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Abstract

Enterocytozoon bieneusi, an intracellular eukaryotic pathogen closely related to fungi, poses a
significant health risk, particularly to immunocompromised individuals. While fecal-oral transmission
is the primary mode of spread, other transmission routes remain unclear. The pathogen's wide host
range underscores its zoonotic potential, despite limited direct evidence of animal-to-human
transmission. Genotyping based on the internal transcribed spacer (ITS) region is crucial for delineating
genetic diversity, with zoonotic genotypes predominantly associated with Groups 1 and 2. Research
on microsporidian infections, particularly E. bieneusi, in zoo animals remains limited despite the broad

spectrum of susceptible hosts.

This study aimed to evaluate the occurrence of E. bieneusi infection in diverse captive animals
within zoo settings in Portugal. A total of 127 fecal samples were collected from various animal species,
and molecular detection of E. bieneusi was conducted using nested PCR targeting the ITS region. The
results revealed that 1.57% (95% Cl: 0.19-5.57) of the samples tested positive for E. bieneusi, with a
notably higher occurrence of 18.18% (95% Cl: 2.28-51.78) among non-human primates (NHPs).
Phylogenetic analysis indicated that the detected strains clustered within Group 2 genotypes,

highlighting potential zoonotic implications.

The findings underscore the need for further research to better understand the epidemiology of
E. bieneusi in zoo environments and its potential transmission pathways to humans. Given the close
interaction between zoo animals and human caretakers, visitors, and researchers, understanding the
genetic diversity and transmission dynamics of E. bieneusi is essential for mitigating the risk of zoonotic
transmission. Enhanced molecular diagnostic techniques and comprehensive monitoring programs are
recommended to identify and control microsporidian infections. This integrated approach will
contribute to protecting both animal and human health, ensuring safer interactions in shared

environments.
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Resumo

Enterocytozoon bieneusi, um organismo patogénico eucariota intracelular intimamente
relacionado com os fungos, representa um risco significativo para a salde particularmente no caso de
individuos imunodeprimidos. Embora a transmissao fecal-oral seja o principal modo de disseminagao,
a possibilidade de outras vias de transmissdo continua incerta. A ampla gama de hospedeiros do
parasita realca o seu potencial zoonético, apesar de evidéncias diretas limitadas de transmissdo de
animais para humanos. A genotipagem baseada na regido do espagador interno transcrito (ITS) é
crucial para delinear a diversidade genética, com gendtipos zoondticos predominantemente
associados aos Grupos 1 e 2. A investigacdo sobre infecdes por microsporidia, particularmente
E.bieneusi, em animais de jardim zooldgico continua limitada, apesar da ampla gama de espécies

suscetiveis.

Este estudo teve como objetivo avaliar a ocorréncia de infe¢do por E.bieneusi em diversos animais
em cativeiro em jardins zooldgicos de Portugal. Foram recolhidas 127 amostras fecais de varias
espécies de animais, e a detecdo molecular de E.bieneusi foi realizada através de Nested PCR
direcionado para a regido ITS. Os resultados revelaram que 1,57% (IC 95%: 0,19-5,57) das amostras
testaram positivo para E. bieneusi, com uma ocorréncia notavelmente mais alta de 18,18% (IC 95%:
2,28-51,78) entre primatas ndo humanos. A analise filogenética revelou que as estirpes detetadas se

agruparam dentro de gendtipos do Grupo 2, destacando potenciais implicagdes zoondticas.

Os resultados realgam a necessidade de mais investigacdo para melhor compreender a
epidemiologia de E.bieneusi em ambientes de jardim zooldgico e as suas potencias vias de transmissdo
para humanos. Dada a estreita interagao entre animais de jardim zooldgico e cuidadores, visitantes e
investigadores, compreender a diversidade genética e as dinamicas de transmissdo de E.bieneusi é
essencial para mitigar o risco de transmissao zoonética. Técnicas avanc¢adas de diagndstico molecular
e programas abrangentes de monotoriza¢gdo sdao recomendados para identificar e controlar infe¢cGes
por microsporidia. Esta abordagem integrada contribuird para proteger tanto a saude animal como

humana, garantindo interacdes mais seguras em ambientes de coexisténcia.
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Case registry and activities developed during the internship

During the 4 months of curricular internship, | had the opportunity of being part of two very distinct
environments: Centro de Recuperacdo de Fauna do Parque Biolégico de Gaia (CRF-PBG) and ICBAS’
Microbiology and Infectious Diseases laboratory (MIDlab).

Before the curricular internship, | had the opportunity to join MIDlab’s research team for 4 months,
under the guidance of Professor Jodo Mesquita, where | learned more about the molecular biology
techniques used in their research, including primer design, DNA extraction from various sources using
different methodologies, DNA purification, several PCR techniques (conventional, nested and semi-
nested, gPCR, RT-PCR and RTg-PCR, multiplexPCR, touchdownPCR, among others), electrophoresis gel
preparation and interpretation, DNA sequencing, and gained experience using an abundance of
bioinformatics software. This time was spent working on several research projects in the parasitology
and virology areas. | soon gained proficiency in the lab’s protocols and methodologies, and | was
trusted with more autonomy. With their guidance and support, | seized the opportunity to propose
and develop my own study, leveraging the skills and insights acquired during my internship. This
project was developed over the following months and turned out to be the main theme of this
dissertation, tackling the presence of Enterocytozoon bieneusi in zoo animals. The findings originating
from this study were presented by me in an oral communication at the IJUP 2024 congress (Encontro
de Investigacdo jovem da Universidade do Porto 2024). These projects gave me insights on how
scientific studies are planned, the logistics behind them, and allowed me to gain knowledge on
systematic literature review, microbiology methodologies, interpretation and communication of

results, data scientific writing, data management, statistical analysis.

CRF-PBG receives, rehabilitates, and returns wild animals to nature, and additionally has an
important role in citizen education and awareness in relation to wildlife and biological diversity. During
my time there, | had the opportunity of being in contact with a plentitude of wild species with which |
had not had the opportunity to interact with during my Veterinary Medicine degree. In this way, |
sought to fill this gap in my education.

During these 4 months, | was able to accompany the day-to-day activities of the clinic, treatments,
and other procedures in the animal enclosures, and perform necropsies on several wildlife species.
Some of these activities included feeding of young animals, administration of medications using
different routes (oral, intramuscular, intravenous, intracelomic, ocular, inhalation, etc.) with all the
challenges synonymous with wildlife species. | performed X-ray image acquisition and interpretation,
multiple immobilization techniques, gavage, and preparation of animal enclosures that satisfy each

species particular needs, among a multitude of other procedures (Annex B). During my stay, | was part



of the introduction of endoscopic technology into the clinic who had yet to incorporate it into their
diagnostic toolkit. The endoscope revealed itself an essential instrument as it allowed us to better
understand and diagnose different conditions in a relatively non-invasive manner.

A relevant portion of my time was spent diagnosing parasitosis by coprology, using direct and fecal
flotation techniques, among others. The identification of coccidian oocysts, nematodes, nematode
eggs and other organisms was challenging and yet very interesting. Moreover, the diversity and
frequency of the parasites found differed from what was expected from the available literature.
Consequently, | led an effort to create a comprehensive resource for parasite identification and host-
species correlation. This was achieved by the establishment of a Google Drive “Atlas”, categorized
based on host families and classes, facilitating easy navigation and reference. By systematically
documenting our findings, we not only enhanced our understanding of parasitic diversity but also

provided a valuable tool for future reference and practical application.

Figure 1 - Coccidia found in Corvus corone fecal sample. Found in Atlas Parasitas PBG > Aves > Corvidae > Coccidia.
This resource can be freely accessed through the following link:https://drive.google.com/drive/folders/1-diCycBT9YXkX7-
pPUKKNWMFiemgAyzaW?usp=sharing

At CRF-PBG, | also performed numerous pathological diagnostic techniques such as skin scrapings,
histological cuts and cytological preparations, in addition to molecular identification of some parasites
with the help of the resources made available to me at MIDlab, | performed basic stain techniques and
re-introduced the use of Gram stain for better identification of prokaryotic and eukaryotic
microorganisms. More than 100 fecal samples belonging to various wildlife species at PBG-CRF were
collected which will be used for research purposes. Additionally, | took part in wild animal release
programs aimed at educating young school students and the general population.

During these 4 months, | also dedicated some of time to continuing my research endeavors at the

MIDlab, working on multiple projects.
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Finally, over the course of these months, | also participated and successfully completed a course
on bacterial genome (GENBAC — Estudo de Genomas Bacterianos: do controlo da infe¢do a pesquisa
de novas moléculas), hosted by Faculdade de Farmacia da Universidade de Porto, worth 3 ECTS, with

the final classification of 18/20.
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AIDS
ATP

bp

cl

CIA
CRF-PBG
DNA
E.bieneusi
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HIV
IFAT

ITS

LSuU

Mb
MetAp2
NHP
PCR

pH

qPCR
RT-PCR
RTq-PCR
SSuU
TEM

uv

WwB

Acquired Immunodeficiency Syndrome
Adenosine triphosphate

Base pairs

Confidence Interval

Chemiluminescent immunoassay

Centro de Recuperacdo de Fauna do Parque Bioldgico de Gaia
Deoxyribonucleic acid

Enterocytozoon bieneusi

Enzyme-linked immunosorbent assay

Human Immunodeficiency Virus
Immunofluorescence Antibody Test

Internal transcribed spacer

Large subunit

Megabyte

Methionine aminopeptidase type 2

Non human primate

Polymerase chain reaction

potential of Hydrogen

Quantitative polymerase chain reaction

Reverse transcription polymerase chain reaction
Quantitative reverse transcription polymerase chain reaction
Small subunit

Transmission electron microscopy

Ultraviolet

Western Blot
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1. Introduction

1.1. Coprology and enteric parasites

During my tenure in CRF-11PBG, a considerable amount of my effort was spent diagnosing parasitic
infections through coprological examination. This detailed process required the use of various
techniques, such as fecal smear and fecal flotation. A plethora of parasites from hugely different
families were identified: coccidian oocysts (mostly belonging to Eimeria and Isospora genera); adult
helminths (Dipylidum caninum, Capillaria spp., Crenosoma sp, among various others); helminth eggs
(Ascaridae, Capillaria spp, Eustrongylides spp., Taenia spp., Trichuris spp., Ancylostoma spp., among
various others); as well as a variety of other microorganisms — flagellate microorganisms, and the
occasional fungi or bacteria as an example. Each diagnosis presented unique challenges but was
inherently fascinating due to the complexity and diversity of the parasites encountered.

Coprologies revealed themselves to be an indispensable tool in wildlife management. Their
importance cannot be overstated, as it allows for the identification and management of parasitic
infections that can significantly impact the health and recovery of wildlife. The detection of parasites
that would otherwise go unnoticed enables timely and appropriate treatment interventions, aiding in
the recovery of animals and helping to prevent the spread of parasitic infections within wild
populations, which is crucial for the conservation of species and maintenance of biodiversity. During
my time at the clinic the high occurrence of antiparasitic drug resistance was also noticed, with a
particular case of highly fenbendazole refractory Crenosoma spp. in an European hedgehog (Erinaceus
europaeus) being especially eye-opening.

The unexpected diversity and frequency of parasites discovered in wildlife during coprological
examinations also highlights the gaps existing in our knowledge and the need for ongoing research.
The literature often provides a baseline understanding, but field studies reveal the dynamic nature of
parasite-host interactions and the influence of environmental factors. Field-based research and
continuous surveillance in wildlife rehabilitation centers do have and will continue to have an
invaluable role in keeping up with parasitic threats.

My interest and experience in enteric parasites developed in the clinic was luckily paired with the
focus on enteric microorganisms MIDIab, which allowed me to better study and understand this area,
having built a strong foundation on morphological identification and pathology of a wide array of
species. In a molecular biology setting, | was able to leverage this knowledge to delve into the study of
some of the parasites observed from an evolutionary and genetic perspective, allowing for a more

complete understanding of their life cycles, host interactions and resistance mechanisms.



The microsporidian Enterocytozoon bieneusi is characterized by unique diagnostic challenges. It is
responsible for causing severe enteric diseases that compromise the health and survival of various
animal species. Common symptoms often include diarrhea, weight loss, dehydration, and
malabsorption of nutrients. This can, in turn, lead to malnutrition and a weakened immune system,
making the affected wildlife more susceptible to secondary infections and other health complications.
E. bieneusi can have a substantial impact on populations, particularly those that are already vulnerable
to habitat loss, climate change, or other environmental pressures. For instance, chronic infections can
reduce an animal’s ability to forage effectively, evade predators, and reproduce successfully, leading
to decline in population. Wild animal populations can also be responsible for the spread of the parasite
to numerous other animals, including humans, as the spores are shed in feces and can contaminate
water sources and food supplies. Monitoring and managing E. bieneusi infections in wildlife is therefore
crucial not only for the health of individual animals but also for the preservation of entire species and
ecosystems. This organism cannot be, however, reliably diagnosed through conventional microscopy
due to its small size and lack of distinctive morphological features. Through molecular diagnostics, such
as Polymerase Chain Reaction (PCR) and sequencing, we can precisely identify E. bieneusi at a
molecular level.

In spite of its substantial impact, E. bieneusi remains relatively unknown. Routine diagnosis and
recognition have been historically impeded in both clinical and wildlife settings. Secondly, the
symptoms of E. bieneusi infection are often nonspecific and can be attributed to a wide range of other
gastrointestinal pathogens, leading to potential misdiagnosis or underreporting. Microsporidia have
only gained more attention in the scientific community recently. They were once thought to be
protozoans but are now fungi-related, necessitating a shift in diagnostic and research approaches. This
taxonomic reclassification and the specialized techniques required for its study have limited the
amount of research developed around this organism. Furthermore, much of the research is focused
on human health, overshadowing its importance in wildlife and broader ecological contexts,
contributing to its relative obscurity outside specialized parasitological fields. The zoonotic potential
of E. bieneusi is increasingly recognized, but a comprehensive understanding of its prevalence,
transmission dynamics and impact in wildlife is still emerging.

At MIDIab, | was able to research this parasite, focusing on prevalence, transmission dynamics, and
impact on both wildlife and human health. By integrating field data with laboratory analyses, we are
contributing to a broader knowledge base that supports better disease management and conservation
strategies. This work not only addresses the gaps in current parasitological research but also
underscores the importance of a One Health approach, which considers the interconnectedness of

human, animal and environmental health.



1.2. Context:

Microsporidia are intracellular eukaryotic organisms closely related to fungi, infecting a wide range
of hosts, including both invertebrates and vertebrates. Among the 220 genera and over 1,700 species
catalogued, Enterocytozoon bieneusi is particularly notable for its pathogenic impact on humans,
especially those who are immunocompromised. Transmission primarily occurs via the fecal-oral route,
although precise modes remain incompletely described. The pathogen infects various domestic and
wild animals, indicating its zoonotic potential, yet direct evidence of animal-to-human transmission is
limited. Genotyping of E. bieneusi, based on internal transcribed spacer (ITS) polymorphisms, has
identified over 600 genotypes, with Groups 1 and 2 being predominantly associated with zoonotic

transmission.

1.3. Motivation:

Despite the broad host range, research on microsporidian infections in zoo animals remains scarce,
highlighting the need for studies evaluating the occurrence and zoonotic potential of E. bieneusi in
these settings. Understanding the epidemiology of this pathogen in zoo animals is essential for
maintaining the health and well-being of captive animals and for developing strategies to reduce
pathogen spread. Moreover, enhancing our understanding of pathogen dynamics in diverse animal

populations contributes to ensuring the health of wild and endangered animals in rehabilitation.

1.4. Objectives:

This study aims to investigate E. bieneusi infections across diverse captive animal species in zoos,
elucidating the occurrence and zoonotic implications of circulating genotypes, as well as the
prevalence of E. bieneusi in different animal species. The identification and characterization of this
species in zoo animals can inform public health strategies to prevent and control human infections,
particularly in immunocompromised individuals. This study focuses on evaluating the occurrence and
genetic diversity of Enterocytozoon bieneusi in various captive animal species within zoos located in
Portugal, including mammals, birds, reptiles, amphibians, and arthropods. By targeting a broad
spectrum of animal hosts, the research aims to provide a comprehensive overview of E. bieneusi
infection across different taxa within zoo environments. The selection of zoos in Portugal provides a
geographically constrained yet diverse range of habitats and management practices, which are

representative of typical zoo settings in similar climates and regions.



1.5. Organization

The following chapters are structured to provide a comprehensive examination of these themes:

Chapter 1 — Introduction : This chapter provides an overview of the study, detailing the
background of Enterocytozoon bieneusi, the rationale for investigating its presence in zoo
environments, the research objectives, and the overall scope of the study.

Chapter 2 — Literature Review: This chapter reviews the existing literature on microsporidia, with
a particular focus on E. bieneusi. It discusses the biology, transmission dynamics, zoonotic potential of
the pathogen, and summarizes previous research conducted in various settings.

Chapter 3 — Practical Work : The practical work undertaken in this study is comprehensively
detailed in Annex A. It is presented as a manuscript submitted to the journal Animals, ensuring
thorough documentation and peer-reviewed validation of the methodologies and findings. This
document includes an introduction, materials and methods, results, discussion, and the relevant
bibliography, that substitutes the corresponding chapters of this work.

Chapter 4 — Conclusion : This chapter summarizes the main findings of the study, discusses their
significance, and provides recommendations for mitigating the zoonotic risks associated with E.

bieneusi in zoo environments. It also points pertinent avenues for future work.

2. Enterocytozoon bieneusi

2.1.  Historical background

Enterocytozoon bieneusi was first identified and described in 1985. The discovery came about
through the investigation of a Haitian patient with AIDS suffering from chronic diarrhea. Intestinal
biopsy specimens were collected and examined using electron microscopy. Unusual structures were
observed within the intestinal cells of the patient. These structures appeared as minute spore-like
bodies enclosed in the host’s enterocytes. Further examination revealed that these structures closely
resembled characteristics attributed to microsporidia, a group of intercellular parasites known to
infect a wide range of hosts, including humans.(Desportes et al., 1985)

The designation Enterocytozoon bieneusi arises from the Greek énteron (intestine), kutos (cell),
and zdion (animal), along with the surname Bieneus, in honor of the first infected patient.(Moniot et
al., 2021)

Subsequent studies highlighted its substantial impact on immunocompromised hosts, particularly
those with AIDS or organ transplants, as it can lead to severe and life-threatening diarrhea and wasting

syndrome. (Akinbo et al., 2012b; Liguory et al., 2001a; Sadler et al., 2002a; Ten Hove et al., 2009a)



Although zoonotic transmission is plausible due to E. bieneusi's ability to infect a wide range of
domestic and wild animals, direct evidence supporting animal-to-human transmission remains elusive.
Despite documented infections across various animal species, including beavers, calves, cats, chickens,
dogs, foxes, goats, llamas, macaques, muskrats, ostriches, otters, pigs, pigeons, rabbits, raccoons, and
wild boars, confirming such transmission remains a challenge. These findings highlight the potential
reservoir role of mammals and birds in spreading microsporidian spores capable of infecting humans.
(Breitenmoser et al., 1999; Chalifoux et al., 1998; Del Aguila, C Izquierdo, F Navajas, R Pieniazek, NJ
Miro, G Alonso, Al Da Silva, Al Fenoy, 1999; Dengjel et al., 2001; Deplazes et al., 1996; Galvan-Diaz et
al., 2014; Maria Luisa Lobo et al., 2003; Lores et al., 2002; Mansfield et al., 1998; Mathis et al., 1999;
Pourrut et al., 2002; Reetz et al., 2002; Rinder et al., 2000; M. Santin et al., 2005; Mdnica Santin et al.,
2004; Sulaiman et al., 2004)

2.2. Microsporidia

Microsporidia are intracellular eukaryotic spore-forming microorganisms closely related to fungi
that demonstrate a wide host range spanning both invertebrates and vertebrates, with more than
1,700 species catalogued, 17 of which pose pathogenic risks to humans. This represents, however, a
small fraction of the real diversity as most host lineages have been poorly studied.(Han et al., 2021)

Microsporidia have a fairly cosmopolitan distribution, being described on all continents with the
exception of Antartica (P. Keeling, 2009). Microsporidia have been known to infect several
commercially important animal species, including bees, silkworms (Ghosh & Weiss, 2009), fish (Sveen
et al., 2012), birds and mammals (Breitenmoser et al., 1999; Chalifoux et al., 1998; Del Aguila, C
Izquierdo, F Navajas, R Pieniazek, NJ Miro, G Alonso, Al Da Silva, AJ Fenoy, 1999; Dengjel et al., 2001,
Deplazes et al., 1996; Galvan-Diaz et al., 2014; Maria Luisa Lobo et al., 2003; Lores et al., 2002;
Mansfield et al., 1998; Mathis et al., 1999; Pourrut et al., 2002; Reetz et al., 2002; Rinder et al., 2000;
M. Santin et al., 2005; Mdnica Santin et al., 2004; Sulaiman et al., 2004).

Microsporidia, despite their complex infection mechanism, lack distinguishing characteristics,
making them challenging to compare with other eukaryotes. Their taxonomic classification has been
unstable, often being grouped with organisms now known to be unrelated.(P. Keeling, 2009)

Historically, the identification of microsporidians as agents of disease dates back to the mid-
nineteenth century. Louis Pasteur’s work revealed a protozoan pathogen, subsequently named
Nosema Bombycis as the causative agent responsible for prebrine or pepper disease in silkkworms. The
hugely significant impact in the silk industry highlighted the significance of this discovery.(Pasteur,
1870) The transition from commercial to medical significance occurred in 1959 with the first

documented case of microsporidiosis in humans (Monaghan et al., 2009)



The classification of Microsporidia has been controversial for decades since its discovery. They
were first classified as a schizomycete fungiin 1857, as sporozoan protists in 1882 (Balbiani, 1882), and
then as a subgroup of the Cnidosporidia within the sporozoan in 1901 (now the Apicomplexa). This
was followed for more than 100 years (P. Keeling, 2009). In 1983, a new hypothesis was formulated,
inserting Microsporidia in an ancient lineage “Archezoa” (i.e., diverged prior to the origin of
mitochondria), as no obvious mitochondria were found (Vossbrinck et al., 1987). As molecular data has
evolved, an alternative hypothesis was formulated that microsporidia are related to fungi (P. J. Keeling
& Fast, 2002). Recent genomic characterization led to the reclassification of microsporidians, once

regarded as protozoa, as fungi (Trew, 2021).

Nageli discovers N.bombycis Molecular phylogeny
Classified as shows fungal origin
Dolfein classifies in Cnidsporidia
(within )
1857 1901

1882
Balbiani classifies “microsporidies” Archezoa
as hypothesis

Figure 2 - Timeline of Microsporidia classification Timeline of microsporidia Classification © 2024 by Guilherme

Moreira is licensed under CC BY-NC-SA 4.0

Enterocytozoon bieneusi is considered the main cause of human microsporidiosis, accounting for
more than 90% of infections worldwide, affecting mostly immunocompromised individuals, e.g. cancer

patients, organ transplant recipients and HIV patients.(Sak, Brady, et al., 2011)

2.3. The Enterocytozoon spore: infectious unit

In the microsporidian life cycle, the spore represents the infective stage as well as the only stage
capable of enduring conditions outside of the hosts’ cells. (Vavra & Larsson, 2014a) Microsporidia
possess unique features highlighted in Figure 1. Enclosed within the spore is the sporoplasm which
contains several organelles: nuclei, ribosomes and endoplasmic reticulum. The nuclei appear in a
monokaryon or diplokaryon arrangement (Elizabeth S. Didier & Weiss, 2006). Microsporidia possess
unique organelles including mitosomes (thought to be reduced mitochondria), a polar filament or
tubule originating in an anterior achoring disk and an atypical Golgi apparatus.(Elizabeth S. Didier &
Weiss, 2006) The polar filament is a unique, highly specialized structure which plays a key role in

infection, being present in all microsporidia, along with a membranous polaroplast as well as a
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posterior vacuole thought to be involved in polar filament extrusion.(Hale-Donze & Didier, 2007; Xu &

Weiss, 2005)

Anchoring disc
Polaroplast
Exospore

Endospore

Polar tube

Nucleus

Posterior vacuole

Spore

Figure 3 - Generalized Enterocytozoon spore - Enterocytozoon © 2024 by Guilherme Moreira is licensed under CC BY-

NC-SA 4.0

2.4. The life cycle of Microsporidia

Spore transmission occurs in a number of ways, including horizontal (Haag et al., 2020; Karthikeyan
& Sudhakaran, 2019) transmission through ingestion or other interactions, although some species have
been known to transmit vertically(Poley et al., 2017). Horizontal transmission is the most frequent
route of transmission and the only route thought to be used by Enterocytozoon. Waterborne
transmission (fecal-oral) is likely the most frequent route in human infecting species, with
microsporidian infections being reported mostly in low income countries with lower water health
(Javanmard et al., 2018), with a greater number of spores being found in both treated and raw
water.(Galvan-Diaz et al., 2014; Javanmard et al., 2018)

Infection occurs as the spore contacts the host’s enterocytes. Following ingestion through
contaminated food or water, specific conditions (i.e. osmotic pressure, ion concentration, digestive
enzymes, redox potential, pH) cause the eversion of the polar tube. (Undeen & Epsky, 1990) The coiled
organelle discharges, piercing the host’s enterocyte. The posterior vacuole and polaroplast swell,
forcing the sporoplasm into the host cell’s cytoplasm(P. J. Keeling & Fast, 2002; LOM J, sem data;
Monica Santin & Fayer, 2011b). The next stage is referred to as a meront, with the parasite inside the
enterocyte.(Santin-Duran, 2015a) Once inside the cell, nuclei elongate and undergo division (Chalifoux
et al.,, 1998), as the microsporidia undergoes sporogonial division (sporogonic or spore-forming
phase).(Franzen, 2005) When enough mature spores are formed, the cell membrane is ruptured

infecting new host cells (within the same host) or are released through feces into the environment,
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being able to survive long periods outside a host.(Franzen, 2005) Unlike other microsporidia (e.g.
Encephalitozoon spp., Nosema spp.) E. bieneusi spores are not packaged in sporophorous vesicles or
pansporoblast membranes in host cells (Vavra & Larsson, 2014a). This method of invading cells is one
of the most sophisticated mechanisms in biology and ensures that the microsporidia enter the host

cell unrecognized and protected from host defence reactions. This life cycle is represented in Figure 3.

Polar tube

O
Sporoplasm

Mature spores

" . . Infection / Replication
Infective Proliferative phase

phase

Figure 4 - Generalized Enterocytozoon Life Cycle - Enterocytozoon Ic © 2024 by Guilherme Moreira is licensed

under CC BY-NC-SA 4.0

2.5. Survival

The spores of microsporidia can survive for months to years outside the host, depending on
exterior conditions(Santin & Fayer, 2015). Environmental factors affecting spore survival include solar
radiation, humidity and temperature, and have been studied in multiple microsporidia including
Encephalitozoon spp., Enterocytozoon spp. and other entomopathogenic microsporidia (Fayer, 2004;
Kramer, 1976; Solter & Becnel, 2007). UV light exposure can render spores noninfectious within hours,
however, protection from sunlight will significantly extend their longevity. Temperature and humidity
also play crucial roles, with high temperatures decreasing spore viability and slow dehydration posing
a significant threat. Spores within dried feces and cadavers can maintain infectivity for months to years
at lower temperatures.(Y. Zhang, 2019) The resilience of the microsporidian spores holds significant

implications for human infection in zoo environments.

2.6. Pathogenesis

Typically, E. bieneusi human infection is limited to the small intestine (duodenum and
jejunum)(Santin-Duran, 2015b) but respiratory tract infections are possible.(Graczyk et al., 2007) The
main signs of E. bieneusi infection include chronic diarrhea, abdominal pain, vomiting, fever and
malabsorbtion accompanied by weight loss (Brasil et al., 2000), although the exact causative

mechanism is not yet fully understood.(Santin-Duran, 2015a) E. bieneusi is recognized as an
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opportunistic agent in HIV/AIDS patients and otherwise immunocompromised individuals such as
organ transplant recipients(Akinbo et al., 2012a; Ghoyounchi et al., 2019; Liguory et al., 2001b; Sadler
et al., 2002b; Ten Hove et al., 2009b).

Microsporidia do not seem to produce toxins, with the apoptosis of enterocytes during E. bieneusi
replication being the most likely cause of intestinal disease. The occasional pulmonary complications
are characterized by persistent cough, dyspnea and non-purulent sputum in immunocompromised
individuals(Y. Zhang, 2019).

In immunocompetent individuals, less severe forms of E. bieneusi induced microsporidiosis can
occur, usually resolving within a few weeks or months, thus being self-limiting (Cama et al., 2007).
Nonetheless, some studies indicate a lack of significant correlation between E. bieneusi infection and
diarrhea (W. Zhang et al., 2017). This suggests that asymptomatic E. bieneusi infection are reasonably
common. Certain genotypes (Peru 3-11), appear to exhibit a greater propensity to induce symptoms
in humans when compared to others (e.g. Peru 1-2)(Bern et al., 2005) . This highlights the possibility
of varying degrees of virulence and pathogenicity among different genotypes. These aspects represent

valuable avenues for further investigation within clinical contexts.

2.7. Microsporidian genome structure

Understanding the microsporidian genome and structure is critical for understanding their
biochemistry and biology.
The genomes of microsporidia range from 2.5Mb to 25 Mb (Vavra & Larsson, 2014b). The draft genome
of E. bieneusi is estimated at 3.86 Mb, composed of 6 chromossomes with high gene density (few
introns and short intergenic regions). 3804 genes were predicted for E. bieneusi, of which 1702 were
identified as coding proteins. E. bieneusi doesn’t exhibit the metabolic pathways present in other
species of microsporidia (such as E. cuniculi), and its genome is fragmented, complicating comparative
analyses. (Akiyoshi et al., 2009)E. bieneusi also lacks pathways for glycolysis, pentose phosphate and
trehalose metabolism, suggesting a reliance on the host’s ATP (Akiyoshi et al., 2009)Moreover, the
ribosomes of certain species such as Nosema bombycis and Telohania maenadis, are characterized by

a 70S configuration akin to prokaryotic organisms. (Y. Zhang, 2019)

2.8. Detection and identification of microsporidia

The methods of microsporidia detection have progressed from traditional microscopic diagnosis to
serological and molecular based detection. Conventional methodologies include microsporidia stages
through electron microscopy (TEM) and/or light microscope. Serological assays comprise enzyme-

linked immunosorbent assay (ELISA), chemiluminescent immunoassay (CIA), immunofluorescent



antibody test (IFAT) and Western Blot (WB) analysis. Molecular approaches typically involve
polymerase chain reaction (PCR) amplification of a specific DNA region and are prevalent in diagnostic
practices.

Given the constraints inherent to microscopic and serological methods, molecular assays have
become the main tool for identification and detection of microsporidia. (Bednarska, Matgorzata &
Bajer, Anna & Welc-Faleciak, Renata & Czubkowski, Piotr & Teisseyre, Mikolaj & Graczyk, Thaddeus &
Jankowska, 2013) These assays offer considerable advantages, namely high specificity and sensitivity.

PCR serves as the foremost nucleic acid-based detection method (Yang & Rothman, 2004), adept
at amplifying minute DNA quantities through a process involving thermostable DNA polymerase,
nucleotides and oligonucleotide primers. This cyclic amplification process, divided into denaturation,
annealing and extension stages, enabling exponential amplification of target DNA. Under perfect
conditions PCR reaches 100% specificity and sensitivity (Thellier & Breton, 2008), thereby facilitating
the specific detection of microsporidial DNA, inclusive of unknown taxa. Furthermore, coupled with
DNA sequencing, PCR enables sub-specific identification and genotypic characterization (Thellier &
Breton, 2008) Dependable gene markers are pivotal in epidemiological and systematic inquiries
(Schoch et al., 2012). Molecular markers such as ITS (Internal Transcribed Spacer), SSU (Small Subunit)
and LSU (Large Subunit) of nuclear ribosomal DNA are employed for E. bieneusi. Studies demonstrate
that ITS is optimal for species and genotypic identification and characterization, being predominant in
epidemiological investigations (Mdnica Santin & Fayer, 2009). The ITS region of E. bieneusi spans 240-

245 bp, distinct in size from other pathogenic microsporidia.

2.9. Molecular epidemiology of E. bieneusi

E. bieneusi exhibits wide distribution, having been identified in more than 41 countries. This
pathogen demonstrates infectivity across diverse animal taxa, including birds (e.g. Passeriformes,
Columbiformes, Falconiformes, Galliformes, Gruiformes, Passeriformes, Psittaformes and
Struthioniformes), mammals (e.g. Artiodactyla, Carnivora, Chiroptera, Diprotodontia, Lagomorpha,
Perissodactyla, Primates, and Rodentia), Insecta (e.g. Diptera), and Reptilia (e.g. squamata), among
others.

Molecular methods coupled with genotype comparisons across diverse hosts and regions have
been instrumental in identifying transmission pathways and potential reservoirs of E. bieneusi infection
(Cama et al., 2007). Genotyping of E. bieneusi is an essential tool for epidemiological inquiries. PCR-
based sequencing of ribosomal ITS nucleotide sequences stands as the predominant approach for E.
bieneusi genotyping. To date, 611 distinct genotypes have been catalogued, 594 of which have precise

genotype designations. 92 genotypes have been exclusively recorded in human hosts, 423 in animals,
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and 56 in both. Moreover, water sources have harbored 63 genotypes, 22 of which were exclusive to

aquatic environments. (Y. Zhang, 2019)

2.9.1. E. bieneusi infection in humans

E.bineusi demonstartes the capability to infect individuals with varying immune statuses across
both developed and developing nations (Mdnica Santin & Fayer, 2009, 2011a). 92 E. bieneusi
genotypes have been documented in human populations across 22 countries, with a wide range of
prevalence, from 1.2% to 100% in HIV-positive patients and from 1.4% to 46.7% in HIV-negative
individuals(Breitenmoser et al., 1999; Matos et al., 2012; Sak, Kvac, et al., 2011). Comparing these
prevalences is, however, challenging due to variations in diagnostic methodologies, sample types and
patient demographics.
Due to its significant impact and potential public health threat, E. bieneusi has been categorized as a
Category B agent by the National Institutes of Health, ranking it among second highest priority
organisms/biological agents (Wang et al., 2024) Additionally, E. bieneusi has been identified in both
HIV-positive and HIV-negative patients from Portugal, with prevalences of 6.3% (59/856) and 29%
(20/69)(Ferreira et al., 2001; Maria Luisa Lobo et al., 2012), which highlights the importance of this
zoonotic pathogen. This data suggests the presence and circulation of E. bieneusi in the Portuguese
fauna, as well as its zoonotic potential, evidenced by the infection of individuals with genotypes found

in fauna regardless of their immunological condition.

2.9.2. E. bieneusi infection in animals
2.9.2.1. Companion animals

Pets such as cats, dogs and horses often interact closely with humans and pose a potential risk of
transmitting zoonotic E. bieneusi genotypes (Mdnica Santin et al., 2006). Additionally, feces from
contaminated animals pose a risk of environmental contamination, including water sources, thereby
endangering public health(Mori et al., 2013).

In total, 32 genotypes have been recorded in dogs, ten of which are present in other species,
including humans (i.e., A, D, EbpA, EbpC, O, Peru 5, Peru 8, PigEBITS5, PtEb VI and PtEb VII). Genotype
PtEb IX is the most common genotype in dogs and has been found only in cats, dogs and European
badgers, pointing towards specificity in relation to these species. In cats, 20 genotypes have been
recorded, eight of which have been detected in humans, suggesting that they might be carriers of
zoonotic genotypes. In horses, 40 genotypes have been detected, 11 of which have zoonotic

potential.(Y. Zhang, 2019)
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2.9.2.2. Livestock animals

Farm animals, including cattle, pigs and sheep serve as potential reservoirs for E. bineusi
transmission to humans through direct contact or via water routes (Prasertbun et al., 2017; X. Zhang
etal., 2011). Cattle have shown E. bieneusi prevalence rates ranging from 2.0% to 37.6% across various
regions (Valencakova & DaniSova, 2019; X. Zhang et al., 2011). Pigs exhibit prevalences from 10% to
94% across different regions (Valencakova & DaniSova, 2019). The genotypes most often found in
these animals belong to zoonotic group 1, indicating the zoonotic potential of livestock-associated E.

bieneusi.

2.9.2.3. Mammalian wildlife and other animals

Numerous studies suggest that wildlife animals serve as potential reservoirs for E. bineusi. It has
been documented across more than seven orders of animals, including Artiodactyla, Carnivora,
Diprotodontia, Lagomorpha, non-human Primates, Perissodactyla and Rodentia, spanning over 104
species.(Y. Zhang, 2019)

Several investigations have detected E. bieneusi in wildlife inhabiting areas near water catchments
that supply drinking water, indicating a potential route of transmission through spore-contaminated
drinking water (Guo et al., 2014; Sulaiman et al., 2004). Studies assessing E. bieneusi in wildlife
populations comprising 23 species and in drinking water revealed its presence in both. The prevalent
genotype (WL4), found in animals and in water, suggests that animals may contribute to water
contamination (Guo et al., 2014). E. bieneusi was also found in Rhesus monkeys and water samples
from a lake frequented by these primates for bathing, with the same zoonotic genotypes being found
in the animals and in the water samples (EbpC, Perull, Type V), raising significant public health

concerns given the potential for direct contact between monkeys and tourists.

2.9.2.4. Birds

Birds harbor multiple species of microsporidia, including E. bieneusi. Diverse range of bird
populations have been found to be affected by E. bieneusi (aviary birds, wild birds, pet store birds, in
local markets, public parks and zoos) (Y. Zhang, 2019).

The prevalence of E. bieneusi spans multiple orders, including Anseriformes, Columbiformes,
Falconiformes, Galliformes, Gruiformes and Passeriformes, with prevalences ranging from 0.89% to
44% (J.Lietal., 2015; Zhao et al., 2016). A total of 24 genotypes have been identified in birds, including
13 previously found in humans and 11 shared between other species.

Transmission of E. bieneusi from infected birds to humans can occur through various routes,

including air, water or contaminated food (E. S. Didier et al., 2004; Haro et al., 2005; W. Li et al., 2014).
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Bird feces pose a risk with potential for inhalation of fecal dust by humans, with particular importance
in the case of those handling birds in aviaries or in bird-dense environments such as parks or areas

with high pigeon population(Y. Zhang, 2019), in addition to dissemination through water sources.

2.10. Treatment

Current therapy options for microsporidiosis mainly rely on albendazole and fumagillin, which have
shown efficacy against microsporidian pathogens(Costa & Weiss, 2000; H. Zhang et al., 2005).
Albendazole, a benzimidazole derivative, acts by inhibiting tubulin synthesis, disrupting the
microsporidian division(Conteas et al., 1999). It is commonly used for Encephalitozoon spp. infections
in HIV patients, with minimal side effects (Costa & Weiss, 2000).

Fumagillin, extracted from Aspergillus fumigatus, inhibits cellular metalloprotease-methionine
aminopeptidase-2 (MetAp2), crucial for protein stability and post-translational modifications
(Siddiquee, 2017). This substance blocks microsporidial replication by irreversibly binding to MetAp2’s
site of action, leading to death (Costa & Weiss, 2000). Despite its efficacy in treating E. bieneusi in HIV-
positive patients, fumagillin can induce bone marrow toxicity, necessitating close medical monitoring
(Elizabeth S. Didier & Weiss, 2006).

Preventive strategies against E. bieneusi transmission to humans include hand washing, washing
of fresh produce, consumption of boiled or bottled water, and minimizing animal-human contact
(Santin-Duran, 2015a). Additionally, surveillance of wildlife and domesticated animals, particularly
those living in or around drinking water, is crucial for early detection and prevention of E. bieneusi

infection.

3. Practical work

My interest and experience in enteric parasites, developed in the clinic, were fortunately
complemented by the focus on enteric microorganism microorganisms at MIDlab. This dual exposure
allowed me to develop research on E. bieneusi, which resulted in a manuscript, which is the basis of
this dissertation. The practical work conducted in this study is extensively detailed in Annex B. This
annex is formatted as a manuscript submitted to the journal Animals, ensuring comprehensive
documentation and peer-reviewed validation of the methodologies and findings. The document
includes an introduction, materials and methods, results, discussion, and the relevant bibliography,

effectively substituting the corresponding chapters of this work.
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4. Conclusion

This dissertation focused on evaluating the prevalence and genetic diversity of Enterocytozoon
bieneusi among zoo animals in Portugal, allowing me to further expand my interest and knowledge in
enteric parasites that | started to cultivate at CRF-PBG.

Through molecular analysis, our study uncovered significant insights into the presence and
potential zoonotic implications of this pathogen in a controlled zoo environment. The genotypes
detected in our study varied from those reported in other regions, such as China or Kenya, indicating
possible geographical and host-specific differences in E.bieneusi distribution. This variability
underscores the importance of localized studies to better understand the epidemiology of the
pathogen and tailor prevention strategies accordingly.

The overall prevalence of E. bieneusi in the sampled zoo animals was relatively low, at 1.57%.
However, a notable exception was observed in NHP’s, where the prevalence was significantly higher
at18.18%. This disparity suggests a susceptibility or exposure risk among NHP’s to this pathogen
compared to other zoo animals. Diverse genotypes were identified within the primate population,
including representatives of group 2, identified through phylogenetic analysis, known for zoonotic
potential. This finding underscores the risk of cross-species transmission, including humans, within zoo
environments and highlights the necessity for stringent hygiene and monitoring practices in zoos to
mitigate the potential spread to humans, particularly zookepers and visitors.

The findings of this study open up several avenues for future research. Building on the insights
gained, further investigations can comprehensively assess the epidemiology of Enterocytozoon
bieneusi in zoo settings, focusing on understanding transmission dynamics and host specificity.
Expanding the sample size and including a wider variety of animal species across multiple zoos will
provide a more robust dataset, enhancing our understanding of this pathogen’s behavior. Additionally,
integrating advanced molecular techniques and genomic studies will allow for a deeper exploration of
the genetic diversity and evolution of E. bieneusi. Furthermore, Studies examining the interactions
between zoo animals and humans, particularly zookeepers and visitors, can provide valuable insights
into the risk factors and pathways of zoonotic transmission. These efforts will not only enhance the
health and well-being of zoo animals but also safeguard public health, contributing to the overall goal

of preventing zoonotic outbreaks.
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genotypes predominantly assodated with Groups 1 and 2. Despite the broad spechum of susceps-
ble apimal hosts, research mic n'ul:mspmd:l.m mifecton Among oo animals remadns loedted. This
sl'u.d!.r aimned o evaluates the cocurrence of E. Fenrns infechon across diverss v:apﬁv\e animals, fooas-
:i:ng OFL Zo r.eﬂirl.g in E"urlug:l. Fecal samplswcnz collacted from a vaa.'.i.d:_\r of arumals, and molec-
ular detection of E. Rowusi was conduched using nested PCR targeting the ITS region. From 127
fecal sa.mpl-e:_. 1.57% (95% CL 0.19-5.57) tested Pn:i.ﬁv\: for E. Ferpein, with non-homan Pn.nulcr-
[IJHF"s) exhibiting an 153.16% (25% CL 2.26-51.78) ocourrence. Fhylogenetic analysis revealed cus-
tering within Group 2 genotypes, indicating potential zoonotic implications. The stody highlights
the need for further research to understand the epidemiclogy of E. Fiowusin zoo envirorments and
its potential ransmission patherays to umans.
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1. Intreduction s
Mlicrosporidia are intracellular eukaryotic crganism closely related to fungi that 39
demonstrate a wide host range spanning both invertebrates and vertebrates, with 220 gen-
era described and more than 1,700 species catalogued, 17 of which pose pathogenic risks 41
to humans [1]. Of parficular prominence in human infectons, espedally among immun- 42
ocompromised individuals, is Enterocytozeon bienensi [2]. Initial documentation of E. be- 43
newsi as an indestinal pathogen in a HIV-infected patient dates back to 1985 [3], and sub- 44
sequent studies highlighted its substantial impact on immunccompromised hosts, partic- 45
ularly those with AIDS or organ fransplands, as it can lead to severe and life-threatening 45
diarrhea and wasting syndrome [4-7). a7
Despite considerable research efforts, the precise modes of microsporidian fransmis- 48
siom, including E. bisneusi, remain incompletely described [E-13]. Nonstheless, infection 49
ic acquired wia fecal-oral fransmission of spores either through direct confact or exposure 50
to contaminated water or food [10]. As infection progresses, spores enter host enterocytes 51
through the discharged polar tube, introducing the sporoplasm. This is followed by the 52
development of meronts, and consequently multinucleated types. After that, these plas- 5
modia undergo sporogeny, producing sporcblasts. Fully formed spores emerge, leaving 54
the affected cells and being eventually released through stool [8,14]. 55
Zoonotic transmission is conceivable, given the demonstrated capacity of E Floeusi 56
toinfect varicus domestic and wild animal hosts. However, direct evidence substantiating &7
animal-to-human fransmission remains elusive, notwithstanding documented infeciions 58
across diverse animal species, induding beavers, calves, cats, chickens, dogs, foxes, goats, 5
lamas, macaques, muskrats, ostriches, ofters, pigs, pigeons, rabbits, raccoons, and wild &
boars have been shown [15,1€]. Purthermore, E. Fenensi infection in repliles and amphib- 61
iams is not well understoed, although there are reports and molecular characterization of &2
the microsporidian in captive snakes [17] and in edible bullfrogs | Lithebates catesbeiomg) Im - &3
China [18]. These findings underscore the potential reservoir role of these animals in the &
dissemination of microspeoridian spores capable of infecting humans. &5
The conventional appreach to E. bisneusi genotyping is based on the examination of &
polymorphisms within intfernal transcribed space (ITS) nuclectide sequences. This region. &7
is flanked by ribosomal FINAs, and exhibits notable variety across E. bisnewsi isolates, fa- 68
dlitating the discernment of intfraspecdific genetic diversity [8]. Upwards of 600 genotypes &9
of E. Fieneusi have already beencatalogued and siratified indo 13 [19] phylogenetic groups. 70
Potentially zoonotic genotypes tend to be assodated with Groups 1 and 2, with Greup 1 71
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exhibiting the largest representation, comprising over 300 genotypes [10]. Recent invesh- 72
gations have demonsitated the presence of cerfain genotypes from Groups 1 and 2 across 73
multiple host species, underscorng their broad zoonotic potential Conversely, genotypes ™
aligned with Groups 3 to 13 display a greater degree of host spedficity, and consequently 75
their impact on public health remains to be fully understood [20]. ]

Despite the broad range of susceptible animal hosts, investigation into microsporid-

ian infecion ameng zoo animals remains limited in scope [21]. However, the easy access 78
that both visitors and zookeepers have to zoo animals poses risks related to the transmis- 7
sion of zoonotic pathogens. [21.22]. Therefore, the primary objective of this sludy isto &

evaluate the ocourrence of E. Fieneusi infection across a diverse array of captive animals, 51
including birds, reptiles, amphibians, mammals, and arthropods. Additionally, the stody

aims to genetically characterize the circulating E. enensi genotypes in these zoo animals. &3
2. Materials and Methods 1
2.1 Sonple collection &5

This study screened 127 fecal samples from two Zoological Gardens (Maia Zoo and 86
Pedagogical Farm of Canelas), where animals are housed for educational, recrsational, &7
and conservation objectives. Both are located in the Porto district of the northern region 58
of mainland Portugal Feces with a well-formed structure and no other signs of gastroin- &
testinal disease were collected from the soil immediately after excretion by selectively ex- @0
tracting material from the inmer core of the fecal matter. From the Maia Foo, fecal samples
(n=76) were collected from 61 species of animals belonging to 39 different families {Sup- 2
plementary Table 1). From the Pedagogical Farm of Canelas, fecal samples (n=51) were @
collected from 12 spedies, from 10 families. Animals from both sites were exposed toreg-
ular prosimity with human beings, often direct contact Animals from the Pedagogical 95
farm were subjected to frequent contact with visitors and caretakers. Animals from Maia %
Zoo had constrained vet recurrent interachon with human visitors, and frequent direct @

contact with caretaker staff All samples, collected in September 2023, were immediately

kept at -20°C following collection until DNA extracion k]
100
2.2, Nucleic acid extraction 1m

Fecal suspensions (10%) were prepared in phosphate-buffered saline pH 72, The 102
samples were then homogenized for 5 minutes using the Disruptor Gende (Scienfific In- - 103
dustries, Inc., Bohemia, NY, USA) and then centrifuged for 5 minutes at 5000 x g. 104
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DINA extraction was carried out using 140 pl of the resultant supermnatant and the
QLaamp DNA Mind Eit (Qiagen, Hilden, Germany), according to the mamufachirer’'s in-
structions, in the automatic exiraction machine QlAcube ((Hagen, Hilden, Germany).
DMNA was eluted in ENase-free water and kept at -20°C until further analysis. Stools pos-
itive for E. bieneusi were extracted in each batch of 12 samples and used as PCE positive

condrals.

2.5, Molecular detection of Enterocytozoon bisnensi

Detection of E. benensi was performed using a nested PCE amplifying the infernal
transcribed spacer (ITS) region as well as the fanking small and large subunits of the o-
bosomal ENA (fEMA), with the cuter primer set EBITS3/EBITS4 (235 bp) and the inner

primer set EBITS1/EBITS2.4 (390 bp) (Table 1) [23].

Table 1. Oligonucleotides used for the molecular detection of Enferocyiozoon bieneis.

Refer-
Ta.rget Locus Primer Eil]'m 330
ence
EBITS3 GGETCATAGGGATGAAGAG
Enferocyfazaan ITS (and Aanking EEITS4 TTCCAGTTICTTITCGOEITE
[23]
Frerasi TRINA)Y EBITS1 GCTCTGAATATCTATGECT
EEITS14 ATOGCOGACGGATCCAAGTG

2.4 General Procedures

All PCE reactions were run on TL00 thermocyder (Bio-Fad, Hercules, CA, USA). Fe-
action mixhures were performed using the Speedy Supreme NZYTaq 2x Green Master Mix
(MEYTech, Lisbon, Portugal), in accordance with the manufacharer's instructions. The oy-
cling conditions were as follows: initial denaturation at 95°C for 3 minutes, 20 cycles of
denaturation at 95°C for 15 seconds, anmealing at 57°C for 15 seconds for the frst round
of PCE or 55°C for 13 seconds for the second round, extension at 72°C for 2 seconds and
final extension at 72°C for 10 mdnutes. The amplified DNA fragments were identified by
elecirophoresis on 1.5% agarose gels, stained with Xpert Green Safe DNA gel dve
(GFiSPE, Porto, Portugal), at 100 ¥ for 30 minutes. UV Light irmradiation was used to visu-

alize the results.
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2.5. Sequencing wud phylegenstic mulysis 131

Amplicons with the expected size were purified using GES PCE & Gel Band Purifi- 132
cation Kit (GFiSPE, Porto, Portugal). Following purification, bidirectional sequendng was 133
carried out using the Sanger dideoxy sequencng method and the inner primers for the 134
target gene. The obtained sequences were aligned using BioEdit Sequence Alignment Ed- 135
hor v7.2.3 software package and compared to those found in the NMCBI nuclectide data- 136
base {GenBank retrieved on February &th, 2024). MEGA-X wversion 10.2.6 soffware [24] 137
was used to caloulate the pairwise distances between the sequences obtained In this study. 138
MEGA-X version 10.2.6 software [24] and the mteractive Tree of Life (iTOL) platform [25] 139
were used for phylogenetic analysis, including representative sequences from GenBank 140
aleng with the sequences criginated from this work. The Hasegawa Kishino-Yano model 141
was applied, and maximum likelihood (ML) bootsirap values with 1000 replicates were 142
estimated for statistical robusiness. This model was determined to be the most effective 143

replacement by Mega X [24]. 144
145
2.6, Statisticel aralysis 146

The occurrence of E. Feteusi in animals from the two zoos in Poriugal was deter- 147
mined by caloulating the proportion of positive samples relative to the total samples ana- 148
Iyzed, along with a 95% confidence inferval (95% CI). 149

3. Results 150

From the analysis of the 127 fecal samples, 1.57% (2/127; 95% CL: 0.1%-5.57) were pos- 151
itive for E. Femeusi. The two positive samples derived from two WNHFPs from Maia Zoota 152
Hylobates lor (white-handed gibbon) and a Lermur catta (ring-tailed lemur). Both were the 153
sole representatives of their species in the zoos. The occurrence in NHFs was 18.18% (2/11; 154
95% CI: 2.28-51.78), while in all other animal species, the occurrence was 0%. 155

The E. bieneusi sequences derived from the white-handed gibbon and the ring-tailed 15
lemur were deposited in GenBank under accession numbers PF150515 and PP150514, re- 157
spectively. Pairwise nuclectide sequence similarity of the hwo positive samples obtained 158
i the present study was $6.33% 159

BLAST analysis of the obtained sequence from the white-handed gibbon (FP150515) 160
showred highest match (100% identity) with E. bieneusi genotype ERUH2 (MT1%3650), ob- 161
tained from a horse in Turkey in 2020. The sequence retrieved from the ring-tailed lemar 142
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(PP150514) showed the highest match (97.02% identity) with E. bisnewsi genotype BEES
(MEIFE250B), cbtained from a calf in Bangladesh in 2020.

Phylogenetic analysis of the obtained ITS amplicons showed that the sequences
originated in our study grouped with sequences from Group 2 (Figure 1). Genotype
ERUH4 and a proposed novel genotype dencminated here as “GASE]” were identified
from the white handed gibbon and the ring-tailed lemur, respectively
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Figure 1. Fhylogenetic analy=s of Ertorocyiozoon Fowmin sequences obtamed in this study (high- 172
]i.gl'rl:!d. in bold) and reference gEm:llg.']:-z:, idenifified with the r\espect'me accession nurmbers, genio- 173
!."'PE' host and cﬂl.l.'l.'l.h.'? of u:l:i.g.i.n. Hl::lug\emrﬁ-c tree was Pﬂ'ﬁm‘m.ed u:ing fhe maxmum Likelihood 174

method amd the Tamura-INe=i model. 175

4. Discussion 176

In this study the ocourrence of E. kenausi was assessed in 127 zoo animals from main- 177
land Portugal, also conducting maolecular characterization of the detected variants. 178

InPortugal, E. bieneusi has been detected in several animal species, including domes- 179
tic, wild and zoo animals, in a total of 13 genctypes identified (BEBS, Perué, FtER IV, PtEb 150
¥, D, PtEb VI, FtEb VIII, PtEDb I¥, PtEb X, FtEb XTI, PtEb XII, Type IV, and Wildboar3) [26— 151
29]. To date, only one study in the country has reported E. bieneusi in zoo animals in 2006 152
[27]. In that shudy, the presence of E. bieseusi was confirmed melecularly in fecal samples 153
from a marmeset (Callithrix geoffrowi) and a Fudo (Tragelaphus strepsiceres), identified as 1584
genotypes PtED X1 and PAED V, respechively. 185

In our stady, the positive samples derived from WHF's (white-handed gibbon and 18
ring-tailed lemur) and the overall ocourrence of E. bienensi was 1.57% from the 127 fecal 157
samples tested, and 18.18% in NHF's. Recent molecular studies conducted in China and = 138
Eenya revealed the pathogen’s commeon ocowrrence and considerable genetic diversity 159
among NHP's [2,21]. The majority of these genotypes belong to genotypic Group 1, some 190
of which have been detected in humans worldwide, raising concems about the potential 191
role of NHFs in the zoonotic transmission of E. Feneust. A previous study conducted in - 192
seven zoos in China tested 4% NHF's fecal samples, using an ITS-based PCE and se- 193
quendce analyses. From the 36 NHFP's species from nine families tested, E. Fenasi was de- 194
tected in 29.8% of the samples, incduding in the same species as detected here: 24.4% 195
(11/45) in ring-tailed lemur and 62.5% (5/8) in white-handed gibbon [2]. However, the 194
genotypes identified in the present study differed from those found in the study per- 197
formed in China. Specifically, genotypes Type IV, EbpA, O, CM16, CMIL0, CM11, and 198
CM18 were found in the ring-tailed lemur, whereas genotypes EbpC, EbpA, BEB4, and 199
CM17 were found in the white-handed gibbon [2]. Other studies have also found evidence 200
of E. Wemensi in WHEP's. In a study from China, 12 5% of the 369 fecal samples from NHF's 201

tested positive for E. keneusi, specifically from rhesus macaques and norfhern white- 202
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cheeked gitbons [30]. A study on captive and semi-captive NHF's in Cote d'Tvoire, Sierra 203
Leone, and Peru, in a total of 116 spedmens, only detected one positive animal, a sooty 24
mangabey, from Cote d'Tvoire (£2%; 1/24) [31]. An investigation carried out in six Euro- 05
pean zoological gardens from Framce, Germany, and Spain, involving 35 genera of NHF's 206
(n=354) as well as their zookeepers (n=70), detected an ocourrence of E. bieneusi of 0.9% in 207
NHFP's: two gorillas, a saguinus and a saimiri [32]. The coourrences observed in the differ- 208
ent mentioned studies, including ours, show oocurrences ranging from 0.%% to 29.8%. It 209
is noteworthy that caution should be taken when analyzing the results obtained in this 210
study, given the small sample size of NHF's. Moreover, in the present study, only feces 211
with a well-formed structure and no other signs of gastrointestinal disease were collected 212
which may have reduced the number of detected E. bimeusi. Lastly, genomic DMNA isola- 213
tion from feces is known to be difficult, possible inhibitors in feces may affect the results 214
of the shady and produce false negatives. 5

BLAST amalysis of the sequence derived from the white-handed gibbon showed 216
100% identity with E. bemewsi sequence genotype ERUH4 from a horse from Turkey 217
(MT1936E0). The analysis of the entire ITS region allowed the confirmation of the sequence 218
from the white-handed gibbon as genotype ERUHZ. This sequence differs in a single SNF 219
(single nuclectide polymorphism} with genotype BEBS. On the other hand, the sequence 20
retrieved from the ring-tailed lemur showed highest identity (57.02%) with sequences of 21
E. bieneusi genotype BEBS from a calf from Bangladesh (MEK932508), and a tan sheep from 22
Chima (ME322762). Further analysis of the ITS region, supported the existence of anew 23
genotype, named “GASE]”. Despite the white-handed gibbon and the ring-tailed lemur 24
belonging to the same roo, they do not share enclesures. The fact that positive animals do 25
not share the same enclosure, and the sequences exhibit a %6.33% pairwise madectide dis- 26
tance, may suggest that the origin of the positive samples is distinct. 7

The phylogenetic analysis of the ITS amplicons obtained in this study revealed that 28
the sequences chustered with the group containing potentially zoonotic genotypes of E. 229
bieneusi, Group 2. Indtially considered ruminant-adapted, Group 2 genotypes have since 230
been found in humans and various other animals, including INHP's [20, 10]. Group 1is 231
the largest group, encompassing genotypes found in both humans and animals. Gene- 252
types within Groups 3 to 12 appear to be more host-adapted and exhibit imited zoonotic 233
potential [20]. 4

The results of the present study enhance our understanding of E. bieneusi epidemiol- 235
ogy among capive animals in Porfugal The detechon of genotypes belonging to the 2%
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potential zoonetic Group 2 in NHEF's from a zo0 underscores their potential role in frans- 237
mitting this microsporidian to other zoo animals and humans, including zookeepers and 238
visitors. Purther studies are required to comprehensively assess the epidemiclogy of E. 23
bieneusi and its impacts, parficularly in zoo settings. This is cudal not only due to its po- 240
temtial zoonotic implications but also for the weterinary health of the inhabitants of the 241

zoo, espedally considering that the pathological features are poorly understood. 242
43
3. Conclusions 44

In conclusion, animals from 39 different families, induding birds, mammals, reptiles, 245
amphibians, and arthropods, from two zoological establishments were tested for E. bie- 246
nensi, with ondy NHF's testing positive. The identification of E. Feteusi genotypes from 247
Group 2 in NHP's highlights the necessity for additional research to evaluate the zoonotic 248
potential of the identified genotypes. Regarding zoos, it's important to investigate poten- 249
Hal fransmission routes and implement sitategies for disease prevention and conirol, in- 50
cuding appropriate handling and management practices. 51
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Supplementary Materials

Table 1. Distribution of animal species used in this shady.

Class Family Ccommon name |scientific name) Nr 5?::;"'“ origin
nibi ambystomatidae sxolot] [Ambystoma mexicanam) 3 Maia Zoo
A
mpribi Hylidae Red-eyed tree frog (Agalychnis collidnyas) 1 Maia Zoo
5 Pedagogical Farm
Mallard duck {Anas platyriyncus) of Canelas
1 Maia Zoo
Anatidae Pedagogical Farm
Greylag goose (Anser anser) 1 of Canelas
Egyptian goose [Alopochen aegyptioca) 1 Maia Zoo
Mandarin duck |Aix galericulata) 1 Maia Zoo
Casuariidae Emu [ vemaius novashollondioe) 1 Maia Zoo
. Great curassow | Crax rubra) 1 Maia Zoo
Cracidae ; ; )
Bare-faced curassow [Crox fosciolato Spix) 1 Maia Zoo
Estrildidae Gouldian finch (Chicebio gouldiae) 1 Maia Zoo
Eruid Grey crowned crane (Balearica regulorum) 1 Maia Zoo
ruidae
Red-crowned crane [Grus joponensis) 1 Maia Zoo
Aves indian peafowl [Pavo cristotus) 1 l:I-:-'Iaia. Z|:|n:r
. , Pedagogical Farm
chicken |Gallus galius) 4 of Canalas
Phasianidas . . Pedagogical Farm
wild turkey (Meleagrs gollopavo) 1 of canelas
Golden pheasant | Chrysolophus pictus) 1 Pedagogical Farm
d (Cir=ofopris B of Canelas
Phoenicopteridas Lesser flamingo (Phoenicopterus minor) 1 Maia Zoo
Blue-and-yellow macaw [Arg argrouna) 1 Maia Zoo
o African grey parr!:lt [Psittacus erithocus N Maia Zoo
Psittacidae erithocus)
Burrowing parrot (Cyanoliseus patogonus) 1 Maia Zoo
Rainbow lorikeet | Trichoglossus haematodus) 1 Maia Zoo
Psittaculidae Grey parrot (Psittocus grandis) 1 Maia Zoo
Rheidas Greater rhea (Rheg amenicana) 1 Maia Zoo
. . . . . , . . Pedagogical Farm
Diplopoda  Spirostreptidae Giant centipede |Archispirostreptus gigas) 1 of Canelas
. . Pedagogical Farm
Domestic goat [Capra hicus) [ of canalas
. Bovidas Domestic goat [Capra hicus) 1 Maia Zoo
Mammalia Pedagogical Farm
Domestic sheep |Ovis aries) 5 of canalas
callithrichidae common marmoset | Collithrix jocchus) 3 Maia Zoo
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camelidas Alpaca (Vicugna pacos) 1 Maia Zoo
Cebidas capuchin monkey [ Cebus capucinus) 1 Maia Zoo
cercopithecidae 'u'EF\'E.l: monkey (r.‘h.'amceb.{.ls ,:lj.-'ge.'].-tﬁn.fﬂ 1 Ma ?a Zoo
Red-tailed monkey (Cercopithecus ascanius) 1 Maia Zoo
Cervidas Muntjac (Muntigous muntjiok) 1 Maia Zoo
Didelphidas virginia opossum [Dvdelphis marsupialis) 1 Maia Zoo
Horse (Equus caobailus) 24 Ped;le::llaiarm
Equidae Donkey |Eguus asinus) PEd;Ezi:::aiarm
Grevy's zebra (Equus grevyi) 1 Maia Zoo
Lizn |Panthera leo) 2 Maia Zoo
Felidas Tiger [Panthera tigris) 3 Maia Zoo
Eurasian hymx [Lynx lynx) 1 Maia Zoo
Herpestidae Meerkat |Suricato suricatta) 1 Maia Zoo
Hylobatidae white-handed gibbon | Hyiobotes lor) 2 Maia Zoo
Hystricidae African c;ﬁ::;zz:;::; (Hystrix 1 Maia Zoo
Ring-tailed lemur [Lemur catta) 1 Maia Zoo
Lemuridae comman brown lemur | Ewlemur fulvus) 1 Maia Zoo
Ruffed lemur (Varecia variegata) 1 Maia Zoo
Leporidae Domestic rabzz;i?;:lu}ggus cuniculus 2 Maia 200
Macropodidae Red-necked wallaby [AMacropus rufogriseus) Maia Zoo
Mustelidae oriental small-clawed otter [Aonyx cinersus) 2 Maia Zoo
Suidas Domestic pig [Sus domesticus) 3 Pedzfgl:;lazarm
Ursidas Brown bear [Lirsus arctos) Maia Zoo
Maia Zoo
. Bearded dragon (Pogong vitticeps) pedagogical Farm
Agamidae of Canelas
Saharanm uromastyx |Uromastix geyri) 1 Maia Zoo
Anguidae European legless lizard [Ophisourus opodus) 1 Maia Zoo
Boidae Yellow anaconda [Eunectes notaeus) 1 Maia Zoo
california kingsnake [Lompropeltis getwa .
gscu.'j_fm[m':ref # g 2 Maia Zoo
Reptilia Colubridas Milk snake (Lompropeltis trigngulum) 1 Maia Zoo
‘Western rat snake [Pantherophis ohsoletus) 1 Maia Zoo
Corn snake [Pantherophis guttatus) Maia Zoo
Eublepharidae Leopard gecko (Eublepharns macularis) 1 Ped;le::llaiarm
Gerrhosauridae Giant plated lizard | Zonosourus maximus) 1 Maia Zoo
Iguanidae Green iguana (iguana iguana) 2 Maia Zoa
pythonidae Ball python l:PFhmT reg.‘us]. 1 Mafa Zoo
Carpet python (Morelio spilota variegata) 2 Maia Zoo
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Burmese python (Python bivigttus) 3 Maia Zoo
Reticulated python [Python reticulotus) 1 Maia Zoo
_ Eastern blue-tongued skink (Tiligua scincoides) 1 Maia Zoo

Scincidae . i . .
Eastern water skink [Egernio striclota) 1 Maia Zoo
Teiidas Nile monitor [ Salvator maringe) 1 Maia Zoo
Testunidas african spurred tortoise |Geochelone sulcota) 1 Maia Zoo

Total 127
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Annex B — activities performed at PBG-CRF

Procedures
Imaging X-ray
Endoscopy

Hematology
Diff Quick stain
Gram stain
Coprology
Urinalysis

Lab Work

Intramuscular
Administration Endovenous
Subcutaneous

Oral

Physical exams
Blood draws
Catheterizations

Anesthesia
Surgery
Wound cleanup
Bandaging
Others
Euthanasia

Gavage

Ophtalmological exal
Total

Aves

90
2

32
30
18
220
NA

71

23
90

70
20
31

T

23
26

43

67

Mammalia

20

38

36
34
36
30

22

10
13

15
14

13

12

Reptilia Total

5 115
2

62

36

NA 20

d 292
MNA 4

3 110
NA 82
1 90

122

101

1 31
NA 44

1 119
NA 7
NA 38
NA 40
NA 56
NA 79
MNA 13
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= Accipiter nisus

= Bats (various)

= Ciconia ciconia

= Erinaceus europaeus

= Laurus cannus

= Nycticorax nycticorax
Pica pica

= Streptotelia decaocto

Necropsies

= Alca torda

= Birds (Others)

= Circus pygargus

= Falco tinnunculus

= Laurus michaelis

= Oryctolagus cunniculus
Pyrrhura

Trachemys

Performed

= Apodidae

= Buteo buteo

= Columba livia

= Galliformes

= Mammals (others)

= Passeriforme
Rattus noverigcus

m Uria aalge

41

Athene noctua

m Carduelis carduelis

= Corvus corone
Hieraaetus pennatus

= Morus bassanus

= Perdix perdix
Rhinechis scalaris

m Vulpes vulpes



Accipiter nisus

Alca torda

Apodidae

Athene noctua

Bats (various)

Birds (Others)

Buteo btteo
Carduelis carduelis
Ciconia ciconia
Circus pygargus
Columba livia
Corvus corone
Erinaceus europaeus
Falco tinnunculus
Galliformes
Hieraaetus pennatus
Laurus cannus
Laurus michaelis
Mammals (others)
Morus bassanus
Nycticorax nycticorax

Oryctolagus
cunniculus
Passeriforme

Perdix perdix

Pica pica

Pyrrhura

Rattus noverigcus
Rhinechis scalaris
Streptotelia decaocto
Trachemys

Uria aalge

Vulpes vulpes
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2
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2
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= Accipiter gentilis

= Amazona leucocephala

= Ara macau

= Bufus bufus

= Columba livia

= Erinaceus europaeus
Galliformes

= Laurus michaelis

= Mustela lutrola

= perdix perdix

= Pyrrhura

= Terrestrial Turtle

Uria aalge

N
—=

.

10

Coprologies performed

5

= Accipiter nisus

= Anas platyrrhincus

= Athene noctua

= Buteo buteo

= Columba palamus

= Falco peregrinus
Hiraaetus pennatus
Milvus milvus

= Nycticorax nycticorax

= Phasianus colchicus

= Rattus novergicus

= Trachemys scripta

Uria aalge
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= Agapornis

= Anser anser

= Birda (other)

= Carduelis carduelis

= Corvus corax

= Falco subbuteo
Laurus cannus

= Morus bassanus

m QOryctolagus cuniculis
Pica pica

m Streptotelia decaocto

= Turtles (various)

Vulpes vulpes

Alca torda

m Ara ararauna

= Bos taurus
Ciconia ciconia

= Corvus corone

= Falco tinnucultus
Laurus fuscus

m Mustela furo

m Parabuteo unicinctus
Pluvialis squatarola

m Strix aluco

= Tyto alba



Accipiter gentilis
Accipiter nisus
Agapornis

Alca torda

Amazona
leucocephala
Anas platyrrhincus

Anser anser

Ara ararauna

Ara macau

Athene noctua

Birda (other)

Bos taurus

Bufus bufus

Buteo buteo
Carduelis carduelis
Ciconia ciconia
Columba livia
Columba palamus
Corvus corax

Corvus corone
Erinaceus europaeus
Falco peregrinus
Falco subbuteo
Falco tinnucultus
Galliformes
Hiraaetus pennatus
Laurus cannus
Laurus fuscus
Laurus michaelis
Milvus milvus

Morus bassanus
Mustela furo

Mustela lutrola
Nycticorax nycticorax
Oryctolagus cuniculis
Parabuteo unicinctus
perdix perdix
Phasianus colchicus
Pica pica

Pluvialis squatarola
Pyrrhura

Rattus novergicus
Streptotelia decaocto
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Strix aluco 7
Terrestrial Turtle

Trachemys scripta 11
Turtles (various) 15
Tyto alba 5
Uria aalge 2
Uria aalge 7
Vulpes vulpes 5
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