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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% CI: 0.19−5.57) of the samples tested positive for E. bieneusi, with a 

notably higher occurrence of 18.18% (95% CI: 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. 

 

Keywords: Enterocytozoon bieneusi, Microsporidia, Zoo, non-human primates, Portugal 
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Resumo 

Enterocytozoon bieneusi, um organismo patogénico eucariota intracelular intimamente 

relacionado com os fungos, representa um risco significativo para a saúde particularmente no caso de 

indivíduos imunodeprimidos. Embora a transmissão fecal-oral seja o principal modo de disseminação, 

a possibilidade de outras vias de transmissão continua incerta. A ampla gama de hospedeiros do 

parasita realça o seu potencial zoonótico, apesar de evidências diretas limitadas de transmissão de 

animais para humanos. A genotipagem baseada na região do espaçador interno transcrito (ITS) é 

crucial para delinear a diversidade genética, com genótipos zoonóticos predominantemente 

associados aos Grupos 1 e 2. A investigação sobre infeções por microsporidia, particularmente 

E.bieneusi, em animais de jardim zoológico continua limitada, apesar da ampla gama de espécies 

suscetíveis. 

 

Este estudo teve como objetivo avaliar a ocorrência de infeção por E.bieneusi em diversos animais 

em cativeiro em jardins zoológicos de Portugal. Foram recolhidas 127 amostras fecais de várias 

espécies de animais, e a deteção molecular de E.bieneusi foi realizada através de Nested PCR 

direcionado para a região ITS. Os resultados revelaram que 1,57% (IC 95%: 0,19−5,57) das amostras 

testaram positivo para E. bieneusi, com uma ocorrência notavelmente mais alta de 18,18% (IC 95%: 

2,28−51,78) entre primatas não humanos. A análise filogenética revelou que as estirpes detetadas se 

agruparam dentro de genótipos do Grupo 2, destacando potenciais implicações zoonóticas. 

 

Os resultados realçam a necessidade de mais investigação para melhor compreender a 

epidemiologia de E.bieneusi em ambientes de jardim zoológico e as suas potencias vias de transmissão 

para humanos. Dada a estreita interação entre animais de jardim zoológico e cuidadores, visitantes e 

investigadores, compreender a diversidade genética e as dinâmicas de transmissão de E.bieneusi é 

essencial para mitigar o risco de transmissão zoonótica. Técnicas avançadas de diagnóstico molecular 

e programas abrangentes de monotorização são recomendados para identificar e controlar infeções 

por microsporidia. Esta abordagem integrada contribuirá para proteger tanto a saúde animal como 

humana, garantindo interações mais seguras em ambientes de coexistência.  

 

Keywords: Enterocytozoon bieneusi, Microsporidia, Zoo, primatas não humanos, Portugal 
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Case registry and activities developed during the internship 

During the 4 months of curricular internship, I had the opportunity of being part of two very distinct 

environments: Centro de Recuperação de Fauna do Parque Biológico de Gaia (CRF-PBG) and ICBAS’ 

Microbiology and Infectious Diseases laboratory (MIDlab). 

Before the curricular internship, I had the opportunity to join MIDlab’s research team for 4 months, 

under the guidance of Professor João Mesquita, where I 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, qPCR, RT-PCR and RTq-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. I soon gained proficiency in the lab’s protocols and methodologies, and I was 

trusted with more autonomy. With their guidance and support, I 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 Investigação 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, I had the opportunity of being in contact with a plentitude of wild species with which I 

had not had the opportunity to interact with during my Veterinary Medicine degree. In this way, I 

sought to fill this gap in my education. 

During these 4 months, I 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. I 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, I was part 
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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, I 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-

puKKNWMFi6mgAyzaW?usp=sharing 

At CRF-PBG, I 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, I 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, I took part in wild animal release 

programs aimed at educating young school students and the general population. 

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

MIDlab, working on multiple projects.  



VII 
 

Finally, over the course of these months, I also participated and successfully completed a course 

on bacterial genome (GENBAC – Estudo de Genomas Bacterianos: do controlo da infeção à pesquisa 

de novas moléculas), hosted by Faculdade de Farmácia da Universidade de Porto, worth 3 ECTS, with 

the final classification of 18/20. 
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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 MIDlab, 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, I 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.  
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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 MIDlab, I 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. 
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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. 

  



4 
 

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), kútos (cell), 

and zỗion (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) 
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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, AI Da Silva, AJ Fenoy, 1999; Dengjel et al., 2001; Deplazes et al., 1996; Galván-Díaz 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. Santín et al., 2005; Mónica Santín 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, AI Da Silva, AJ Fenoy, 1999; Dengjel et al., 2001; 

Deplazes et al., 1996; Galván-Díaz 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. Santín et al., 2005; Mónica Santín 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 silkworms. 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) 
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The classification of Microsporidia has been controversial for decades since its discovery. They 

were first classified as a schizomycete fungi in 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). 

 

 

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. (Vávra & 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 

https://www.flickr.com/photos/200635944@N07/53755079059/in/dateposted
https://www.flickr.com/photos/200635944@N07
https://www.flickr.com/photos/200635944@N07
https://creativecommons.org/licenses/by-nc-sa/4.0/?ref=chooser-v1
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posterior vacuole thought to be involved in polar filament extrusion.(Hale-Donze & Didier, 2007; Xu & 

Weiss, 2005) 

 

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.(Galván-Díaz 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; 

Mónica Santín & Fayer, 2011b). The next stage is referred to as a meront, with the parasite inside the 

enterocyte.(Santín-Durán, 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, 

https://www.flickr.com/photos/200635944@N07/53709833050/in/dateposted
https://www.flickr.com/photos/200635944@N07/
https://creativecommons.org/licenses/by-nc-sa/4.0/?ref=chooser-v1
https://creativecommons.org/licenses/by-nc-sa/4.0/?ref=chooser-v1
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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 (Vávra & 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. 

 

Figure 4 - Generalized Enterocytozoon Life Cycle - Enterocytozoon_lc © 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)(Santín-Durán, 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.(Santín-Durán, 2015a) E. bieneusi is recognized as an 

https://www.flickr.com/photos/200635944@N07/53708488492/in/dateposted
https://www.flickr.com/photos/200635944@N07/
https://creativecommons.org/licenses/by-nc-sa/4.0/?ref=chooser-v1
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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 (Vávra & 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 



10 
 

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, Małgorzata & 

Bajer, Anna & Welc-Falęciak, 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 (Mónica Santín & 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 (Mónica Santín & 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, Kváč, 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 Luísa 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 (Mónica Santín 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 

et al., 2011). Cattle have shown E. bieneusi prevalence rates ranging from 2.0% to 37.6% across various 

regions (Valenčáková & Danišová, 2019; X. Zhang et al., 2011). Pigs exhibit prevalences from 10% to 

94% across different regions (Valenčáková & Danišová, 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, Peru11, Type IV), 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. Li et al., 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 

(Santín-Durán, 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 I 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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Annex A - Detection of Enterocytozoon bineusi in non-human primates in 

Portuguese Zoos
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Annex B – activities performed at PBG-CRF 
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Necropsies Performed

Accipiter nisus Alca torda Apodidae Athene noctua

Bats (various) Birds (Others) Buteo buteo 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



42 
 

Accipiter nisus 9 
Alca torda 4 
Apodidae 1 
Athene noctua 2 
Bats (various) 3 
Birds (Others) 7 
Buteo búteo 10 
Carduelis carduelis 2 
Ciconia ciconia 12 
Circus pygargus 1 
Columba livia 2 
Corvus corone 3 
Erinaceus europaeus 1 
Falco tinnunculus 3 
Galliformes 4 
Hieraaetus pennatus 2 
Laurus cannus 1 
Laurus michaelis 8 
Mammals (others) 12 
Morus bassanus 2 
Nycticorax nycticorax 2 
Oryctolagus 
cunniculus 

3 

Passeriforme 5 
Perdix perdix 3 
Pica pica 3 
Pyrrhura 2 
Rattus noverigcus 3 
Rhinechis  scalaris 4 
Streptotelia decaocto 1 
Trachemys 3 
Uria aalge 4 
Vulpes vulpes 12 
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Coprologies performed

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 Strix aluco

Terrestrial Turtle Trachemys scripta Turtles (various) Tyto alba

Uria aalge Uria aalge Vulpes vulpes
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Accipiter gentilis 1 
Accipiter nisus 9 
Agapornis 3 
Alca torda 5 
Amazona 
leucocephala 

1 

Anas platyrrhincus 3 
Anser anser 1 
Ara ararauna 7 
Ara macau 3 
Athene noctua 6 
Birda (other)  30 
Bos taurus 2 
Bufus bufus 1 
Buteo buteo 7 
Carduelis carduelis 4 
Ciconia ciconia 5 
Columba livia 2 
Columba palamus 2 
Corvus corax 4 
Corvus corone 16 
Erinaceus europaeus 30 
Falco peregrinus 15 
Falco subbuteo 2 
Falco tinnucultus 4 
Galliformes 25 
Hiraaetus pennatus 2 
Laurus cannus 1 
Laurus fuscus 10 
Laurus michaelis 20 
Milvus milvus 2 
Morus bassanus 1 
Mustela furo 3 
Mustela lutrola 1 
Nycticorax nycticorax 9 
Oryctolagus cuniculis 4 
Parabuteo unicinctus 2 
perdix perdix 8 
Phasianus colchicus 2 
Pica pica 7 
Pluvialis squatarola 2 
Pyrrhura 2 
Rattus novergicus 2 
Streptotelia decaocto 6 

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