].
In the present study, Candidatus M. mitochondrii was detected in H. aegyptium ticks col-
lected on T. graeca from Qatar. As far as we know, this is the first report of the detection of
this symbiont in H. aegyptium ticks.

Our study reports for the first-time detection of H. mauritanica, Ehrlichia spp. and
Candidatus M. mitochondrii in H. aegytium ticks collected from pet spur-thighed tortoises,
in Qatar, a circumstance which contributes to characterizing the geographical distribution
of these agents. The current dimension and growth of international wildlife trade is
known not only to act as an avenue for the spread of disease [41] but also poses an
important risk to global biodiversity, as well as having an impact on social and economic
development [42]. Importation of tick-infested tortoise, later found to be carrying zoonotic
pathogens, have been reported in the past [16,43].

5. Conclusions

Our study reports for the first-time the detection of H. mauritanica, Ehrlichia spp. and
Candidatus M. mitochondrii in H. aegytium ticks collected from pet spur-thighed tortoises,
in Qatar, a circumstance which contributes to characterizing the geographical distribution
of these agents and shows the need of strict surveillance and control to reduce potential
non-native diseases while assisting animal conservation.
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