
IntechOpen Series  
Infectious Diseases, Volume 31

Intestinal Parasites
New Developments in Diagnosis, Treatment, 

Prevention and Future Directions

Edited by Nihal Dogan

Edited by Nihal Dogan

Intestinal parasites have been one of the leading infections since prehistoric times, 
threatening human life and reducing its quality. In the second half of the last century, 
developed countries began to neglect the fight against intestinal parasites, believing 

the risks were almost eliminated. However, intestinal parasites have remained a 
persistent problem for centuries, particularly in rural areas of the rest of the world. 

Today, a quarter of all infectious diseases are still caused by parasitic protozoa 
and helminths.  In the modern world, which associates intestinal parasites with 

underdeveloped countries, immunocompromised populations pose a significant risk. 
Intestinal parasites continue to contribute to the global disease burden. In different 

parts of the world, Helminths such as Ascaris, Enterobius, hookworms, and tapeworms, 
as well as protozoan parasites like Entamoeba, Cyclospora, Giardia, Cryptosporidium, 

and Blastocystis, are a significant threat, especially to children. They place a major 
burden on poor populations, leading to both morbidity and mortality. A holistic 

approach is needed to control intestinal parasites, which remain a global threat. To 
establish a global and sustainable control strategy, efforts must be carried out in 

multiple areas simultaneously. In this book, intestinal parasites are examined from 
past to present, providing a comprehensive understanding of their impact and control.

Published in London, UK
© 2024 IntechOpen 
©  Tess_Trunk / iStock

ISBN 978-0-85466-572-3
ISSN  2631-6188

Alfonso J. Rodriguez-Morales,
Infectious Diseases Series Editor

Intestinal Parasites - N
ew

 D
evelopm

ents in D
iagnosis, Treatm

ent,
Prevention and Future D

irections





Intestinal Parasites - 
New Developments in 
Diagnosis, Treatment, 
Prevention and Future 

Directions
Edited by Nihal Dogan

Published in London, United Kingdom



Intestinal Parasites - New Developments in Diagnosis, Treatment, Prevention and Future Directions
http://dx.doi.org/10.5772/intechopen.1002145
Edited by Nihal Dogan

Contributors
Alka Sharma, Amandine Nachtergael, Amit Baliyan, André Pagnah Zoli, Anshu Chaudhary, Bindu Sharma, 
Brian S. Dorr, Chimezirim Ezeano, Claudia Muñoz Yañez, Cyril Blavo, Célestin Pongombo Shongo, 
Douglas Causey, Dumar A. Jaramillo-Hernández, Emmanuel Assana, Emmanuel Kokori, Gaël Nzuzi 
Mavungu, Gbolahan Olatunji, Hirut Tesfahun Alemu, Inderjeet Kaur, Ismaila Ajayi Yusuf, Janeth Oliva 
Guangorena-Gómez, Joshua Bernard, Jyotsna Chawla, Kate L. Sheehan, Km. Deepika, Muili Abdulbasit, 
Nicholas Aderinto, Nihal Dogan, Pierre Duez, Rachid Khatouf, Ram Gopal Nitharwal, Reena Negi, Ryan 
F. Hechinger, Said Dahani, Samatar Abshir Mahamed, Sarika Thakur, Sonja Barber, Taiwo Akinnubi, 
Timilehin Isarinade, Victor Okombe Embeya, Welcome Muyumba Nonga, Wilfred Ofosu, Wiwien S. Utami, 
Yohannis Derbew Molla

© The Editor(s) and the Author(s) 2024
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of 
the individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/copyright-policy.html.

Notice
Statements and opinions expressed in the chapters are these of the individual contributors and not 
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of 
information contained in the published chapters. The publisher assumes no responsibility for any 
damage or injury to persons or property arising out of the use of any materials, instructions, methods 
or ideas contained in the book.

First published in London, United Kingdom, 2024 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 167-169 Great Portland Street, London, W1W 5PF, United Kingdom

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Intestinal Parasites - New Developments in Diagnosis, Treatment, Prevention and Future Directions
Edited by Nihal Dogan
p. cm.

This title is part of the Infectious Diseases Book Series, Volume 31
Topic: Parasitic Infectious Diseases
Series Editor: Alfonso J. Rodriguez-Morales 
Topic Editor: Amidou Samie

Print ISBN 978-0-85466-572-3
Online ISBN 978-0-85466-571-6
eBook (PDF) ISBN 978-0-85466-573-0
ISSN 2631-6188



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

156
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

7,200+ 
Open access books available

192,000+
International  authors and editors

210M+ 
Downloads

BOOK
CITATION

INDEX

 

CL
AR

IVATE ANALYTICS

IN D E X E D





IntechOpen Book Series  

Infectious Diseases
Volume 31

Aims and Scope of the Series
This series will provide a comprehensive overview of recent research trends in var-
ious Infectious Diseases (as per the most recent Baltimore classification). Topics 
will include general overviews of infections, immunopathology, diagnosis, treat-
ment, epidemiology, etiology, and current clinical recommendations for manag-
ing infectious diseases. Ongoing issues, recent advances, and future diagnostic 
approaches and therapeutic strategies will also be discussed. This book series will 
focus on various aspects and properties of infectious diseases whose deep under-
standing is essential for safeguarding the human race from losing resources and 
economies due to pathogens. 





Meet the Series Editor

Dr. Rodriguez-Morales is an expert in tropical and emerging dis-
eases, particularly zoonotic and vector-borne diseases (notably ar-
boviral diseases), and more recently COVID-19 and Monkeypox. 
He is the president of the Publications and Research Committee of 
the Pan-American Infectious Diseases Association (API), as well as 
the president of the Colombian Association of Infectious Diseases 
(ACIN). He is a member of the Committee on Tropical Medicine, 

Zoonoses, and Travel Medicine of ACIN. Dr. Rodriguez-Morales is a vice-president 
of the Latin American Society for Travel Medicine (SLAMVI) and a member of the 
Council of the International Society for Infectious Diseases (ISID). Since 2014, he has 
been recognized as a senior researcher at the Ministry of Science of Colombia. He is a 
professor at the Faculty of Medicine of the Fundacion Universitaria Autonoma de las 
Americas, in Pereira, Risaralda, Colombia, and a professor, Master in Clinical Epide-
miology and Biostatistics, at Universidad Científica del Sur, Lima, Peru. He is also a 
non-resident adjunct faculty member at the Gilbert and Rose-Marie Chagoury School 
of Medicine, Lebanese American University, Beirut, Lebanon, and an external profes-
sor, Master in Research on Tropical Medicine and International Health, at Universitat 
de Barcelona, Spain. Additionally, an invited professor, Master in Biomedicine, at 
Universidad Internacional SEK, Quito, Ecuador, and a visiting professor, Master Pro-
gram of Epidemiology, at Diponegoro University, Indonesia. In 2021 he was awarded 
the “Raul Isturiz Award” Medal of the API and, the same year, the “Jose Felix Patiño” 
Asclepius Staff Medal of the Colombian Medical College due to his scientific contri-
butions to the topic of COVID-19 during the pandemic. He is currently the Editor in 
Chief of the journal Travel Medicine and Infectious Diseases. His Scopus H index is 55 
(Google Scholar H index 77) with a total of 725 publications indexed in Scopus.





Prof. Dr Nihal Dogan has worked in the Department of Microbi-
ology, Faculty of Medicine, Osmangazi University, Turkey, since 
1986. Her master’s and Ph.D. thesis focused on the diagnosis and 
sero-epidemiology of toxoplasmosis. She was a visiting research-
er on the diagnosis of Entamoeba histolytica at the University of 
Virginia, USA, in 2003 and an observer researcher working on 
trypanosomes at the Faculty of Medicine, Universidad De Chile, 

in 2016. She was appointed a professor in 2008 and is the leading academic in the 
field of parasitology, with expertise in the epidemiology of parasitic diseases. Her 
research interests include medical ethics; seroepidemiological surveys; intestinal, 
blood, tissue, and ocular parasites; vector-borne diseases; and zoonotic parasites. Her 
research has been published in more than 40 national and international journals. She 
also made 85 poster presentations, plus many oral presentations and keynote speeches 
at international and national congresses. She has written numerous book chapters on 
infectious diseases, clinical parasitology, and clinical microbiology, as well as medical 
microbiology laboratory applications and manuals.

Meet the Volume Editor





XV

1

27

61

73

91

109

125

Contents

Preface

Chapter 1 
Intestinal Parasites from Past to Present: Taxonomy, Paleoparasitology, 
Geographic Distribution, Prevention and Control Strategies
by Nihal Dogan

Chapter 2 
Navigating the Intestinal Parasite Landscape
by Jyotsna Chawla, Joshua Bernard and Cyril Blavo

Chapter 3 
Burden of Enterobiasis in Africa: Overcoming Neglect and Improving 
Pediatric Health
by Wilfred Ofosu

Chapter 4 
Comprehensive Control of Toxocariasis in Communities
by Dumar A. Jaramillo-Hernández

Chapter 5 
Cryptosporidium spp.: Challenges in Control and Potential Therapeutic 
Strategies
by Taiwo Akinnubi

Chapter 6 
Frequency of Subtypes of Blastocystis spp. in Children from 
Vulnerable  Populations
by Janeth Oliva Guangorena-Gómez and Claudia Muñoz Yañez

Chapter 7 
Intestinal Tapeworm (Cestode)
by Samatar Abshir Mahamed



II

145

167

185

211

227

239

257

269

283

Chapter 8 
Neurocysticercosis and the Central Nervous System: Advancements  
in Diagnosis, Treatment, and Future Prospects
by Nicholas Aderinto, Gbolahan Olatunji, Emmanuel Kokori,  
Ismaila Ajayi Yusuf, Chimezirim Ezeano, Muili Abdulbasit  
and Timilehin Isarinade

Chapter 9 
Zoonotic Risk of Cryptosporidium spp. Prevention with One Health 
Approach  in Indonesia
by Wiwien S. Utami

Chapter 10 
Trophically Transmitted Parasites and Their Responses to Microbial 
Pathogens and Consumed Plastic Contaminants
by Kate L. Sheehan, Sonja Barber, Ryan F. Hechinger, Brian S. Dorr  
and Douglas Causey

Chapter 11 
Major Parasites in Fish Affecting Public Health
by Said Dahani and Rachid Khatouf

Chapter 12 
Advancement in the Identification of Parasites and Obstacles in the  
Treatment of Intestinal Parasitic Infections: A Brief Overview
by Km. Deepika, Amit Baliyan, Anshu Chaudhary and Bindu Sharma

Chapter 13 
New Developments in Diagnosis of Intestinal Parasites
by Yohannis Derbew Molla and Hirut Tesfahun Alemu

Chapter 14 
The Immunodominant Determinants of the Host-Protective Recombinant 
Oncosphere Antigens of Cestode Parasites are Conformational Epitopes 
by Emmanuel Assana and André Pagnah Zoli

Chapter 15 
Antiparasitic Efficacy of the Root Bark Powder of Oldfieldia Dactylophylla  
(Welw. Ex Oliv.) J. Léonard on the Digestive Strongyles of Grazing Goats  
in Lubumbashi (DR Congo)
by Victor Okombe Embeya, Gaël Nzuzi Mavungu, Welcome Muyumba Nonga, 
Célestin Pongombo Shongo, Amandine Nachtergael and Pierre Duez

Chapter 16 
Perspectives on the Drug Discovery of Intestinal Protozoan Parasites
by Sarika Thakur, Alka Sharma, Reena Negi, Ram Gopal Nitharwal  
and Inderjeet Kaur

XIV



Preface

The history of intestinal parasites is as old as human history itself. Paleoparasitological 
data show that humans and their parasites have been co-evolving for centuries, with 
this relationship remaining as strong as it was 10,000 years ago. Since the 1970s, sig-
nificant improvements in public health conditions have been reported in developing 
and developed countries. However, there has been no significant change in the number 
of new protozoan and helminth parasites emerging between 1940 and 2000. In today’s 
modern world, parasitic infections are re-emerging on the infectious disease radar 
in the developed world. This resurgence is due to increasingly immunocompromised 
populations and longer life expectancy, even though the developed world seemed to 
have freed itself from intestinal parasites.

A wide variety of intestinal parasites are prevalent in different parts of the world. 
Among the major contributors to the global intestinal parasite disease burden are 
Ascaris sp., Entamoeba sp., Cyclospora sp., Giardia sp., and Cryptosporidium sp. 
However, parasites such as Enterobius are often overlooked, despite their ability to 
impair the growth and learning abilities of the younger population. These parasites 
can spread from endemic areas to different geographical areas due to globalization, 
global warming, wars, migrations, and touristic travels. This spread increases the bur-
den of infectious diseases all over the world, especially in developing countries, and 
leads to significant economic losses. Epidemiologic data indicate that one-third of the 
world is affected by intestinal parasites, with the highest prevalence in  Sub-Saharan 
Africa, Latin America, China, Asia, and India. Due to their high prevalence, wide 
geographical distribution, impact on the nutritional status and immunity, and 
the economic losses they cause, intestinal parasites remain a significant worldwide 
public health problem.

Today, about one-third of the population in cities in developing countries live in 
urban slums, and it is estimated that within a few years, this proportion may exceed 
60%. The prevalence of infections caused by Entamoeba histolytica and Giardia intes-
tinalis, as well as the prevalence and intensity of Ascaris lumbricoides and Trichuris 
trichiura infections, are increasing among rural populations migrating to these urban 
and suburban settings due to favorable transmission conditions. Therefore, there is 
an urgent need to improve sanitation in deprived urban areas and periodically treat 
these populations to reduce the worm burden, especially in school-age children.

While the majority of people worldwide live in tropical developing countries, 
the transmission or potential transmission of intestinal parasites in economically 
developed, temperate climates has emerged as a growing problem in recent years. 
In developed countries, protozoan parasites cause gastrointestinal infections more 
commonly than helminths. Giardia intestinalis, Entamoeba histolytica, Cyclospora 
 cayetanensis, and Cryptosporidium sp. are among the most common protozoan infec-
tions causing diarrhea. Whereas protozoa can replicate in the human body, most 
soil-borne intestinal helminth infections do not replicate in the human body and 



IV

remain in the same numbers as when they were acquired. The four most  common 
species in humans—Ascaris lumbricoides (roundworms), Trichiuris trichiuria 
(whipworms), Ancylostoma duodenale, and Necator americanicus (hookworms)—
continue to be a major cause of morbidity and mortality in tropical and subtropical 
areas without adequate water and sanitation. In addition to their impact on health, 
intestinal helminths also impair the physical and mental development of children, 
negatively affecting educational achievement and economic development.

Rapid and effective drug treatment of intestinal parasites is one of the most important 
factors that can reduce the incidence. Providing clean potable water and promoting 
handwashing habits are among the most important factors in prevention and control 
strategies. A global approach is needed to control intestinal parasites, which con-
tinue to be a global threat. To establish a global and sustainable control strategy, the 
fight must be carried out in many areas simultaneously. Hygiene education and the 
improvement of public health conditions will play a major role in the prevention and 
control of intestinal parasites.

In this book, studies on intestinal parasites affecting human health include historical 
perspectives, their place in taxonomy, epidemiological data, diagnosis, treatment 
(herbal and chemical), and prevention protocols from past to present. The book 
also covers the damage caused by tapeworms in the intestines and brain, the effects 
of protozoa and helminths on child development, and epidemiological data for 
specific populations. It delves into new developments in diagnosis and treatment, as 
well as the effects of zoonotic parasites on human health in animals consumed for 
nutritional purposes. Additionally, the book includes extensive and comprehensive 
epidemiological and experimental studies.

Nihal Dogan
Medical Faculty Microbiology Department,

Eskisehir Osmangazi University,
Eskisehir, Turkey
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Chapter 1

Intestinal Parasites from 
Past to Present: Taxonomy, 
Paleoparasitology, Geographic 
Distribution, Prevention 
and Control Strategies
Nihal Dogan

Abstract

Intestinal parasites are among the oldest human infectious agents. Throughout 
history, many parasite species have continued to evolve with humans during migra-
tions, hunting, and domestication. Intestinal parasites are still a major cause of 
morbidity and mortality in the world, especially among children in underdevel-
oped countries. In developing countries, helminth infections such as hookworms, 
Ascaris, whipworms and amoebiasis caused by Entamoeba histolytica are parasitic 
agents that cause significant mortality and growth retardation. Soil-transmitted 
helminths and intestinal parasites of zoonotic origin cause significant mental and 
physical developmental disorders in poor people in endemic areas. It is an important 
public health problem affecting a quarter of the world’s population, increasing the 
global health burden and impairing quality of life. Intestinal protozoa are among 
the leading causes of diarrhea in developed and developing countries. In order 
to achieve success in prevention and control programs, it is necessary to identify 
people with parasites through community-based epidemiological studies and to 
carry out treatment and post-treatment controls. Although epidemiologic studies 
on intestinal parasites are mostly related to children, infants, pregnant women, and 
immunocompromised populations are at significant risk. Today, microscopy is still 
the gold standard for diagnosis, but serologic and molecular techniques have also 
been successfully applied.

Keywords: intestinal parasites, taxonomy, paleoparasitology, prevention, control, 
evolution, diagnosis, future prospects

1.  Introduction

Intestinal parasites are the leading infectious agents among the causes of death in 
the world, especially in children. Diseases caused by Ascaris lumbricoides, Ancylostoma 
duodenale, Necator americanus, Schistosoma species, Enterobius vermicularis, Giardia 
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lamblia and Entamoeba histolytica are intestinal parasites that cause significant 
morbidity and mortality in developing countries [1–6].

Although intestinal parasites do not have obvious clinical symptoms, abdominal 
pain, sleep disorders, nervous symptoms, growth and development disorders due 
to malabsorption are the most prominent symptoms, especially during childhood. 
The most important factor in the spread of intestinal parasites is people with 
parasites. Epidemiologic surveys with intermittent controls in societies can identify 
and treat many people infected with parasites. In this way, societies provide the 
necessary measures to prevent an important disease that will cause destruction in 
individuals and to prevent social destruction. From past to present, microscopic 
examination of stool samples taken on consecutive days for the presence of para-
sites (cysts, trophozoites, eggs and larvae) is an easy, cheap and gold standard 
method in diagnosis. It can be applied wherever a microscope is available, but 
requires experience [1–7].

Intestinal parasites are most common in tropical climates and in regions where 
the necessary infrastructure and sanitation conditions are not provided, and clean 
drinking water is not available. The best preventative measurements in a community 
are the provision of infrastructure and safe water supplies, as well as the identifica-
tion and treatment of people with parasites. With regard to infectious diseases, people 
can be infected with a parasite throughout their lives without showing any symptoms. 
A slight change in the system host-parasite-environment relationship can shift the 
balance, and diseases can develop [4, 5, 8–10].

Gastrointestinal parasites have been described as the “infectious disease of 
poverty”. Protozoa and helminths living in the human gastrointestinal tract are 
estimated to infect one-sixth of the global population. Children in sub-Saharan 
countries have the highest prevalence, followed by rural areas in Asia, Latin 
America and the Caribbean. It is estimated that 250 million people in sub-Saharan 
countries, mostly children, are infected with at least one type of intestinal 
parasite. Although developed donor countries and local communities are taking 
various initiatives, economic crisis, poor personal and environmental conditions 
for hygiene, lack of education, population growth, wars and migration as well as 
inadequate treatment facilities in these regions are causing the increase of new cases 
[1, 4, 8–10]. According to WHO reports, although safe and effective drugs have 
now been developed for the treatment of intestinal parasites, their availability in 
mass treatment programs and for individual treatment worldwide may be limited 
by economic resources, existing production and distribution networks and national 
regulations. Increasing population density, environmental pollution and global 
migration patterns will continue to encourage the transmission of human intestinal 
parasites in the future.

In the twenty-first century, malabsorption, diarrhea, blood loss, impaired 
work capacity and reduced growth rate due to intestinal parasitic infections 
continue to pose significant health and social problems in many countries. The 
success of prevention and control strategies depends on safe and effective treat-
ments, improved diagnostic procedures and the availability of general health 
services. For successful control, it is necessary to know the history of parasites, 
their migration routes, old and new methods used in diagnosis, treatment proto-
cols and most importantly prevention and control strategies. In this review article, 
the place of intestinal parasites in classification, history, epidemiology, diagnosis, 
treatment and prevention methods are discussed in a historical perspective from 
past to present.
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2.  Classification of intestinal parasites

Although common names are often used to describe parasitic organisms, these 
names may represent different parasites in different parts of the world. To avoid these 
problems, a binomial nomenclature system is used, where the scientific name con-
sists of genus and species. As with all living things, intestinal parasites are classified 
according to certain rules. Today, this classification can be moved to different places 
and changed from time to time with the discovery of some biochemical and physi-
ological features depending on phylogenetic studies. Based on phylogenetic classifica-
tion, living organisms are divided into Prokaryotes and Eukaryotes according to the 
presence of a nuclear membrane. All parasites are in the Eukaryotes group and in the 
Animalia kingdom (Figure 1) [11, 12].

In addition to unicellular protozoan parasites, many species of parasites called 
helminths can be found in the human gastrointestinal tract. Intestinal parasites 
are among the most common gastrointestinal infections worldwide, especially in 
developing countries. They are also among the leading causes of child mortality in 
developing countries, especially in the tropics and subtropics [1, 4, 6, 8]. Intestinal 
parasites, which are still an important source of morbidity and mortality in the world, 
are divided into two important groups [11, 12].

2.1  Intestinal protozoa

Sarcomastigophora (Amoebae): Entamoeba histolytica, Entamoeba dispar, Entamoeba 
hartmanni, Entamoeba coli, Entamoeba polecki, Entamoeba moshkovskii, Entamoeba 
gingivalis, Endolimax nana Iodamoeba bütschlii and Blastocystis hominis. The place of 
some of these (Blastocystis sp etc.) in the classification and their pathogenicity are still 
controversial.

Mastigophora (flagellates): Giardia lamblia, Chilomastix mesnili, Dientamoeba 
fragilis, Pentatrichomonas hominis, Trichomonas hominis, Enteromonas hominis and 
Retortomonas intestinalis.

Coccidia: Cryptosporidium spp. Cyclospora cayetanensis, Isospora (Cystoisospora) belli, 
Sarcocystis hominis, Sarcocystis suihominis and Sarcocystis bovihominis.

Ciliata (cilia): Balantidium coli.
Microsporidia: Enterocytozoon bieneusi and Encephalitozoon (Septata) intestinalis.

2.2  Intestinal helminths

Nematodes: Ascaris lumbricoides, Ascaris suum, Enterobius vermicularis, Ancylostoma 
duodenale, Necator americanus, Strongyloides stercoralis, Strongyloides fuelleborni, 
Trichostrongylus spp. Trichuris trichiura, Capillaria philippinensis, Oesophagostomum 
spp. and Ternidens deminutus.

Cestodes: Diphyllobothrium latum (broad, fish tapeworm), Dipylidium caninum 
(dog tapeworm), Hymenolepis (Rodentolepis) nana (dwarf tapeworm), Hymenolepis 
diminuta (rat tapeworm), Taenia solium (pork tapeworm), Taenia saginata (beef 
tapeworm) and Taenia asiatica (Taiwanese variant of T. saginata).

Trematodes: Fasciolopsis buski (giant intestinal fluke), Echinostoma ilocanum, Eurytrema 
pancreaticum, Heterophyes heterophyes, Metagonimus yokogawai and Alaria spp.

In addition to these, species of the Annelida and Acanthacephala, which are less 
common in the world, can also parasitize. These are not normally human-specific 
parasites and are known as “unusual parasites” that can be found in sporadic cases. 
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The evolution of a small number of species of Acanthocephala has been elucidated, as 
they have a complex evolutionary history, changing many hosts during their evolu-
tion. The three most common species implicated in human disease, M. hirudinaceus, 
M. ingens and M. moniliformis, use pigs, raccoons and rodents, respectively, as their 
primary definitive hosts, but other carnivores can also function as definitive hosts. 
Acanthocephaliasis may be an ancient disease of humans. Analysis of fossilized feces 
from prehistoric humans in Utah revealed Moniliformis sp. eggs, but it is not known 
whether this represents real or spurious infections. Of the few cases described today, 
most have been identified in diapers of children under 2 years of age. It is thought to 
be caused by infants ingesting a cockchafer (Melolontha melolontha) in their environ-
ment. The larvae cause mild to severe reactions in the gastrointestinal tract and are 
usually diagnosed incidentally [11, 12].

3.  Intestinal parasites in historical process and paleoparasitology

In the 1990s, standard scientific analyses of parasitology were carried out from the 
perspective of a new discipline, anthropology of knowledge. With this period, studies 
on the historical and sociocultural development, limitations, relations with other 
disciplines and social needs were initiated within the science of parasitology. There 
are certain periods in parasitological history that are characteristic of all emerging 
disciplines of the natural sciences. The first systematic description of natural phe-
nomena and their interpretation began in the sixteenth century and continued until 
the mid-eighteenth century. During these periods, many of the correct facts were not 
adequately explained and were based on different natural phenomena and religious 
rituals, many of which were not accepted by Western scholars. Natural sciences 
gained momentum in the late eighteenth century, and most of the parasites were sys-
tematized in this period. Population growth, intensified urbanization, wars and the 
rapid increase in infectious diseases among humans played an important role in these 
developments. In the nineteenth century Europe, different theorems due to scientific 
competition in different countries continued until World War I. Parasitology emerged 
as a separate discipline in this period. Due to wars and many tropical diseases such as 
malaria that emerged in colonized countries, European settlers established tropical 
institutes in various regions. Not satisfied with this, sub-disciplines of Parasitology 
were established and financially supported by European and American supporters in 
colonial and developing countries. After the Second World War, parasitology depart-
ments were established in universities in many places. Many specialists were trained 
and specialized diagnostic and treatment stations for parasitic diseases, and their 
vectors were established in both developed and developing countries [13–15].

The concept of Paleoparasitology has been formed by bringing together studies in 
different disciplines that have been carried out for 30 years. Paleoparasitology, which 
is also interpreted as the study of the presence of parasites in the remains of ancient 
times, is a field of parasitology that has developed as a research field combining 
archaeology, anthropology, biology and health sciences. Paleoparasitology aims to 
detect traces of parasites in prehistoric times and to study the evolution of parasitism 
over time and space and is the study of parasites in archeological remains of humans 
and animals [13–17].

It has long been hypothesized that the ancient ancestors of humans hosted vari-
ous species of parasites, especially large worms, but until recently, there has been no 
direct evidence to support such an assumption. However, studies of archeological 
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artifacts, such as the presence of helminth eggs or protozoan cysts in coprolites and 
preserved bodies, are now providing researchers with information about parasitic 
diseases of the past [17–20].

Throughout history, humans have encountered and been infected with more than 
400 parasite species through the evolution process and migrations. Most of these were 
acquired from animals they came into contact with in their immediate environment 
or through nutrition. However, they were most exposed to parasites in the process of 
domesticating various animals in their immediate environment. Most of the domes-
tication process took place in Asia. It can also be said that examples of this are still 
going on in nomadic communities to this day [15, 16].

Humans first appeared on the African continent, and when they started to 
migrate, they carried their dietary habits and parasites with them to the new areas 
they explored. According to previous knowledge, most researchers blame the 
Portuguese and Spanish sailors and their slave trade in the tenth and eleventh cen-
turies for the spread of parasites around the world, but paleoparasitological studies 
reveal that the situation was different [14–16].

Luiz Fernando Ferreira from the Oswaldo Cruz Institute in Brazil was one of the 
first to pioneer paleoparasitological studies. The studies that started with the identifi-
cation of Schistosoma eggs in the kidney tissue of Egyptian mummies were followed by 
two bodies found in a swamp in Prussia: Ascaris lumbricoides, Trichuris trichiura and 
Diphyllobothrium latum in two bodies found in a swamp in Prussia. In the following 
years, paleoparasitological studies have continued, and many data on the relationship 
between humans and parasites and their evolution have been obtained. Today, with 
the use of molecular tests in paleoparasitology, protozoan parasites can be identified 
in coprolites. In 2009, the Journal of Parasitology published a large special issue under 
the title “Paleoparasitology” [15, 16].

Paleoparasitological research began with Schistosoma haematobium eggs identi-
fied in the kidney tissues of Egyptian mummies, followed by Professor Szidat’s 
publication of notes on three different helminth eggs identified in two corpses from 
the fifth century in a swamp in East Prussia. Around this time, Taylor described 
helminth eggs in Roman remains in England. During this period, the first paleopara-
sitological publications in the New World were made by Professor Pizzi from the 
University of Chile, who reported Trichirus trichiura eggs together with Entamoeba 
coli cysts in an Inca mummy [21]. This study was the first detection of protozoa in 
coprolites and paved the way for the forthcoming assumptions on the identifica-
tion of different protozoan species in the future. Prof. Camerun also identified 
Diphyllobothrium sp. eggs in coprolites from the prehistoric inhabitants of Huaca 
Prieta on the Peruvian coast [15, 16, 19, 22].

Parasite eggs and cysts found in coprolites, mummies and other human remains 
tell us little about parasitic infections and diseases of the past, which is why most 
historians prefer to rely more on written records. The first such records belong to a 
period of Egyptian medicine between 3000 and 400 BC, notably the Ebers papy-
rus of about 1500 BC, which mentions worms clearly identifiable as roundworms 
(Ascaris lumbricoides), threadworms (Enterobius vermicularis) and Guinea worms 
(Dracunculus medinensis). Of all the diseases caused by parasitic worms, the best 
documented since ancient times is dracunculiasis caused by the Guinea worm D. 
medinensis [19, 20, 22, 23].

Few parasitic infections cause specific and clear signs and symptoms, but refer-
ences to some of them, notably dracunculiasis, hookworm disease, elephantiasis, 
schistosomiasis, malaria and amoebiasis, often appear in early literature.
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The concept of parasitism consists of three subsystems:

1. Parasite

2. Host

3. Environment.

With the emergence of life on the Earth, parasites began to evolve along with their 
hosts and the environment. Their diversity, which may have been minimal at the 
beginning, is constantly changing due to biodiversity and climatic factors. Population 
density, people’s constant mobility, new technologies, agriculture, migrations, domes-
tication of animals and climatic changes have led to a rapid expansion of their global 
distribution. When early humans lived among small groups of hunter-gatherers on the 
African savannah, only some parasite species were able to infect these nomadic hosts 
without establishing themselves in a permanent habitat. Two parasite species can be 
used here as examples: Nematodes, Enterobius vermicularis, and Arthropods, the head 
louse, Pediculus humanus. Closely related species of these parasites are found in hosts 
closely related to humans, such as chimpanzees and gorillas, indicating that they have 
a common host ancestor. The direct transmission and migratory dispersal of these two 
parasites is due to the fact that they did not evolve in the soil. They are not affected by 
environmental changes and can migrate anywhere with humans [19, 20, 22, 23].

Paleoparasitological studies also define the geography of distribution of helminths 
and protozoa. For example, it has been easy to identify and protect helminth eggs 
from external conditions due to their 30–160 micron-sized structures and multi-
layered eggs that are highly resistant to external conditions. However, protozoan 
cysts cannot withstand environmental conditions for a long time due to their 4–40 
micron-sized cyst forms and delicate structures, and the possibilities of identifica-
tion by standard diagnostic methods are limited. For these reasons, protozoa have 
only been identified by immunologic molecular methods in the last 10 years. While 
the first identified helminth egg was Schistosoma haematobium seen in the kidneys of 
an Egyptian mummy at the beginning of the twentieth century, recently the pres-
ence of Entamoeba histolytica was identified in coprolites from a cave in the USA by 
radiocarbon and ELISA tests. The selection of the appropriate material and method 
is of particular importance in identification. Extraction of helminth eggs requires 
three consecutive steps: rehydration, homogenization and filtration/sieving. Antigen 
research can be performed on samples prepared following the standard method 
described previously. However, the use of additional solutions (e.g., formalin) for 
sample preservation and storage can be problematic. For this reason, the identifica-
tion of protozoan parasites due to the use of the wrong method in the early years of 
paleoparasitological diagnosis has only now been possible [14–20, 22, 23].

Coproparasitological examinations are carried out through various extraction 
stages according to the residue material examined. Coprolite, sediment or textile-like 
samples are usually taken for microscopic examination after rehydration, homogeniza-
tion and sieving/filtering. The amount of residues is very important for parasitological 
investigations. Recently, parasites identified in coprolites have provided information 
about the migration routes and climatic conditions of humans in prehistoric times. 
Some parasites require special environmental conditions to complete their life cycle. 
For example, hookworms and Trichuris trichiura are two intestinal parasites that prob-
ably originated from African human ancestors. They are transmitted from one host to 
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another after maturing in soil under limited climatic conditions. Eggs or larvae passed 
in host feces need pH, moisture and a temperature close to 22°C in the soil to reach the 
infective stage and infect another individual. In this way, the journey that started from 
the African continent has shown that especially geo-helminths cannot withstand cold 
climatic conditions and cannot reach the Americas [14, 17, 18, 22, 24, 25].

Recent discoveries have shown that parasites were also prevalent in the Americas 
in prehistoric times. However, the fact that the number of eggs found was lower 
than in Africa is an indication that the prevalence was lower in these regions. In 
addition, the fact that there were more hunter-gatherer nomadic groups during 
these periods is also a significant factor. When European colonizers set foot on 
the continent, they came with various diseases, built villages and enslaved the 
indigenous people. Later, they brought slaves from Africa and spread new diseases 
to Americas. The global spread of parasites is indisputably linked to human activ-
ity. Migration, in all its different forms, played an important role in introducing 
parasites into new areas. In ancient times, mass migrations were the main causes of 
the spread of parasites, while in the recent past and today, migration, immigration, 
relocation, internal and external migration and labor migration are the causes of 
the spread of parasites. With the advent of offshore vessels, long-distance trade has 
become another important route for the spread of parasites. This article summarizes 
the spread of parasites using remarkable examples. Different hypotheses explaining 
the arrival of Plasmodium vivax and soil-transmitted helminths in pre-Columbian 
America are also discussed [15–17, 22, 23, 26].

According to phylogeographic studies, a new field, the distribution of human 
parasites can be categorized into three groups.

1. Out-of-Africa

2. Domestication

3. Globalization

According to these three main hypotheses, new zoonotic parasites were added to 
the parasites that migrated with African people, domesticated in new places and dur-
ing the transition to sedentary life, or during nutrition. These numbers have reached 
approximately 400 species. The species, which spread to other regions and continents 
with the first human migration, have reached a global scale due to human activities 
such as trade, migration, wars and travel. Since domestication took place mostly in 
Asia, paleoparasitological and phylogenetic studies show the highest species diversity 
in the Middle East and Asia [22, 23, 27–29].

In studies on the Asian continent, seven species of intestinal parasites have been 
identified in evidence from Neolithic Qing Dynasty mummies, ancient toilets and soil 
from the pelvic region of bodies in tombs. These are Ascaris lumbricoides, Trichuris 
trichiura, Chinese liver fluke, Schistosoma sp., Enterobius vermicularis, Taenia sp. and 
Fasciolopsis buski. In the past, the roundworm, whipworm and Chinese liver fluke 
were much more common than other species. While the roundworm and whipworm 
remained widespread until the late twentieth century, a marked decline in the inci-
dence of the Chinese liver fluke has been reported over time [16, 21, 30–32].

The Silk Road may have played an important role in the distribution of ancient 
diseases. On this route, Fasciolopsis buski, which is found in endemic areas of China, 
was reported to have been carried 1500 km by traders following this route [33].
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Today, with the addition of various sub-disciplines to the research, paleoparasi-
tology studies continue with more than 50 scientists and more than 500 scientific 
publications.

Parasite cysts and eggs identified in paleoparasitological studies provide informa-
tion on the evolutionary dimensions of the human-parasite relationship, as well as 
the hygiene and health habits of prehistoric human communities. Paleoparasitology 
is advancing by interpreting the findings and drawing inferences about the impact of 
parasitic diseases among prehistoric populations. Hunter-gatherers were found to be 
less infected by helminths, while agricultural groups had a relatively higher prevalence 
of intestinal parasites at archeological sites in the United States [23, 26, 31, 34–36].

Although parasitism can occur in all living organisms, paleoparasitology has focused 
more on species living in the intestines of humans and animals. These studies have 
yielded information on diet and lifestyle, habits, culture, organic waste and hygiene 
habits. For example, as intestinal parasites are ingested orally, parasite biodiversity has 
undergone many variations over the centuries. For example, fish parasites in coprolites 
indicate that people were fishing and feeding on fish in the 3400 s BC; later, a variety of 
animal helminths were identified in the Old World and New World due to their diet of 
land creatures; and during the migration of humans from Siberia to the Americas, soil-
borne helminth infections disappeared due to cold climatic conditions. For this reason, 
helminth infections were not found in those who migrated to the North American 
continent, while helminths were found in those who reached North and South America 
by different routes. Paleoparasitological studies have also facilitated the study of the 
transmission cycles of different species infecting humans and animals [36–40].

In medieval Europe during this period, coprolites and mummies were full of 
intestinal worms, and geo-helminth infections took over large parts of the population 
due to poor sanitation and overcrowding. However, due to strict religious beliefs dur-
ing this period, written records are almost non-existent. Epidemiologic information 
from a large-scale survey of intestinal helminths in medieval Europe was obtained 
by analyzing 589 samples of grave remains from seven different regions in Europe 
between 680 and 1700 AD. The most common helminths found in the soil samples 
were Ascaris lumbricoides, Trichuris trichiura, Diphylobothrium latum and Taenia sp. 
These studies show that especially soil-transmitted helminths were very common in 
medieval Europe [41–45].

The coastal city of Acre in present-day Israel dates back to 3000 BC. Under the 
control of the Ottoman Empire between 1516 and 1517, and the city was a commercial 
port city that controlled a large part of Southeastern Europe, the Near East and the 
North African coast. During this period, the diversity of parasites in the region increased 
due to the large number of livestock products being shipped. Since the majority of the 
people were Muslims and Jews, it is estimated that parasites of animal origin such as liver 
fluke, tapeworms, whipworms and protozoa such as Giardia and entamoeba, which had 
not been seen in the region before, entered the region through ship trade. This research 
shows how cultural and dietary habits of societies influence transmission [46].

The nineteenth century can be considered the golden age of parasitology because 
it was during this century that most of the life cycles of parasites were elucidated and 
the various discoveries of previous centuries were brought together into coherent 
stories. It was also a period dominated by some of the biggest names in parasitology, 
all of whom made many contributions, often in different fields [47].

The twentieth century was not only a period of adding the finishing touches to 
what was known but also of defining the cause-and-effects of the blood and tissue 
parasites now called Chagas disease. In the early years and towards the end of the 
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century, a number of opportunistic parasitic infections in immunocompromised 
patients, particularly those with AIDS, came to the fore [31, 47–53]. During this 
period, efforts were focused on control and eradication of many parasites due to the 
elucidation of their evolution. As a result of the elimination of copepod intermediate 
hosts from water sources, the Guinea worm is now almost completely eradicated, and 
Onchocerciasis continues to be eradicated through measures against housefly larvae, 
together with the availability of cheap and effective drugs [51–53].

Scientific debate on the mechanisms and migratory pathways that facilitate the 
spread of the major helminth species infecting human populations in the western 
hemisphere will continue into the twenty first century. From the 1990s to the pres-
ent day, paleoparasitology has benefited from the creativity and productivity of 
its researchers. The accumulated results from decades of analyses of thousands of 
specimens have provided a database for framing research questions addressing the 
transmission and distribution of parasites as a function of epidemiological and evo-
lutionary processes. Increased communication through the Internet has created more 
opportunities for collaboration and standardization of methods among researchers 
worldwide. This in turn has led to greater interest in paleoparasitology, as reflected 
in the number of publications submitted by researchers to various journals and the 
establishment of laboratories and postgraduate training programs identified with the 
sub-discipline [8, 17, 26, 47, 48, 51–53].

With the advent of ships sailing on the high seas, long-distance trade became an 
important route for the spread of parasites. The presence of parasites is the result 
of different lifestyles, habits or behaviors. Paleoparasitology provides information 
about ancient populations, cultures and environments. Funeral practices, cultural 
changes, organic waste management and hygiene are potential topics of such studies. 
In the case of intestinal parasites, since the route of contamination is mainly oral, 
some conclusions can be drawn about some aspects of ancient nutrition. For example, 
whipworms, tapeworms, giant kidney worms and liver flukes have been identified in 
the remains of human communities living by lakes between 3900 and 2900 BC in the 
northern Alpine region. The changing diversity of the parasites identified here over 
the years has been attributed to dietary, cultural and climatic changes. When parasite 
biodiversity is sufficient, it is possible to hypothesize about the biological origin of 
these specimens and/or the function of certain archeological structures by associating 
or considering parasites with a specific host spectrum [49, 52, 53].

Paleoparasitological studies have been carried out for many years and continue to 
make many contributions to science on evolution-migration and host-parasite rela-
tionships. Today, with the contribution of technological progress, microscopic and 
molecular methods can open new horizons and make new contributions. However, 
studies are still limited to certain regions. For example, paleoparasitological studies 
in West and Southern Africa, Eastern and Central Europe and Asia, which are very 
important in terms of early human density, will provide comprehensive information 
in understanding the global history and evolution of gastrointestinal parasites.

4.  Intestinal parasites in evolution and geographic studies

Throughout history, people have been infected with various parasites due to cul-
tural and behavioral changes. Domestication of animals, wildlife and climate change 
have increased the chance of contracting zoonotic and foodborne parasites. In fact, 
there is no organism that can resist parasites.
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4.1  Intestinal nematodes

4.1.1  Trematoda (flukes)

The first trematode identified in paleoparasitological studies was Schistosoma from 
Egyptian mummies. Molecular data show that, unlike other parasites, they did not 
originate from the African continent, but were parasites of other mammals (monkeys) 
in Asia, and spread first to Egypt and then to West-Central and South Africa via their 
definitive and intermediate hosts (snails) via the slave trade with ships. Among these, 
it can be said that Schistosoma mansoni was brought to Latin America with enslaved 
Africans in the post-Columbian period. To give an example from recent history; 
during the establishment of the State of Israel in 1948, in a town built by the river by 
500 thousand migrants from endemic areas, about 10% of school children swimming 
in the river were infected with Schistosomas. An example of parasite introduction 
by migrant workers is the spread of S. mansoni in the Wonji Sugar Estate in the upper 
Awash valley of Ethiopia. Initially, every effort was made to ensure that migrant work-
ers were not infected, but by 1964, 10 years after the sugar factory was established, S. 
mansoni infection among workers exceeded 20%. In the 1980s, S. mansoni rates of 80% 
were reported in children playing on the sugar platform [15, 17, 19, 23, 27, 30, 37, 54].

A recent example is the outbreak of Schistosoma haematobium that infected more 
than 120 people swimming in the river Chavu on the island of Corsica in 2013. 
Another trematode that spreads through migration is Opisthorchis viverrini. In the 
1950s, this parasite was found only in the north of Thailand, where almost the entire 
population was infected, but it has now spread throughout Thailand, with infected 
people moving to other parts of the country through labor migration. Liver para-
sites (fasciolids) are parasites of herbivores, but can also cause disease in humans. 
Molecular phylogenetic analysis shows that fasciolids spread from elephants in Africa 
to herbivores in Asia. The most common liver fluke, Fasciola hepatica, originated in 
Eurasia, where it spread to other continents through the ship trade of livestock. It was 
also taken to South America by Spanish sailors [54, 55].

4.1.2  Cestodes (tapeworms)

Data on tapeworm eggs from past periods are very rare. Cysticercus was found in 
Egyptian mummies dating back to 200–100 years BC. Julius Caesar, who lived between 
100 and 400 BC, is thought to have died of neurocysticercus. Although not fully eluci-
dated by paleoparasitological studies, phylogenetic analyses show that Taenia solium and 
Taenia saginata were present before the domestication of pigs and cattle. An interesting 
example of its geographical distribution is the pig tapeworm T. solium. In 1973–1976, 
indigenous people living in the highlands of New Guinea were repeatedly admitted to 
hospital with burns. After long investigations, it was revealed that the burns were caused 
by people falling asleep at night and falling into the fire, and that this was due to “neuro-
cysticercus” caused by the larvae of the pork tapeworm T. solium settling in the brain. It 
was found that there were no pigs in the area before, and that the disease had spread from 
infected pigs sent to suppress the rebellion on the island a few years earlier [19, 23, 26, 56].

4.1.3  Nematodes (roundworms)

Nematode eggs isolated from archeological remains or from coprolites in mum-
mies are the most important documents of the dietary habits of humans in the past. 
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Dating back 10 thousand years, lizard parasites in human coprolites are the most 
obvious example of the use of lizards as a source of protein. Among nematodes, 
Ascaris lumbricoides, hookworms and Trichuris trichura are nematodes originating 
from the African human ancestors of Homo sapiens, dating back 30 thousand years. 
However, geohelminths such as these did not reach other continents during the first 
human migrations, as they had to spend a period in warm and moist soil. However, 
it is thought that the geohelminths detected in the Americas and Europe during 
molecular research may have been brought to the continent by immigrants reaching 
the continent through different migration routes in later periods. On the other hand, 
directly transmitted nematodes such as Enterobius vermicularis are known to have 
reached other continents with the first migrations [13, 15–17, 21, 23, 24, 27, 30, 35, 36].

Soil-transmitted hookworm infections were thought to have been taken first to 
India and then to other continents by coastal migration in the 12th century BC. Even 
in recent history, hookworms have been recognized as an industrial occupational 
hazard thanks to migration and nomadic workers. Brought to the Americas by slaves 
brought from Africa during the Columbian era, hookworms spread to large areas as 
a miner’s disease in many parts of Europe in the 1870s, causing significant morbidity 
and mortality [22, 23, 27].

New findings require a reassessment of old ones. For example, while hookworms, 
a geohelminth, were known to have entered the Americas with African slaves brought 
over during the Columbian era, the identification of hookworms in a Peruvian 
mummy showed that the parasite had been present here before [27, 35, 48].

Other nematodes brought to the Americas with infected African slaves during the 
Columbian era include Onchocerca volvulus, Wuchereria bancrofti, Mansonella perstans 
and Loa loa, known as “filarial nematodes”. These vector-borne nematode diseases 
have found suitable vectors in the Americas, but have remained sporadic in certain 
regions. In fact, lymphatic filariasis, such as Wuchereria banchrofti, was reported to 
have originated in Asia 50,000 years ago, from where it spread to Madagascar and 
Africa 1500 years ago. The largest epidemiologic spread of this parasite was in hemp 
field workers in the Philippines between 1903 and 1937. Large numbers of people were 
infected due to stagnant water suitable for the development of vectors. Dracunculus 
medinensis, known as the guinea worm, is another nematode that came to the 
Americas with African slaves. However, this nematode could not spread here because 
it requires special conditions and intermediate hosts [23, 27, 30, 54]. In addition to 
a 10,000-year-old Enterobius vermicularis egg found in a coprolite sample, several 
trematode eggs are the oldest remains identified in coprolites [25].

4.1.4  Intestinal protozoa

Due to their sensitive nature, the history of protozoa has been limited to recent 
times, that is, to the period when molecular and immunologic methods were used. 
They collected historical data on amoebic dysentery and estimated that Entamoeba 
histolytica has been present in Western Europe since the Neolithic Age and spread 
to other countries with the crusades. In the data from the New World, molecular 
analyses have shown that it was present in the Caribbean and the Americas in the pre-
Columbian period. Before paleoparasitological research, the history of amoebiasis 
caused by Entamoeba histolytica begins in 1859 when they saw amoebae in the feces of 
a patient with dysentery, but 10 years before that, a doctor named Lösh, who injected 
a fecal sample taken from a patient who died of dysentery in Russia into dogs and 
named the amoeba that caused ulcers in them “Amoeba coli”. The parasite was shown 



13

Intestinal Parasites from Past to Present: Taxonomy, Paleoparasitology, Geographic Distribution…
DOI: http://dx.doi.org/10.5772/intechopen.1005750

to cause lysis by Shaudin in 1903. In 1913, the first experimental human studies were 
conducted on 20 volunteer prisoners. Diamond performed in vitro axenic culture 
of trophozoites in 1978. Diagnostic methods, pathogenesis and vaccine studies on 
amoeba have been carried out for the last 30 years. However, there are still some parts 
of the pathogenesis that remain to be understood [25, 26, 39, 48, 57].

Amoebiasis, of which many mechanisms have been elucidated today, is a para-
sitic disease caused by Entamoeba histolytica, an extracellular enteric protozoan. 
This infection mainly affects people in developing countries with limited hygiene 
conditions, where it is endemic. The parasite has different mechanisms of patho-
genicity, adhering to the intestinal epithelium and degrading extracellular matrix 
proteins, producing tissue lesions, particularly in the large intestine, which progress 
to abscesses and an acute inflammatory response of the host. The World Health 
Organization (WHO) has reported that 500 million people worldwide may be 
infected with Entamoeba sp.; 10% of these individuals are likely to be infected with E. 
histolytica and the rest with other non-pathogenic species. Amoebiasis causes 40,000–
100,000 deaths annually and is the fourth leading cause of death due to protozoan 
infection. Blastocystis sp. is an anaerobic intestinal parasite of humans and animals 
In numerous epidemiological studies conducted in different countries, Blastocystis 
sp. is the most common eukaryotic parasite reported in human fecal samples, but its 
pathogenicity is still controversial [8, 57–59].

More than 100 years have passed since Tyzzer described his first observations 
of the genus Cryptosporidium in 1907. Until the 80s, the parasite was considered an 
insignificant organism that occasionally caused disease in the intestines of verte-
brates. With HIV, it has been named as an opportunistic parasitic infection with high 
morbidity and mortality and has been the subject of numerous studies. It causes 
waterborne outbreaks in developed and developing countries and has more than 40 
species [60–62].

4.2  Geographical studies

The disease burden associated with intestinal parasites is considerable, threaten-
ing approximately 4.5 billion people worldwide. According to WHO data, 300 million 
people are affected by intestinal parasites. Regarding soil-borne helminths; 800–1000 
million Ascaris lumbricoides, 700–900 million hookworm, 500 million Trichuris 
trichiura, 200 million Giardia lamblia, 500 million Entamoeba histolytica/dispar cases 
are reported. It is also estimated that around 39 million disabilities and life years 
are lost due to these infections. An important disadvantage is that 90% of cases are 
asymptomatic and therefore the spread of parasites continues [9].

Intestinal parasites are more prevalent in developing countries, especially in the 
tropics and subtropics. In these countries, their infectivity becomes more dominant 
with the effect of climate and socioeconomic conditions. It is generally believed that 
helminths are more prevalent in developing countries while protozoan intestinal para-
sites are more common in developed countries. Soil-borne helminths are endemic in 
countries with poor sanitation conditions and insufficient clean water. It is estimated 
that Ascaris lumbricoides still infects 1 billion people, Trichuris trichiura 800 million 
and hookworms 750 thousand. The weight of the parasite load, inadequate food and 
water supply, physical and mental developmental delays, as well as additional chronic 
diseases, make losses inevitable [50–53, 63, 64].

In addition to helminths, diarrhea caused by protozoa such as Giardia lamblia, 
Entamoeba histolytica, Cryptosporidium and Cyclospora is the third leading cause of 
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death in these regions, especially in children. WHO reported that 50 million people 
are infected with invasive amobiasis each year and 40–100 thousand of them are 
fatal. Giardia and cryptosporidium and microsporidia are among the most impor-
tant causes of diarrhea in developed countries. Intestinal parasites are particularly 
prevalent in developing countries and in growing children. The most important 
factor is the lack of clean water and inadequate personal and environmental hygiene 
conditions. However, there are some special groups in which the prevalence of 
intestinal parasites is higher than in the normal population. Among these, individuals 
with intellectual disabilities with low capacity for learning and understanding are 
at significant risk. In studies conducted in 10 different provinces of Iran in mentally 
disabled individuals, intestinal parasites were found to be considerably higher than in 
the normal population [8, 50–53, 63, 64].

Antiparasitic drugs, taken once or twice a year in endemic areas, are a low-cost 
solution. In this way, by preventing the treatment and spread of parasites in children, 
it will support their school success and healthy and productive living in the future. 
These studies are currently being carried out in certain areas, albeit limited [65, 66].

Intestinal parasites have also been suggested to play a potential role in or predis-
pose to various metabolic diseases, for example, diabetes mellitus. There is also a 
large number of studies suggesting that intestinal parasites may coexist with different 
infectious diseases. Tuberculosis (TB) and intestinal parasites are two important 
infections affecting mostly poor people and are important risk factors for one another. 
In a meta-analysis study conducted in Ethiopia, where both infectious agents are com-
mon, 414 articles on the subject were reviewed from scientific databases, and in 11 
articles involving a total of 3158 TB patients, one third of the patients were found to 
be infected with intestinal parasites, and the most common intestinal parasites were; 
Ascaris lumbricoides 10.5% (95% CI: 6.0, 17.5), hookworm 9.5% (95% CI: 6.10, 14.4), 
Giardia lamblia 5.7% (95% CI: 2.90, 10.9) and Strongyloides sterocoralis 5.6% (95% CI: 
3.3, 9.5). In the study, there was no significant difference between protozoa and TB 
compared to the normal population, while the association of helminth infections and 
TB was higher than in the normal population [67].

Intestinal parasites continue to be a public health problem among patients with HIV. 
Rapid and effective antiretroviral therapy is needed to reduce parasite density [68].

Nomadic and pastoral communities have become geographical areas where many 
parasitic diseases of zoonotic origin are more intense. The most important risk fac-
tors are close contact with animals, inadequate hygiene conditions, lack of access to 
drinking water and food. Global health efforts are also insufficient in these groups 
[69]. In nomadic communities in the mountainous areas of Asia and in the highlands 
of Ecuador, where heat and poverty prevail, about 90% of children are reported to be 
infected with one or more intestinal parasites [70].

Zoonotic enteric parasites (ZEP), which can infect animals and humans, are 
transmitted through contact, contaminated water and food. Multicellular ZEPs, 
commonly called worms, are members of three taxonomic groups belonging to the 
Helminths group (Cestodes (tapeworms), Nematodes (Ascaris sp., Strongyloides 
spp., Toxocara sp. and Trichinella sp.) and Trematodes (Fasciola spp., Clonorchissp. 
and Pentastomida sp.). Most intestinal protozoa are human-specific and are usually 
transmitted through water and food. In nomadic communities, where ZEPs are 
most common, the major risk factors for transmission include contact with animals, 
nutritional habits, difficulties in obtaining clean water and inappropriate living 
conditions. Unfortunately, ZEPs are still not prevented today due to lack of education 
and low socio-economic status [69, 70].
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Zoonotic enteric parasites that use humans or animals as hosts, like other enteric 
parasites, are transmitted through contaminated soil, water and food. Cystic echino-
coccosis, the larval stage of the canine cestode, Fasciola sp., the ruminant liver fluke, 
Clonorchis and Pentastomids are important helminths. However, zoonotic protozoa are 
a more common group that can occur anywhere in the world. They are microscopic 
and occasionally cause water and foodborne epidemics. Cryptosporidium sp. Babesia 
sp. and Microsporidia sp. are among the most common species. Enteric protozoa 
are easily transmitted through food products, contact with infected meat and meat 
products, and exposure to contaminated water [63, 70, 71].

Intestinal parasites, like many enteric pathogens, are also spread through people 
working in the food industry, as they cause foodborne infections. There are numerous 
papers showing that protozoa, especially protozoa such as amoeba, giardia, crypto-
sporidium species, as well as some soil-evolved helminths, tapeworms, Enterobius 
vermicularis are transmitted in this way [69, 70, 72].

According to the global disease burden concept first defined in 1993, the global 
burden of soil nematodes such as Ascaris, trichuris and hookworms has not fallen 
below 10%. Entamoeba, Toxoplasma, Cyclospora, Giardia and Cryptosporidium are 
among the major contributors to the global intestinal parasitic disease burden. 
The fact that intestinal parasites are generally not fatal and that they persist more 
frequently in developing countries and are not under control is largely due to the 
inattention of developed countries. Especially prevention and control strategies 
and treatment protocols are unfortunately inadequate in countries struggling with 
economic problems. Intestinal parasites are a major cause of morbidity and mortal-
ity, especially in sub-Saharan Africa, India and some Asian countries where access 
to food is difficult. They bring different co-infections with them. With the effect of 
heat and poor sanitation conditions, excreted cysts and eggs maintain their viability 
and infectivity in the environment for a long time. Considering that about half of the 
intestinal parasites are transmitted by fecal oral route, the prevalence increases with 
the effect of factors such as poor sanitation, suitable climatic conditions and lack of 
education. Studies have shown that the rates can be halved by hand washing, use of 
footwear, washing and cooking of food. Parasites not only take up certain vitamins 
in humans but also cause changes in the immune system due to the metabolites they 
produce [60, 65, 67–69, 73].

5.  Diagnostic methods in intestinal parasites from past to present

Intestinal parasites continue to have a devastating impact from past to present. 
In recent years, they have been considered as an infectious agent only seen in devel-
oping countries, but nowadays, due to increased migration, international travel, 
wars and global warming, they have started to increase their effectiveness all over 
the world. One of the most important problems in this context has been the delay 
in diagnosis and treatment because intestinal parasites are not recognized outside 
endemic areas. Sometimes this leads to fatal outcomes in organ or blood transplants. 
Even today, when there are still major problems in antiparasitic treatment, the most 
effective method is the development of accurate and rapid diagnostic methods. 
Since the discovery of the microscope, microscopy has been the gold standard for 
parasitological diagnosis, especially for protozoan parasites. It is low-cost and is still 
successfully used in routine diagnosis, especially in epidemiologic studies, especially 
in countries with high parasite load. However, it is time-consuming and requires 
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experienced personnel in large-scale epidemiologic studies. In addition, due to 
the fact that parasites are not always present in feces, diagnostic errors may occur. 
Today, various serologic and molecular methods are being developed for large-scale 
epidemiologic studies and more descriptive diagnosis. This enables faster and more 
accurate diagnosis. The microscopic examination method, which is inadequate to 
distinguish between amoebic dysentery and other amoebas and to prevent unneces-
sary treatment, can be prevented by serologic and molecular diagnostics used in 
diagnosis today. Again, it is almost impossible to distinguish helminths from each 
other by microscopic examination, especially in their larval stages. Today, with the 
use of serological and molecular techniques, a significant progress has been made in 
paleoparasitological diagnosis [7, 74–76].

Since 1908, qualitative research has been carried out in the parasitological 
diagnosis of stool samples. Initially applied to increase the chances of visualiza-
tion, methods for removing residues and concentrating parasite cysts and eggs have 
continued with the identification of suitable solutions and dyes. Samples prepared 
by enrichment methods with the use of various equipment are examined by micro-
scopic examination. However, Sporozoa group parasites such as Microsporidium 
spp. (1–2.5 microns), Cryptosporidium spp. (4–6 microns), Cyclospora spp. (6–8 
microns), Cystoisospora spp. (20–30 microns), which are frequently encountered in 
immunocompromised patients today, cannot be seen under the microscope with 
routine parasitological examinations. They need to be examined with special stain-
ing methods and immersion objective. In the 1940s, Ritchie and Teleman offered 
new alternatives to parasitological examinations, and in 1970, they introduced the 
technique of sedimentation with the addition of ethyl-ether to break down stool 
artifacts. In the 1980s, the semi-automated commercial paratest method was used in 
fecal examinations. Today, sedimentation, flotation and Kato-Katz methods are still 
successfully used in routine diagnosis to increase the detection rate of cysts and eggs 
in stool, the only disadvantage being the need for experienced personnel/specialists. 
Baerman and Harada-Mori methods are used for identification of nematode larvae. 
Today, the search for fast, easy, inexpensive and accurate diagnostics for large-scale 
and routine research continues [74–77].

5.1  Microscopic diagnosis

The use of microscopy in biological specimens is a simple, inexpensive and often 
gold standard method of morphologic diagnosis of the parasitic agent. It requires a 
good microscope and an experienced microscopist. With this method, the appropri-
ate sample (blood, urine, stool, vaginal swab, abscess material, duodenal aspirate 
and tissue biopsy) is examined under a light or fluorescence microscope using 
appropriate solutions (saline, lugol, various parasite dyes, calcoflour, etc.) using 
various lenses of the microscope. All protozoan parasites can be diagnosed by this 
method. For Cryptosporidium sp, Cyclospora and Isospora, microscopic examination 
is also performed with fluorescent stains as well as Ziehl-Nelsen and Kinyon stains. 
Microscopic diagnosis can also be used to identify the eggs or larvae of helminths. 
Microscopic examination has always been the gold standard in parasitologic diagno-
sis, but it requires a high level of parasitologic experience. It is labor-intensive and 
time-consuming and occasionally leads to inaccuracies in cases of poor excretion of 
parasites. In addition, it is microscopically almost impossible to differentiate pathogen 
from apathogen, especially for amoeba species. The diagnosis requires a high parasite 
load of protozoa or helminths in stool [7, 74–76].
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5.2  Serologic tests

Unfortunately, the few serologic tests used in parasitologic diagnosis can only be 
used for the routine diagnosis of a limited number of blood and tissue parasites. There 
are no serologic tests routinely used for gastrointestinal parasites. Specificity and 
sensitivity are low compared to molecular tests. Cross-reactions can be seen due to the 
common antigenic structure of helminths [74–78].

5.3  Immunochromatographic tests

Based on the simple principle of reading the markings on the membrane of 
specific biomarkers in the material under study. They are commercial tests. The 
infrastructure conditions in the laboratory must be appropriate. Widely used in 
the diagnosis of blood and tissue parasites. It is used in the diagnosis of intestinal 
protozoa. It is easily used in large-scale serologic investigations as it does not require 
experience and time. However, special equipment and proper sample handling are 
required [74–76].

5.4  Multiplex PCR

As in many infectious diseases, molecular testing has ushered in a new era in 
parasitologic diagnosis. This method allows simultaneous analysis of multiple 
pathogens and resistance genes. It is easy to identify the parasite and its strains, to 
follow the treatment and control process, as well as in large-scale epidemiological 
and surveillance studies. Compared to microscopic examination, the detection rate of 
parasite infections is considerably higher when targets are included in multiplex PCR. 
Detection and quantification of parasite-specific DNA in stool is highly sensitive and 
specific. Numerous studies using various nucleic acid-based techniques have con-
tributed to the genetic diversity, epidemiology and clinical significance of intestinal 
parasites. For evident reasons, in a routine setting, standardization and harmoniza-
tion of protocols are essential for the cost-effective implementation of these new 
techniques. Gastrointestinal Multiplex molecular panels, unlike conventional tests, 
allow the identification of multiple pathogens in a single material (stool). They also 
contribute to diagnosis and treatment by determining the intensity of infection and 
demographic characteristics of the infection. They require appropriate laboratory 
equipment and are costly [77, 78].

Serologic and molecular tests are costly tests and unfortunately cannot be applied 
in poor communities where the burden of parasitic infections is high. Although the 
process of developing appropriate and rapid diagnostic methods against common 
infections in the world continues rapidly, unfortunately, there is not much progress 
on tests for parasitic diseases, which are seen as a problem in developed countries. 
However, it is limited to large-scale epidemiological studies of developed countries. 
Updates for these tests are ongoing. Gastrointestinal parasite panels are still limited 
to a small number of species. Diagnosis is difficult due to the nature of helminths. In 
addition to new specific markers, there is a need to improve specificity and sensitivity, 
to measure parasite load and to meet affordability requirements [74–78].

Delays in the accurate diagnosis of parasitic diseases lead to delays in treatment 
and control strategies, facilitating the spread of causative pathogens. Provided by 
developed countries, the use of affordable and reliable tests in endemic regions; train-
ing of specialists to work in these regions, as well as hygiene education of the public 
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and provision of clean water, are important factors for the future of undeveloped 
countries regarding prevention of the spread of parasitic diseases.

5.5  Parasite cultivation

Although not all parasites can be cultivated, it is possible to produce a limited 
number of protozoa and larval stages of some helminths in cultivation. These are 
planned not only for diagnostic purposes but also for studies on parasite evolution, 
biochemistry, physiology and various invitro studies. Intestinal parasites can be 
grown in xenic, monoxenic and axenic cultivation, but are demanding due to con-
tamination [76].

6.  Prevention and control strategies

Intestinal parasites place an additional burden on people in poor and developing 
countries where they are endemic. Developed countries have been able to eradicate 
many soil-borne nematodes through clean water supply, education, sanitation and 
treatment of infected people. In these regions, protozoan outbreaks of protozoa from 
vegetables and fruits eaten raw or zoonotic origin can be seen occasionally. The most 
successful methods in the fight against intestinal parasites are as follows:

6.1  Hand hygiene

The most important method for all fecal-oral infections. The habit of washing 
hands with soap and similar products after toilet and before meals destroys the effect 
of eggs and cysts. The importance of hand hygiene in the prevention of infectious 
diseases has been proven in many epidemiologic studies.

6.2  Food and water

The most important source of intestinal parasites is contaminated food and water.
In developing countries, inadequate sewerage and the spread of human feces in the 

environment and food cause both the formation of endemic areas and the outbreaks 
of gastroenteritis in countries that trade with these countries. Areas where wastewater 
is used in agriculture are the most important factor in the spread of many helminths 
and protozoa. They are resistant to washing as well as cooking. In this way, imported 
fruits and vegetables cause outbreaks in developed countries. Street vendors are 
also among the most important sources of foodborne transmission. The main cause 
of large-scale epidemics in endemic areas is contaminated food and water. Lack of 
drinking and utiliary water also affects hand hygiene [1, 4, 5, 8, 58, 60, 64, 66, 69].

6.3  Chemotherapy

Treating infected people is one of the most important control strategies. This will 
break the chain of transmission. In developed countries, antihelminthic treatment 
has been effective in the elimination of soil-borne helminths for many years. In recent 
years, in project supported studies, it has been reported that the rate of parasites 
in patients and soil has decreased by more than half with antiparasitic treatment 
given 1 or 2 times a year in endemic areas. The biggest problem in these studies is the 
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increasing resistance to antiparasitic drugs, which are already in short supply. The 
most successful study example came from South Korea. Between 1969 and 1995, 
the rate of intestinal parasites was reduced from 84 to 3% with antiparasitic treatment 
administered to primary school children. Chemotherapy as a fast-acting intervention 
is a good strategy to immediately improve the lives of poor populations in developing 
countries. However, such a practice is currently not possible in nomadic communities 
in poor countries. Chemotherapy is very important in reducing the prevalence of 
intestinal parasites. Chemotherapeutics developed for protozoa and helminths were 
originally intended for veterinary use, but were later developed and used in humans. 
In the late 1970s, they began to be given to children and adults with symptoms of 
parasites, especially helminth infections, all over the world. In the 1980s, Bundy and 
Stephenson led studies in children in which antiparasitic treatment was given to all 
children and a significant reduction in parasite load was observed in endemic areas.

The identification and treatment of infected people through epidemiologic studies 
is one of the most important factors in reducing the incidence. Reduction or termina-
tion of excretion, especially helminth infections, with treatment will prevent soil 
and water contamination. Antihelminthic chemoterpine has an important role in the 
fact that soil helminths are no longer seen in many parts of the world. In the south-
ern Curry, a chemotherapy program in primary school children from 1969 to 1995 
reduced the incidence of helminths from 90–3%. Economic progress, education and 
environmental regulation have all contributed to this. Chemotherapy alone cannot be 
successful where the necessary regulations are not in place [79, 80].

In 2001, Resolution 54.19 of the World Health Assembly (WHA) encouraged all 
member states endemic for schistosomiasis and nematodiasis to achieve “a minimum 
target of regular chemotherapy for at least 75% and up to 100% of all school-age 
children at risk of disease by 2010”. Praziquantel has assumed important roles in 
anthelmintic treatment and control programs. Similar concerns have been shown 
for other therapeutic drugs commonly used to control hookworm infections, such 
as mebendazole and pyrantel. Various drug stewardship strategies (cyclical use of 
drugs) have been proposed to address these issues; however, if drug resistance trends 
continue, global efforts to control parasitic diseases using drugs may come to an end, 
a well-known phenomenon in the use of antibiotic/antiviral drugs [8, 58, 59, 79, 80].

Benzimidazole group of drugs used as antihelmintics are also used in cancer 
treatment. The mechanism of action of these drugs is to cause cell death by blocking 
the microtubule systems of parasite and mammalian cells. They also cause ovi-
cidal, vermicidal, larvicidal and cell death of the parasite. Albendazole, ornidazole 
and mebandazole are used not only in the treatment of intestinal helminths and 
protozoon, but also in the treatment of tissue and reticuloendothelial nematodes. 
Ivermectin in combination with diethylcarbamazine is also used in the treatment of 
lymphatic filarial nematodes. Although these drugs are safe, liver toxicity and various 
side effects as well as resistance problems may develop [79].

7.  Recent developments and future directions

Although more than 160 years have passed since the first identification of 
intestinal parasites, they are still an important cause of morbidity and mortality in 
developing countries, especially in children. In various immunosuppressive diseases 
that have been on the rise in the last 20 years, many chronic protozoa have emerged as 
important causes of mortality.
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Today, amoebiasis caused by Entamoeba histolytica continues to be an important 
problem, especially in endemic areas. One of the most important problems of the 
parasite is the large number of asymptomatic infected people in the communities. 
Another problem is that traveling people returning home from endemic regions are 
often undiagnosed, leading to deaths and economic losses. The fecal-oral parasite 
causes no symptoms in some people, but sometimes causes tumor-like formations, 
especially in the colon mucosa, and fatal amoebiasis that can reach the brain. Today, 
epidemiologic diagnostic problems persist in many geographical areas and adequate 
and effective treatment cannot be provided due to economic problems. Although 
intestinal parasites, which have weakened and exhausted people’s strength since 
prehistoric times, have become uncommon with education and treatment in some 
countries, they have increased again with the effect of growing migration, urban slum 
systems, poverty and global warming. It is one of the leading causes of child mortality 
and physical and mental retardation in developing countries. Due to increased migra-
tion from endemic areas, there are problems in the population control of countries 
and consequently, adequate health services cannot be provided. The lack of clean 
drinking water and sanitation in newly established urban slums causes the parasite 
to move from endemic areas to different regions. Conducting large-scale epidemio-
logic studies in areas of migration is one of the most important control strategies. 
The development of new and appropriate treatments to make treatment cheaper 
and widespread, and supporting R&D studies to develop appropriate vaccines for 
endemic areas will be the most effective methods to reduce the global parasite load. 
For sustainable and effective prevention, it is essential to develop global strategies 
rather than isolated or country-specific approaches. Mass hygiene education should 
be provided all over the world with appropriate funders. Countries should improve 
private and public health conditions and continue campaigns to combat parasitic 
diseases. In this way, the fight against other infectious agents will also be realized.
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the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
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Chapter 2

Navigating the Intestinal
Parasite Landscape
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Abstract

Intestinal parasitic infections afflict over 3.5 billion individuals globally, leading to
an estimated 200,000 deaths annually. Acknowledging variations in susceptibility and
outcomes across diverse demographic groups is essential for effective intervention.
This chapter provides an in-depth examination of medically significant intestinal
parasites, including three protozoa, two nematodes, two cestodes, and one trematode,
selected specifically for their primary pathogenesis within the intestines. We offer
comprehensive insights into their morphology, pathogenesis mechanisms, and current
and emerging diagnostic and therapeutic modalities. By fostering a deeper under-
standing of intestinal parasitic diseases, this work aims to contribute to the formula-
tion of targeted intervention strategies, ultimately reducing morbidity and mortality
associated with these widespread infections.

Keywords: parasitic infections, intestinal parasites, diarrhea, diagnosis, treatments,
pathogenesis, tropical medicine, medically significant parasites

1. Introduction

Intestinal parasites have been a persistent companion of humans since prehistoric
times, evolving side-by-side with us and maintaining a strong association that dates
back over 10,000 years [1]. These intestinal parasites present a formidable global
health challenge, with an estimated 3.5 billion people affected worldwide [2]. As many
as 450 million individuals are known to suffer from symptomatic infections, and more
than 200,000 deaths are reported annually. The impact of these infections is pro-
found, with one-fourth of known human infectious diseases attributed to the
protozoan-helminth group [3].

Intestinal parasite infections are classified among the neglected tropical diseases
(NID), a status that reflects the challenges faced in managing them effectively, par-
ticularly in resource-limited nations [4]. Factors such as inadequate environmental
and personal hygiene, malnutrition, overcrowding, and erratic climatic conditions
create ideal environments for the transmission of these parasites [5–7]. Most of these
infections have been controlled effectively in resource-abundant and developed
nations; however, it is noteworthy that parasitic infections are resurging in these
nations, a trend that may be linked to the growing number of immunocompromised
individuals and increased life expectancy [1, 8].
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This chapter primarily investigates a specific group of medically important intes-
tinal parasites: three protozoan and six helminth species with established intestinal
tropism and pathogenic potential (Figure 1). While the focus remains on these key
players, the chapter acknowledges the presence of other intestinal parasites that may
traverse or temporarily inhabit the intestinal tract during their life cycles. Details
regarding these additional parasites will be provided in dedicated sections. The fun-
damental objective of this chapter is to emphasize the significant burden posed by
these intestinal parasites on a global scale, elucidate their role in intestinal pathophys-
iology, and contribute to the development of targeted interventions designed to
reduce morbidity and mortality associated with these infections.

2. Clinically significant intestinal protozoan parasites

2.1 Giardia duodenalis (Giardia lamblia)

Giardia duodenalis, formerly known as Giardia lamblia, causes Giardiasis, one of
the most common parasitic intestinal infections worldwide [9]. Giardia is a causative
agent for endemic and epidemic diarrhea, mainly in tropical and subtropical settings.
It is the third most prevalent cause of diarrheal illness in children under the age of five
globally, with over 300 million cases recorded each year [10]. Giardiasis is a substan-
tial contributor to gastrointestinal disease in locations with poor sanitary conditions
and to epidemics in daycare centers and among travelers [11, 12].

Figure 1.
Overview of Clinically Significant Intestinal Parasites. Medically relevant intestinal parasites are classified
according to the site of pathogenesis. Non-migratory intestinal parasites reside primarily within the intestines,
causing localized intestinal illness. In contrast, migratory intestinal parasites travel beyond the intestines,
establishing themselves in other organs or tissues and causing disease. The figure was generated with BioRender.com.
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2.1.1 Morphology of Giardia duodenalis

Giardia duodenalis is a protozoan parasite that completes its life cycle within a
single host [13]. G. duodenalis exists in two forms: the trophozoite (the metabolically
active and vegetative form) and the cyst (the dormant and environmentally stable
form) [14]. The trophozoites exhibit a distinct pyriform structure that closely resem-
bles the shape of a tennis racket [13]. They typically measure 10–20 μm and may show
two large nuclei. In addition, four pairs of flagellae provide falling leaf-like motility to
facilitate trophozoite movement [15–17]. The cysts exhibit an oval to ellipsoid shape
and measure approximately 8–19 μm [18, 19]. The cyst wall is lined with hyaline
which protects the parasite from the environment. Mature cysts typically contain four
nuclei, whereas immature cysts contain two [20]. Within 30 minutes of entry, two
trophozoites are released from each cyst (excystation) in the duodenum [21, 22]. The
trophozoites then multiply in the small intestine and adhere to the upper jejunal
mucosa, causing inflammatory damage to the villi. Gradually, the trophozoites pass
through the large intestine, where encystation begins, and the cysts are excreted in
the stool [13].

2.1.2 Pathogenesis of Giardia duodenalis

G. duodenalis primarily inhabits the duodenum and upper jejunum of the small
intestine [23–26]. Transmission occurs through ingestion of food and water contami-
nated with mature cysts. Although less common, infection can also be acquired
through sexual transmission [27]. The infective dose of Giardia duodenalis is low, with
as few as 10–25 cysts capable of initiating the infection process [28]. Attachment of
Giardia duodenalis to the intestinal mucosal epithelium relies on the ventral disk,
which plays a critical role in the colonization and establishment of infection.

Giardia duodenalis invades enterocytes, inflicting substantial damage and eroding
the brush border of intestinal epithelial cells. This insult compromises intestinal
absorptive capacity by triggering microvillous atrophy and epithelial barrier dysfunc-
tion [26]. Malabsorption is particularly pronounced in fats, leading to the hallmark
symptom of steatorrhea: foul-smelling, profuse, frothy diarrhea [27, 28]. The malab-
sorption may extend to lactose and xylose, resulting in disaccharide intolerance
[29, 30]. Recent studies shed light on Giardia’s cysteine proteases potentially
disrupting goblet cell function in the intestine. This disruption could lead to decreased
protective mucus production and changes in its composition, leaving the host more
vulnerable to pathogens [31]. Understanding the molecular mechanisms of giardiasis
is crucial for comprehending disease pathogenesis and devising effective therapeutic
approaches.

2.1.3 Clinical manifestations of Giardia duodenalis

The clinical course of Giardia infection includes asymptomatic carriage, acute
giardiasis, and chronic giardiasis. Acute giardiasis develops after an incubation period
of 1 to 14 days (average of 7 days) and usually lasts 1 to 3 weeks [32, 33]. In chronic
giardiasis, the symptoms are recurrent and may cause malabsorption and debilitation.
The clinical manifestations of giardiasis include fatty or greasy diarrhea (steatorrhea),
dull epigastric pain, bloating of the abdomen, and foul-smelling flatulence. Occasion-
ally, nausea, vomiting, fever, rashes, or constipation may occur [13, 34].
Extraintestinal manifestations are rare. They include conditions such as urticaria,
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erythema multiforme, bronchospasm, reactive arthritis, and biliary tract disease [9].
In HIV patients with compromised immune function, giardia infection becomes a
more likely culprit for persistent diarrhea, highlighting the need for its inclusion in the
diagnostic workup.

2.1.4 Diagnosis and treatment strategies for Giardia duodenalis

The diagnostic approach for G. duodenalis is stool examination for the presence of
cysts and trophozoites [35]. The CDC recommends collecting three patient stool
specimens over several days to enhance accuracy. Several methods for analyzing stool
samples include wet mount, trichrome stain, direct fluorescent antibody (DFA) assay,
and enzyme immunoassay (EIA). However, microscopy with DFA is considered the
gold standard due to its increased sensitivity compared to non-fluorescent microscopy
techniques [36]. Additionally, guidelines from the Infectious Disease Society of
America (IDSA) suggest utilizing duodenal aspirate microscopy when stool studies
yield inconclusive results, but suspicion of Giardia remains high. Duodenal aspirate
microscopy is deemed sensitive because trophozoites are abundant in the proximal
small bowel and can be promptly recognized due to their motility [37]. Moreover,
recent research suggests that utilizing Giardia microRNA (miR5) as a marker for
Giardia infection in duodenal biopsies may offer a promising new diagnostic
method for giardiasis, demonstrating greater sensitivity compared to histological
diagnosis [38].

Metronidazole has served as the mainstay treatment for human giardiasis since
1959. However, concerns regarding its efficacy are escalating due to rising therapeutic
failure rates and the emergence of Giardia resistance to the nitroimidazole class of
drugs [39]. Alternative treatment options include tinidazole, nitazoxanide, and even
metronidazole in some cases. While a 5–7 day course of metronidazole typically
achieves cure rates exceeding 90%, single-dose regimens of tinidazole or ornidazole
offer comparable effectiveness [33].

Although no recent clinical trials or drug approvals for Giardia duodenalis have
occurred in humans, research suggests promising alternatives. Studies have explored
robenidine, a commercially available anticoccidial drug since the 1970s, as a potential
lead compound for developing new antigiardial drugs [40]. In vitro studies demon-
strate that robenidine exhibits potent and rapid activity against G. duodenalis, partic-
ularly during the trophozoite stage, exceeding the efficacy of metronidazole.

2.2 Cryptosporidium parvum

The microscopic parasite Cryptosporidium parvum triggers cryptosporidiosis, a
widespread diarrheal illness [41]. The intracellular protozoan parasite colonizes
human intestinal epithelia and is found throughout the world, with the highest prev-
alence in low- and middle-income countries [42]. Estimates suggest that cryptospo-
ridiosis affects a significant number of people in the United States, with around
823,000 cases occurring annually [43]. While swimming pools, unpasteurized bever-
ages, and contact with animal care have been linked to outbreaks in the United States,
the parasite predominantly thrives in areas with inadequate water treatment and
sanitation. C. parvum is best known for causing self-limiting watery diarrhea, but
it can lead to severe and chronic cryptosporidiosis in immunocompromised
individuals [44]. In immunocompetent individuals, the prevalence of infection
ranges from 2.4–15% in developing countries and 1.4–6% in developed countries.
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In immunocompromised hosts, the prevalence is significantly higher, ranging from 12
to 46% in developing countries and 7–21% in developed countries [22].

2.2.1 Morphology of Cryptosporidium parvum

Cryptosporidium parvum, exists as a small oocyst, measuring 4–6 μm in diameter,
with a thick, resistant wall containing four sporozoites. Once inside the host, the
parasite undergoes various developmental stages, beginning with invasive sporozoites
and progressing to reproductive stages within the host’s intestinal epithelial cells.
During sexual reproduction, zygotes are formed, giving rise to two types of oocysts:
thick-walled and thin-walled oocysts. The host excretes thick-walled oocysts, which
possess two electrodense cyst walls. An outer thick coarse layer and an inner fine
granular layered wall with a suture point at one pole. The thin-walled oocysts are
enveloped by a single-layered membrane and are often involved in internal autoin-
fection and are therefore, they are not typically discharged in stool [22, 45]. The
infected host excretes sporulated oocysts through their feces. The most common
modes of transmission include ingestion feces-contaminated water or food, as well as
through direct contact. Upon ingestion, excystation occurs in the small intestines,
releasing four sporozoites from each oocyst to parasitize epithelial cells in the gastro-
intestinal tract and begin a new cycle of infection [45, 46].

2.2.2 Pathogenesis of Cryptosporidium parvum

C. parvum is known for its wide host range, capable of infecting various mamma-
lian species including humans, suggesting the presence of diverse isolate types even
from the same host species [47]. The principal method of C. parvum transmission to
hosts is via the fecal-oral route, typically through the ingestion of contaminated food
or water in its oocyst form. A relatively low infective dose (10–100 oocysts) combined
with its ability to evade host immune response, contribute significantly to the patho-
genicity of C. parvum [48, 49]. Furthermore, the infective form of Cryptosporidium is
highly resistant to most environmental factors, including routine chlorination and
other disinfectants [50, 51].

Sporozoites of C. parvum commonly target the epithelial cells at the ileocecal
junction of the small intestine, where they complete their life cycle. An important
virulence factor of Cryptosporidium is the CP47 protein, which facilitates the attach-
ment of sporozoites to the brush border epithelium of the small intestines [52]. The
parasite does not typically elicit systemic inflammation or penetrate deep tissues.
Instead, it stays localized on the apical surface of the intestinal epithelium within its
membrane-bound compartments [53]. When penetration does occur, the parasite can
trigger host cell kinase signaling pathways, leading to the local induction of a pro-
inflammatory host response. This response includes the production of TNF-alpha,
IL-8, and prostaglandins, which can result in intestinal mucosal inflammation and
diarrhea [22, 54]. While C. parvum primarily targets the intestines, rare cases like
pulmonary infection highlight the need for further research on its pathogenesis for
broader disease management [55].

2.2.3 Clinical manifestations of Cryptosporidium parvum

Symptoms of cryptosporidiosis include watery diarrhea and stomach cramps,
accompanied by fever, nausea, vomiting, and loss of appetite in some cases. The onset
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of symptoms usually occurs within 1–12 days after infection, with most individuals
experiencing symptoms around 7 days post-infection. The watery diarrhea associated
with cryptosporidiosis is self-limiting and usually resolves within 2–3 weeks. Though
very rare, pulmonary and tracheal cryptosporidiosis may cause coughing and fever
[55, 56]. In immunocompromised individuals such as those with HIV/AIDS, diarrhea
can worsen to uncontrollable levels, resulting in severe dehydration and potentially
life-threatening consequences [57].

2.2.4 Diagnosis and treatment strategies for Cryptosporidium parvum

The oocyst of C.parvum, which is excreted in human host feces, functions as
both the infective and diagnostic form of the organism [58]. Consequently, routine
diagnosis of cryptosporidiosis hinges on the examination of stool samples. The chal-
lenge in diagnosing oocysts primarily stems from their diminutive size, ranging from
4 to 6 μm [59, 60].

Clinical laboratories employ acid-fast staining to visualize and diagnose C.parvum
oocysts by staining their cell walls [61]. Immunofluorescence microscopy is favored
for its superior specificity and sensitivity, followed by enzyme immunoassays (EIA).
Molecular methods are utilized for species-level identification of Cryptosporidium.
ELISA assays have been developed to detect C. parvum-specific coproantigen in stool
samples, showing sensitivity ranging from 66 to 100% and very high specificity.
Additionally, C. parvum-specific antibody testing and PCR may be utilized to identify
specific C. parvum genes in both clinical and environmental samples [22].

Most immunocompetent individuals recover from cryptosporidiosis without treat-
ment. Adequate oral fluid intake manages diarrhea. For more severe cases,
nitazoxanide is approved by the FDA as a treatment. However, its efficacy in immu-
nocompromised patients such as those with HIV/AIDS is yet to be demonstrated
[62, 63]. In such cases, antiviral therapy may decrease or eliminate symptoms of
cryptosporidiosis [64]. Even though the symptoms of cryptosporidiosis may diminish
on their own, the infection is often not considered curable. This is because the parasite
Cryptosporidium has a complex life cycle that allows it to persist and cause symptoms
to recur if the host’s immune system is not robust. Furthermore, the parasite’s
remarkable resilience against numerous disinfection techniques hinders complete
eradication efforts.

Another limiting factor in managing Cryptosporidium has been the difficulty of
propagating the parasite in vitro for therapeutic research. Conventional intestinal cell
line models poorly mimic the complex human gut environment, hindering parasite
infection and observation of the complete life cycle [65]. However, a recent break-
through in CRISPR/Cas9-mediated transfection of C. parvum sporozoites offers
promise for generating genetically modified parasites and propelling treatment
research forward [66].

2.3 Entamoeba histolytica

Entamoeba histolytica is a parasitic amoeba that primarily inhabits the large intes-
tines of humans and other animals. It is considered the third leading cause of parasitic
death worldwide, following malaria and schistosomiasis [67]. The World Health
Organization (WHO) estimates there are approximately 50 million cases of E.
histolytica with 110,000 deaths annually [68]. Amoebiasis, the disease caused by
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Entamoeba histolytica, represents a substantial public health burden, particularly in
resource-limited regions with warm climates, including China, Central and South
America, and the Indian subcontinent [69]. Transmission of E. histolytica occurs
primarily through ingestion of contaminated food or water or through direct contact
with fecal matter. E. histolytica infection in the United States is more frequent among
individuals with limited sanitation infrastructure and travelers returning from
endemic areas. A less common mode of transmission involves exposure to cysts and
trophozoites in fecal matter during sexual contact [70]. Amoebiasis is estimated to
affect about 10% of the world’s population.

2.3.1 Morphology of Entamoeba histolytica

Entamoeba histolytica, an anaerobic protozoan, completes its life cycle within a
single host, typically a human. This life cycle consists of three stages: trophozoite,
precyst, and cyst [22]. Infection typically begins with the ingestion of mature,
quadrinucleate cysts from fecally contaminated food, water, or hands [71]. The cysts
of Entamoeba histolytica are spherical and measure between 10 to 20 μm in diameter.
A mature cyst contains four nuclei, while immature cysts have one to three nuclei
[72]. Following ingestion, excystation occurs in the small intestine, releasing tropho-
zoites that migrate to the large intestine. Trophozoites are typically larger, measuring
between 10 to 60 μm, with an average size of 15 to 20 μm [73]. They have a single
nucleus with evenly arranged chromatin on the nuclear membrane and a small, cen-
trally located karyosome [74]. Trophozoites exhibit active, directional movement
facilitated by pseudopodia. The precyst phase is an intermediate stage between the
trophozoite and cyst stages, where the organism is smaller than the trophozoite but
larger than the cyst [75]. During this stage, the organism loses its pseudopodia and
prepares to encyst.

2.3.2 Pathogenesis of Entamoeba histolytica

Following ingestion of mature E. histolytica cysts, excystation occurs in the small
intestine, triggered by exposure to the host’s digestive enzymes and the alkaline
environment [71]. This process releases trophozoites, the active form of the
parasite, which then migrate to the large intestine and colonize the lumen. Colon
colonization is facilitated by the ability of the trophozoites to adhere to the colonic
mucus and epithelial cells via lectin-mediated binding. The galactose/N-
acetylgalactosamine (Gal/GalNAc) lectin is a key molecule in this adhesion
process, allowing the parasite to attach firmly to the host cells [74]. The
trophozoites penetrate the intestinal mucosa primarily through the action of cytolytic
and proteolytic enzymes such as cysteine proteinases and glycosidases [76]. Glycosi-
dases, particularly β-N-acetyl-D-glucosaminidase, aid in degrading the glycoproteins
of the mucosal layer, further facilitating tissue invasion [77]. Secretion of
amoebapores by Entamoeba histolytica facilitates tissue damage through host cell
lysis. [78]. Trophozoites induce significant damage to the intestinal mucosa through
contact-dependent mechanisms, including apoptosis and necrosis [79]. As the tro-
phozoites invade the intestinal mucosa, they trigger a local inflammatory response,
leading to the destruction of the epithelial layer and the formation of characteristic
flask-shaped ulcers in the colonic epithelium [80].
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While trophozoites and cysts are excreted in feces, cysts are typically found in
well-formed stool, and trophozoites are found in diarrheal stool. Cysts, the infectious
form, can survive for days to weeks due to their protective walls. On average, a carrier
E. histolytica excretes around 45 million cysts daily, with an infectious dose of approx-
imately 1000 cysts [81]. Amoebiasis patients may also pass trophozoites and imma-
ture cysts in their stool, which are destroyed outside the host.

2.3.3 Clinical manifestations of Entamoeba histolytica

Entamoeba histolytica infection exhibits a spectrum of presentations, ranging from
asymptomatic carriage with cyst shedding to invasive intestinal amebiasis [82]. The
latter can manifest as amebic dysentery (bloody diarrhea, abdominal pain, fever,
mucus in stool) or non-dysenteric colitis (intermittent watery diarrhea, abdominal
pain, weight loss, fatigue) [83].

Chronic intestinal amebiasis is characterized by recurrent episodes of diarrhea,
abdominal pain, and weight loss. Entamoeba histolytica infection can also progress to
extraintestinal amebiasis, a severe complication where the parasite spreads beyond the
intestines. A common manifestation of this is amebic liver abscess, caused by tropho-
zoites reaching the liver through the portal vein [84]. Symptoms include right upper
quadrant abdominal pain, fever, hepatomegaly, and occasionally jaundice. Pulmonary
amebiasis can develop through direct extension from the liver or hematogenous
spread [85]. Although less frequent, severe complications such as cerebral and geni-
tourinary amebiasis may arise [86, 87]. Cutaneous amebiasis can also occur, often
stemming from underlying infections or post-surgery [88]. Timely diagnosis and
treatment are essential for managing E. histolytica infection and averting potential
complications.

2.3.4 Diagnosis and treatment strategies for Entamoeba histolytica

The common method for diagnosing E. histolytica is the microscopic identification
of cysts and trophozoites in stool samples. This can be achieved by using fresh stool or
concentrates derived from fresh stool. A key diagnostic feature of pathogenic E.
histolytica is the presence of red blood cells within the cytoplasm of the trophozoites
[72]. E. histolytica trophozoites phagocytize red blood cells to obtain essential nutrients
and iron from hemoglobin [89]. Direct visualization of trophozoites is achievable
through examination of aspirate or biopsy specimens procured during colonoscopic or
surgical procedures. The sensitivity of Entamoeba histolytica detection is enhanced by
analyzing three consecutive stool samples collected within a ten-day interval [90].
Microscopic examination is limited in definitively distinguishing Entamoeba
histolytica, from morphologically identical and non-pathogenic species such as E.
bangladeshi, E. dispar, and E. moshkovskii. Therefore, confirmatory molecular diag-
nostic methods like PCR are essential for accurate species identification [91]. Anti-
body detection is useful when organisms are not generally found in stool
examinations, as seen in patients with extraintestinal disease. The routine
serodiagnosis of amebiasis now utilizes commercially available enzyme immunoassay
(EIA) instead of the indirect hemagglutination (IHA) test, which detects antibodies
against E. histolytica [90].

Current treatment guidelines recommend immediate administration of
antiparasitic medications, such as metronidazole or tinidazole, for individuals with
symptomatic intestinal infections or extraintestinal complications caused by
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Entamoeba histolytica. This initial therapy targets and eliminates the motile trophozo-
ite stage of the parasite. However, following this with a luminal agent like
paromomycin or iodoquinol is crucial. These medications eradicate the encysted stage
of the parasite, preventing potential relapse and further transmission [92]. Asymp-
tomatic individuals are also advised to undergo treatment with paromomycin or
iodoquinol due to their potential to unknowingly transmit the parasite. Additionally,
research suggests that a significant portion (4–10%) of untreated asymptomatic cases
may progress to symptomatic disease within a year [93].

Metronidazole remains the mainstay of amebiasis treatment due to its affordability
and availability. However, concerns regarding potential genotoxic and neurotoxic side
effects, coupled with the looming threat of resistance, necessitate the exploration of
alternative therapies. While a vaccine is not available, promising results from rodent
and non-human primate models suggest progress toward preventative measures
(Box 1) [71].

• Balantidium coli (Balantidiasis)

Largest protozoan (40 μm to 200 μm in length) and the only ciliated parasite known to infect humans.
Host: Primary –Pig, Secondary –Humans.
Transmission: Ingestion of cysts through contaminated food/water.
Pathogenesis: Trophozoites cause inflammation and colonic mucosal ulcers, most of which are mild or

asymptomatic but can be severe in immunocompromised.
Clinical Manifestations: Persistent diarrhea (watery or bloody stools), abdominal pain, weight loss, nausea,

and vomiting.
Diagnosis: Detection of trophozoites with a bean-shaped macronucleus from stool samples.
Drug of Choice: Tetracycline and metronidazole

• Cystoisospora belli (Cystoisosporiasis)

Opportunistic coccidian parasite.
Host: Primary – Humans; Secondary – None.
Transmission: Ingestion of sporulated cysts in contaminated food or water.
Pathogenesis: Sporulated oocysts release sporozoites in the small intestine, infecting the epithelial cells.

Fertilized oocysts are shed in stool.
Clinical manifestations: Acute onset of watery diarrhea, fever, abdominal pain, and malabsorption.
Diagnosis: Repeated stool examinations to detect large, typical ellipsoidal-shaped oocysts (25–30 μm).
Drug of Choice: Trimethoprim-sulfamethoxazole (TMP-SMX).
Opportunistic coccidian parasite

• Cyclospora cayetanensis (Cyclosporiasis)

Opportunistic coccidian parasite.
Host: Primary – Humans; Secondary – None.
Transmission: Ingestion of sporulated cysts in contaminated food (Cilantro, Raspberries, Basil) or

contaminated water.
Pathogenesis: Sporulated oocysts release sporozoites in the gastrointestinal tract, invading tire small

intestine epithelium.
Clinical manifestations:Watery diarrhea, abdominal pain, low-grade fever; prolonged and chronic

symptoms with potential weight loss, especially in immunocompromised individuals.
Diagnosis: Stool examination; small oocysts (8–10 μm), autofluoresce under UV, appearing blue/green.
Drug of Choice: Trimethoprim-sulfamethoxazole (TMP-SMX).

Box 1.
Additional Clinically Relevant Intestinal Parasitic Infections: Protozoa [94–99].
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3. Clinically significant helminthic intestinal parasites - nematodes

3.1 Enterobius vermicularis

Enterobius vermicularis, is an intestinal nematode commonly referred to as
the pinworm or threadworm. This parasite has co-evolved with human hosts since
the evolution of human hominids [100]. Enterobius gregorii, documented in Europe,
Africa, and Asia, is now considered an immature form of E. vermicularis based
on morphological and molecular evidence [101]. Humans are the only known host
for this parasite, with an estimated 200 million infections worldwide and some
reports suggesting an infection rate of over a billion people [102–104]. Pinworm
infections are endemic globally, with the highest prevalence among school-aged
children between 5 and 14 years with males being twice as likely to be infected as
females [105].

The transmission of E. vermicularis is associated with inadequate hygiene,
overcrowding, and low socioeconomic status, often exacerbated by poor living
conditions. Despite its widespread prevalence, pinworm infection is considered
the least harmful among gastrointestinal nematode helminths [106]. Since no
vaccine is available, maintaining adequate hygiene remains the best preventive
measure [100].

3.1.1 Morphology of Enterobius vermicularis

Enterobius vermicularis exhibits a simple life cycle within a single human host.
The female parasite, characterized by a long, pointed tail, typically measures 8 to
13 mm long, while the male measures 2 to 5 mm. The organism is whitish-beige,
round, and moves with a vigorous crawling motion [100, 101]. The head features
three lips and a pair of wing-like cephalic alae [107]. The eggs, measuring 50 by 30
microns, are utilized in diagnostic examinations [105].

After ingestion, the eggs hatch into larvae in the small intestines and develop into
adults within 1–2 months [19, 108]. The adults settle in the colon, where gravid
females migrate nocturnally to the perianal region to lay eggs. The larvae inside the
eggs become infective within 4–6 hours. Transmission occurs primarily through the
fecal-oral route, with self-inoculation being common after individuals scratch the
affected area, typically the perianal region [101]. Transmission can also occur through
contact with contaminated bedding, clothing, personal care products, and furniture
[105, 109]. The eggs are resilient, remaining viable in the environment for 2–3 weeks,
thus increasing the risk of reinfection [109]. In rare cases, transmission can occur via
inhalation followed by ingestion [110].

3.1.2 Pathogenesis of Enterobius vermicularis

Research on the pathogenesis of Enterobius vermicularis and host defense remains
limited [111]. Following ingestion, it takes approximately 1–2 months for the eggs of
E. vermicularis to develop into adults in the small intestines, typically without causing
symptoms [105]. However, minor ulcerations at the mucosal attachment site may
occur [112]. Exposure to nerve endings at the feeding site can lead to symptoms such
as insomnia, convulsions, and nervousness [107].
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Adult females migrate to the anal region at night to deposit eggs, causing pruritus
[113]. Persistent scratching due to pruritus may result in bacterial superinfection. In
some cases, the parasites may migrate to the vaginal area, causing vulvovaginitis and
peritoneal granulomas [114]. Although rare, complications such as appendicitis may
occur if the parasites obstruct the appendiceal lumen, a subject of ongoing controversy
[115, 116]. The host immune response involves a type-2 immune reaction with
increased eosinophil levels, although studies have reported no significant elevation in
IgE levels in infected individuals [117–120].

3.1.3 Clinical manifestations of Enterobius vermicularis

E. vermicularis infection is generally considered the least harmful among
gastrointestinal nematode helminths [106]. Approximately 40% of those affected
are asymptomatic [121]. Symptoms, when present, may include perianal pruritus,
restlessness, loss of appetite, malnutrition, anemia, insomnia, and irritability [122].
Rarely, extraintestinal enterobiasis can lead to severe health disorders such as
kidney and fallopian tube penetration and, in some cases, death [123, 124]. The
association between E. vermicularis and appendicitis remains under debate, with a
meta-analysis suggesting that approximately 2% of appendicitis cases in the Americas
and 8% in Africa were positive for E. vermicularis infection [125].

3.1.4 Diagnosis and treatment strategies for Enterobius vermicularis

Unlike most enteric nematodes, pinworm infection is not diagnosed by examining
feces [111]. The gold standard for diagnosing pinworm infection is the “scotch tape”
test [126]. This test involves applying clear cellulose tape to the perianal region,
preferably in the morning before bathing, and then placing the tape on a glass slide for
microscopic examination of eggs [127]. This process is recommended on three con-
secutive mornings to increase sensitivity, although it may still be low with very few
eggs [100]. Recent scientific advancements include the use of mitochondrial DNA
gene encoding cytochrome c oxidase subunit 1 (cox1) for genetic identification, which
can be utilized with eggs collected from perianal tape or stool samples containing adult
worms [128].

Treatment for E. vermicularis includes pyrantel pamoate, albendazole, or
mebendazole, administered as a single initial dose followed by a second dose two
weeks later. In cases of household infection or recurrence, it is advisable to treat all
household members simultaneously [110].

3.2 Trichuris trichiura

Trichuris trichiura, commonly known as whipworm, is a parasitic nematode
responsible for one of the major soil-transmitted helminth infections affecting
humans. It is estimated to infect approximately 465 million people worldwide [129].
The parasite is predominantly found in tropical and subtropical regions, including
parts of Asia, Africa, and Latin America, where poor sanitation practices are prevalent
[130]. Transmission of Trichuris trichiura occurs primarily through the ingestion of
embryonated eggs present in contaminated soil, food, or water [131]. The prevalence
of whipworm infection can exceed 90% in impoverished conditions [132]. The species
is widespread in human populations, particularly in regions where human excrement
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(nightsoil) is used to fertilize vegetable gardens [133]. In the United States, it is the
second most common nematode, and it is more frequently observed in the rural
Southeast regions [134] where conditions may favor its transmission. Whipworm
infection is particularly common among children and can cause significant morbidity
in heavily infected individuals.

3.2.1 Morphology of Trichuris trichiura

Whipworm is so named because of its distinctive morphology: a broad, short
posterior end and a very long, narrow, whip-like anterior end. The anterior end,
which contains a stichosome pharynx, is embedded in the mucosa of the lower intes-
tines of humans, while the posterior end lies freely in the intestinal lumen [135].

During its life cycle,T. trichiura exhibits two forms: the adult worm and the egg.
The eggs of T. trichiura are also distinctively barrel-shaped, bile-stained, and have a
thick shell with mucus plugs at both ends [136]. They measure approximately 50–
55 μm in length and 20–25 μm in width. When passed in the stool, the eggs are un-
embryonated and require a period of development in the soil to become infectious
[131, 137].

Juvenile worms develop in the glands of the cecal and colonic mucosa, where they
molt and grow while the mature adults have their anterior ends embedded in the
mucosa [138, 139].

Adult males measure 30–45 mm in length, with a coiled posterior end, whereas
adult females measure 35–50 mm and have a straight posterior end [137]. The adult
parasitic worms reside in the cecum, appendix, and large intestine of the human
host [111].

3.2.2 Pathogenesis of Trichuris trichiura

T. trichiura infections are transmitted via the fecal-oral route, involving the
ingestion of eggs with contaminated food, water, or soil. Approximately 2–3 months
after encountering the parasite, the female begins laying un-embryonated eggs, with
each female shedding between 3000 and 20,000 eggs daily in the cecum [19, 137].
These un-embryonated eggs, excreted in the feces, are noninfectious and take around
2–4 weeks to transition into the infectious, embryonated form [140, 141].

Upon ingestion, the eggs hatch in the small intestine, releasing larvae that migrate
to the colon, where they mature and embed their anterior ends into the gastrointesti-
nal mucosa. This results in significant cellular damage and disruption of the epithelial
barrier [142]. This process triggers an immune response in the host, characterized by
the recruitment of eosinophils, lymphocytes, and plasma cells to the site of infection
[131]. The inflammatory response can cause a range of gastrointestinal symptoms,
including rectal bleeding, abdominal pain, diarrhea, and, in severe cases, prolapse of
the rectum [111, 143]. Chronic infection with Trichuris trichiura can lead to persistent
Th2-driven immune activation and chronic intestinal inflammation, particularly in
pediatric populations. Infected children often exhibit growth stunting, which is
believed to be due to chronic inflammation and altered metabolic responses [144].
Chronic infection with T. trichiura is associated with a decrease in plasma insulin-like
growth factor 1 (IGF-1) and an increase in tumor necrosis factor-alpha (TNF-α) in the
colonic mucosa [144]. The chronic inflammatory response can divert nutritional
resources and alter endocrine functions, further exacerbating the observed growth
deficits.
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3.2.3 Clinical manifestations of Trichuris trichiura

Mild infections of Trichuriasis typically manifest without observable signs or
symptoms. However, more severe infections, particularly in children, can lead to
gastrointestinal issues such as abdominal pain, distension, diarrhea, fecal blood, noc-
turnal stooling, and rectal prolapse [145, 146]. Additionally, children may experience
anemia due to blood loss, growth deficiencies, and potential impairment in cognitive

• Ascaris lumbricoides (Ascariasis)

Host: Primary – Humans.
Transmission: Feco-oral ingestion of embryonated eggs in contaminated food (often fresh vegetables).
Pathogenesis: Eggs transform into larvae, invade intestinal mucosa, migrate to lungs, are coughed up,

swallowed, and mature into adult worms in the small intestines. Eggs are excreted in stool.
Clinical Manifestations: Often asymptomatic; high burden may cause abdominal pain, obstruction, biliary

blockage, appendicitis, nasopharyngeal expulsion, allergic reactions, and Loeffler’s syndrome.
Diagnosis: Microscopic stool examination for oval and knobby-coated Ascaris eggs.
Drug of Choice: Mebendazole, pyrantel pamoate, or albendazole

• Necator americanus (New World Intestinal Hookworm Disease)

Host: Primary – Hrmrans.
Transmission: Skin penetration by filariform larvae, often through feet/ankles from walking barefoot.
Pathogenesis: Larvae migrate to lungs via bloodstream, travel to pharynx, are swallowed, and mature into

adults in tire small intestines.
Clinical Manifestations: Serpiginous tunnel and severe pruritus at penetration site (Ground Itch), cough,

abdominal pain, nausea, anorexia. Anemia due to blood loss at the site of attachment in the intestinal wall
(Intestinal Hookworm Disease).

Diagnosis: Microscopic stool examination for thin-shelled, oval eggs with a clear, smooth outer layer.
Drug of Choice: Albendazole or pyrantel pamoate

• Ancylostoma duodenale (Old World Intestinal Hookworm Disease)

Host: Primary – Humans.
Transmission: Skin penetration by filariform larvae, often through feet/ankles from walking barefoot

(Intestinal Hookworm Disease, Ancylostomiasis). Pathogenesis: Larvae migrate to lungs via bloodstream,
travel to pharynx, are swallowed, and mature into adults in the small intestines.

Clinical Manifestations: Abdominal pain, diarrhea, exertional dyspnea, fatigue, palpitations, dizziness.
Anemia may be more severe than in N. americanus. Oral infection (Wakana Disease).

Diagnosis:Microscopic stool examination for oval, thin-shelled eggs with a clear outer layer and segmented
embryos.

Drug of Choice: Albendazole or pyrantel pamoate

• Strongyloides stercoralis (Strongyloidiasis)

Host: Primary – Humans, dogs and cats.
Transmission: Filariform larvae penetrate intact human skin or are ingested.
Pathogenesis: Larvae penetrate skin, enter bloodstream, migrate to lungs, are coughed up, swallowed, and

mature into adult females in the duodenum and jejunum, producing rhabditiform larvae.
Clinical Manifestations: Often asymptomatic, localized pruritic rash at skin penetration site, cough,

diarrhea, abdominal pain, Chronic infection may cause peripheral eosinophilia, Loeffler’s syndrome.
Diagnosis: Microscopic stool examination for of rhabditiform larvae.
Drug of Choice: Ivermectin.

Box 2.
Additional Clinically Relevant Intestinal Parasitic Infections: Helminths (Nematodes) [155–162].
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development. These latter effects are believed to stem from iron deficiency and
nutritional inadequacies resulting from the parasitic burden rather than a direct con-
sequence of the infestation [131].

3.2.4 Diagnosis and treatment strategies for Trichuris trichiura

Due to the substantial volume of deposited eggs, approximately 200 eggs per gram
of feces per nematode pair, microscopic analysis of a single fecal smear is often
sufficient for diagnosis [22]. However, egg detection may be more challenging in cases
of light infections. Consequently, a concentration procedure, such as the formalin-
ether concentration technique, is recommended, as it enhances egg detection by
separating parasitic forms from fecal debris and then sedimenting them by centrifu-
gation [147, 148]. Additionally, given that symptom severity correlates with parasitic
burden, quantification using the Kato-Katz technique is beneficial. The Kato-Katz
technique involves preparing a standardized thick smear of feces on a slide and
staining it to facilitate egg counting [149]. Visualization of adult parasites may also be
achieved by examining the rectal mucosa via proctoscopy or directly in cases of rectal
prolapse [137, 150, 151].

Trichuris trichiura infections is treated with anthelminthic medications such as
albendazole, mebendazole, or ivermectin. The standard treatment regimen for T.
trichiura infections typically spans three days [152]. These anthelminthic agents pri-
marily act by inhibiting the parasite’s microtubule formation and inducing paralysis of
the worms, facilitating their expulsion from the host; however, they do not affect the
eggs [153]. Iron supplementation may be incorporated into the treatment protocol
when the infected individual exhibits anemia [154]. A 2023 study highlights the
superior effectiveness of Emodepside, a veterinary drug, in treating T. trichiura infec-
tions compared to albendazole and placebo, even at a low dose of 5 mg. This finding
suggests that Emodepside could become a promising therapeutic option for soil-
transmitted helminth infections, offering improved efficacy over existing treatments
(Box 2) [163].

4. Clinically significant intestinal helminthic parasites - Cestodes

4.1 Hymenolepis nana

Hymenolepis nana, commonly known as the dwarf tapeworm, is the smallest ces-
tode capable of infecting humans and is considered the most prevalent tapeworm
worldwide. It is estimated that up to 75 million people are carriers of this parasite [22].
The endemic regions for H. nana include Asia, southern and eastern Europe, Africa,
Central, and South America [164]. In the United States and other temperate regions,
the incidence of H. nana is notably higher among children and institutionalized groups
due to factors such as close living quarters, poor hygiene practices, and increased
opportunities for fecal-oral transmission [165].

4.1.1 Morphology of Hymenolepis nana

Hymenolepis nana is a species that exhibits a direct life cycle in which humans and
rodents can serve as definitive hosts. Unlike other tapeworms, H. nana does not
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require an intermediate host to complete its life cycle, making it unique among
cestodes [166]. Humans can acquire infection by ingesting food or water contami-
nated with Hymenolepis nana eggs or by accidentally ingesting insects containing the
cysticercoid larva [22, 167]. When the eggs are ingested, the oncospheres contained
within the eggs are released and penetrate the intestinal villi, where they develop into
cysticercoid larvae [168]. The villi eventually rupture, and the cysticercoids develop
into adult worms within a few weeks [169, 170]. Once maturation is complete, eggs
are released and passed in the stool. The adult worm, measuring approximately 15 to
40 mm in length, resides in the human small intestine [165]. It is composed of a head,
neck, and strobila. The head features four suckers and a rostellum with numerous
hooklets used for penetrating the intestinal mucosa. The neck is the region where
segments, known as proglottids, proliferate, and the strobila is a chain of proglottids
that contain both male and female reproductive organs [22].

4.1.2 Pathogenesis of Hymenolepis nana

The eggs of Hymenolepis nana are both the infective and diagnostic forms of the
parasite, typically ranging from 30 to 50 μm in size. These eggs have two membranes:
an outer eggshell, an inner embryophore, and an oncosphere with six hooklets [165].
The outer eggshell provides protection to the developing embryo, ensuring its survival
in the external environment until ingestion by a host. The inner embryophore offers
an additional protective layer around the oncosphere, enhancing its stability and
ensuring its readiness for infection. The oncosphere, equipped with six hooklets, is
crucial for penetrating the host’s intestinal wall, allowing the parasite to reach the site
where it can develop into a larva [171].

The adult worm has a relatively short lifespan of about 4 to 6 weeks; however, the
infection persists due to internal autoinfection [172]. Although there is limited infor-
mation regarding the pathogenicity of H. nana, species within the genus Hymenolepis
are well-established models in cestode research using mouse models. The lack of
studies specifically analyzing the immune response to H. nana in humans highlights
the inattention given to some neglected tropical diseases [173].

4.1.3 Clinical manifestations of Hymenolepis nana

The clinical presentation of Hymenolepis nana infection is often asymptomatic.
However, symptomatic cases can present with abdominal pain, headache, diarrhea,
loss of appetite, and anal pruritus [174]. Symptoms are more likely to occur when the
worm burden exceeds 1000 to 2000 [175]. Approximately one-third of infected indi-
viduals develop peripheral eosinophilia greater than 5% on a white blood cell differ-
ential, which can be a useful diagnostic indicator [176].

4.1.4 Diagnosis and treatment strategies for Hymenolepis nana

The established diagnostic protocol for hymenolepiasis involves stool examination
to identify non-bile-stained eggs characterized by polar filaments between the shell
membranes [177]. Additionally, some patients may exhibit eosinophilia, with levels
reaching 5% or higher [22]. Although infections withH. nana are generally non-severe
and effectively treated, there is a potential for misdiagnosis, particularly for pinworm
infections [165].
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Praziquantel is the treatment of choice for H. nana infections in adults and chil-
dren. This single-dose therapy effectively targets both adult worms and cysticercoid
larvae. Alternatives, such as Niclosamide and Nitazoxanide, are available but not in
the United States [178]. Recent studies have explored alternative treatments for H.
nana. Compounds from Leucaena leucocephala (wild tamarind) and Artemisia
absinthium (wormwood) have shown promising results, demonstrating efficacy com-
parable to praziquantel [179, 180]. These findings underscore the importance of
developing new treatments to prevent potential drug resistance [181].

4.2 Diphyllobothrium latum

Diphyllobothrium latum, also known as the broad fish tapeworm, represents the
largest cestode known to infect humans, attaining lengths over 30 feet [182, 183] .
This parasitic infection is of significant global health concern, primarily due to the
widespread consumption of raw or undercooked fish that may contain Diphyllo-
bothrium larvae. With an estimated global prevalence of approximately 20 million
individuals, the infection is particularly common in regions within the North Tem-
perate and sub-Arctic zones, where the consumption of freshwater fish is prevalent
[184, 185]. The surge in case reports from nonendemic regions, along with improved
molecular understanding of the pathogen, has recently enhanced the focus on
diphyllobothriasis.

4.2.1 Morphology of Diphyllobothrium latum

Diphyllobothrium latum, an intestinal cestode parasite, manifests in three distinct
forms: the adult worm, eggs, and larvae. Morphologically, the adult worm can attain
lengths of 2 to 15 meters and comprises approximately 3000 proglottids [186]. The
worm is anatomically divided into a head (scolex), neck, and body (strobila). The
scolex is equipped with two grooves (bothria) that facilitate attachment to the small
intestines [171]. The neck, representing the proliferative end, gives rise to proglottids.
The strobila comprises over 3000 segments in various immaturity, maturity, or gra-
vidity stages. A notable characteristic of the adult D. latus worm is its distinctive
rosette-shaped ovaries [187].

The eggs exhibit an oval shape with dimensions ranging from 55 to 75 μm by 40 to
50 μm. One end is marked by an operculum, while the opposite end features a small
knob [186]. When freshly excreted in feces, these eggs are in an unembryonated state.
In a freshwater environment, the eggs develop and hatch into the first larval stage,
coracidium. Small aquatic crustaceans, such as copepods, ingest the coracidium,
where it transforms into the second stage, the procercoid larva. When a fish eats the
infected crustacean, the procercoid larva moves into the fish’s muscles and develops
into the third stage, the plerocercoid larva [188]. This plerocercoid stage is recognized
as the infective form for humans [189].

4.2.2 Pathogenesis of Diphyllobothrium latum

Diphyllobothrium latum has a complex life cycle involving multiple hosts, with
humans serving as the definitive hosts. Infection begins when humans consume raw
or undercooked fish contaminated with plerocercoid larvae [190]. Upon ingestion,
these larvae attach to the intestinal mucosa using their bothria [191]. Within the
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intestines, the larvae mature into adult tapeworms over several weeks, growing up to
30 feet in length and producing proglottids, which contain both male and female
reproductive organs. These proglottids release eggs into the host’s intestines, which
are subsequently excreted with feces [192]. The tapeworm lacks a digestive system
and relies on direct absorption of nutrients through its tegument, a specialized surface
layer [193, 194]. This tegument is highly efficient in absorbing host nutrients, partic-
ularly vitamin B12, leading to nutrient deficiencies in the host. The parasite mediates
the dissociation of the vitamin B12-intrinsic factor complex in the gut, rendering
vitamin B12 unavailable to the host [195]. It has been reported that the adult cestode
absorbs approximately 80% of the dietary B12 intake [184]. The tegument also plays a
critical role in immune evasion by secreting substance that modulate the host’s
immune response, allowing the parasite to persist for years without being expelled or
destroyed by the host’s immune system. Furthermore, the ability of Diphyllobothrium
latum to produce large numbers of eggs (up to 1 million per day) ensures the contin-
ued propagation of the species [170, 186].

4.2.3 Clinical manifestations of Diphyllobothrium latum

Diphyllobothriasis often presents asymptomatically; however, common symptoms
include gastrointestinal discomfort, diarrhea, and vomiting. In severe cases, compli-
cations such as intestinal obstruction, cholangitis, or cholecystitis may occur
[184, 196]. These infections can persist for up to 20 years [197]. The tapeworms
primarily inhabit the small intestines and compete with the host for dietary vitamin
B12, leading to a deficiency that result in megaloblastic anemia and neuropathy in
some patients [198].

4.2.4 Diagnosis and treatment strategies for Diphyllobothrium latum

The diagnostic approach for identifying Diphyllobothrium latum at the family level
involves microscopic examination of stool samples for eggs, typically detectable
around 5 to 6 weeks post-infection [186, 199]. Further confirmation can be achieved
by identifying the characteristic rosette-shaped uterus in gravid proglottids [187].
However, relying solely on morphological identification poses risks of misidenti-
fication with other flukes exhibiting similar operculate eggs.

Molecular techniques are crucial for differentiating diphyllobothriideans, particu-
larly when morphological traits and epidemiological data overlap. Species-level iden-
tification necessitates molecular diagnostics on DNA extracted from concentrated
eggs or proglottids, although this method is predominantly used for research [170].
Recent advancements, such as the pyrosequencing technique, provide a more efficient
diagnostic tool with a rapid completion time of 4 hours and minimal cost [200]. This
technique effectively identifies larvae, eggs, and adult stages across various taxa.

The primary treatment for D. latum infection is a single-dose therapy with
Praziquantel, which increases the permeability of the parasite’s cell membranes to
calcium ions. This leads to muscle contraction and paralysis of the parasite, followed
by its dislodgement and expulsion from the host’s body [201]. Praziquantel is gener-
ally associated with mild side effects [202, 203]. An alternative antihelminthic treat-
ment, Niclosamide, presents fewer side effects due to its non-absorption by the
gastrointestinal tract (Box 3) [184].
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5. Clinically significant intestinal helminthic parasites – Trematodes

5.1 Fasciolopsis buski

Fasciolopsis buski, the causative agent of fasciolopsiasis, is an intestinal trematode
(fluke) that inhabits the small intestines of both humans and pigs. It is commonly
referred to as the “giant intestinal fluke” as it is considered the largest intestinal fluke
to infect humans. Endemic to Asia and the Indian subcontinent, individuals at
heightened risk include those involved in pig farming, consumers of freshwater
plants, and residents in economically challenged regions with less-than-optimal socio-
cultural practices [208, 209].

Despite the lack of current global prevalence data, it has been identified as one of
the most common human intestinal fluke infection [210, 211]. According to extrapo-
lated statistics from a 1999 national survey, F. buski infected approximately 2 million
individuals across China alone [212]. Furthermore, prior data from the CDC from
2009 indicated a frequency of up to 60% in India and mainland China [213].
Further research is needed to determine the current global frequency and epidemiol-
ogy of F. buski.

5.1.1 Morphology of Fasciolopsis buski

Fasciolopsis buski is an intestinal trematode characterized by three distinct forms:
adult worm, egg, and larva. Morphologically, the adult worm is a hermaphroditic
organism, measuring between 20 and 75 mm in length, and possesses both a ventral

• Taenia solium (Pork tapeworm; Taeniasis, Cysticercosis)

Host: Primary – Humans; Secondary – Pigs.
Transmission: Ingestion of the parasite’s larval cysts (cysticerci) in undercooked and infected pork

Pathogenesis: In the human intestine, tapeworm eggs hatch into microscopic larvae (oncospheres) that burrow
into the bloodstream. These larvae lodge in tissues like muscles, eyes, and the central nervous system, forming
fluid-filled sacs that can cause inflammation and damage.

Clinical Manifestations: Abdominal pain, anorexia, weight loss, seizures. Pruritus, appendicitis, cholangitis
from proglottid migration. Risk of neurocysticercosis.

Diagnosis: Microscopy identification of eggs and proglottids in stool; Antibody detection.
Drug of Choice: Praziquantel

• Taenia saginata (Beef Tapeworm; Taeniasis)

Host: Primary – Humans; Secondary – Cattle.
Transmission: Ingestion of raw/undercooked beef containing parasitic cysticerci.
Pathogenesis: Ingested cysticerci mature in the small intestine, competing for nutrients and potentially

causing inflammation.
Clinical Manifestations: Mostly asymptomatic, mild abdominal discomfort, nausea, diarrhea, possible

weight loss.
Diagnosis Microscopy to identify eggs or proglottids in feces; antibody detection for early stages. Species-

level identification requires microscopic examination of gravid (mature) proglottids.
Drug of Choice: Praziquantel.

Box 3.
Additional Clinically Relevant Intestinal Parasitic Infections: Helminths (Cestodes) [22, 203–207].
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and an oral sucker. The eggs of F. buski are unembryonated, large, and ellipsoidal,
with dimensions approximately 130–150 μm in length and 60–90 μm in width [209].

The life cycle of Fasciolopsis buski is complex, involving three hosts: a definitive
host (human or pig) and two intermediate hosts (a freshwater snail and aquatic
plants). Human infection typically occurs through the ingestion of contaminated
water or the consumption of plants, such as bamboo shoots, watercress, or water
chestnuts, bearing infectious metacercariae [214].

In the definitive host, larvae undergo excystation within the duodenum, adhering
to the intestinal wall and maturing into adult flukes over approximately three months.
Adult flukes have a lifespan of about one year, during which they lay unembryonated
eggs. These eggs are excreted in feces and may enter freshwater environments, where
they mature and hatch, releasing miracidia that infect freshwater snails. Within the
snail, larvae progress through several developmental stages to the cercariae stage,
which are released and encyst as metacercariae on the surfaces of aquatic plants
[209, 215].

5.1.2 Pathogenesis of Fasciolopsis buski

Fasciolopsis buski attaches to and ulcerates the mucosa of the proximal small bowel.
Adult trematodes, which grow to approximately 20 to 75 mm in length, have a
lifespan of about one year. This attachment and ulceration can induce low-grade
eosinophilia [216, 217]. The clinical manifestations of infection are contingent on
the parasitic load, local pathological changes, and the absorption of toxic
metabolites [210].

In mild cases, infection may result in lower hematocrit and serum vitamin B12
levels [218]. This is potentially due to the organism’s competitive utilization of vitamin
B12 or impaired absorption from the host’s damaged mucosa. More severe symptoms
occur in heavy infections, where worms interfere with the normal secretion of intes-
tinal juices, cause excessive mucus secretion, and obstruct the passage of food [214].

5.1.3 Clinical manifestations of Fasciolopsis buski

Fasciolopsiasis is generally asymptomatic. However, in cases of heavy infection,
symptoms typically manifest 30 to 60 days post-exposure and may include anorexia,
vomiting, diarrhea, abdominal pain, and signs of malabsorption. Peripheral eosino-
philia can also be present [209, 210]. Severe infections can lead to significant compli-
cations such as edema and ascites due to protein loss, as well as vitamin B12 deficiency
and anemia [219]. There have also been reports of acute kidney injury resulting from
sub-acute intestinal obstructions caused by Fasciolopsis buski [220].

5.1.4 Diagnosis and treatment strategies for Fasciolopsis buski

The standard diagnostic method for fasciolopsiasis involves microscopic examina-
tion of stool to identify operculated eggs [221]. However, a significant limitation is
that these eggs are indistinguishable from those of Fasciola hepatica, Echinostoma,
and Gastrodiscoides species [222]. Diagnosis can also be confirmed by the presence of
the adult fluke in stool or vomitus, although this occurrence is rare [209, 223].

Praziquantel is the preferred drug for treating Fasciolopsis buski, administered in
three divided doses over a single day. To date, no cases of drug resistance to
Praziquantel have been documented [224]. Despite this, the limited number of
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• Fasciola hepatica (Fascioliasis)

Host: Primary – Humans and wild ruminants; Secondary – Snails.
Transmission: Ingestion of freshwater plants contaminated with metacercariae.
Pathogenesis: Metacercariae excyst in the duodenum, penetrate the intestinal wall, migrate to the liver, and

mature in the biliary ducts, causing inflammation, tissue damage, and obstruction in the liver and bile ducts
Clinical Manifestations: The acute phase includes abdominal pain, nausea, vomiting, hepatomegaly, RUQ pain,
malaise, fever, and cough. The chronic phase involves inflammation or blockage of bile ducts.

Diagnosis: Microscopic examination of eggs in stool, duodenal, or biliary drainage. Antibody detection.
Drug of Choice: Triclabendazole

• Schistosoma mansoni (Intestinal Schistosomiasis)

Hosts: Primary – Humans; Secondary – Snails.
Transmission: Skin penetration by cercariae in freshwater lakes/streams.
Pathogenesis: Cercariae penetrate human skin, transform into schistosomulae, and migrate to the lungs,

heart, and liver to mature. Adult worms reside in mesenteric veins, where females deposit eggs in the portal
venous system. Eggs are excreted in feces and hatch in freshwater to form miracidia, which infect snails. Snails
release cercariae that penetrate human skin.

Clinical Manifestations: Cercarial dermatitis presents as a maculopapular rash within 2–3 days post-
invasion. Acute schistosomiasis (Katayama Fever) occurs 4–8 weeks post-infection and includes fever, rash,
cough, lymphadenopathy, hepatosplenomegaly, and eosinophilia. Chronic schistosomiasis results from eggs in
the intestinal wall causing inflammation and granuloma formation.

Diagnosis: Microscopic identification of eggs in stool or urine; antibody/antigen detection.
Drug of Choice: Praziquantel

• Paragonimus westermani (Paragonimiasis)

Hosts: Primary – Humans/Mammals; Secondary – Snails/Crustaceans.
Transmission: Ingestion of undercooked crustaceans carrying metacercariae.
Pathogenesis: Metacercariae enter the duodenum, form cysts, and transform into larvae. Larvae penetrate

the intestines, migrate to the lungs, and mature into adult worms. Adults lay eggs in the lungs, which can be
swallowed and passed in stool or coughed up in sputum.

Clinical Manifestations: In the acute phase, symptoms include diarrhea, abdominal pain, fever, cough,
urticaria, hepatosplenomegaly, pulmonary abnormalities, and eosinophilia. In the chronic phase, pulmonary
symptoms such as cough, discolored sputum, and hemoptysis occur. Severe extrapulmonary symptoms can
develop if adult worms migrate, especially to the brain.

Diagnosis: Microscopic examination of sputum or feces for eggs, antibody/antigen detection, peripheral
blood eosinophilia test.

Drug of Choice: Praziquantel.

• Opisthorchis viverrini (Opisthorchiasis)

Hosts: Primary – Humans; Secondary – Snails.
Transmission: Ingestion of raw or undercooked freshwater fish.
Pathogenesis:Metacercariae excyst in the duodenum and ascend through hepatopancreatic ampulla into the

biliary ducts, where they develop into adults. Adults reside in the biliary and pancreatic ducts, and lay eggs.
Eggs are excreted in stool and contaminate freshwater, where they are ingested by snails.

Clinical Manifestations: Often asymptomatic; possible symptoms include abdominal pain, fever, diarrhea,
jaundice, and hepatomegaly.

Diagnosis: Microscopic identification of eggs in stool samples.
Drug of Choice: Praziquantel.

Box 4.
Additional Clinically Relevant Intestinal Parasitic infections: Helminths (Trematodes) [22, 222, 227–238].
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available drugs for this infection raises concerns about potential future drug resis-
tance. Alternative treatments, including triclabendazole, oxyclozanide, and
rafoxanide, have shown favorable responses in treating infected pigs [225].

Recent research has successfully mapped the overall transcriptome and draft
genome of Fasciolopsis buski, representing a significant advancement in understanding
the parasite [226]. This genomic information could facilitate the development of
improved diagnostic tools and more effective antiparasitic agents (Box 4).
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Chapter 3

Burden of Enterobiasis in 
Africa: Overcoming Neglect 
and Improving Pediatric Health
Wilfred Ofosu

Abstract

Enterobiasis is a globally prevalent, difficult-to-control, but yet neglected intestinal 
helminthiasis. Its asymptomatic nature in most cases leads to underestimation of its 
impact. However, its impact on pediatric health is significant, compromising their 
physical and mental well-being ultimately hampering educational development. 
The prevalence of enterobiasis among (pre)school-aged children in Africa varies 
across studies due to differences in study location characteristics and diagnostic 
techniques. However, higher prevalences have been reported in studies utilizing the 
scotch tape technique emphasizing the need for its prioritization in epidemiological 
studies and routine parasitological examinations due to its high diagnostic efficiency. 
Mebendazole (100 mg orally) is the recommended first-line treatment, and admin-
istering a second dose after 14 days is crucial to prevent reinfection. The scarcity of 
treatment data for enterobiasis in Africa can be attributed to various factors, including 
underreporting of cases, limited healthcare infrastructure, and inadequate research 
focus on this specific parasitic infection. Overcoming the neglect of enterobiasis 
requires the implementation of educational and mass treatment programs, improv-
ing diagnostic capabilities, and prioritizing research and public health initiatives. 
Additionally, improving hygiene practices and sanitation is essential. By addressing 
these challenges and introducing comprehensive interventions, the neglect of entero-
biasis can be overcome, leading to improved overall African pediatric well-being.

Keywords: enterobiasis, enterobius vermicularis, neglected, pediatric population, 
intestinal helminthiasis, Africa

1.  Introduction

Despite advancements in healthcare, parasitic diseases continue to pose a signifi-
cant global public health challenge, particularly in developing countries where besides 
unmet healthcare needs, risk factors for parasite transmission remain persistent 
[1–5]. Caused by the nematode, Enterobius vermicularis (pinworm), enterobiasis is 
the most prevalent helminth infection, affecting an estimated 4–28% of children and 
more than 1 billion people globally [6]. This parasite has coexisted with humans since 
ancient times and continues to persist in modern populations [7]. Enterobiasis is often 
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considered a relatively mild condition characterized symptomatically by perianal 
pruritus (itching). While most cases are asymptomatic, rare complications have been 
reported [5, 8–14].

Enterobiasis is often neglected in terms of public health recognition and research 
funding, leading to underestimation of its burden, particularly in Africa, where para-
sitic diseases are highly prevalent [1, 2]. Enterobiasis is frequently underestimated in 
comparison to other intestinal helminths, primarily due to the absence of apparent 
symptoms in most cases. Additionally, factors like the nocturnal migration of the 
parasites and the difficulties in detecting their eggs in routine stool examinations 
contribute to the underestimation of the disease burden [15]. However, untreated 
or under-treated enterobiasis can have long-term consequences on pediatric health, 
including impaired growth, nutritional deficiencies, impaired cognitive development, 
and compromised educational attainment [16–19].

This chapter aims to highlight the burden of enterobiasis in Africa, emphasizing 
the need for prioritized efforts to improve pediatric health through comprehensive 
control measures. By doing so, the neglect of enterobiasis can be overcome, and the 
well-being of African pediatric populations improved.

2.  Epidemiology of enterobiasis among African children: the need for 
more epidemiological data

Dependent on several factors including socio-demographic and economic status, 
hygienic factors, and diagnostic technique, the epidemiology of enterobiasis differs 
across different African countries and has been poorly mapped, contributing to the 
underestimation of the disease’s true burden in the region. However, available stud-
ies highlight the persistence of enterobiasis in African countries, with possible risk 
factors.

A study in rural coastal Tanzania showed higher prevalence rates of pinworm 
infection among preschool and school-aged children compared to infants [20]. The 
prevalence of pinworm infection varies in different studies, ranging from as low 
as 0.01% to as high as 45.3% in school-aged children [20–35]. These variations are 
attributed mainly to differences in diagnostic techniques, with studies using scotch 
tape reporting higher prevalences than those using fecal analysis.

Studies have highlighted the role of the infected hand in pinworm transmission 
among the pediatric population, with a high prevalence of pinworm eggs found on 
the hands and underneath the fingernails of school children [36–40]. These stud-
ies highlight the need for improved sanitation and proper handwashing with soap 
in schools to prevent parasite transmission. Overcrowded living conditions have 
been also associated with higher prevalence rates of pinworm infection, emphasiz-
ing the importance of addressing population density in prevention efforts [41]. 
Environmental factors, such as temperature, may also impact the transmission and 
survival of pinworm eggs [20].

Street food consumers and individuals who consume raw vegetables in Africa, 
particularly in sub-Saharan Africa (SSA), are identified as high-risk populations for 
pinworm infection. Studies conducted in Ghana and Nigeria have shown the associa-
tion of pinworms with food vendors/handlers and the presence of pinworms in raw 
vegetables sold by market vendors [42–44]. Additionally, asymptomatic migrants 
from developing countries may carry pinworms, as demonstrated by screening stud-
ies on sub-Saharan African and Latin American immigrants [45].
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It is important to note that the true prevalence of enterobiasis in Africa may be 
higher than reported due to underdiagnosis and limited surveillance systems. Other 
parasitic diseases such as malaria and schistosomiasis, due to their significant public 
health impact in Africa, may divert attention and resources away from enterobiasis 
surveillance and control efforts [23, 24, 34, 46, 47].

3.  Impact of enterobiasis on pediatric health

The weakened immune system of children makes them vulnerable to intestinal 
parasitic infections (IPIs). This often leads to detrimental effects on their physical and 
intellectual well-being. However, the impact of IPIs on pediatric health depends on 
the parasite species, parasitemia and course of infection, and nutritional and immu-
nological status of children [48].

While enterobiasis is generally asymptomatic, symptomatic cases are characterized 
by nocturnal perianal pruritus, which can lead to auto-infection as patients inadver-
tently transfer eggs under their fingernails. This itching can cause discomfort, insom-
nia, restlessness, and daytime drowsiness, particularly in children. Secondary lesions, 
such as mechanical dermatitis, can develop in the perianal or vulvar areas [49].

Although rare, complications of enterobiasis include parasites invading the repro-
ductive organs, peritoneal cavity [8, 12], leading to hepatic enterobiasis, and acute 
appendicitis [10, 14]. Ectopic movements of pinworms have been associated with 
recurrent urinary tract infections, potentially resulting in secondary gastrointestinal 
infections [1]. The presence of a large number of adult worms in the bowel can cause 
additional symptoms like abdominal pain, tenesmus, constipation, and vaginitis 
[9, 13, 49].

In addition to the its impact on physical well-being, enterobiasis can also ham-
per a child’s cognitive, emotional, and educational development. Untreated and 
under-treated enterobiasis may result in growth retardation and insomnia, which 
subsequently contributes to attention deficits, learning disabilities, increased school 
absenteeism, and higher dropout rates [16, 19, 50]. For instance, after a night of 
deprived sleep resulting from perianal pruritus, children become fatigued and less 
active the next day, impacting their concentration and performance at school. Others 
may miss school not only as a result of fatigue but also to avoid stigmatization by peers.

4.  Diagnosis of enterobiasis: prioritizing the scotch tape method

Accurate diagnosis of enterobiasis is crucial for estimating the disease’ burden, 
and disease management [51]. However, in Africa, diagnosis of intestinal helminthia-
sis is influenced by multiple factors including healthcare accessibility, educational 
status, and sociocultural beliefs.

Enterobiasis can be diagnosed by symptoms such as perianal pruritus, visual 
examination of adult worms, and microscopic examination of eggs and adult worms 
[50]. However, in Africa, most cases are asymptomatic, making diagnosis challenging 
and leading to an underestimation of the disease burden [52]. Diagnostic resources 
for pinworm infection in Africa are limited, and different methods have varying levels 
of effectiveness.

Stool microscopy, commonly used in clinical practice and prevalence studies in 
Africa, is not reliable for identifying E. vermicularis. It underestimates the prevalence 
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and may miss treatable cases, especially among asymptomatic individuals with low 
parasitemia. Scotch tape microscopy effectively detects pinworm eggs, while stool 
microscopy is less reliable due to the stickiness of the eggs, causing them to adhere to 
the perianal skin and clothes [15, 21].

A study in Ethiopia found various intestinal helminths but no E. vermicularis 
parasites using fecal analysis [53]. Meanwhile, a study in Tanzania demonstrated 
reasonable prevalence of E. vermicularis, particularly among preschool-aged children, 
using scotch tape microscopy for E. vermicularis detection in combination with stool 
microscopy for other helminths [20]. Likewise, a study in South Africa showed higher 
pinworm prevalence using scotch tape microscopy among hospitalized children 
compared to stool microscopy among school-going children [21]. This highlights the 
underestimation of pinworm prevalence by stool microscopy and emphasizes the 
importance of scotch tape microscopy in diagnosing and studying pinworm infection 
in Africa.

Serological methods are of no relevance for diagnosing pinworm infections. 
However, PCR is a highly precise tool for diagnosing intestinal helminth infections 
[54, 55]. A study proposed a PCR-based method for E. vermicularis diagnosis, and 
its high diagnostic accuracy can address and overcome the challenges posed by other 
methods [56]. In resource-limited settings, however, this approach may be impracti-
cal to use particularly in smaller laboratories located at the periphery [55].

The Scotch tape method for diagnosing pinworm infection is thus crucial and 
should be prioritized, particularly in resource-limited settings in Africa. Although 
the collection method may be unpleasant and cumbersome for some individuals, 
the advantages of this diagnostic approach such as its ease of use, rapid results, cost 
effectiveness, and high sensitivity make it valuable. Furthermore, the implementation 
of the Scotch tape method in E. vermicularis epidemiological studies has the potential 
to estimate the true burden of the disease in Africa.

5.  Treatment of enterobiasis in Africa

Enterobiasis can be effectively treated using highly effective anthelminthic drugs. 
Initial treatment of enterobiasis may not provide complete protection as reinfection 
is common [20]. It is recommended to treat enterobiasis with a single dose of alben-
dazole (400 mg orally), mebendazole (100 mg orally), or pyrantel pamoate (11 mg/
kg orally). To target newly developed adult worms and prevent reinfection, a second 
dose should be administered 14 days later [57]. However, mebendazole is the first-line 
treatment for enterobiasis [50].

The available literature and research on the specific treatment outcomes, effi-
cacy, and prevalence of drug resistance for E. vermicularis in African populations 
are limited [58]. Anthelmintic drug resistance has been highlighted in studies 
worldwide [59], but resistance of E. vermicularis to anthelminthic drugs have been 
poorly explored. Given the indiscriminate use of antimicrobials and practice of self-
medication in several African countries, resistance patterns are frequent [60], but it is 
unknown whether resistance patterns of E. vermicularis are significant.

The scarcity of treatment data for enterobiasis in Africa may be attributed to vari-
ous factors, including underreporting of cases, limited healthcare infrastructure, and 
inadequate research focus on this specific parasitic infection. Limited availability and 
utilization of standard diagnostics in routine parasitological examinations contribute 
to the lack of comprehensive treatment data for enterobiasis in Africa. The scotch 
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tape test, the most effective for diagnosing enterobiasis, is less frequently employed in 
clinical parasitological examinations. As a result, many cases of the infection, partic-
ularly asymptomatic ones, may go undiagnosed and unreported. This underreporting 
further hampers the collection of accurate treatment data, making it difficult to assess 
the true burden and impact of enterobiasis in Africa.

Moreover, the limited healthcare infrastructure in rural areas worsens the chal-
lenges in diagnosing and treating enterobiasis. In these resource-constrained settings, 
the availability of healthcare facilities, trained personnel, and access to medications is 
inadequate. As a result, infected children who seek medical attention for symptomatic 
infections may face obstacles in receiving appropriate treatment. This lack of access to 
treatment contributes to the scarcity of treatment data and hinders the surveillance of 
treatment efficacy.

Conducting large-scale clinical trials and monitoring treatment outcomes in 
resource-limited settings can be logistically challenging [61]. Limited funding, inad-
equate research infrastructure, and difficulties in follow-up and data collection pose 
significant barriers to conducting comprehensive studies on enterobiasis treatment in 
Africa. These challenges further impede the generation of robust treatment data that 
could inform evidence-based guidelines and interventions.

6.  Overcoming neglect: strategies for improved pediatric health

To mitigate the impact of enterobiasis on pediatric health in Africa, interventions 
are needed at both individual and community levels. These interventions should focus 
on improving sanitation facilities, promoting proper hygiene practices, providing 
access to effective treatment, and raising awareness about the importance of preven-
tion and control measures.

Studies reporting high prevalence have highlighted that mass treatment and 
educational programs should be undertaken, to reduce enterobiasis reinfection and 
new infections to people in endemic areas [62, 63]. Furthermore, hygienic measures 
should be prioritized to help reduce the transmission of the parasite [39, 44, 64].

Addressing the epidemiology of enterobiasis in Africa requires the need for 
continuous epidemiological research [65]. These studies should utilize sensitive 
diagnostic methods particularly the scotch tape method to accurately determine the 
prevalence and distribution of enterobiasis. Moreover, the scotch tape method should 
be employed in routine parasitological examinations to diagnose infections accurately.

7.  Conclusion and future directions

Enterobiasis is a neglected helminth infection that primarily affects children. 
The lack of apparent symptoms has led to the underestimation of its disease burden. 
However, the high prevalence of risk factors such as poor hygiene, consumption of 
contaminated food, and overcrowding in African countries poses a serious threat to 
children, particularly those in rural areas.

Traditional diagnostic methods like stool microscopy have proven ineffective in 
diagnosing enterobiasis due to the stickiness of the eggs, necessitating the use of the 
scotch tape technique, which yields higher parasitemia. Treatment should prioritize 
preventing reinfection by administering the recommended dose of albendazole, 
mebendazole, or pyrantel pamoate, with a second dose after 14 days. To overcome 
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the neglect of enterobiasis, two key interventions are required: mass treatment and 
education programs. Moreover, improving sanitation facilities, and practicing proper 
hygiene are important preventive and control measures.

It is crucial to allocate resources and prioritize research efforts toward studies 
specifically focused on E. vermicularis in African pediatric populations. These studies 
should aim to gather more epidemiological and treatment data, including prevalence, 
transmission dynamics, treatment outcomes, and potential drug resistance patterns. 
By addressing these research gaps, we can better understand and combat enterobiasis 
in Africa, thus improving the health and well-being of affected children.
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Chapter 4

Comprehensive Control of 
Toxocariasis in Communities
Dumar A. Jaramillo-Hernández

Abstract

With the purpose of understanding the complexity of actions aimed at controlling 
the main zoonotic soil-transmitted helminthiasis in the world, this book chapter is 
proposed around the comprehensive control of toxocariasis in urban communities. 
From the understanding of the epidemiological cycle implicit in the vertical transmis-
sion of parasites of the genus Toxocara in their main urban definitive hosts (canines 
and felines), an action that allows a “perpetuity” of the parasite in urban areas, 
passing through the inextricable relationships of synanthropic hosts until reaching 
their paratenic or accidental hosts, humans. At the same time, control strategies will 
be discussed in the various links of its transmission/infection chain, demonstrating 
that preventive medicine supported by selective strategic deworming in canines and 
felines within their various age ranges is the fundamental pillar in the fight against 
this parasitosis. Likewise, exploring the substantial advances in the development of 
vaccinology to integrate new strategies in the comprehensive control of toxocariasis in 
communities.

Keywords: preventive medicine, public health, soil-transmitted helminthiasis, 
Toxocara, zoonoses

1.  Introduction

Toxocariasis is the disease caused by parasites, type roundworms (nematodes, 
order Ascaridida) of the genus Toxocara; the etymology of the scientific name is 
Toxo = arrow + cara = head. The species Toxocara canis (Werner, 1782) and Toxocara 
cati (Schrank, 1788) [1], and possibly Toxocara vitulorum, Toxocara pteropodis, 
Toxocara malayasiensis, and Toxocara lyncus. These last four have a category of low 
level zoonosis to unresolved zoonotic potential [2–4].

The definitive hosts of T. canis and T. cati are canines and felines, particularly 
within urban communities’ domestic dogs and cats, respectively [5]. An adult female 
roundworm of dogs (T. canis) can lay 200,000 eggs a day, which are expelled in the 
feces of parasitized dogs. Over a period of 2–4 weeks, they embryonate in the envi-
ronment, subsequently emerging as an infective larva (third-stage larvae, L3), which 
could accidentally parasitize humans (paratenic or accidental host); due to these 
characteristics, toxocariasis is the main zoonotic soil-transmitted helminthiasis in 
the world [6].
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Humans are not the definitive host of Toxocara; therefore, the life cycle of this 
parasite is not fulfilled. What does occur is the development of various larva migrans 
syndromes, where L3 migrates from the intestine to various tissues, including the cen-
tral nervous system (neurotoxocariasis), abdominal viscera (visceral larva migrans), 
and eye (ocular larva migrans) [7]. Also, a clinical presentation where patients in 
whom positive toxocara serology is associated with a number of systemic and local-
ized symptoms and signs (notably abdominal pain) but not visceral or ocular larva 
migrans, called covert/common toxocariasis (CT) [8].

Remembering “The Iceberg Model” within the diagnosis of a problematic situation 
in public health, where only the tip of the iceberg (the observable cases of direct 
correspondence to the infectious agent) correspond to 10% of the true magnitude of 
the problem [9], we can understand the real importance of toxocariasis. Toxocara is 
associated with alterations in the immune system’s response to vaccines for various 
preventable infectious and contagious pathologies (e.g., rabies), in addition to a series 
of autoimmune diseases [10–14]. Additional studies indicate that CT may represent a 
major cause of lung dysfunction, cognitive disturbances, and intellectual deficits in 
children living in poverty [15]. Thus, toxocariasis is one of the causes of the cycle of 
poverty in the world [16].

Added to this highly worrying panorama regarding toxocariasis, Toxocara spp. is 
considered, by the year 2050, the greatest global threat of zoonotic soil-transmitted 
helminthiases [17]; furthermore, one of the five most important neglected diseases in 
the world [18]. Due to the little investment in research in the most affected countries, 
economic resources must be allocated to fill the great gap in the effective control of 
this parasite in dog and cat populations: effective vaccines [19]. Especially in pregnant 
bitches, which are capable of transmitting L3 to their offspring via transplacental or 
lacteal (vertical transmission), a situation that perpetuates environmental contami-
nation with eggs of this parasite and the risk of infection in communities [20].

The aim of this book chapter is to provide complementary information to the 
existing classic information regarding the understanding of the importance of 
toxocariasis in public health and possible comprehensive control mechanisms of this 
parasite within urban communities.

2.  Toxocara and its perpetuity in urban communities

It is estimated that in the future toxocariasis will be considered the main zoonosis 
associated with soil-transmitted helminths, as well as the most neglected emerg-
ing parasitic zoonotic disease in the world [17, 21]. According to the World Health 
Organization (WHO) in its book entitled “Ending the Neglect to Achieve the Sustainable 
Development Goals a roadmap for neglected tropical diseases 2021-2030” [18], one 
of its main objectives is to control helminthiases transmitted by soil. Especially 
 toxocariasis, given its important impact on public health, especially among poor 
people in many countries around the world.

Today, even though there are indicators of approximately 1.4 billion people 
exposed or infected by Toxocara spp., toxocariasis remains an underdiagnosed 
parasitic disease [22], with underestimated epidemiological rates, as well as the real 
impact of this pathology on global public health [12, 14, 23]. Because the diagnosis of 
this parasitic infection in humans is subject to serological examination that detects 
antibodies against Toxocara excretory-secretory (TES) antigens. This test, however, 
has low specificity (cross-reactions with other helminths) and is not capable of 
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discriminating the asymptomatic form from those that lead to other syndromes, or 
historical chronic or acute infections [24, 25].

Added to these epidemiological conditions, the life cycle and transmission pro-
cesses of Toxocara spp. between its different hosts is highly complex and has multiple 
variables immersed in its understanding (Figure 1). Although there are highly 
defined and understood variables: 1. The presence of dogs and cats, especially pup-
pies, is significantly associated with the risk of exposure to L3 or embryonated eggs of 
Toxocara spp. to its different hosts, among them humans [26]. 2. The vertical trans-
mission of T. canis allows early superinfection in puppies, which are a fundamental 
pillar in the dissemination of eggs in the environment [20]. 3. The eggs of Toxocara 
spp. are resistant to different environmental conditions, managing to reach their hosts 

Figure 1. 
Complexity of the biological cycle of Toxocara. A and B. In the intestine of dogs and cats (definitive hosts), the 
sexually mature forms of Toxocara are present; their unembryonated eggs come out through the feces. Under favorable 
environmental conditions (temperature between 25 and 30°C and relative humidity 85–95%), in 9–15 days, there 
is complete embryogenesis, achieving the infectious larval stage (L3). These embryonated eggs enter their definitive 
hosts through the oral route, hatch in the intestine, and begin migration. In puppies and kittens under 3 months of 
age, after migrating through the liver, kidneys, lungs, and trachea, they return to the intestinal lumen to differentiate 
sexually and lay eggs (prepatent period 4–5 weeks). In puppies and kittens older than 3 months, L3 migrates and 
encysts in various tissues, training in a state of quiescence/hypobiosis. C. Hormones associated with pregnancy in 
dogs, such as prolactin and progesterone, generate “awakening” from the quiescent state of L3, establishing vertical 
transmission (transplacental and transmammary). In queens, if Toxocara cati infection occurs during lactation, 
there is a probability of establishing transmammary transmission to the kittens. C1. Through the L3-contaminated 
emetic content of super-infected puppies or kittens, the bitches or queens can become infected. D. Wild or synanthropic 
(feral) canine or feline species can also spread eggs in the environment. E. Although there is no certainty about the 
participation of definitive atypical hosts for T. canis or T. cati (e.g., adult forms of T. canis have been found in the 
intestine of cats), these should be in the epidemiological research processes of this parasite. F and F1. Toxocara is 
considered a parasite associated with food- and waterborne diseases, especially in the consumption of paratenic hosts 
(e.g., poultry) without adequate cooking. G. Small mammals are suspected of contributing to the spread of Toxocara 
and aiding the survival of the parasite during periods when there is a temporary absence of suitable definitive hosts; 
if a cat preys on a paratenic host (e.g., parasitized mouse), the prepatent period could be shortened to 3 weeks. G1 and 
H1. Flies can be passive vectors of Toxocara. H and I. In humans, there are various routes of oral contamination with 
Toxocara eggs, from consumption of paratenic hosts to exposure to geophagy. After L3 infection in humans, several 
larva migrans syndromes can develop. J. Cats and dogs through their coat can also carry embryonated eggs or L3 of 
Toxocara, probably acquired in common public areas.
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through various means of contamination, including water [27]. 4. The presence of the 
parasite is cosmopolitan, with its transmission/infection processes estimated in more 
than 100 countries [28], being highly related to disabling diseases that reduce the 
productivity of a community by up to 35% [29].

Due to the magnitude of contamination of public places with dog and cat feces, 
these family recreation places become important sources of exposure to infection by 
Toxocara spp. [30]. Fakhri et al. [31] published that the global prevalence of Toxocara 
eggs in public places was 21% (95%CI, 16–27%). They also estimated 13–35% of 
prevalence rates in different WHO regions, where a high prevalence was significantly 
associated with high geographical longitude, low latitude, and high relative envi-
ronmental humidity. Thus, the highest prevalence was in the Western Pacific (35%; 
95%CI, 15–58%) and the lowest in North and Central America (13%; 95%CI, 8–23%).

On the other hand, Rostami et al. [32] have recently published that the global 
Toxocara spp. seroprevalence rate in people was 19% (95%CI, 16.6–21.4%). A sig-
nificantly higher seroprevalence was associated with a lower income level, human 
development index, and latitude but higher humidity, temperature, and precipitation. 
According to seroprevalence by WHO regions, the highest was 37.7% in the African 
region (95%CI, 25.7–50.6%) and lowest in the 8.2% in the Eastern Mediterranean 
region (95%CI, 5.1–12.0%).

This same type of study, regarding estimated global prevalences for Toxocara, has 
been carried out for dogs and cats. In dogs, it was 11.1% (95%CI, 10.6–11.7%), where 
a highly significant prevalence was associated with puppies (≤12 months of age), 
stray and rural animals, and bitches. As for the prevalence by WHO regions, Eastern 
Mediterranean (95%CI, 13.7–25.5%) has the highest with 19.2%, and the lowest was 
6.4% for Western Pacific (95%CI, 3.3–10.2%) [33]. China draws attention, given that 
in that country, dogs are consumed as a source of animal protein in the diet of com-
munities, so it is the only epidemiological indicator of direct presence of adult stages 
of Toxocara spp. in 45.2% of dogs that were slaughtered for consumption [34].

In the case of cats, the estimated Toxocara infection in the world was 17.0% 
(16.1–17.8%). The highest was associated with low-income tropical countries and 
stray with 28.6% (95%CI, 25.1–32.1%) and kittens (≤12 months of age) with 27.7% 
(95%CI, 23.4–32.0%). In turn, being the infection by Toxocara spp. in cats, highest 
in African countries 43.3% (95% CI, 28.3–58.4%) and lowest in South American 
countries 12.6% (95% CI, 8.2–17,0%) [35]. Figure 2 shows the prevalence of patent 
Toxocara spp. infection (eggs in feces, coprodiagnosis) in dogs and cats in several 
countries around the world, allowing us to understand the cosmopolitan capacity of 
the parasite.

The perpetuity of Toxocara spp. in urban communities, even in developed coun-
tries [36], is strengthened, due to the apparent broad geographic distribution of 
Toxocara and multiple transmission routes indicating that toxocariasis is a common 
helminth infection in humans [21]. Likewise, based on the epidemiological prin-
ciple that T. canis infection has a high prevalence in the entire dog population that 
is not treated with anthelmintics on a regular basis, and also, its infection capacity 
in synanthropic and wild species, which escape of the usual anthelmintic controls, 
makes its elimination almost impossible [37]. Additionally, Toxocara has characteris-
tics of extreme hypobiosis in its paratenic hosts. Viable larvae have been found even 
after 9 years of residence in non-human primate tissues [38]. This information can be 
extrapolated to the role that small mammals play in maintaining L3 in hypobiosis in 
their tissues, which when preyed on by dogs or cats would help maintain the parasite 
cycle within urban communities [39]. For these reasons, cats are underestimated in 
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their role in human toxocariasis, even though their offspring can become infected 
transmammarily, thus allowing superinfected kittens [40].

Likewise, this situation is aggravated through the cycle of uncontrolled popu-
lations of dogs and cats, especially stray animals, as well as dogs and cats from 
low-income families that do not have the economic requirements to access quality 
commercial dewormers [41]. This situation, in the case of dogs, is serious, due to the 
100% risk of being born with T. canis infections. These puppies, which are anthropo-
genic beings (they arouse people’s affection), access different areas of the home and 
public areas, managing to excrete thousands of Toxocara unembryonated eggs. Eggs 
are resistant to various environmental conditions, where they embryon and become 
infective [42], thus providing favorable environments to infect various hosts, among 
which are people. To “close” (strengthen) this cycle of perpetuity, toxocariasis is a 
neglected disease, a situation where governments do not specifically invest in its study 
and control [21, 43].

3.  Approach to comprehensive control of Toxocara

The definition of comprehensive control refers to the holistic management of a 
situation, in this case knowing the multiple variables implicit in the presence and 
risk of infection by Toxocara spp. in urban communities and building a path of action 
possibilities (Figure 3). Without a doubt, dogs and cats play a predominant role in 
being the definitive hosts of Toxocara spp. [37]. Still, understanding that toxocariasis 
is a neglected disease and of a non-reportable nature for the world’s health systems is 
vital [44]. For this reason, the role played by raising awareness among all members of 
the community regarding the health problems associated with toxocariasis should be 
the initial step in the integrated control work [45].

The education of communities, from their state, governmental, and social leaders 
to family core, must be sensitized. Topics on zoonotic soil-transmitted helminthiasis, 

Figure 2. 
Several prevalence of coprodiagnosis of Toxocara spp. infection in dogs and cats in some countries of the world.
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responsible ownership of dogs and cats, collection of feces and its correct disposal, 
selective strategic deworming for Toxocara in dogs and cats according to their age. 
Also, other topics such as personal hygiene habits and good food-handling habits, 
among many other topics, are necessary to build knowledge, risk perception, and 
mitigation measures for toxocariasis in children, people with altered immune 
response, and nursing homes, among others [46].

The approaches of all levels of education in society are important to understand 
the silent scourge of toxocariasis. The use of Web-based educational resources, 
NEMBASE http://www.nematodes.org/nembase4, Nematode.net http://nematode.
net, WormBase ParaSite http://parasite.wormbase.org/, Centers for Disease Control 
and Prevention (CDC, http://www.cdc.gov), and the American Association of 
Veterinary Parasitologists (AAVP, http://www.aavp.org/)could help in this activity. 
Likewise, the economic investment of States in macro research projects that allow 
precise epidemiological data by ecosystem regions in different countries and their 
communities, as well as technological developments for the control of Toxocara in 
dogs and cats (e.g. vaccines) [7, 47–49].

Within this process of educating community members, the responsible manage-
ment of antiparasitic drugs is a fundamental pillar. The current guidelines of associa-
tions, the European Scientific Counsel of Companion Animal Parasites (ESCCAP; 
www.esccap.org), the Tropical Council for Companion Animal Parasites (TroCCAP; 
www.troccap.com), and the Companion Animal Parasite Council (CAPC; www.
capcvet.org), recommend serial anthelmintic treatment. Every 15 days, from 2 weeks 
of age, puppies and kitties (under 12 weeks of age), using nematocidal antiparasitics 
specific to each animal species. For dogs and cats older than 12 weeks of age, selective 
strategic deworming should be performed every 2 to 3 months, depending on whether 
or not they are exposed to environments at risk of infection (e.g., visiting new parks 
contaminated with Toxocara eggs).

Figure 3. 
Possible variables to develop in the constitution of an integrated control of Toxocara in urban communities.
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These deworming times are subject to: 1. Transplacentally parasitized puppies 
from 14 days of age begin to eliminate eggs through their feces. 2. Under most condi-
tions, the prepatent period of Toxocara spp. is defined between 33 and 58 days; this 
being understood as the time elapsed between exposures to L3 by the host, until the 
moment of reaching the possibility of oviposition by the adult female [50].

Although it is not common to find effective disinfectants in the control of Toxocara 
eggs spread throughout the environment [51], in homes where there are puppies or/
and kittens, there must be hygiene protocols for common family areas to which these 
animals have access. Recently, Zhang et al. [52] have published that the chlorocresol-
based disinfectant product “Neopredisan®135–1” against to embryogenesis and 
viability of T. canis eggs. Such killing activity increases in a concentration- and time-
dependent manner, with a maximum killing efficacy of 95.81% at 4% concentration 
and 120 min exposure time.

In turn, urban communities must group together and use antiparasitic baits for 
stray dogs and cats that cohabit public recreation spaces. There are examples of con-
trol of other gastrointestinal parasites in dogs and cats with this action [53–55]. This 
initial activity is vital to stop high loads of embryonated eggs in the environment of 
the urban community, in addition to reducing risks of contamination of spaces within 
homes where puppies and kittens are present. Nowadays, the use of parasiticide 
fungi, such as Mucor circinelloides (ovicide) and Duddingtonia flagrans (larvicide), has 
an important role in the ability to reduce the environmental load of gasrointestinal 
parasites, even in places with a high density of dogs and cats [56].

The biggest problem to control within the life cycle of Toxocara (Figure 1) 
refers to avoiding vertical transmission of the parasite, especially in bitches, which 
can transmit L3 to their offspring in utero and through the milk. On the other 
hand, the cats only transmit L3 to their offspring through milk when they suffer 
from Toxocara cati infection while they are lactating [57]. This is where homes that 
let their cats outside or stray can be exposed. The bitches’ deworming schemes 
must be very precise regarding their gestation times. A macrocyclic lactone, 
Moxidectin, should be used on days 40 and 55 of gestation [58]. Deworming 
scheme based on the activation of L3 in tissues of pregnant bitches, these L3 come 
out of the hypostatic state at 42 days of gestation by prolactin peaks [59].

Being clear regarding the existing antiparasitic drugs protocols for the control of 
Toxocara spp. in dogs and cats, which must be socialized with responsible owners of 
cats and dogs [60]. The step to follow in integrated control is active epidemiological 
surveillance. Serial coproparasitological tests in dogs and cats are indicated to evalu-
ate the effectiveness of antiparasitic agents and their frequency of use. The Kato-Katz 
technique is particularly easy to standardize in veterinary clinics or laboratories, in 
addition to being highly sensitive for Toxocara [61]. Monitoring the effectiveness of 
deworming through preventive coproparasitology carried out two to four times a year 
for puppies or kittens (<1 year old) and once or twice per year for dogs and cats (older 
than 1 year). Likewise, the measurement of soil contamination in common public 
areas (e.g., parks).

In the same way, indirect ELISA techniques use TES antigens to screen human, 
dog, and cat populations. Given that ELISA can generate cross-reactions with other 
helmint gastrointestinal infections, the results obtained from possible positives must 
be confirmed with the Wester blotting technique. This will provide specific epidemio-
logical data on mitigation measures within the communities [62].

Without a doubt, the staging of a vaccine for the prevention and control of Toxocara 
spp. will be the fundamental pillar of a complete comprehensive plan for toxocariasis 
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[19, 63]. Vaccines are a product that stimulates the immune system to produce immunity 
against a specific disease, protecting the host of that disease from the infecting agent, 
whether bacteria, viruses, or parasites, including neoplastic cells [64]. Vaccines can 
stimulate the production of antibodies and cellular immunity; and in many cases, it is 
strictly necessary to enhance their immunogenic effect using adjuvants [65].

Reverse vaccinology allows the development of effective vaccines based on the 
genomic information of the infectious agent [66, 67]. In the world, there are impor-
tant examples of control of gastrointestinal parasites in domestic animals through 
vaccination [68]. In the case of T. canis, the crucial point for the development of 
studies associated with vaccinology was the T. canis genome project, where Zhu et al. 
[69] reported that the genome of this parasite has a size of 317 Mb and encodes at least 
18,596 genes that express proteins.

Based on this information, recent studies led by Zhou et al. [70] have explored 
details of the molecular biological processes in this parasite. They obtained high-
throughput transcriptomic sequences of male and female T. canis of its 18,596 genes, 
performing a detailed bioinformatic analysis. Metabolomics studies were also carried 
out, where the nonprotein components of the parasite extract were characterized for 
the three metabolic pathways: fatty acid, amino acid, and carbohydrate metabolism 
[71]. Soleymani et al. [72] through proteomic analyses identified a variety of proteins 
from the soluble extract of T. cati adults, which could have a role in the host–parasite 
interaction, as well as 10 somatic proteins of this parasite with the capacity to generate 
an immune response by the host.

These studies allowed us to establish plausible bases for the identification of 
proteins of immunological interest for the generation of vaccines using the reverse 
vaccinology methodology. Recombinant proteins like potassium channel homolo-
gous protein (rTcVcam) and cadherin homologous protein (rTcCad), demonstrated 
immunogenicity in the murine model of toxocariasis and conferred a reduction in 
larval migration [73]. These proteins were selected because they were part of the cell 
membranes of the parasite; in theory, they behaved as hidden antigens and probably 
mediated the immune response to the parasite by the host [74–76].

Within reverse vaccinology, in-silico analyzes are important to determine the 
recombinant protein to be expressed. In the case of the first clinical trial in dogs 
[77], programs such as BLASTX (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to identify 
possible homologous sequences, PSORT (http://www.psort.org/) to identify the cell 
location, TMHMM (http://www.cbs.dtu.dk/services/TMHMM-2.0/) and SOSUI 
(http://bp.nuap.nagoya-u.ac.jp/sosui/) to identify signal peptides and transmem-
brane helices, and ScanPROSITE (http://au.expasy.org/prosite/) to identify conserved 
domains and regions in the sequences were used.

Jaramillo-Hernández et al. [77] tested these recombinant proteins in puppies 
with various adjuvants, finding that rTcVcan + QuialA® promoted reduction in the 
parasite eggs in feces (95%) and eggs reduction obtained from the uteri of pharmaco-
logically expelled adult females (58.38%).

In the near future, hopefully immediate, efforts should be made to research more 
promising antigens for the development of effective and efficient vaccines to control 
the vertical transmission of T. canis and T. cati. It is imperative to expand the possibil-
ity of integrated control of this zoonotic geohelminth, due to its devastating impact 
on the development of stable urban communities. In addition to exploring other 
parasite–host interactions, where the proteome composition of TES antigens has been 
identified, and according to the findings of computer-based analyses at the (http://
crdd.osdd.net/raghava/cancerppd/index.php) site, part of the T. canis-secreted 
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protein with the 18 amino acids showed a high degree of similarity (≈93%) to other 
anticancer agents [78].

4.  Conclusion (author’s opinion regarding Toxocara and the cycle of 
poverty in low-income countries, such as Colombia)

José Saramago and his masterpiece “Blindness” supports the power of observation, 
of those who can do it, the high social responsibility and preservation of the species, 
when others have lost that option (or have never had it). This is the case of some of 
the gastrointestinal parasites that can be transmitted to humans by domestic, wild, or 
synanthropic animals (e.g., pigeons), parasitic diseases called zoonotic geohelminthiases.

Now, the use of the Greek prefix “geo” to name these diseases refers to the high 
capacity of these parasites to persist and be transmitted through the soil, for example, 
through the green area of a park. Now, if we combine the aforementioned consider-
ations, we can have the following picture of perfect epidemiological transmission: 
first, the ownership of dogs and cats—without adequate internal deworming proto-
cols (especially in populations with limited economic resources); second, the cultural 
incompetence to pick up the excrement of these pets in public areas; and third, the 
dispersal of millions of eggs of gastrointestinal parasites, through the excrement of 
these dogs and cats, in the environment where humans live. Conditions that increase 
the probability of accidental infection, mainly in children, of these helminths (estab-
lishing parasitic zoonosis).

From the classic clinical medical perspective, this would not seem important; the 
learned doctors will say, “if you have a parasite, you deworm yourself and that’s it.” But 
it turns out that many of these zoonotic geohelminths take humans as a “paratenic 
host;” that is, they infect them but do not complete the development of their entire 
biological cycle and end up encysted, thus leaving them outside the therapeutic 
effects of the classic antiparasitic agents used in medicine, considering also that they 
have migrated through various tissues (e.g., central nervous system) where they cause 
syndromes that are very difficult to diagnose.

This parasite–human interaction triggers multiple alterations, most of them 
subclinical (imperceptible to conventional medical examination). Of the most 
important alterations in the lives of people exposed at a young age to these infections, 
the erratic responses to vaccines stand out (e.g., alteration in the expected response 
to vaccination against cholera in children). Intensify the so-called “cycle of poverty”, 
where infants and children have serious cognitive disabilities for an adequate learning 
process, which eventually leads them to abandon their school studies or to the impos-
sibility of starting and/or completing their university studies. Helminthiases are the 
etiology for thousands of deaths and DALY (disability-adjusted life year) annually 
and are responsible for a 6–35.3% loss in productivity.

As I expressed previously, the majority of low-income families own pets and 
do not have the opportunity to deworm them adequately (most quality systemic 
dewormers are expensive). Therefore, it is highly likely that in these conditions, the 
infants will become infected and are constantly exposed to these zoonotic geohel-
minths, who end up being their paratenic hosts and who silently develop serious 
cognitive alterations that prevent them from accessing, maintaining, and graduating 
from higher education studies. In conclusion, without academic training that guar-
antees improving their economic income, it is highly likely that they will exacerbate/
perpetuate their states of poverty.
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This type of epidemiological-medical situations is widely unknown by the 
majority of the world’s health systems, especially the Colombian one, where there 
are hardly any lines of work in public health associated with the control of the main 
zoonotic geohelminthiasis: toxocariasis (gastrointestinal parasite that yes or if it is 
transmitted to canine puppies through the placenta or milk secretion of their moth-
ers, where approximately 14 days after birth a puppy can expel 1,000,000 eggs into 
the environment through its feces). This situation of hopelessness—lack of interest 
in working on the knowledge, status, and control of this type of diseases that afflict 
multiple people—determines that they are called “neglected diseases.” Where not 
only the historical indifference of the government condemns the endemic situation 
(permanent in the environment), and uncontrolled of it, but also the resources and 
research groups that are added to the task of studying them, we are counted on the 
fingers that write this book chapter.

Finally, if we see the tip of the iceberg, and we are afraid of colliding with it; 
imagine the magnitude of the body of this phenomenon. If we make an analogy, the 
tip of the iceberg would be the classic diseases that must be registered in the country’s 
precarious health system (e.g. Dengue, HIV, and COVID-19, among others), and the 
body would be all those that go unnoticed and ignored. As in the “Blindness,” public 
health researchers, biologists, parasitologists, internal medicine doctors—infectious 
disease specialists, immunologists, veterinary doctors, and epidemiologists, among 
others—are called to recommend, direct, and demand from the government to gener-
ate the optimal environment to think and execute strategies that mitigate this painful 
public health situation, given that we are the ones who can observe this situation. 
If and only then, this health disaster in Colombia and others low-income countries 
could turn into a true change that allows everyone to have opportunities for growth in 
their quality of life in a fair and equitable manner.
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Appendices and nomenclature

AAVP American Association of Veterinary Parasitologists
CDC Centers for Disease Control and Prevention
CT covert/common toxocariasis
DALY disability-adjusted life year
ELISA enzyme-linked immunosorbent assay
L3 third-stage larvae of Toxocara spp.
TES Toxocara excretory-secretory
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Chapter 5

Cryptosporidium spp.: Challenges in 
Control and Potential Therapeutic 
Strategies
Taiwo Akinnubi

Abstract

Cryptosporidium parasites (Cryptosporidium hominis and Cryptosporidium parvum) 
are prominent for playing a crucial role in the high prevalence of diarrheal infection 
across the globe, with immunocompromised individual at risk. The parasites’  
remarkable resilience in the environment due to several adaptive strategies is 
responsible for persistent challenge in control especially in regions with inadequate 
sanitation. In tackling these challenges, exploring promising potential therapeutic 
strategies to combat Cryptosporidium infections is of critical importance. This 
encompasses investigations into experimental drugs, immunotherapies, and vaccine 
development efforts, all aimed at reducing the burden these parasites impose. This 
review aims to present the current state of research and development to shed light 
on the future prospects for managing Cryptosporidium infections and their profound 
impact on public health.

Keywords: Cryptosporidium, challenges, control, therapeutic, strategies

1.  Introduction

Cryptosporidium is a well-established obligate gastrointestinal protozoan parasite 
[1]. It is widely distributed both environmentally and geographically, encompassing 
numerous species with a broad host range. Over 40 species of Cryptosporidium have 
been documented, with at least 20 implicated in human infections [2, 3]. However, 
the predominant agents of human infection are C. hominis and C. parvum, with C. 
hominis being a predominantly human-related transmission and C. parvum both 
human- and animal-borne transmission [3].

Cryptosporidium infection occurs through the ingestion of oocysts, which are 
released by a host already infected with the parasite and are present in contaminated 
environments through oral-fecal exposure. Transmission primarily occurs via water 
and, to a lesser extent, through food. Upon ingestion of oocysts, sporozoites are liber-
ated and subsequently adhere to intestinal epithelial cells, undergoing internalization. 
A thick, actin-rich layer known as the parasitophorous vacuole membrane forms, 
separating them from the host cytoplasm within the microvillus layer of the host 
cell membrane [4]. Following maturation, the organism undergoes a bifurcating life 
cycle. Asexual reproduction yields merozoites, which can subsequently invade further 
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intestinal epithelial cells, perpetuating the infection within a single host. Conversely, 
sexual multiplication culminates in the release of oocysts, which are shed from the 
host and serve to establish infection in new hosts.

Cryptosporidium has become a major worldwide contributor to diarrheal illness, 
posing a significant health risk, especially for young children and individuals with 
weakened immune systems. Research indicates its substantial impact in developing 
countries, where it is recognized as a leading cause of moderate-to-severe gastro-
intestinal illness in children under 5 years old [5]. A recent in-depth investigation 
into gastrointestinal diseases has underscored the significant public health burden 
posed by Cryptosporidium. This study estimates that Cryptosporidium species caused 
over 1 million deaths, with nearly half occurring in children under 5 years of age. 
Furthermore, it resulted in more than 71 million disability-adjusted life years (DALYs) 
between 2005 and 2015 [6]. The data reveals that developing countries, particularly 
those in sub-Saharan Africa, suffer the highest mortality rates. While Cryptosporidium 
is endemic in most developing nations, it also has the potential to cause waterborne 
outbreaks on a large scale, impacting both developing and developed countries [7]. 
Especially worrisome are the long-term consequences observed in children, such as 
stunted growth and cognitive impairments that persist beyond the initial recovery 
from cryptosporidiosis [5].

Cryptosporidiosis is a noteworthy health concern not only in wild animals but 
also in domesticated ones. Within farm animal management, it has been linked to the 
development of a severe and frequently fatal diarrheal syndrome in newborn calves 
and other young ruminant animals. This parasite infestation leads to substantial 
economic losses, both directly and indirectly [8]. Furthermore, cryptosporidiosis can 
have lasting detrimental effects on infected animals. Studies have shown diminished 
weight gain and reduced production performance in both cattle and sheep [9, 10]. For 
example, research by [9] found that beef calves exposed to cryptosporidiosis as new-
borns can experience an average weight deficit of 34 kg at 6 months of age compared 
to their counterparts without signs of infection.

In recent times, research has been dedicated to identifying compounds with novel 
mechanisms of action that are effective against Cryptosporidium spp. Presently, only 
one drug, nitazoxanide, holds approval from the US Food and Drug Administration 
(FDA) for treating cryptosporidiosis in immune-competent individuals in the 
United States, excluding immunocompromised individuals like AIDS patients. 
However, nitazoxanide’s efficacy is limited, and its mechanism of action remains 
unclear [11]. Compounding the challenge, there is a lack of FDA-approved medica-
tions to treat cryptosporidiosis in animals. Halofuginone lactate (Halocur), although 
approved for veterinary use in calves and lambs in some countries, demonstrates 
only partial effectiveness against Cryptosporidium and fails to entirely eliminate 
oocyst shedding [12].

Numerous obstacles in the discovery of drugs against cryptosporidiosis include 
the scarcity of parasite materials, lack of a robust and standardized in vitro cultivation 
system, lack of conventional drug targets, the need for the development of in vitro 
phenotypic screening platforms, the complexity of genetic manipulation techniques 
despite their availability, and the availability and constraints of animal models, 
among other challenges [13].

The complexity of combating Cryptosporidium spp. infections presents a formi-
dable challenge to public health efforts worldwide. Despite significant advancements 
in understanding its biology and pathogenesis, effective control measures remain 
elusive. However, the exploration of potential therapeutic strategies offers a glimmer 
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of hope in the quest to mitigate the impact of this ubiquitous pathogen. In this review, 
thelandscape of Cryptosporidium control is examined, with a focus on both the 
hurdles faced and the promising avenues for future intervention.

2.  Cryptosporidiosis: transmission strategies, clinical manifestations, and 
public health impact

Cryptosporidium infection exhibits diverse transmission pathways. Humans can 
contract the parasite through direct contact with infected individuals (anthroponotic 
transmission) or animals (zoonotic transmission). Indirect transmission also occurs 
via contaminated food (foodborne transmission) or water (waterborne transmis-
sion). Person-to-person and waterborne transmission appear to be the most common 
routes, evidenced by the higher frequency of reported cases and outbreaks associated 
with these modes [14]. Outbreaks associated with contaminated recreational water, 
particularly swimming in polluted rivers, lakes, or pools, underscore the diverse 
modes of Cryptosporidium transmission [15]. Several other factors include migration, 
interaction with animals or young children experiencing diarrhea, and engaging in 
certain sexual practices (multiple sexual partner and anal intercourse) that carry a 
higher risk of transmission [13].

A worldwide study revealed a troubling number of waterborne protozoan illness 
outbreaks, totaling 936 between 1946 and 2016 [16]. Cryptosporidium was respon-
sible for over half (58%) of these outbreaks. Even more concerning is its ability 
to bypass filtration systems, contaminating both filtered and unfiltered drinking 
water supplies in communities [16]. The resilience of these Cryptosporidium spp. 
Oocytes to conventional water treatment, environmental resilience, zoonotic strains 
and wide range of reservoir host complicate control. Oocysts can also seep from 
polluted surface water into groundwater [17, 18].

The most substantial outbreak of cryptosporidiosis linked to drinking water 
occurred in Milwaukee, Wisconsin, in 1993, impacting an estimated 403,000 
individuals out of a population of around 800,000. It also resulted in high hospi-
talization (4400) and a hundred mortality rates [19]. The number of documented 
foodborne outbreaks is lower compared to waterborne incidents, potentially 
attributed to lack of standard foodborne oocyst detection tool and the less frequent 
occurrence of food contamination [20]. However, Cryptosporidium oocysts, the 
infectious stage of the parasite, have been found in a concerning variety of food 
products, including raw vegetables, meat, salads, fermented milk products, cider, 
raw milk, and apple [21]. This highlights the diverse points of contamination 
throughout the food chain, from production and harvest to processing, transporta-
tion, and even preparation in the home [21].

The clinical presentation of enteric cryptosporidiosis lacks distinct signs or 
symptoms, resembling various other forms of diarrheal diseases. Initial infections 
typically manifest with symptoms such as nausea, vomiting, abdominal cramps, 
watery diarrhea, and fatigue. Stool specimens rarely show the presence of blood 
or leukocytes. Unlike typical enteric infections, Cryptosporidiosis in developing 
countries often presents with a low-grade fever and cough less frequently [22]. 
Repeated exposure can lead to asymptomatic infections in children, and symp-
tomatic cases tend to be shorter, lasting a median of just 2 days. However, weight 
reduction and dehydration remain a concern, especially for malnourished children 
or those with prolonged diarrhea [22]. In developed nations, immunocompetent 
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individuals with Cryptosporidiosis experience severe symptoms. Diarrhea can last 
9–11 days, with some requiring hospitalization [23]. Joint pain, fatigue, and other 
issues may also occur, especially with C. hominis. Cryptosporidiosis may even be 
linked to chronic bowel problems [22].

Cryptosporidiosis poses a greater risk for immunocompromised people. As their 
immune system weakens, asymptomatic infections can worsen, leading to the develop-
ment of symptoms [24]. Furthermore, the parasite can invade the bile ducts, causing 
inflammation (cholangitis), and potentially impact the respiratory system, leading to 
mild oxygen deficiency and shortness of breath [24]. Previously thought uncommon, 
respiratory infections with Cryptosporidium have been identified in a surprising number 
of children with intestinal infections [25–28]. This suggests potential transmission 
through coughed-up sputum. For individuals with HIV/AIDS, Cryptosporidiosis can 
be life-threatening, significantly increasing mortality and shortening lifespan [28]. The 
severity varies greatly, with a particularly aggressive form causing massive fluid loss, 
severe pain, and rapid weight loss, leading to death within days or weeks. Variations in 
immune function, infection location, and parasite species all contribute to these differ-
ences in disease severity and patient outcomes [28].

Cryptosporidiosis poses a significant global public health concern, ranking as the 
sixth most frequent foodborne parasitic infection in humans and animals [29]. In 
developing countries, the parasite disproportionately impacts malnourished children, 
where it is a leading cause of death. The full scope of human Cryptosporidium epidem-
ics, particularly in these less developed regions, remains unclear [30]. For children 
suffering from acute, chronic, or persistent diarrhea caused by Cryptosporidium, the 
consequences are severe, including stunted growth, reduced physical development, 
cognitive impairment, and even death [13].

Cryptosporidium species are prominent diarrheal pathogens worldwide, affecting a 
staggering 20% of children experiencing diarrhea in developing countries, compared 
to a much lower range of 1 to 5% in North America and Europe [26]. Landmark studies 
conducted in West Africa during the 1990s underscored the severity of this disparity. 
Children with Cryptosporidiosis displayed significantly higher mortality rates, with 
a nine-fold increase in death risk even after accounting for nutrition-related factors. 
Infection typically occurs earlier in life: before age 2 in developing regions and before age 
5 in developed ones. Additionally, the prevalence is higher in rural areas and during rainy 
seasons. Exposure to the parasite appears to be continuous, as evidenced by increasing 
seropositivity with age [13]. However, malnutrition, HIV/AIDS, and other conditions 
that weaken the immune system dramatically elevate the risk, severity, and duration of 
Cryptosporidiosis. This makes it a defining opportunistic infection in AIDS patients and a 
frequent complication for malnourished children suffering from persistent diarrhea [31].

3.  Current preventive and control measures and their constraints

Several control and preventive measures have been initiated toward curtailing 
the transmission of Cryptosporidium spp. most of which focus on environment-
related factors and reservoir host. This is because reservoir characteristics and 
environmental factors significantly influence the epidemiology and transmissibility 
of Cryptosporidium spp. [32]. Oocysts, shed by the host, exhibit sensitivity to vari-
ous unfavorable environmental conditions before finding a suitable new host [32]. 
Environmental factors like higher temperatures, age, and dryness significantly impact 
the survival and infectiousness of Cryptosporidium oocysts. While prolonged sunlight 
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exposure completely inactivates them, traditional water treatment methods like 
coagulation and filtration often prove inadequate [33]. This highlights the resilience 
of the oocyst and the need for more robust treatment strategies. Advancements 
in UV disinfection research have shown promise, with UV light effectively killing 
Cryptosporidium oocysts. In addition, solar photocatalytic disinfection (SPCDIS) 
using titanium oxide has demonstrated effectiveness, even in less-than-ideal light 
conditions [33]. Chlorination has proven inadequate in removing Cryptosporidium 
spp., prompting ongoing efforts to develop vaccines for animals [34].

Similarly, [35] reported modern microbial reduction process designs, such as 
the integrated disinfection design framework (IDDF) which ensure the provision 
of low-risk drinking water by addressing the shortcomings of traditional treatment 
methods. Also, the prevention of reservoir hosts from contact with water supplies 
and the construction of wetlands for wastewater treatment have emerged as effective 
and cost-efficient strategies for removing parasite like Cryptosporidium spp. [36]. 
Practical measures, such as educational campaign, handwashing initiatives, and 
point-of-use water treatment (especially in developing nation) are key ways to curb 
Cryptosporidium transmission. Boiling water, using reliable bottled water, and home 
filtration units offer further protection [34]. However, in many developing coun-
tries, several challenges hinder efforts to prevent the transmission of diseases. These 
include a lack of access to clean water, open grazing and extensive rearing of animals, 
poor sanitation infrastructure leading to water source contamination, limited health-
care resources, porous borders, and high population density. These factors collectively 
serve as significant setbacks to various preventive measures aimed at curbing the 
spread of diseases.

From pharmaceutical perspective, anti-cryptosporidial agents, including paro-
momycin, nitazoxanide, and azithromycin, have shown limitations in treating 
Cryptosporidium enteritis. Nitazoxanide, the only FDA-endorsed medication, exhibits 
limitations, especially in Individuals with HIV/AIDS [37]. Studies have indicated that 
current chemotherapy has a limited role in managing cryptosporidiosis in immuno-
compromised individuals, emphasizing the importance of restoring immune status 
using antiretroviral drugs [37].

Research on alternative treatments involves traditional medicinal plants such 
as Allium sativum (garlic) and various plant extracts. Garlic possesses poten-
tial as a preventative measure (prophylactic) and treatment (therapeutic) for 
Cryptosporidiosis, with studies indicating its potential in reducing the shedding of 
oocysts. Furthermore, studies on plant extracts like Peganum harmala and Artemesia 
herba-alba have shown promising anti-parasitic activity, providing potential alterna-
tives to conventional pharmaceuticals [38, 39]. Research into alternative treatments 
for Cryptosporidium, particularly utilizing traditional medicinal plants, faces several 
challenges. The lack of comprehensive scientific validation, standardization of effec-
tive dosage, bioavailability issues of active compounds, cultural variability, interac-
tions with conventional medications, long-term effects, and many more are several 
issues linked with the utilization of traditional medicinal plant.

4.  Existing diagnostic methods and limitation

Given that Cryptosporidium poses a significant threat to people with weakened 
immune systems and is associated with serious illness and death, it is important for 
clinical laboratories to come up with effective screening criteria and reliable testing 
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methods. However there is still no agreed-upon international standard for diagnosing 
cryptosporidiosis [40]. In labs and field research, there are multiple ways to detect 
and study Cryptosporidium spp. Each method has its strengths and weaknesses, like 
sensitivity, cost, processing time, specificity, detection limits, difficulty, and equip-
ment needs [41].

Microscopy-based methods are commonly used in identifying Cryptosporidium 
oocysts in various samples, such as water, food products, and stool. However, their 
reliability to identify different Cryptosporidium species based on Conventional 
microscopy alone is questioned due to the similarities in morphological characteristics 
among many species [42]. Also, these methods cannot determine oocyst infectivity 
[42]. While a range of staining techniques, such as the Ziehl–Neelsen stain (acid-fast 
stain) and dimethyl sulfoxide, have been utilized to distinguish Cryptosporidium 
oocysts from other particles on glass slides [41]. However, staining methods have limi-
tations such as variation in stain uptake, low sensitivity, lack of specificity for samples 
with small oocyst numbers, and the need for a skilled microscopist. Furthermore, 
staining method is limited by its slow speed, time-consuming nature, and potential 
for subjectivity compared to other options [43].

Immunology-based methods, particularly immunofluorescence assays using 
monoclonal antibodies (mAbs), provide higher specificity and sensitivity compared 
to microscopy [43]. The direct fluorescent antibody (DFA) assay, which utilizes the 
fluorescein isothiocyanate-conjugated anti-Cryptosporidium mAb, is commonly 
employed for this purpose [43]. Commercially available kits have demonstrated high 
specificity and improved sensitivity [41]. However, indirect immunofluorescence 
assays involve additional steps compared to DFA and utilize a second fluorophore-
conjugated antibody. The process is longer and potentially more prone to nonspecific 
binding [44].

Immunomagnetic separation (IMS) offers a valuable technique for isolating 
Cryptosporidium oocysts, particularly from samples containing low numbers of 
oocysts [44]. This method utilizes magnetic beads coated with specific antibodies 
to target and capture Cryptosporidium oocysts from environmental samples. Studies 
report high sensitivity and specificity for C. parvum oocysts, demonstrating its 
effectiveness in detecting this particular species [45]. However, a key limitation of 
IMS lies in its inability to differentiate between Cryptosporidium species or genotypes. 
Additionally, the time-consuming nature of the process and the high cost of com-
mercially available IMS kits pose challenges for widespread implementation [46]. 
Immunochromatographic lateral-flow assays (ICLFAs) are popular rapid tests that 
use antibody strips to detect Cryptosporidium antigens in stool and water samples. 
Their advantages include rapid detection, cost-effectiveness, and no need for special-
ized equipment or trained personnel. However, despite high accuracy of ICLFA, cases 
of false positive and negative results have been reported. This has led to cautious 
consideration of positive results until further improvement of these tests [47].

The enzyme-linked immunosorbent assay (ELISA) is a widely employed method 
in detecting Cryptosporidium parvum in human and animal stool samples. ELISA 
offers high sensitivity for Cryptosporidium, exceeding acid-fast staining [48]. 
However, its effectiveness can vary depending on the kit and population [48, 49]. 
Longer processing times and potential false positives limit its use in water sample test-
ing for C. parvum [50]. Flow cytometry excels in fast, large-scale analysis of cells with 
high accuracy, making it a valuable tool for Cryptosporidium detection. When com-
bined with immunomagnetic separation (IMS), FC enhances oocyst recovery from 
water samples [51]. Although FC is more sensitive than traditional methods like DFA, 
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its infrequent use in diagnostic laboratories is attributed to high costs and technical 
expertise requirements [43]. Cell culture immunofluorescence assays use lab-grown 
C. parvum oocysts to assess viability and infectivity. The challenges include low yields 
and difficulties in long-term propagation [52].

Nucleic acid methods excel in detecting parasites like Cryptosporidium, offer-
ing high sensitivity and improved accuracy. Conventional PCR, nested PCR, and 
quantitative PCR (qPCR) have been extensively used for Cryptosporidium detection 
in various samples [43, 45, 47, 50]. qPCR, in particular, allows real-time monitoring 
with high sensitivity and specificity [41]. Also, droplet digital PCR (ddPCR) improves 
nucleic acid quantification, but its use for Cryptosporidium detection is limited due 
to cost considerations [53, 54]. PCR-restriction fragment length polymorphism 
(PCR-RFLP) has been a useful tool for genotyping; its role is diminishing due to the 
affordability and accessibility of DNA sequencing technologies [55]. Furthermore, 
whole-genome sequencing using Sanger sequencing and next-generation sequencing 
platforms has also helped in understanding Cryptosporidium diversity [56].

DNA fingerprinting methods that include random amplified polymorphic DNA 
(RAPD) provide valuable information on genetic variation. However, Aptamer-based 
methods, which adopt synthesized molecular recognition probes, present a good 
approach for direct and sensitive Cryptosporidium detection. Aptamer’s advantages 
over antibodies include cost-effectiveness and stability [57].

Aptamer-based aptasensors have demonstrated success in identifying 
Cryptosporidium oocysts in various samples, such as water, food products, and stool 
[41]. Despite challenges in aptamer research, recent advancements have addressed 
issues like rapid degradation and lack of standardized protocols. Emerging research 
suggests aptamers have the potential to become widely used in diagnostics, therapy, 
and biosensing applications [41].

5.  Present therapeutic options

The primary pharmaceutical intervention for Cryptosporidium infection in chil-
dren over 1 year of age remains nitazoxanide, a thiazole compound approved by the 
FDA in 2003. Placebo-controlled studies have demonstrated its increased efficacy 
in non-HIV-infected cryptosporidiosis patient [58]. The treatment’s efficacy wanes 
in immunocompromised individuals, even when administered at higher doses for 
extended periods [59]. While nitazoxanide is currently the only FDA-approved treat-
ment for Cryptosporidium, its effectiveness is reduced in children with malnutrition 
or weakened immune systems [60]. Studies have shown that nitazoxanide treat-
ment only leads to a stop in diarrhea for 56% of malnourished children with chronic 
Cryptosporidium compared to 23% receiving a placebo [59]. Combining nitazoxanide 
with new anti-Cryptosporidium drugs may offer a more effective approach for treating 
malnourished children and immunocompromised patients with HIV/AIDS.

While paromomycin offers some promise and partial effectiveness in AIDS 
patients with Cryptosporidium, it lacks official treatment approval. Similarly, azithro-
mycin shows minimal effectiveness and fails to outperform a placebo in AIDS patients 
with the infection [61].

Halofuginone shows promise as a treatment for coccidiosis in animals by targeting 
a specific parasite enzyme [62, 63]; its use in humans is limited. This compound is even 
licensed for cryptosporidiosis in calves in some countries [62, 63] However, unfavor-
able side effects on the gastrointestinal system and higher toxicity compared to other 
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options prevent its use for human cryptosporidiosis treatment [63]. These limitations 
on effective drug treatments force many developing countries to rely on basic strategies 
like rehydration and electrolyte replacement for managing Cryptosporidiosis.

6.  Challenges in the development of Cryptosporidium infections

Limited access to pure Cryptosporidium for research impedes progress. While 
C. parvum is commonly used, obtaining large quantities remains challenging [64]. 
Although in vitro culture techniques for C. parvum have advanced over decades, 
continuous cultivation faces persistent limitations. The parasite primarily replicates 
asexually, hindering the production of unlimited materials needed for drug discovery 
and a deeper understanding of the life cycle [65, 66].

Limited drug targets due to Cryptosporidium’s simple biology (minimal 
metabolism and nutrient synthesis) are a hurdle. However, recent sequencing of 
various Cryptosporidium genomes has opened exciting possibilities for identifying 
new drug targets [13]. While genetic manipulation tools like CRISPR/Cas9 have 
addressed issues in drug target validation, challenges persist in the adaptation of 
these tools for routine laboratory use. C. tyzzeri, a mouse-specific species, serves 
as a valuable genetic model, offering convenience for laboratory manipulation. 
Additionally, gene-silencing strategies have shown success in knockdown experi-
ments [67, 68].

One major challenges of systemic drugs is inability to cross the epicellular delivery 
(ED) band. Significant knowledge gaps remain regarding the molecular makeup 
and function of the parasite–host interface, particularly the ED band. This results 
in unsatisfactory efficacy of some identified anti-cryptosporidial drugs in vivo. 
Systemic drugs must effectively cross the ED band; this emphasizes the importance 
of pharmacokinetic parameters in plasma for efficacy in mouse models. While animal 
experiments are informative, they are costly and time-consuming. This calls for better 
in vitro assays to evaluate how easily small molecule drugs can permeate the ED band 
[65]. The systemic drugs are also limited by severe watery diarrhea. This is because 
they can be easily flushed off from the gastrointestinal tract (GIT). Novel pharmaco-
logical modifications like exploration of the enterohepatic recycling pathway could 
improve drug absorption in individuals with severe diarrhea. Testing drug effective-
ness in animals, especially mice that do not develop diarrhea, poses a challenge in 
evaluating drug absorption and efficacy [13].

An alternative strategy involves the development of drugs that target the parasite 
directly within the gut (nonsystemic drugs). Unlike systemic drugs, which can be 
flushed out by diarrhea, nonsystemic drugs offer a targeted approach. Nonsystemic 
drugs may serve as effective alternatives to systemic drugs. Further improvements 
could involve increasing its (nonsystemic drugs) adhesion to the gut lining (mucoad-
hesive properties) and potentially combining them with anti-diarrheal medications to 
maximize their effectiveness within the digestive tract [13].

7.  Emerging therapeutic strategies

Significant progress has been achieved in identifying active compounds against 
Cryptosporidium, with aim of providing medication for childhood diarrhea in devel-
oping nations [69].
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Benzoxaboroles, boron-heterocyclic compounds, have garnered attention globally. 
A compound called AN7973 shows promise as a treatment for cryptosporidiosis. This 
6-carboxamide benzoxaborole inhibits the development of C. parvum within host cells 
and kills C. hominis parasites. AN7973 reduced fecal shedding of C. parvum by over 
90% in both mouse models and neonatal dairy calves, suggesting its potential effec-
tiveness. Furthermore, Pyrazolopyridines displayed over 60% inhibition of C. parvum. 
KDU731 (ayrazolopyridine) has shown efficacy against cryptosporidiosis in both 
immunocompromised mice and neonatal calves by reducing oocyst shedding [70].

Piperazine derivative MMV665917, initially identified in the Medicines for Malaria 
Venture “Malaria Box,” exhibited high efficacy against C. parvum and C. hominis in vitro. 
In newborn calves and gnotobiotic piglets, it was discovered the MMV665917 reduced 
oocysts, diarrhea severity, and intestinal mucosal damage. Further investigations are 
required for dosage optimization and understanding mechanisms of action [64, 71].

Bicyclic azetidines, known for their effectiveness against P. falciparum, have 
demonstrated efficacy against C. parvum and C. hominis both in vitro and in vivo. 
Targeting phenylalanyl-tRNA synthetase, these compounds showed potent inhibition 
of Cryptosporidium growth and protective effects in mice. Bicyclic azetidines present a 
promising series for cryptosporidiosis treatment [72].

Recent advancements in genetic modification, particularly CRISPR-guided relink-
ing, have enabled a broad comprehension of Cryptosporidium biology. This approach, 
known for its simplicity, supports efficient reverse genetics for the parasite. The 
introduction of transgenic reporter strains, like the Nluc reporter strain, has speed of 
the process of drug development against Cryptosporidium. This is achieved through 
the provision of a rapid and scalable screening method. These strains allow lead 
compound testing in both immunocompromised mouse models and in vitro setting. 
Genetic modification promises to identify crucial drug targets and understand their 
mechanisms, expediting drug development against Cryptosporidium [72].

Natural products emerge as a rich source for potential therapeutic agents. A recent 
study that screened 800 natural products has identified 16 compounds with low 
to submicromolar anti-Cryptosporidium parvum activity in vitro [73]. Compounds 
like Ginsenoside-Rh2, Curcurbitacin-B, flavonoids, and isoflavones displayed 
Anticryptosporidia activity in mouse models. Chicory, curcumin, chitosan, and oth-
ers have shown efficacy against C. parvum both in vivo and in vitro. The investigation 
of novel bioactive compound and natural products holds promise in the development 
of effective Anticryptosporidia compounds and potent candidates [73].

Probiotics, recognized as a natural alternative therapeutic approach, demonstrate 
results against Cryptosporidium infections. Probiotics can reduce the number of 
oocysts shed in feces (oocyst excretion) and lessen the severity of infection [74]. 
Certain probiotic strains, particularly Lactobacilli, have shown potential by the 
clearance of Cryptosporidium oocysts in mice and humans. Understanding probiotic 
mechanisms is pertinent in the development of effective probiotic treatments against 
Cryptosporidium infections [74].

Advances in next-generation sequencing technologies allow for detailed character-
ization of the gut microbiota’s role in various diseases, not exempting Cryptosporidium 
infection. Specific members of the microbiome, such as Megasphaera, may influence 
the severity of Cryptosporidium-induced diarrhea. Despite the complexity of the 
microbiota’s impact on Cryptosporidium development, it represents a promising target 
for interventions. Future research should focus on understanding specific genera 
or phyla within the microbiota that can positively influence immune responses to 
Cryptosporidium [75].
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The development of a Cryptosporidium vaccine is driven by the necessity for effec-
tive preventive measures. Memory T cells, essential components of immunological 
memory, enhance the body’s ability to resist subsequent infections. This character-
istic makes them a prime focus in vaccine development [76]. Identification of new 
vaccine candidates should prioritize antigens capable of eliciting T cell responses 
[77]. A molecule named gp40/15 polyprotein shows promise as a Cryptosporidium 
vaccine [78]. It triggers the production of IFN-γ, which activates memory T cells 
crucial for fighting off future infections. Also, Zoite surface proteins like Cpgp40 
and Cpgp40/15 have demonstrated associations with the parasitophorous vacuole 
membrane, through the inhibition of C. parvum infection [79]. Antigens like gp40 
elicit cellular immune responses in humans and animals, but their protective response 
against Cryptosporidium infection needs further examination. CpGP15 recombinant 
antigen eliminates C. parvum infection in cattle. It further addressed false-negative 
results on animal farms [80].

Furthermore, Peptides like CP15 and circumsporozoite-like antigen (CSL) stimu-
late antibody production and block parasite entry in vitro [81]. CpTSP8, a TRAP-like 
protein in C. parvum, is important for parasite movement and invasion or attachment 
to the host cell [82]. Despite the potential of TRAP proteins as vaccine candidates, 
further investigations are warranted.

Similarly, the discovery of Cp-P34, a sporozoite surface protein in 
Cryptosporidium, is crucial for developing a multiantigenic vaccine against crypto-
sporidiosis. This protein, primarily localized within the parasite, transiently appears 
on the surface of Cryptosporidium sporozoites, thereby stimulating host immune 
responses [83]. The mechanism by which Cp-P34 reaches the surface could be a 
valuable target for future vaccine development. Despite these advancements, further 
research is needed to fully understand the protective efficacy of these antigens and 
their potential as components of an effective vaccine against Cryptosporidium.

8.  Conclusions

The review highlights the multifaceted challenges associated with Cryptosporidium 
spp. infections, focusing on the transmission strategies, clinical manifestations, 
public health impact, preventive measures, diagnostic methods, existing therapeutic 
options, and emerging strategies. The prevalence of waterborne and person-to-
person transmission underscores the global significance of cryptosporidiosis, with 
substantial public health and environmental implications. The limitations of current 
preventive measures emphasize the need for innovative approaches to curb trans-
mission. Diagnostic methods exhibit varied strengths and weaknesses. However, 
challenges like false positives and negatives persist, emphasizing the ongoing need 
for improvement and standardization in diagnostic techniques. Existing therapeutic 
options face limitations, particularly in immunocompromised patients, highlighting 
the necessity for novel anti-Cryptosporidium therapeutics. The challenges in drug 
development underscore the complexity of combating Cryptosporidium infections. 
Emerging therapeutic strategies, such as benzoxaboroles, pyrazolopyridines, and 
probiotics, show promise in preclinical studies, offering potential alternatives to cur-
rent treatments. Genetic modification techniques, natural products, and the explora-
tion of the gut microbiota’s role present exciting avenues for future research and drug 
development. The pursuit of an effective Cryptosporidium vaccine remains a critical 
goal, with promising candidates like gp40/15 polyprotein, CpGP15 recombinant 
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antigen, and sporozoite surface proteins showing potential. Future research should 
focus on refining preventive measures, improving diagnostic accuracy, advancing 
drug development, and ultimately developing an effective vaccine to mitigate the 
global impact of cryptosporidiosis.
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Vulnerable Populations
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Abstract

Blastocystis is a very common gastrointestinal protozoan globally distributed; it 
colonizes humans and non-humans, and in some communities, it reaches prevalences 
of up to 100%. Blastocystis is transmitted through the fecal-oral route, contaminated 
food and water, and close contact with animals. There are 34 known subtypes of 
Blastocystis, and subtypes 1 to 4 (ST1–ST4) are the most common in humans. It should 
be remembered that its pathogenicity is controversial since some studies have shown 
that Blastocystis is more prevalent in healthy individuals; who have greater diversity 
and richness of the intestinal microbiota; other studies suggest that Blastocystis 
infections occur in individuals with intestinal dysbiosis. In America and Africa, a 
high incidence of ST1 and ST2 is observed in rural areas. Recent data indicate that 
Blastocystis is linked with specific gut microbiota profiles and health indicators. 
Convincing information and tools that distinguish asymptomatic colonization from 
infection in children have yet to be demonstrated. Although this protozoan can cause 
disease under certain circumstances, but the attention of Blastocystis may change, as 
the frequency of Blastocystis subtypes in children may vary depending on the geo-
graphic area and local health conditions.

Keywords: Blastocystis, controversial pathogenicity, frequency, health, gut microbiota

1. Introduction

A complex and diverse population of microorganisms lives in the human intestine: 
bacteria, fungi, viruses, archaea, and protozoans [1]. Blastocystis spp. is a very com-
mon protozoan; it is a Stramenopile or Heterokonta Eukaryote [2], and it has different 
forms: vacuolar, avacuolar, granular, cystic, and amoeboid [3]. It colonizes a wide 
diversity of species in the world, such as humans and non-humans; approximately 
one billion individuals in the world are infected by this protozoan [4]. It is known that 
this protist is one of the most prevalent; in some communities, it reaches prevalence 
of up to 100% [5]. The fecal-oral route Blastocystis, through contaminated food and 
water and close contact with animals, which are the best-known transmission sources 
for Blastocystis [6, 7]. Studies have reported that it can cause diarrhea accompanied 
by abdominal pain, dizziness, vomiting, and weight loss, among others [8, 9]. 
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Blastocystis infection is mainly associated with nonspecific gastrointestinal symp-
toms, both acute and chronic [10].

It has been identified 34 subtypes of Blastocystis [11–13], but only 17 are recorded, 
subtypes one to subtype nine are found in humans (ST1–ST9), and subtypes one to 
four (ST1–ST4) are the most frequent [14, 15]. It is worth noting that there are studies 
where Blastocystis is more prevalent in healthy individuals [16] who have a greater 
diversity and richness of the intestinal microbiota [17] and have even been postulated 
as a viable probiotic agent [18]. Other research suggests that Blastocystis infection 
occurs in individuals with intestinal dysbiosis and irritable bowel syndrome [19, 20]. 
The clinical significance of Blastocystis is still inconclusive [18, 21, 22]. All this dis-
similarity may be due to the diversity of coexisting subtypes [15].

In America, a high incidence is observed for ST1 and ST2 [23]. In Mexico, higher 
prevalence was reported for ST1 (51%) [24] in 2023. A global prevalence of 44.0% 
was reported in school-age children in a rural area, with a prevalence of 56.5% for 
ST1, followed by ST2 (26.3%) and ST3 (19.7%). In Colombian children, a study 
carried out in 2021 reported a global prevalence of 58.2% of Blastocystis, and the first 
identification of Subtype 16 in humans was made [13]. Also, previously in Colombia, 
a study in 2015 found that subtype 3 is associated with urticaria in Argentine patients 
and that allele a134 predominated in patients with symptoms [25]. Later, in 2017, 
another study in the pediatric population found no statistical association between 
Blastocystis infection and subtypes with variables such as sex, age, symptoms or 
sociodemographic stratification [26]. Another study in Panama in apparently healthy 
school-age children from rural areas in 2020 found a global prevalence of Blastocystis 
of 74.2%, and the prevalence of ST1 was 42.2% [27].

Some African countries have reported a high prevalence of Blastocystis infection, 
although data on the prevalence and distribution of Blastocystis subtypes still needs 
to be available. On this continent, a multicenter study was carried out among certain 
villages in Senegal. An essential variation in prevalence was observed between the 
villages, 51.7–100% in this study; additionally, the first report of subtypes 10 and 14 
in humans was made [28].

The classification of Blastocystis as pathogenic or non-pathogenic has been problem-
atic since a direct causal link has not been demonstrated [22]. However, some explana-
tions for its pathogenicity are the excretion of proteases and the presence of more than 
five parasites per field in the intestine, mainly causing an inflammatory process at lamina 
propria level. Also, the composition of the intestinal microbiota, the immune system, 
and the nutritional status of the host are some of the decisive factors for the presence of 
the parasite and its pathogenicity [29, 30]. It is known that Blastocystis and the intestinal 
microbiota cohabit in the intestinal tract of the host and can interact with each other 
[31–38]. Bacteria are the most abundant in the intestinal microbiota, and two main 
phyla are present: Firmicutes and Bacteroidetes (representing 80%). At lower levels, 
Proteobacteria, Actinobacteria, Fusobacteria, and Verrucomicrobia are present [39, 40]. 
Recent data suggest that Blastocystis is associated with specific gut microbiota profiles and 
health indices. Stensvold et al. (2022) used metabarcoding analyses to identify variations 
in fecal microbiota diversity between Blastocystis-carrying and non-carrying individuals. 
Alpha diversity was considerably higher in Blastocystis carriers. Subjects with Blastocystis-
positive stools had gut microbiomes associated with eubiosis, while in individuals with 
negative feces for Blastocystis, the intestinal microbiome was similar to those associated 
with dysbiosis [41]. Importantly, clinical data were not obtained from the subjects from 
whom feces were obtained, so the role of Blastocystis as a potential modulator of the 
intestinal microbiota needs to be known with greater scrutiny.
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More sensitive tools that differentiate asymptomatic colonization from infec-
tion in children have yet to be demonstrated. Although the parasite can cause 
disease under certain circumstances, the focus on Blastocystis may shift from a 
clinical to a public health perspective [42]. On the other hand, the frequency of 
Blastocystis subtypes in children may vary depending on the geographic area and 
local health conditions. Since in developing countries, drinking water and hygiene 
are scarce, in rural communities, contact with animals and children is more 
frequent, and it is a population that is more vulnerable to infection through the 
anus-oral route.

2. Blastocystis spp.

It was described for the first time in 1912 [43] by Alexeieff, who named it con-
sidered it a yeast and named it Blastocystis enterocola; Brumpt described the parasite 
and named it Blastocystis hominis [44]. Zierd et al. classified it as a parasite, and using 
ribosomal DNA sequences, Blastocystis was classified within the kingdom Chromista 
by Silberman. It was not until 1997 that Clark described the polymorphisms of this 
protozoan [45].

2.1 Taxonomy

Blastocystis belongs to the kingdom Chromista, Subkingdom Chromobiota, 
Subphylum Opalinata, class Blastocystea [46]. It is the main unicellular eukaryotic 
protozoan found in the intestine of mammals [47]. It presents characteristics of the 
protist kingdom with one or more nuclei, strict anaerobe, and sensitivity to O2. It 
measures 5–40 μm and reproduces mainly by binary fission.

2.2 Morphology

There are many variations between sizes and the form of presentation according to 
subtypes, but the primary peculiarity is the appearance of a central vacuole (occupies 
90% of the cytoplasm) with metabolic and storage functions, easily observable after 
staining [48]. In humans, different forms of Blastocystis have been described including 
vacuolar, avacuolar, granular, multi vacuolar, cystic, and amoeboid form, which is 
more prevalent in symptomatic individuals [3].

It presents four well-differentiated morphological stages:

2.2.1 Vacuolar form

The form most easily identified in feces, they have a size of 5–15 μm and binary fis-
sion reproduction. The diagnosis is made based on vacuolar form. They have a central 
corpuscle or vacuole composed of lipids and carbohydrates with reserve functions, 
which compress the cell nucleus and cytoplasm [49].

2.2.2 Ameboid form

This form measures 10 μm, does not have a central body, but has 1 or 2 slow-
moving pseudopodia. Cellular debris has been found inside, which suggests that it has 
a significant role in the nutrition of the microorganism [49].
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2.2.3 Granular form

It has 1 to 4 nuclei and measures between 6 and 8 μm. This form is scarce, and 
three types of granules are distinguished: metabolic, reproductive, and lipidic [50].

2.2.4 Cyst form

They measure 3–10 μm and are ovoid or spherical; the cells include lipid and 
glycogen deposits and vacuoles. Generally, the isolated nuclei are binucleate. They 
survive approximately 1 month at room temperature; however, they are sensitive to 
disinfectants and extreme temperatures [49].

2.3 Life cycle

The life cycle is similar to most protists. Two types of cycles have been described: 
binary fission and autogamy for the formation of cysts that can be thick or thin-
walled, which help in the transmission of the parasite. The avacuolar cell is present in 
the intestine, passing through the intestinal tract. After the disintegration of vesicles 
in the cytoplasm, the multi-vacuolar form is generated, which is covered by a thick 
cell wall. The cystic wall forms under the cell cover disintegrates, resulting in a cyst, 
which is the infectious cell of Blastocystis spp. Ingestion by a host completes the cycle; 
excystment is the final route of infection caused by exposure to gastric acid and 
intestinal enzymes [51].

2.4 Transmission

Blastocystis is found in the feces of mammals (humans and primates), as well as 
amphibians, birds, livestock, and reptiles [52]; its exposure is usually incidental, and 
the transmission of fecal-oral has been reported as the primary form of transmission. 
Recent studies suggest that it is present in contaminated water, although exposure to 
these factors is usually insufficient for infection. Among the risk factors associated 
with Blastocystis infection are overcrowding, same-sex relationships, contaminated 
water, low educational level, travelers, living with infected animals, and poor hygiene 
(Figure 1) [53].

2.5 Pathogenicity

The pathophysiology of Blastocystis is not entirely known; it is believed to lie 
mainly in apoptosis, degradation of transmembrane proteins that results in exag-
geration of intestinal permeability, induction of pro-inflammatory cytokines and the 
regulation of nitric oxide [3, 48].

2.5.1 Blastocystis and immune system

Blastocystis spp. can degrade immunoglobulin A (An antibody present in mucosal 
secretions, predominating in tears, saliva, and gastrointestinal secretions) [48]. 
Although it is generally accepted that Blastocystis is not an invasive pathogen and 
cannot phagocytose the host microbiota, pathogenicity depends on the subtype and 
the Blastocystis proteases [54]; for example, one study described that hydrolases alter 
the colonic mucus layer.
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In vivo, studies with rats have shown that the microorganism’s proteases 
stimulate the production of Interleukin 8 (IL-8) by colon epithelial cells through 
mechanisms dependent on nuclear factors, which are responsible for fluid loss 
and intestinal inflammation in affected individuals. Therefore, it is believed that 
these enzymes produce hyperplasia of the goblet cells and cecal mucosa in infected 
rats [49]. It was also experimentally demonstrated that Blastocystis spp. can trigger 
increased cell proliferation in human colorectal cancer, causing interferon-gamma 
(IFN γ) and p53 expression deregulation. The subtype with the most pathogenic 
relationship is ST3, which increases the proliferation of cancer cells by decreasing 
the apoptosis of these cells and severe inflammatory reactions [55]. Regarding 
other classes of enzymes, the gene encoding the beta-1,3-galactosyltransferase 
(b1,3GalT), was acquired laterally by this protozoan and was duplicated several 
times in its genome; the encoding proteins are involved in molecular mimicry, 
which helps Blastocystis to camouflage [56].

Blastocystis has been reported in immunocompromised patients, and those under 
stress since the overproduction of oxygen and hydroxyl free radicals causes oxidation 
of lipids and proteins, resulting in poor functioning of the body’s tissues and deficient 
antibody production [57]. Blasto-Ag (an antigen produced by B. hominis) is respon-
sible for the downregulation of peripheral blood cells, and this inhibitory effect is 
more significant in asymptomatic individuals. In the infection, it is expected to find 
low levels of IgA with high levels of immunoglobulin G (predominant antibody in 
cerebrospinal fluid, peritoneal fluid, and blood, which responds to the presence of 
viruses and bacteria), associated with the overproduction of eosinophils (which 
suppress infection). In this context, there are studies of children with leukemia where 
immunoglobulin M (the first antibody produced to fight infections found in blood 
and lymph) and IgG are high compared to IgA [58].

Figure 1. 
Blastocystis spp. transmission routes. Blastocystis can be transmitted through fecal-oral routes, such as water 
and food contaminated with infected feces. It can also spread from person to person through direct contact with 
contaminated fecal matter.
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However, it should be noted that recent studies have identified Blastocystis as 
part of the microbiota, found in more than 50% of the healthy population, with a 
tendency to long-term colonization, with the same microorganism found 10 years 
later [56].

2.6 Subtypes

As previously mentioned, 34 subtypes of Blastocystis spp. have been identified. 
STs 1–4 are the most prevalent in 90% of carriers; these subtypes are found in 95% of 
patients with a single infection [14].

2.6.1 Distribution of subtypes by hosts

ST1 and ST2 are also found in other animal species, including monkeys, cows, 
chickens, pigs, rats, dogs, and nonhuman primates. ST3 has been found in nonhu-
man primates, pigs, and cattle. ST4 has been described in rodents and monkeys. The 
rarer subtypes in humans (ST5–8) are found most frequently in other hosts: ST5 is 
common in cattle, apes, pigs, rats, dogs, and Old World monkeys, while ST6 and ST7 
are mainly found in birds and cattle (ST6). ST8 has been recognized in marsupials, 
different species of captive primates and their caretakers. These rarer subtypes in 
humans have been suggested to be of zoonotic derivation, and there is some confir-
mation that ST8 has been found in zookeepers of nonhuman primates [15, 59].

Based on next-generation sequencing [60], Blastocystis co-infection using suitable 
for subtyping (STS) and polymerase chain reaction (PCR) in fecal samples has been 
established. The mixed subtypes most frequently found are ST1 + ST3, ST1 + ST2, 
and ST2 + ST3—Figure 4. A case of co-infection by three different subtypes (prob-
ably from the same strain) was recently described. This assumption is supported by 
the polymorphism observed among the 38 sequences belonging to subtype 3 [44].

2.6.2 Prevalence of Blastocystis subtypes according to geographic region

Blastocystis spp. worldwide prevalence is around 25% in humans [45], with a 
marked superiority in some developing countries with an approximate prevalence of 
55–100% [28], while in developed countries, the prevalence reported is 10–15%; this 
difference has been attributed to hygiene levels and the presence or absence of contact 
with animals and contaminated water and food [61]. Blastocystis colonizes between 
one and two million people globally and is one of humans and animals most common 
intestinal parasites. Humans are primarily colonized by subtypes 1–4, but the relative 
prevalence of these subtypes appears to differ substantially between regions [23]. 
According to reports, in Europe, ST1–4 are found more frequently and specifically in 
the North and South America, since a higher prevalence was found subtypes (ST1–3). 
The countries with greater variety of these subtypes are the United States, Brazil, and 
Colombia, with 14, 9 and 8 subtypes, respectively [59].

2.6.3 Differences between subtypes

Currently, the Blastocystis’s subtype is the most accepted approach to explain its 
pathogenicity Blastocystis [62]. Also, intrasubtypic variations have been observed, 
thus suggesting that not all strains of a particular subtype are pathogenic and that the 
subtype does not predict pathogenicity [50].
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Subtype 3 (ST3) is one of the most common in humans, as well as the most 
frequently found in fecal samples from patients with both gastrointestinal and 
dermatological clinical manifestations (urticaria) [62]. About the pathogenicity of 
ST4, in a meta-analysis that included studies from Europe, Asia, Africa, and South 
America this subtype has a much higher global sequence conservation than the others. 
Furthermore, heat shock proteins (such as 0PHA3 and KOG3047, a ubiquitously 
expressed prefoldin-like chaperone) and cytosolic Ca2+ ion-dependent cysteine 
proteases (such as KOG0045, which is a cysteine-like peptidase similar to calpain) 
were found in the ST4 genomes that were not present in other ST genomes, which may 
represent virulence factors unique to ST4 [63]. The activities of cysteine proteases 
in ST4 and ST7 isolates have shown significant variations, which may be one of the 
reasons for the differences in their virulence [10]. Several studies worldwide have 
demonstrated that ST5 is derived from animals since it has been found in people who 
live in rural areas and have close contact with animals. In addition, poor hygiene plays 
a vital role in contagion [62, 64].

About subtype 7 (ST7), in vitro assays revealed that this subtype caused altera-
tions in the intestinal epithelial barrier by altering binding proteins such as occludin 
and zonula occludens-1 (ZO-1) [38], which was associated with greater adhesiveness 
to intestinal epithelial cells and more significant cysteine protease activity than ST4. 
In the same study, histopathological results showed that mice infected with ST7 had 
more colon damage and ulceration than control mice [32]. Also, it has shown that 
ST7 in isolate H (with greater adhesiveness than other isolates) binds preferentially to 
colonic tissue concerning the cecum and terminal ileum. ST7 has also been associated 
with more significant colonization of other parasites [60]. Furthermore, comparing 
sensitivity and resistance to certain antibiotics showed that ST7 has greater resistance 
to metronidazole than ST4 whereas it has greater sensitivity to emetine than ST4 [61]. 
In ST7, the 0IZK7 Cystatin B has a potential role in parasitic cysteine protease func-
tion and inhibition of host proteases; this protein is also present in ST2 but not in ST1, 
ST3 and ST4 [62].

2.6.4 Distribution of subtypes in children from different countries

With the advent of new-generation sequencing (Figure 2), since 2020, more 
Blastocystis subtypes have been identified; for example, in North Thailand the child 
population in rural areas, which is a vulnerable group to poverty and poor sanita-
tion conditions (Table 1). The authors suggest that the main transmission routes 
of Blastocystis to humans are soil and water [11]. Contrary to another study in the 
Thai-Myanmar Border, Ratchaburi Province (Thailand) in the same year, 2023 [69], 
in which the prevalence of Blastocystis was very low (3.35%). In Thailand, Blastocystis 
infection rates are 0.7–45.2% in school-age children, and the highest rates are found 
in young children living in orphan homes in Pathum Thani province; this is consistent 
with several studies that mention that the prevalence of Blastocystis is higher in devel-
oping countries where the prevalence reaches 100% [28]. This is the case in children 
in Senegal, where open defecation of the population of these regions is attributed to 
the lack of latrines and water. Conversely, data on the prevalence and distribution of 
Blastocystis subtypes remain scarce in Africa; however, a multicenter study in 2020 
with a total of 731 stool samples collected from healthy children living in 10 villages in 
the region northwest of Senegal showed significant variation of Blastocystis infections 
between villages from 51.7 to 100%, the overall prevalence was 80.4% and mixed 
infections 23%, the possible potential sources of transmission in this population are 
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suggested to be person-person transmission, zoonotic and transmission through 
contaminated water, also, this is the first report of subtype 10 and 14 in humans [28].

In Latin America, in a study carried out in Colombia in a child population that 
attended daycare centers in Medellín, where the population was urban, the global 
prevalence of Blastocystis was 36.6% by microscopy and 58.2% by polymerase chain 
reaction (PCR); this is the first report of subtype 16 identification in humans [13]. 
In other studies in rural areas of Panama and Mexico, the prevalence of Blastocystis 
was of 74.2% and 44.0%, respectively. Additionally, in apparently healthy school-
aged children in Panama, Blastocystis subtype infection was not associated with 
gastrointestinal symptoms except for diarrhea in these children [27]. In children from 
Mexico, the frequency of Blastocystis subtypes was related to ingesting contaminated 
foods such as sweets, snacks, and artisanal foods at food stalls [24]. As previously 
described, the child population in developing countries is the most affected by 
Blastocystis infection. The studies in the child population aim to understand the 
dynamics of transmission and its consequences for the health of this group. In this 
regard, the relationship between age and epidemiological and molecular characteriza-
tion of Blastocystis infection is vital since the lack of information of long-term parasite 
stability in asymptomatic children makes it difficult to interpret the transmission and 
pathogenesis (Table 1).

2.6.5 Association of Blastocystis and the gut microbiota

The association of Blastocystis and the fecal microbiota in children has been 
little studied; recently a study with 57 samples of school-age children in Colombia 

Figure 2. 
Next generation sequencing method for the subtyping of Blastocystis. Next-generation sequencing (NGS) in the 
context of barcoding refers to applying high-capacity DNA sequencing technologies to identify and characterize 
multiple species, in this case, those of Blastocystis, using genetic barcodes. This involves the massive generation of 
DNA sequences from multiple samples simultaneously.
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showed that the composition of the intestinal bacterial community was not different 
between colonized children and those not colonized by Blastocystis; however, a greater 
microbial richness was observed in the fecal microbiota of children colonized by 
Blastocystis, Firmicutes was the most predominant phylum in both groups, and a more 
significant proportion of Bacteroidetes was found in children not colonized [36].

A previous study in 2016 with subjects aged 9 to 70 years found a higher relative 
abundance of Bacteroides in Blastocystis-negative samples and a low abundance of 
Prevotella and a higher abundance of the Clostridial group XIVa in Blastocystis-
negative samples. Blastocystis is associated with fecal microbiota characterized by 
low relative abundances of Bacteroides, Clostridial group XIVa, and high levels of 
Prevotella [71].

3. Conclusions

The studies described above aim to understand the dynamics of the transmission of 
Blastocystis according to subtypes, and implications on health mainly in children. For this 
reason, it is crucial to characterize Blastocystis infection epidemiologically and molecularly 
to generate conclusive epidemiological information in developing countries. However, 
information on stability and epidemiology in asymptomatic children complicates the 
interpretation of the transmission and pathogenesis of the subtypes of this protozoan. A 
host can harbor more than two subtypes; however, the extent of subtype diversity within 
the host is poorly understood. New studies have emerged in which Blastocystis is consid-
ered a member of the healthy intestinal microbiota. This disparity is suggested to be due 
to the high variability between subtypes and host immunity, so it is necessary to know 
and evaluate the diversity of Blastocystis subtypes; this is crucial to understanding the 
epidemiology and sources of transmission to humans and, subsequently, depending on 
the patient’s symptoms, give appropriate treatment. It is crucial to investigate the altera-
tions in the structure of the gut microbiota related to the presence of Blastocystis.
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Chapter 7

Intestinal Tapeworm (Cestode)
Samatar Abshir Mahamed

Abstract

Adult tapeworms, known as cestodes, reside in the small intestine where they 
feed off the host’s food. They are attached to the intestinal wall by a structure called 
the scolex, which is connected to a chain of segments known as proglottids that 
make up the strobila. Each proglottid contains both male and female reproductive 
systems and are categorized as immature, mature, or gravid based on their stage of 
development. Gravid proglottids are found at the end of the strobila and contain a 
fully developed uterus filled with eggs, which is often used for identification pur-
poses. The eggs and the scolex can also be used to identify the specific species of the 
tapeworm. Cestodes have complex life cycles that involve intermediate and definitive 
hosts. In some cases, humans can be the definitive hosts with adult worms living in 
the intestine (Diphyllobothrium latum, Taenia saginata, Hymenolepis diminuta, and 
Dipylidium  caninum), while in other cases humans can serve as both the definitive and 
intermediate hosts (T. solium and H. nana). Tapeworms have been documented as far 
back as 1500 BC and are among the oldest known human parasites. The prevalence of 
human intestinal tapeworms is not well understood, but it is estimated that millions 
of people are infected with various species of tapeworms. While the presence of 
adult tapeworms in the intestine is not typically life threatening, infection with larval 
tapeworms can be serious and potentially fatal.

Keywords: intestine, tapeworm, cestode, parasite, taeniasis

1.  Introduction

Tapeworms are flatworms that live in the intestinal tracts of their hosts. Beyond 
depriving their hosts of certain micronutrients, like vitamins, adult tapeworms do 
little harm to their hosts. The size of adult tapeworms ranges from 0.04 inches to 
50 feet long, and they are visible to the unaided eye. Cestodiasis is the name for a 
tapeworm infection. Tapeworms are flatworms that live in the digestive tracts of 
their hosts. They are classified into two orders: Pseudophyllidea and Cyclophyllidea. 
The heads (scolex), neck, and proglottids (strobila) are the three components that 
make up an adult worm. Succkers or grooves, depending on the order, can be found 
on the scolex, the organ that attaches to the intestinal mucosa. New proglottids form 
in the growth region of the neck. The proglottids are divided into three segments: 
premature, adult, and gravid, with the gravid segment containing eggs in the uterus. 
Tapeworms possess both male and female reproductive systems in every segment, 
making them hermaphrodites. They lack bodily cavities or alimentary canals, through 
which nutrients are absorbed by their outer layer. The two orders of tapeworms, 
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Cyclophyllidea and Pseudophyllidea, differ in terms of their eggs. Cyclophyllidea eggs 
contain hexacanth embryos equipped with hooklets, while Pseudophyllidea eggs have 
operculums (Table 1) [1].

2.  Diphyllobothrium latum

D. latum is a member of the group of tapeworms known as pseudophyllideans. 
One distinguishing feature of this group is the presence of two bothria, or sucking 
organs, on the scolex [1]. This is in contrast to the Taenia tapeworms, which have a 
scolex with four suckers. The common name for D. latum is fish tapeworm or broad 
tapeworm (Table 1) [2].

2.1  Distribution

This disease is prevalent worldwide.

2.2  Predilection site

In the human small intestine, the ileum is where the adult worm is normally found.

2.3  Morphology

Adults can reach a length of 10 m or more and have up to 3000 proglottids inside 
of them [3]. This is the biggest tapeworm that lives in the human small intestine. 
The spoon-shaped, elongated scolex of D. latum measures approximately 2–3 mm 
in length and 1 mm in width. It features two long sucking grooves (Figure 1a), one 
on the ventral surface (bothria) and the other on the dorsal surface. The neck lacks 
segmentation and is thin. Strobila is made up of approximately 3000–4000 proglot-
tids [3]. The width of a plottid is greater than its length (Figure 1b). Midventrally, 
the genital pores open. The egg has a thick, light brown shell and is roughly ovoid, 
measuring 65 by 45 μm (Figure 1c). At one end, it has an operculum. It grows fully in 
freshwater and is excreted in feces [5]. Humans are not infected by the egg [2].

Figure 1. 
Diphyllobothrium latum. (a) Scolex, (b) gravid proglottids, (c) egg [4].
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2.4  Life cycle

(1) Infected humans excrete feces that contain immature eggs. Secondly, eggs 
develop in water. (3) Crustaceans consume the coracidia after they hatch from their 
eggs. (4) The body cavity of crustaceans is where procercoid larvae develop. (5) 
Procercoid larvae become plerocercoid larvae after being eaten by small freshwater 
fish that have come into contact with the contaminated crustaceans. (6) Small 
infected fish are eaten by predator fish. (7) Humans become infected when they 
consume raw or undercooked fish that is contaminated with pleurocercoid larvae. 
In the small intestine, adults develop. (9) Immature eggs released by proglottids are 
excreted in the feces. In the body cavity of crustaceans, procercoid larvae develop. (5) 
When an intermediate host, such as fish, reptiles, or amphibians, consumes infected 
crustaceans, the procercoid larvae transform into plerocercoid larvae. (6) Predators, 
including dogs and cats, consume the infected second intermediate host. (7) The 
small intestines of dogs and cats are where plerocercoid larvae mature into adults. Of 
procercoid larvae in crustaceans or plerocercoid larvae in second intermediate hosts, 
or the application of raw poultices made of second intermediate hosts containing 
plerocercoid larvae for medicinal purposes on open wounds, lesions, or the eyes, can 
result in infection in humans (Figure 2) [4].

2.5  Pathogenesis and clinical symptoms

In the human gut, the second intermediate host—amphibians, reptiles, and fish—
releases the sparganum, or plerocercoid larvae. Infected water can also infect humans 

Figure 2. 
Life cycle of Diphyllobothrium latum [4].
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if they consume cyclops that contain procercoid larvae. The larvae of procercoid will 
mature into plerocercoid larvae, which will migrate to other organs and subcutane-
ous tissue after penetrating the intestinal wall. Early migration phases do not cause 
any symptoms. As it reaches its destination, it starts to spread and inflame the tissues 
around it, causing pain. No encyst occurs in the larvae. The organs or tissues that are 
affected by sparganosis determine its clinical features, which can include subcutane-
ous nodules, periorbital edema, seizures, parasthesias, and hemiparesis in the central 
nervous system [6]. While Intestinal obstruction is a possible presentation in some 
patients, infections can also be asymptomatic [2]. The typical symptoms include 
anemia, weakness, diarrhea, nausea, and abdominal pain [7, 8]. The worms reside 
in the ileum, which is also the site of vitamin B12 absorption. It can cause anemia by 
competing with the host for vitamin B12 [3].

2.6  Diagnosis

2.6.1  Microscopical examination

Typically, the diagnosis is made after the proglottids, or characteristic eggs, have 
been recovered and identified [3]. The operculum should be visible after closely 
examining the eggs. Tapping on the wet preparation’s coverslip can cause it to pop 
open if it is difficult to see. To make the operculum easier to see, the light should be 
turned down a little. Proglottids are frequently passed in chains that range in length 
from a few inches to several feet. Furthermore, the uterine structure is visible in the 
center of the gravid proglotids, which are significantly wider than long (rosette).

2.6.2  Molecular diagnoses

PCR analysis of clinical specimens [9].
There is no risk of cysticercosis from handling the specimens, but all fecal speci-

mens should be handled carefully as they may contain other organisms that could be 
infectious.

2.7  Treatment

Oral praziquantel (5–10 mg/kg in one dose) [10]. Anemia caused by a vitamin B12 
deficiency should be treated with parenteral vitamin B12 [3].

2.8  Prevention and control

1. Cook fish properly

2. Deep freeze fish at −10°C for 24–48 hours

3. Maintain proper hygiene

4. Periodically deworm pets like cats and dogs.

5. Treat infected cases
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3.  Taenia saginata and Taenia solium

Beef tapeworm (Taenia saginata) and pork tapeworm (Taenia solium) are common 
intestinal parasites [1].

3.1  Distribution

Worldwide distribution is observed for Taenia saginata and Taenia solium [11].

3.2  Predilection site

Both Taenia saginata and Taenia solium adult worms reside in the human small 
intestine.

3.3  Morphology

The adult Taenia saginata is segmented and flattened dorsoventrally, with a length 
of 5–10 m. With four suckers for attachment, T. saginata’s scolex has a diameter of 
approximately 1–2 mm. There are no hooklets or rostellum on the scolex (Figure 3A). 
The shape of the neck is long and narrow. There are 1000–2000 proglottids in each 
strobila. They have the characteristics of a hermaphrodite. The lateral branches of 
each gravid segment range from 15 to 30, and each gravid segment is roughly 20 mm 
in length and 5 mm in width (Figure 3a). The segments of gravid material separate 
and exit separately through the anus of the host. It is possible to see the gravid seg-
ment moving actively. Both T. solium and T. saginata have identical eggs. They have a 
diameter of 31–43 μm, are brown, and are spherical. As shown in Figure 3, the shell 

Figure 3. 
Taenia sp. egg. (A) Scolex of T. saginata. Note the four large suckers and lack of rostellum and rostellar hooks. (a) 
Mature proglottid of T. saginata. (B) Scolex of T. solium. Note the four large suckers and rostellum containing two 
rows of hooks. (b) Mature proglottid of T. solium [12].



131

Intestinal Tapeworm (Cestode)
DOI: http://dx.doi.org/10.5772/intechopen.1004926

has striating radially. Six hooklets are present in the embryo (oncosphere). The larva 
of Taenia saginata is called Cysticercus bovis. The stage at which humans are infected is 
the larva. It is a single perforated scolex (bladder worm) inside a milky-white, ovoid, 
fluid-filled, opalescent vesicle that measures approximately 5 by 10 mm in diameter. 
Infected cattle’s muscles contain cysticerci. In the contaminated beef (measly beef), 
they are obscenely visible as white dots. At 2–3 meters in length, the mature T. solium 
is segmented and flattened dorsoventrally. T. solium has four suckers on its scolex, 
which has a diameter of approximately 1 mm. A rostellum and hooklets are present 
on the scolex (Figure 3B). It has a short neck. Less than 1000 proglottids make up the 
strobila. Each gravid segment has seven to thirteen lateral uterine branches, and they 
are roughly 12 mm long and 6 mm broad (Figure 3b). They possess hermaphrodite 
properties. Through the host’s anus, the gravid segments are released in chains. The 
human-infecting form of T. solium is known as Cysticercus cellulosae, which is also 
its larval form. Both in humans and in pigs, it can develop in different organs. It 
resembles Cysticercus bovis in morphology. The adult scolex of Taenia solium and the 
invaginated scolex of Cysticercus cellulosae share a similar morphology [1].

3.4  Life cycle

The life cycle is depicted in Figure 4 (1). Infected humans excrete eggs or gravid 
proglottids. (2) Ingestion of vegetation contaminated with eggs or gravid proglot-
tids causes infection in cattle (Teania saginata) and pigs (Taenia solium). (3) After 
emerging from the eggs, oncospheres pass through the intestinal wall and travel to the 
muscles, where they mature into cystcerci. (4) Humans become infected by consum-
ing raw or undercooked infected meat containing larvae. The larvae. (5) In the human 

Figure 4. 
Life cycle of Taenia saginata and T. solium [12].
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small intestine, the larvae mature into adult tapeworms. (6) The tapeworm’s head, or 
scolex, adheres to the small intestine mucosa [1, 13].

3.5  Pathogenesis and clinical symptoms

T. saginata and T. solium cause intestinal taeniasis. Symptomatic infection leads 
to nausea, diarrhea, indigestion, weight loss, and vague abdominal pain. The larval 
stages of T. solium (cysticercus cellulosae) cause cysticercosis [11, 14]. Humans 
become infected after consuming T. solium eggs in contaminated food or water. It can 
affect any organ or tissue, but the brain, eyes, and subcutaneous tissues are the most 
commonly affected. Except in the eye and brain ventricles, the cysticercus is encased 
in a fibrous capsule. The cellular response induced by degenerating larvae involves 
neutrophils, eosinophils, lymphocytes, and plasma cells. Calcification results from 
the subsequent fibrosis and larval death. The affected site influences the clinical signs. 
Acute myositis is the symptom of muscular cysticercosis; subcutaneous nodules are 
usually asymptomatic. The most prevalent and dangerous type, known as neurocys-
ticercosis (brain cysticercosis), results in adult-onset epilepsy [15]. Another common 
condition is headaches. Vision loss or blurriness are common symptoms of ocular 
cysticercosis [16].

3.6  Diagnosis

Specimen: blood, muscle tissue, CSF, and feces.

1. Macroscopic examination: Specimen examined for segments or proglottids. Dark 
yellow feces contrast sharply with the whitish segment. Identification of distinct 
eggs, gravid proglottids, or scolex (Taenia soluim has a row of hooks, whereas 
Taenia saginata does not) in feces. Acid-fast staining can be used to diagnose the 
species because the eggs of T. soluim and T. saginata are similar. While T. saginata 
eggs are acid-fast, T. soluim eggs are not [13, 14].

2. Antigen detection: Employed for screening intestinal taeniasis. Polyclonal antisera 
is used in ELISA to capture antigens.

3. Serodiagnosis: Anti-cysticercus antibodies in serum or CSF are found via serologi-
cal tests. ELISA and immunoelectrotransfer blot were employed [14].

4. Histopathological diagnosis: NCC is diagnosed by demonstrating cysticerci in 
brain biopsy tissue. Skeletal cysticercosis is diagnosed by histological examina-
tion of biopsy [13].

5. Imaging: X-rays and CT scans are used to detect dead, calcified, and multiple 
cysts in different body regions. MRI shows mural nodules as pathognomonic for 
NCC [13–15].

6. Other tests: Elevated CSF protein levels and lymphocytosis are commonly observed 
in neurocysticercosis. Glucose levels may be low. Eosinophils in CSF are common 
but nonspecific [17].
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3.7  Treatment

Praziquantel (5–10 mg/kg orally, given as a single dose) is the recommended treat-
ment for intestinal taeniasis. An alternative would be to take 2 g of niclosamide orally 
in one dose [16]. When cysts are accessible, excision is the most effective treatment 
for cysticercosis. For cerebral cysticercosis, two possible treatments are albendazole 
(15 mg/kg daily, up to 800 mg/day for 8 days) and praziquantel (50 mg/kg in three 
divided doses daily for 15 days). To lessen inflammatory responses brought on by 
dead cysticerci, corticosteroids may be given in combination with albendazole or 
praziquantel. It is necessary to administer antiepileptic medications. Hydrocephalus 
requires surgical intervention [18].

3.8  Prevention and control

1. Ensuring that beef and pork are cooked thoroughly.

2. Maintaining proper sanitation practices.

3. Practicing good personal hygiene.

4. Avoiding eating raw veggies cultivated in contaminated soil to stop cysticercosis 
from developing.

5. Treat individuals with Taeniasis solium, as they are at risk of developing cysticer-
cosis through self-infection.

4.  Taenia saginata asiatica (Asian Taenia or Taenia asiatica)

There is a close relationship between Taenia saginata asiatica and T. saginata. 
Though it is smaller in size, its morphology is similar to that of T. saginata. Its interme-
diate host is the pig, and its cysticerci are mostly found in the pig’s liver. Treatment, 
diagnosis, and clinical characteristics are comparable to T. saginata.

4.1  Distribution

Taenia saginata asiatica is found mainly in Asia. Originally identified as Taiwan 
Taenia sp., this cestode was initially found in Taiwanese aboriginal people [19].

4.2  Predilection site

The human intestine and the liver of pigs and wild boars are the sites of T. asiatica 
infection.

4.3  Morphology

Similar to other species of taenia, the eggs of T. asiatica measure 30–35 microme-
ters in diameter and have radial striations (Figure 3). The oncosphere inside the eggs 
has six refractile hooks. The scolex of T. asiatica has rudimentary hooklets arranged 
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in a wart-like formation. The proglottids of T. asiatica resemble those of T. saginata 
and have more than 12 primary uterine branches (Figure 3A) [12]. T. asiatica larvae 
develop in the liver of pigs, cattle, and goats, not in their muscles like T. saginata or T. 
solium. The mature worm in T. asiatica still has an armed protoscolex, but the hook-
lets are absent; unlike T. saginata, the adult T. asiatica worm is smaller, measuring 
4 to 8 m long and having 300 to 1000 proglottids. Furthermore, the cysticerci of T. 
asiatica are significantly smaller, with dimensions of approximately 0.5 to 1.7 mm by 
0.5 to 2.0 mm, compared to T. saginata or T. solium. mm by 0.5 to 2.0 mm, compared 
to T. saginata or T. solium [2].

4.4  Life cycle

Although T. asiatica cysticerci are smaller and form in the liver of pigs, cattle, and 
goats rather than the muscles of cattle like T. saginata or T. solium, their life cycle is 
similar to that of T. saginata (Figure 4) [12].

4.5  Pathogenesis and clinical symptoms

Generally, taeniasis brought on by T. solium or T. saginata is characterized by 
mild, nonspecific symptoms [20]. Many individuals with taeniasis asiatica also do 
not experience symptoms and only become aware of the infection when they pass 
proglottids in their feces. Even though there are no symptoms, patients infected with 
the tapeworm can experience emotional distress for a prolonged period while expel-
ling the proglottids. When taeniasis asiatica is symptomatic, it exhibits similar mild 
and nonspecific signs. Some of the main clinical symptoms include the shedding of 
proglottids in the stools, abdominal pain, nausea, diarrhea, constipation, dizziness, 
increased appetite, headache, and itching around the anus [2].

4.6  Diagnosis

The diagnosis of T. asiatica and T. saginata is challenging due to their similar 
morphologies [17]. Previously, diagnosing human intestinal taeniasis relied on finding 
bile-stained eggs and gravid proglottids in the feces. However, recent studies suggest 
that microscopic examination alone is not reliable for distinguishing T. saginata from T. 
asiatica due to their similarities [16]. This raises the possibility that the true prevalence 
of T. asiatica may be underestimated. To address this, newer and more reliable detec-
tion methods, such as serological and molecular techniques, have been developed.

4.7  Treatment

Praziquantel or niclosamide are recommended for treating taeniasis. The adult 
worm is eliminated using the same treatment strategy that is employed for T. solium 
and T. saginata. Generally, therapy is highly effective. Retreatment is required if 
proglottids reappear in the stool or emerge from the anus [16].

4.8  Control and prevention

1. Ensure thorough cooking of pig liver.

2. Practice proper sanitation.
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3. Maintain good personal hygiene.

4. Treat individuals with T. asiatica to prevent self-infection and the development 
of cysticercosis

5.  Hymenolepis nana

H. Nana has been referred to as the dwarf tapeworm. The life cycle does not 
require an intermediate host.

5.1  Distribution

Its distribution is worldwide. Infection is most prevalent in children.

5.2  Predilection site

Adult worms live in the ileum of humans.

5.3  Morphology

Morphologically, Hymenolepis nana is the smallest cestode that can infect humans. 
The adult worm is less than 1 mm thick and ranges in length from 5 to 45 mm. It has 
a retractile rostellum with a single row of hooklets and a scolex with four suckers 
(Figure 5A). With a narrow neck, the worm has a strobila made up of at least 200 
proglottids, which are wider than they are long. The uterus has three round testes. 
Gravid segments disintegrate to release eggs into the intestine. The eggs are roughly 
spherical or ovoid, approximately 30–40 μm in size. They have an inner embryophore 
that encloses the hexacanth oncosphere and a thin outer membrane (Figure 5B). 
Between the two membranes, there are 4–8 thread-like polar filaments that arise 
from two knobs on the embryophore. Eggs are immediately infectious when passed in 
feces [20].

Figure 5. 
(A) Scolex of H. nana. H. nana Egg in an unstained formalin ethyl acetate (FEA) wet mount is shown in  
(B) Four of the oncosphere hooks can be seen clearly in this image [21].
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5.4  Life cycle

(1) Infected humans pass out embryonic eggs in their feces. (2) Insects (flea, 
beetle) ingest the eggs and develop into cysticercoid larvae. (3) When humans or 
rodents consume arthropods contaminated with cysticercoid mites, they become 
infected. (4) Consuming embryonated eggs from contaminated food, water, or hands 
can also expose humans to infection. (5) In the intestinal villus, the egg hatches and 
releases an oncosphere that matures into a cysticercoid. (6–7) The larva develops into 
an adult worm after emerging from the villus in the small intestine lumen. The adult 
worm’s scolex is attached to the small intestine’s ileal region. (8) The gravid proglot-
tids release the eggs, which are then excreted in feces (Figure 6) [21].

5.5  Pathogenesis and clinical symptoms

In humans, adult H. nana worms mainly reside in the upper section of the 
ileum. A H. nana infection may be asymptomatic, even if there is a high number 
of worms present [22]. Symptoms that can occur include headache, Anal pruritus, 
dizziness, loss of appetite, abdominal pain, diarrhea, and possible irritability, 
particularly when there are 1000 to 2000 worms [22, 23]. Some patients may expe-
rience mild eosinophilia (5% or more). Young children with severe infections may 
have loose stools or diarrhea with mucus. The most common symptom reported is 

Figure 6. 
Life cycle of Hymenolepis nana [21].
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persistent, widespread abdominal pain [24]. Heavy infections in humans can be 
caused by internal autoinfection, where the eggs hatch in the intestine and com-
plete the normal life cycle to become adult worms. This feature of the life cycle can 
lead to complications in individuals with weakened immune systems [25].

5.6  Diagnosis

1. Adult worms or proglottids are seldom observed in stool samples.

2. Microscopic examination: the presence of characteristic eggs with a thin shell, a 
six-hooked oncosphere, and polar filaments confirms the infection

3. Egg morphology is best observed in fresh specimens or those preserved in 
formalin-based fixatives.

4. It is important to note that works against the intestinal villi’s cysticercoids as well 
as the adult worms. The eggs are infectious, so caution should be exercised when 
handling unpreserved stools.

5.7  Treatment

The preferred treatment is praziquantel (25 mg/kg in a single dose). It acts both 
against the adult worms and the cysticercoids in the intestinal villi. Nitazoxanide is an 
alternative drug [23].

5.8  Prevention and control

1. Maintain good personal hygiene.

2. Ensure proper sanitation practices.

3. Steer clear of consuming food and water that may be contaminated by fleas or 
beetles.

4. Implement effective rodent control methods.

6.  Hymenolepis diminuta

H. diminuta is rarely found in humans, despite being frequently found in rats and 
mice.

6.1  Distributions

H. diminuta has a worldwide distribution.

6.2  Morphology

In terms of morphology, H. diminuta differs from H. nana in that the scolex of 
H. diminuta lacks hooks on the rostellum. It is common to find multiple worms, each 
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shorter in length than a single worm. While some adult worms (measuring 20 to 
60 cm long) may occasionally be passed in the stool, eggs are usually obtained and 
identified. These eggs resemble those of H. nana, but they are larger and measure 
between 60 and 79 μm. They contain a six-hooked oncosphere and a clear area 
without polar filaments, unlike H. nana, which has polar filaments that arise from 
polar thickenings. This area in H. diminuta contains a gelatinous matrix (see Figure 7) 
[21, 26].

6.3  Life cycle

The eggs of Hymenolepis diminuta, a parasite found in rodents and humans, are 
passed out through feces. (1). These mature eggs are consumed by intermediate 
hosts like arthropods. (2). once ingested, oncospheres are released from the eggs and 
penetrate the host’s intestinal wall (3). Then they develop into cysticercoid larvae. 
Tribolium species commonly serve as intermediate hosts for H. diminuta. Mammals 
become infected with H. diminuta by ingesting an intermediate host carrying the 
cysticercoid larvae (4). Humans can accidentally contract the infection by ingesting 
insects present in precooked cereals, other food items, or directly from the environ-
ment (especially children exploring orally). After ingestion, the arthropod tissue is 
digested, releasing the cysticercoid larvae in the stomach and small intestine. Shortly 
after being released, the larvae evaginate their scoleces. (5). Using the scolex’s four 
suckers, the parasite attaches to the small intestine wall. Within 20 days, the parasites 
mature and can grow up to an average length of 30 cm. (6). Gravid proglottids in the 
small intestine release eggs (7), which are expelled into the environment through the 
mammalian host’s feces (Figure 8) [21].

6.4  Pathogenisis and clinical symptoms

Most tapeworm infections in humans are typically well-tolerated, often without 
any noticeable symptoms. While the majority of infections have been observed in 
children under the age of 3, cases of infected adults have also been documented. In 
some instances, symptoms such as diarrhea, loss of appetite, nausea, headaches, and 
dizziness have been reported, primarily in children with severe infection [2].

Figure 7. 
Egg of H. diminuta in a wet mount stained with iodine. Four of the hooks are visible at this level of focus [21].
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6.5  Diagnosis

1. Although human infection is uncommon, it can be diagnosed by recovering and 
identifying the distinctive eggs, which have a thin shell, a six-hooked onco-
sphere, and no polar filaments.

2. As part of proficiency testing programs, laboratories may occasionally receive 
these eggs for identification, and it is crucial to distinguish them from H. nana 
eggs.

3. Unlike H. nana eggs, the eggs of H. diminuta are not contagious between 
individuals.

6.6  Treatment

Praziquantel is recommended as a single dose of 5 to 10 mg/kg of body 
weight [27].

6.7  Prevention and control

To prevent the infection, it is advised to avoid accidentally ingesting intermedi-
ate arthropod hosts. Implementing rat control programs may also reduce the risk of 
human exposure.

Figure 8. 
Life cycle of Hymenolepis diminuta [21].
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7.  Dipylidium caninum

This common double-pore tapeworm of dogs and cats may cause human infection, 
mainly in children.

7.1  Distribution

Dipylidium caninum is distributed globally.

7.2  Predilection site

The adult tapeworm resides in the small intestine of the host.

7.3  Morphology

The adult intestinal worm measures approximately 10–70 cm in length. Its scolex 
features four prominent suckers and a retractable rostellum with up to seven rows of 
spines (Figure 9B). It consists of 60–175 proglottids that resemble melon seeds. Each 
mature proglottid has two genital pores, one on each side. Gravid proglottids, which 
contain egg packets enclosed in capsules, are released through the host’s anus indi-
vidually or in clusters (Figure 9B) [2, 21, 28, 29].

7.4  Life cycle

(1–2) Eggs or proglottids from dogs and cats are consumed by larvae of dog fleas 
(Ctenocephalides canis) and cat fleas (C. felis). (3) Oncospheres hatch and enter the 
intestinal wall, developing into cysticercoids in the body cavity of the flea larvae. 
(4) Adult fleas carry the infectious cysticercoids. (5–7) Definitive hosts, including 
humans, become infected by ingesting fleas that contain cysticercoids. (8) The adult 
worm develops with its scolex attached to the small intestine (Figure 10) [28].

Figure 9. 
(A) D. caninum scolex. (B) D. Caninum proglottid partially cleared with lactophenol, showing eggs and egg 
packets [28].
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7.5  Pathogenesis and clinical symptoms

It is possible for gravid proglottids to actively migrate out of the anus. Human 
infections are usually asymptomatic. Some patients may experience abdominal pain, 
diarrhea, or anal pruritus.

7.6  Diagnosis

1. The diagnosis is often made using highly distinctive egg packets.

2. The shape of the proglottids (rice grains when dry, cucumber seeds when fresh) 
and the presence of recoverable egg packets from a ruptured proglottid are used 
to identify them.

7.7  Treatment

The drug of choice is praziquantel (5–10 mg/kg orally in a single-dose therapy).

7.8  Prevention and control

1. Regular deworming of infected dogs and cats

2. Prevention of flea infestation to avoid reinfection of the animals

3. Treating affected cases.

Figure 10. 
The life cycle of Dipylidium caninum [28].
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Abstract

Neurocysticercosis presents a formidable global health challenge. This parasitic 
infection induces cystic lesions, primarily in the brain and spinal cord, leading to 
neurological symptoms and complications. Global prevalence varies, driven by 
socioeconomic conditions, cultural practices, and dietary habits, particularly in 
low and middle-income countries. Diagnosis remains challenging, relying on clini-
cal, serological, and neuroimaging findings, with advanced tools like CT and MRI 
scans enhancing accuracy. Treatment strategies involve antiparasitic medications, 
anti-inflammatory drugs, and surgical interventions. Ongoing research explores 
innovative diagnostics and treatments, emphasising a comprehensive, individualised 
approach. A One Health approach, integrating human, animal, and environmental 
health, is crucial for effective prevention. Exploring the socioeconomic impacts, ethi-
cal considerations, and technology integration, including telemedicine, is paramount. 
Understanding cultural factors influencing healthcare-seeking behaviour contributes 
to culturally sensitive interventions. Technology integration can improve diagnostic 
capabilities and healthcare access, especially in regions with limited resources.

Keywords: neurocysticercosis, Taenia solium, central nervous system, diagnosis, 
treatment, epidemiology

1. Introduction

Neurocysticercosis is a formidable intersection of parasitology and neurology, 
presenting a global health challenge [1]. This condition arises from the infestation of 
the central nervous system by the larval form of Taenia solium, the pork tapeworm 
[2]. Neurocysticercosis is a parasitic infection caused by the cysticerci of Taenia 
solium, primarily found in pork [3]. Upon ingesting undercooked or raw infected 
pork, humans become inadvertent hosts to the tapeworm larvae [4]. The larvae then 
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migrate to various tissues, with the central nervous system being a prime target [5]. 
The resulting neurocysticercosis manifests as cystic lesions in the brain, spinal cord, 
or other neural tissues, leading to neurological symptoms and complications [6].

The impact of neurocysticercosis on the central nervous system cannot be over-
stated. Cysticerci in neural tissues triggers inflammatory responses and immune 
reactions, culminating in neurological symptoms such as seizures, headaches, and 
cognitive impairments [7]. The significance of this parasitic infection extends beyond 
its immediate clinical manifestations, as it poses substantial challenges to public 
health systems, particularly in regions where the disease is endemic [8]. Moreover, 
neurocysticercosis is a leading cause of acquired epilepsy worldwide. The burden of 
neurological sequelae resulting from this parasitic infection emphasises the necessity 
for advancements in diagnosis and treatment strategies [9]. Addressing neurocysti-
cercosis not only requires a comprehensive understanding of its pathogenesis but also 
necessitates a holistic approach to mitigate the socio-economic impact on affected 
communities [10].

The link between the tapeworm Taenia solium and neurocysticercosis underscores 
the importance of studying this parasitic infection’s intestinal and neurological 
aspects [11]. The life cycle of T. solium involves a complex interplay between humans 
and pigs [12]. Understanding the dynamics of the tapeworm’s transmission from 
the intestines to the central nervous system sheds light on potential intervention 
points for preventing and treating neurocysticercosis [13]. This chapter explores the 
intestinal relationship between Taenia solium and neurocysticercosis, exploring the 
pathways of transmission, risk factors, and preventive measures.

2. Epidemiology

2.1 Global prevalence and distribution

Neurocysticercosis exhibits a notable global prevalence, with specific regions 
experiencing a disproportionately high incidence. According to the World Health 
Organisation, neurocysticercosis affects around 50 million people worldwide and is 
a major cause of epilepsy and seizures across the globe [14]. The disease is associated 
with poor sanitation and is highly prevalent in Sub-Saharan Africa, Latin America 
and Asia [15]. Endemic hotspots include areas with poor sanitation and limited access 
to healthcare, particularly in low and middle-income countries. Latin America, 
sub-Saharan Africa, Southeast Asia, and parts of India have been identified as regions 
with a high prevalence of neurocysticercosis [16]. Within these areas, the transmis-
sion dynamics of Taenia solium, the causative agent, play a crucial role in shaping 
the epidemiological landscape [16]. Various factors contribute to the variations in 
neurocysticercosis prevalence across different regions. Socioeconomic conditions, 
inadequate sanitation infrastructure, and limited resources for public health interven-
tions create an environment conducive to transmitting the parasite [17]. Furthermore, 
cultural practices, dietary habits, and local customs can influence the risk of infec-
tion, adding complexity to the epidemiological profile of neurocysticercosis [17].

2.2 High-risk populations

Neurocysticercosis often disproportionately affects individuals in lower socioeco-
nomic strata [3]. Limited access to clean water, sanitation facilities, and healthcare 
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services heightens the risk of infection [6]. Poverty-driven practices such as backyard 
pig farming and consumption of undercooked pork contribute to the prevalence of 
T. solium infestation in these vulnerable populations [9].

Cultural practices, including open defecation and insufficient hygiene practices, 
can facilitate the spread of T. solium eggs [18]. Dietary habits, especially the consump-
tion of raw or undercooked pork in traditional dishes, contribute significantly to the 
transmission of neurocysticercosis. Understanding the interplay between culture, 
lifestyle, and disease transmission is crucial for effective public health interventions.

The ingestion of contaminated food, particularly undercooked pork containing 
viable cysticerci, serves as the primary mode of transmission for neurocysticercosis 
[12]. Improperly cooked pork acts as a vehicle for the tapeworm larvae, initiating 
the cycle of infection when consumed by humans. While less common, person-to-
person transmission of neurocysticercosis can occur in specific circumstances. Poor 
hygiene practices, particularly in settings with inadequate sanitation, may lead to the 
faecal-oral transmission of T. solium eggs, perpetuating the infection cycle within 
communities.

Neurocysticercosis places a considerable burden on healthcare systems, particu-
larly in regions with high incidence. The complex nature of the disease, coupled 
with the neurological complications it induces, demands specialised medical atten-
tion. Diagnostic challenges and the long-term management of affected individuals 
contribute to the strain on healthcare resources. The economic implications of 
neurocysticercosis extend beyond healthcare costs. The disease can lead to productiv-
ity losses due to the chronic nature of neurological symptoms, impacting affected 
individuals’ ability to work. Additionally, public health interventions and preventive 
measures require substantial financial resources, emphasising the economic burden 
of neurocysticercosis.

3. Life cycle of Taenia solium

Taenia solium follows a complex lifecycle primarily involving humans and pigs 
and, less commonly, direct transmission between humans. Upon excretion of gravid 
proglottids or eggs from humans contaminating food and water, these proglottids or 
eggs find their way into the pig intermediate host [19]. When pigs ingest the tape-
worm eggs, the eggs hatch, releasing oncospheres – young organisms encased in an 
embryonic shell [20]. These oncospheres travel through the pig’s vasculature, spread-
ing to various body parts, including viscera, skeletal muscles, subcutaneous tissues, 
and the cerebral parenchyma [19].

In the human host, the lifecycle continues with the consumption of raw or under-
cooked pork containing tapeworm larvae, known as cysticerci. These cysts adhere 
to the small intestine, initiating a multi-month developmental process [21]. Mature 
tapeworms, reaching lengths of up to 8 meters [22], are morphologically character-
ised by four muscular, circular suckers, an anterior scolex, and a rostellum with two 
rows of hooks [23]. These features enable them to adhere to the intestinal wall with 
minimal inflammation, often leading to mild or no symptoms.

The maturation process culminates in the release of tiny segmented proglottids, 
each containing thousands of eggs (up to 60,000) and exhibiting uteri with side 
branches resembling a “Christmas tree” [24]. These proglottids detach from the tape-
worm, pass through the digestive tract, and exit the human host through excrement. 
Failure to observe proper hygiene during food preparation can contaminate various 
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food sources, setting the stage for potential foodborne infections [19]. Notably, the 
subtle proliferation of these proglottids poses a serious threat, particularly in regions 
where pigs have access to human waste or lax cleanliness regulations. Alternatively, 
T. solium eggs can be ingested directly through the faecal route. Due to their sticky 
nature, these eggs can persist on hands and surfaces for several months under specific 
conditions [19, 25].

Crucial stages in the life cycle involve tissue invasion and migration, initi-
ated when cysticerci mature within the human intestine [26]. The larvae’s first 
stage’s oncosphere hatches inside the intestine and penetrates the intestinal wall. 
Subsequently, these larvae enter the bloodstream, migrating across different organs 
and tissues. The ability of cysticerci to spread throughout the body, including the 
central nervous system (CNS), introduces a range of possible clinical outcomes [25]. 
Once in the bloodstream, these larvae have the potential to migrate to various tissues 
and organs, with a higher likelihood of reaching the central nervous system. This 
migration to the CNS is particularly significant, presenting a spectrum of clinical 
consequences and potential complications [25].

4. Transmission to the central nervous system

Rather than solely serving as the definitive host, humans can also act as the inter-
mediate host for T. solium through feco-oral transmission [19]. Following ingestion, 
the eggs hatch into larvae within the human gastrointestinal tract [19]. This larval 
stage traverses the gastrointestinal tract walls, migrating to the tissues and causing 
tissue cysticercosis [19]. Host factors, including the immune system and specific 
genetic factors, influence the potential migration from the gastrointestinal tract to 
tissues [27]. Cysticercosis often exhibits a predilection for the brain, subcutaneous tis-
sue, and the eye, although migration to other organs is possible [27]. Migration to the 
brain results in neurocysticercosis [27].

The encysted larva (cysticercus) gains access to the brain by disrupting the protec-
tive blood–brain barrier (BBB) and blood-cerebrospinal fluid barrier [28]. Studies 
in animal models of neurocysticercosis reveal increased expression of markers for 
BBB destruction, such as the endothelial barrier antigen and immunoglobulin G [28]. 
Upon entering the brain, the cysticercus may form either a parenchymal lesion within 
the brain substance or an extra-parenchymal lesion in the cerebrospinal fluid (CSF), 
subarachnoid space, ventricles, and cisterns [28].

Cysticerci exhibit remarkable longevity within the brain, often surviving for sev-
eral years, achieved through modulation of the host immune system and the induc-
tion of immune tolerance [29]. This modulation involves the secretion of compounds 
such as prostaglandins and cytokines, including paramyosin and taenia-statin [29]. 
The cellular immune system is influenced by the induction of immunoregulatory 
cytokines like IL-10 and TGF-B [30]. Suppressed by the cysticercus, the immune 
system shifts to a Th2 response, facilitating the formation of a granuloma in the brain 
[30]. The granuloma comprises parasites, multinucleated giant cells, a surrounding 
fibrous collagen layer, CD68 macrophages, and various T cell subtypes [30].

While the cysticercus can inhibit the host system for extended periods, its modu-
latory effects eventually diminish [30]. Albendazole or Praziquantel initiates a switch 
to a Th1 immune response, leading to an inflammatory response and cyst degenera-
tion [3, 30]. However, the degeneration of the cyst and the inflammatory response 
during treatment may exacerbate symptoms [3]. Therefore, anti-inflammatory 
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medications such as corticosteroids are often prescribed with Praziquantel and 
Albendazole [31, 32]. Moreover, treating immunodeficiency states contributes to the 
reconstitution of the immune system against brain cysts [33]. Patients with neu-
rocysticercosis (NCC) and human immunodeficiency virus (HIV) co-infections typi-
cally remain asymptomatic initially. However, after initiating antiretroviral therapy 
(ART), these patients develop robust cellular and humoral immune responses [33]. 
Following CNS access, the manifestations of neurocysticercosis vary, with clinical 
presentations determined by factors such as the number, location, size of cysts, cyst 
viability, and the host immune response [3].

5. Diagnosis

Neurocysticercosis (NCC) presents a diagnostic challenge due to the difficulty in 
histologically confirming the presence of the parasite in most cases. As a result, the 
diagnosis is primarily based on a combination of clinical, serological, and neuroimag-
ing findings. Recognising the ongoing difficulty of proper diagnosis, this section 
delves into a review of advanced diagnostic approaches used in identifying NCC.

5.1 Imaging

5.1.1 Computed tomography (CT) scan findings in neurocysticercosis diagnosis

CT is valuable for identifying calcifications in NCC. Calcifications resembling 
buckshot-shaped nodules, especially in endemic areas, indicate NCC. Well-defined, 
round cystic lesions with smooth walls, presenting a “Swiss cheese” appearance, are 
characteristic. CT also reveals pericyst inflammation through enhancement, indicat-
ing the degenerative process of cysts [34–36].

5.1.2 MRI in neurocysticercosis diagnosis

MRI improves soft tissue resolution and provides enhanced details. Viable 
cysts appear hypointense on T1 and FLAIR MRI scans. Contrast-enhanced MRI 
reveals unique enhancement patterns, aiding in differentiating cysticerci phases. 
MRI is superior at detecting meningeal involvement, offering extensive informa-
tion on the central nervous system’s inflammatory response and disease severity 
[34, 36, 37]. Despite advances in neuroimaging, diagnosing NCC remains chal-
lenging. Developed in 1996 and subsequently reviewed, diagnostic criteria include 
absolute major and minor neuroimaging criteria. These criteria aid in standardising 
the diagnosis [38–40].

5.2 Laboratory tests

5.2.1 Serological tests

Serum Western blot with a specific proportion of T. solium cysts is a successful 
method, confirming exposure or sickness precisely. Monoclonal antibody-based 
antigen detection assays are useful for verifying continued infection. The enzyme-
linked immunoelectrotransfer blot test (EITB) is an effective serological technique, 
particularly for patients with multiple brain cysts [41–45].
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5.2.2 Cerebrospinal fluid analysis

Serological tests in CSF, including ELISA, remain feasible options, especially in 
individuals with viable neurocysticercosis infections. Antigen detection in serum 
and CSF is a cyst viability biomarker crucial for monitoring anthelmintic medication 
effectiveness [45–47].

Clinical/exposure criteria, such as identifying specific antibodies or antigens, 
extraneural cysticercosis, evidence of household contact, and clinical signs, provide 
circumstantial evidence to support the diagnosis. Symptomatic NCC patients often 
present with seizures, headaches, focal neurologic abnormalities, and cognitive 
deterioration [40]. Definitive and probable diagnoses have evolved, incorporating 
neuroimaging criteria, clinical/exposure criteria, and additional evaluations. Criteria 
for definitive and probable diagnoses involve various combinations of neuroimaging 
and clinical/exposure criteria [40].

5.3 Advanced diagnostic tools

The widely accepted LLGP-EITB test is the standard for antibody detection, 
demonstrating remarkable diagnostic performance in clinical settings. Monoclonal 
antibody-based techniques, such as B158/B60 Ag-ELISA and HP10 assays, have 
emerged as effective tools for establishing the presence of live parasites. Recent 
research proposes innovative techniques, including urine assays for T. solium DNA 
and portable fluorescence sensors for on-the-spot diagnostics. Continued progress 
in neuroimaging, exemplified by portable MRI machines, enhances accessibility, 
particularly in low- and middle-income countries (LMICs) [18, 48–55].

6. Treatment

The therapeutic management of neurocysticercosis aims to alleviate symptoms, 
treat the parasitic infection, combat the inflammatory process, and manage complica-
tions. It is best approached from an individualised, patient-specific perspective [56]. 
The treatment approaches vary based on factors such as the viability of cysts, age 
(children or adults), location, number, and size of the cysts, among others. There are 
two major components to managing neurocysticercosis: pharmacological and surgical 
approaches.

6.1 Antiparasitic treatment

Antiparasitic treatment is recommended, and its use alone is reserved for patients 
without complications like untreated hydrocephalus, cerebral oedema, and other 
causes of raised intracranial pressure. The recommended antiparasitic regimen for 
cases with ≤2 viable parenchymal cysticerci is a monotherapy of oral Albendazole at 
15 mg/kg/day divided into 2 daily doses for 10–14 days with food, up to a maximum 
dose of 1200 mg/day.

In cases with >2 viable cysticerci, combination therapy of albendazole (15 mg/kg/
day PO in two divided doses) with Praziquantel (50 mg/kg/day in 3 divided doses) 
for 10–14 days is recommended [57, 58]. Albendazole impairs glucose uptake by the 
larvae and adult stages, depletes glycogen stores, and decreases adenosine triphos-
phate (ATP) production, leading to parasite death [59, 60]. Praziquantel causes rapid, 
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sustained muscular contraction and tegumental disruption, exposing the parasite 
antigens to the immune system [59, 60].

6.2 Anti-inflammatory drugs

The inflammatory response against parasites is a significant pathological mecha-
nism seen in neurocysticercosis. Anti-inflammatory treatment is indicated for 
parenchymal neurocysticercosis with Vesicular neurocysticercosis, solitary cysti-
cercus granuloma, or cysticercotic encephalitis, and all cases of extra-parenchymal 
neurocysticercosis. Corticosteroids are the anti-inflammatory agents of choice, 
recommended in patients with different forms of neurocysticercosis [57, 58].

Some corticosteroids in use include Prednisone, Prednisolone, methylpredniso-
lone, and dexamethasone. High intravenous doses (e.g., dexamethasone 0.2–0.4 mg/
kg/day) are used in significant inflammatory responses, and the dosage is adjusted 
based on the size and number of parasites. The corticosteroids are gradually tapered 
off after the end of the cysticidal treatment or as long as inflammation persists [61]. 
For children and adolescents, dexamethasone dosage is 0.1 to 0.2 mg/kg/dose PO 
daily in oral solution, while for adults, it is 6 to 8 mg PO daily in 3 divided doses. 
Prednisolone and prednisone are also prescribed at 1 to 2 mg/kg/dose PO daily [57].

Other drugs used in managing neurocysticercosis include Anti-Epileptic Drugs 
such as carbamazepine, phenytoin, phenobarbital, and valproic acid, as epilepsy is a 
major symptom of neurocysticercosis. The treatment of epilepsy in neurocysticerco-
sis follows the standard management for epilepsy from other causes [59].

6.3 Surgical management

Surgery is reserved for selected cases, playing a minor role in the overall 
management since most cases can be effectively managed with antiparasitic and 
anti-inflammatory drugs [60, 62]. Indications for surgical treatment include extra-
parenchymal neurocysticercosis with intraventricular cysts, hydrocephalus due to 
racemose cysts, or hydrocephalus due to ependymitis caused by neurocysticercosis. 
Surgical intervention is also considered for intramedullary and extramedullary 
spinal cysticercosis, large parenchymal colloidal cysts, subarachnoid racemose 
cysts causing mass effect, confirmation of the diagnosis of an atypical Solitary 
Cysticercus Granuloma, or in the case of surgery for intractable epilepsy associated 
with neurocysticercosis [63].

Surgical excision of cysts is the recommended treatment for intraventricular 
neurocysticercosis, especially lateral and third ventricular cysts. Endoscopic exci-
sion is minimally invasive, reducing the risk of complications associated with open 
craniotomy and minimising brain manipulation. The procedure involves placing a 
single burr hole in the pre-coronal region for access, grasping the cyst with forceps, 
and removing the entire scope assembly through the burr hole to prevent cyst loss or 
rupture in the ventricle [62, 63].

For managing hydrocephalus due to neurocysticercosis, surgical interventions 
such as fenestration of the anterior wall of the third ventricle and ventriculo-perito-
neal shunt placement are considered. Hydrocephalus in neurocysticercosis arises from 
inflammation and mechanical obstruction from cysts or scars, affecting cerebrospinal 
fluid flow. Surgical excision of cysts usually relieves obstruction, but inflammatory 
reactions may persist, necessitating a ventriculo-peritoneal shunt to alleviate raised 
intracranial pressure and associated symptoms [59].
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An alternative for managing hydrocephalus in neurocysticercosis is Endoscopic 
Third Ventriculostomy (ETV), providing an alternative route for cerebrospinal fluid 
flow directly from the third ventricle to the subarachnoid space, bypassing the fourth 
ventricle [64]. Combining cyst removal and ETV is less invasive than conventional 
craniotomies and avoids shunt-related complications [65].

7. Challenges in management

7.1 Drug resistance

The management of neurocysticercosis involves addressing various factors, such 
as the severity of symptoms, extent of cyst involvement, stage of cyst degeneration, 
and accompanying inflammation, while also considering potential future complica-
tions. Treatment typically includes the administration of anthelmintic medications, 
such as albendazole and praziquantel, alongside anti-epileptic drugs to manage 
seizures and corticosteroids to reduce inflammation. Surgical procedures may be nec-
essary for cases resistant to conventional treatment methods. While some treatments 
lack robust randomised studies, anecdotal evidence supports the use of anthelmintics 
with corticosteroids for viable cysts. The emergence of drug resistance remains a sig-
nificant concern in the management of neurocysticercosis. However, reports of drug 
resistance in neurocysticercosis have not been widely reported. Resistance to first-line 
drugs of choice like albendazole is therefore subject to ongoing research.

7.2 Surgical complications

Surgical intervention plays a crucial role in managing neurocysticercosis, par-
ticularly in cases of intraventricular cysts or giant cysts unresponsive to medical 
treatment. The shift towards endoscopic procedures, performed through a single burr 
hole, has become preferable due to its minimally invasive nature [1]. Experienced 
surgeons can achieve good outcomes with minimal side effects, and concerns about 
anaphylactic reactions to cyst rupture during surgery have not been substantiated 
[66]. The complications usually seen in patients with neurocysticercosis are common 
to other neurosurgical procedures, such as wound infection, fistula formation, and 
reported cases of intraoperative or postoperative haemorrhage. Ventricular bleeding 
can be seen after neuroendoscopy. Rupture of interventricular or cisternal cysticercus 
during surgery is not associated with disease dissemination [1, 66].

The management of hydrocephalus stemming from subarachnoid 
neurocysticercosis often necessitates CSF drainage or shunt placement. 
Ventriculocisternostomy with third ventricle fenestration offers a potential alter-
native, potentially averting the need for a shunt device and improving prognosis. 
Common complications associated with shunts, such as malfunction or infection, 
contribute to morbidity. Surgical complications leading to patient mortality cor-
relate with the frequency of shunt revisions, although corticosteroids may mitigate 
the risk of shunt dysfunction [67].

The management of large cysts within the lateral fissure is a topic of debate, 
typically necessitating surgical intervention when conservative treatments prove 
unsuccessful. Surgical resection may be considered following ineffective medical 
management. Overall, surgical management tends to yield positive outcomes in most 
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cases [66]. Surgeons play a crucial role in assessing the patient’s clinical and radio-
graphic features, customising the surgical approach to the specific characteristics and 
location of the cyst.

8. Advancements in research

8.1 Emerging diagnostic technologies

Confirming neurocysticercosis (NCC) histologically is often not feasible, neces-
sitating reliance on neuroimaging and immunological tests. Despite advancements in 
these diagnostic methods, identifying neurocysticercosis remains challenging due to 
the limited specificity of clinical and neuroimaging findings and the less-than-ideal 
predictive values of immunodiagnostic tests, particularly in regions where the disease 
is endemic [67]. This diagnostic challenge has, therefore, necessitated the need to 
develop universal diagnostic criteria for neurocysticercosis.

In 1993, criteria were proposed and later validated in a 1997 study involving 401 
patients with seizures and a solitary brain mass on CT scans. In 2001, an international 
expert group introduced neurocysticercosis diagnostic criteria. Despite some criti-
cism, these criteria remain essential for clinicians worldwide when dealing with 
suspected NCC cases [62]. In 2017, Del Brutto et al. updated the diagnostic criteria 
for NCC, emphasising neuroimaging to reduce false positives in endemic regions 
and enhance detection in non-endemic areas where NCC is often overlooked [1, 18]. 
The revised criteria state that definitive NCC diagnosis requires visible tapeworm 
scolex on neuroimaging. However, challenges such as limited access to neuroimag-
ing, radiologist training issues, and high imaging costs pose obstacles, particularly in 
developing countries.

Simple, affordable, and efficient diagnostic tools are required to detect infections 
and at-risk populations. Research indicates the possibility of isolating T. solium DNA 
from patients’ urine, validated by positive Enzyme-linked immunoelectrotransfer 
blot (EITB) outcomes for anti-T. solium antibodies in individuals with subarachnoid 
and viable parenchymal cysts [67]. Using portable fluorescent sensors, capable of 
detecting antibodies and providing results for later examination on mobile devices, 
offers significant benefits in diagnosis and surveillance. Nonetheless, the sensitivity 
of urine tests is contingent upon the infection load. Similar to serological tests, they 
cannot pinpoint the location of cysts, whether in the central nervous system (CNS) or 
elsewhere in the body.

The real-time quantitative polymerase chain reaction (qPCR) test, targeting 
the repetitive Tsol13 sequence in the T. solium genome, demonstrates high sensitiv-
ity and specificity for Neurocysticercosis (NCC). This test serves as a marker for 
“cure” in cerebrospinal fluid (CSF) and offers a definitive diagnosis of NCC from 
plasma samples. Notably, all 18 CSF samples from patients with active NCC tested 
positive for T. solium DNA using the TsolR13 qPCR method [18]. Ongoing advances 
in neuroimaging are enhancing the early diagnosis and treatment of NCC. In a 
population study in Mexico, 9.1% of 155 asymptomatic, healthy patients revealed 
calcified lesions through MRI scanning. The approval of a portable MRI machine 
by the Food and Drug Administration (FDA) opens possibilities for increased 
accessibility to MRIs in hospitals and clinics, especially in Low- and Middle-Income 
Countries (LMIC) [68].
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8.2 Novel treatment approaches

The search for innovative drug targets in treating neurocysticercosis and taeniasis 
is essential, considering the absence of recent clinical trials establishing specific 
indications, doses, and treatment durations for antihelminthic drugs. Despite debates 
on the safety and usefulness of anticysticercal treatment, there is a lack of vaccines 
or new drugs in the pipeline for clinical trials. Exploring tapeworm-specific detoxi-
fication pathways, non-canonical heat shock proteins, and their uniquely tailored 
proteome and metabolism could offer promising avenues for future drug intervention 
studies in neurocysticercosis [40].

Genome sequencing and mapping of parasitic tapeworms have unveiled approxi-
mately 250 to 300 novel protein kinases. These kinases, integral to major metabolic 
pathways of the parasite, emerge as potential targets. Notably, the mitogen-activated 
protein kinase (MAPK) family, including evolutionarily conserved extracellular 
signal-regulated kinases (ERK 1/2), plays a role in oestrogen-dependent reproduction 
of helminth parasites. Although the exact involvement of ERK 1/2 in host–parasite 
interaction remains unclear, the demonstrated role of an ERK-like protein suggests it 
could be considered a target for antihelminthic drug design [69].

In the same vein, sequences associated with a progesterone receptor have been 
detected in T. solium through RT-PCR and Western blotting, and an mRNA with 
sequence similarity to an oestrogen receptor has been demonstrated [69]. If steroidal 
hormone receptors exist in Taenia cysticerci, oestrogen receptor antagonists could 
significantly affect parasite transmission and development. Exploring the cysticidal 
effects of tamoxifen in T. solium may contribute to developing novel therapeutic 
agents for controlling cysticercosis in humans and livestock in future studies.

Antioxidant enzymes are vital for shielding parasites from host-induced oxidative 
stress (ROS) and are integral to numerous physiological functions. These enzymes, 
utilised by parasites for immune evasion, have been investigated in T. solium. The 
crystal structure of recombinant T. solium Cu/Zn-SOD was this organism’s first 
reported protein structure. T. solium expresses cytosolic Cu, Zn superoxide dismutase, 
a 2-Cys peroxiredoxin, and two glutathione transferase isoforms, all proven to protect 
mice against cysticercosis [70]. Their presence throughout developmental and adult 
stages highlights the pivotal role of antioxidant enzymes in T. solium physiology, sug-
gesting potential for novel drug development.

Yan et al. [70] conducted a study identifying 197 novel proteases in T. solium, 
belonging to 37 families [69, 70]. These proteases were classified based on the active 
site amino acid residue into categories like aspartic, cysteine, serine, metallo-serine, 
and threonine proteases. This contrasts with a previous study [71] identifying only 
three putative proteases in T. solium [71]. The newly discovered proteases have poten-
tial implications for drug development, as they are believed to play crucial roles in 
various aspects of the parasite’s biology and interaction with the host immune system. 
Further exploration in this field is warranted.

9. Future prospects

9.1 Potential vaccines

Vaccination is one of the most effective methods of treating various parasitic 
and infectious diseases and has successfully prevented major epidemics worldwide. 
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Vaccines have been developed for infectious diseases such as malaria and typhoid, 
aiding in their treatment. In Addition, potential vaccines have also been developed for 
achieving herd immunity against pandemic diseases such as Ebola and coronavirus. 
No vaccines have been developed for treating neurocysticercosis or used in various 
clinical trials. However, some vaccines have been developed for pigs, which are being 
used in preclinical trials to pre-eliminate the parasite by preventing the transmission 
of the parasite from pigs to man since pigs are known to be an intermediate host of 
the diseases. Various vaccines, such as the recombinant oncosphere antigen, SP3VAC, 
pcDNA 3-B, and HP6/TSOL18, have been used in preclinical trials.

Recombinant oncosphere antigens are proteins cloned from Taenia solium onco-
sphere mRNA used to diagnose and manage Taenia solium-related diseases such as 
taeniasis and cysticercosis [72]. It has been found to be used as a vaccine through 
the development of proteins such as TSOL16, TSOL18, TSOL45-1A, and TSOL45-1B. 
these proteins have been used in various preclinical trials in pigs to evaluate their 
efficacy in protecting pigs against porcine cysticercosis (PCC). Of these vaccines, 
TSOL18 has been identified as the most effective candidate for protecting Pigs against 
PCC with a protection rate of 99.5% [1]. TSOL18, also known as Cysvax is a novel 
vaccine that was developed by Indian Immunological Limited and GALVmed and has 
been commercially available for sale and distribution in India since its formal licenc-
ing in 2016 [73]. Before it is licencing, it has been evaluated in various studies. For 
instance, Flisser et al [74] conducted a study evaluating the prevention of Pigs from 
PCC by vaccinating them with recombinant antigens TSOL18 and TSOL45-1A [74]. 
The study, which was conducted in Mexico and Cameroon showed a 100% protection 
rate from PCC through the use of these recombinant antigens. Other studies have 
also evaluated the combination of Cysvax with oxfendazole in the vaccination of pigs 
in Cameroon, Nepal, Uganda, and Tanzania, with a protection rate of>99% in these 
locations [75–78].

SP3VAC is a synthetic vaccine composed of three peptides (GK1, KETc1, and 
KETc12) expressed in taenia solium larva and adult stages. This vaccine was developed 
and evaluated in pigs in Mexico by Huerta et al., [79]. Results from the study showed a 
reduction in the prevalence of cysticercosis by 52.6% and helped protect against PCC 
by 98.7%. Results from a further evaluation by Sciutto et al. in 2007 also supported the 
efficacy of SP3VAC on the protective effects of the vaccine against PCC [80]. However, 
the study concluded that a single vaccination dose is ineffective in preventing the 
transmission of taenia solium in endemic regions [80]. Other clinical trials have also 
shown the efficacy of SP3VAC in the vaccination of pigs though there are limited clini-
cal trials conducted presently on the use of this vaccine in the last decade [80–82].

Other vaccines, such as pcDNA 3-B, and HP6/TSOL18 have been used in some 
studies to vaccinate pigs. A notable example is the study by Guo in 2007, which used 
pcDNA3-B, a DNA vaccine, in contrast to the common mRNA vaccines that are 
currently widely used [83]. This vaccine was developed by integrating Taenia solium 
B antigen with the pcDNA3.1 plasmid. Immunisation of the pigs with this vaccine 
showed a 92.6% protection rate, showing the effectiveness of this vaccine [84]. 
No studies have been conducted using this vaccine to date. HP6/TSOL18 is also an 
effective vaccine for protecting pigs against PCC. Just like the pcDNA-3B, this vaccine 
has also been evaluated in only one study to date, which was conducted by Parkhouse 
in 2008, [84]. However, further improvements in the vaccine from an intramuscu-
lar administration to an oral administration were shown in a study conducted by 
Monreal-Escalante et al., [85]. The study also showed its potential as an effective 
vaccine against PCC.
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9.2 Collaborative research initiatives

Collaborative research initiatives, whether locally or internationally, have been 
significant in managing a disease since, through proper clinical research, novel 
initiatives for the diagnosis and treatment of diseases can be generated. In addition, 
Challenges facing the management of a disease can also be identified with proper rec-
ommendations to tackle the challenges provided. International collaborative research 
has also helped improve the stage of scientific research in low-income countries 
Regarding neurocysticercosis, there have been up to 7860 papers published from 1928 
up till 2021, with a rate of 200 papers per year since 2010 [86]. Most of the literature 
published on neurocysticercosis is case studies, while the least are systematic reviews. 
The USA stands as the country that produces the highest number of publications on 
neurocysticercosis to date. Many publications are also produced by endemic regions 
such as India, Peru, and Brazil [85].

The level of collaborative research initiatives locally is high while the level of 
international collaboration is uneven, with large countries such as India and Brazil 
having 9.9 and 18.7% in international collaborations, while low-income countries like 
Peru, Tanzania, and Kenya showing heavy international collaboration in 80% of their 
papers generated from these countries [87] income countries (HICs) and low- and 
middle-income countries (LMICs).

In addition to diagnosing and treating the disease, collaborative research should 
focus more on developing vaccines to eliminate the parasite in humans. More focus 
should also be placed on vaccines such as pcDNA-18 and HP6/TSOL18, as they can 
potentially be a vaccine source for humans. A planetary and one health approach is 
also a significant area of focus for collaborative research through the dynamics of 
transmission of the disease between humans, animals, and the environment. This 
approach involves the integration of human, animal, and environmental health, 
which will enable the generation and implementation of policies that will help 
prevent the transmission rate of the parasite [87].

10. Conclusion

This exploration of neurocysticercosis has uncovered critical insights into its com-
plexities and offered a roadmap for future research and intervention. The understand-
ing of T. solium’s intricate life cycle, particularly its neurological aspects, emphasises 
the need for a holistic approach considering both human and porcine dimensions. The 
global prevalence, shaped by diverse socioeconomic, cultural, and dietary factors, 
underscores the necessity for targeted interventions tailored to specific regions.

Diagnostic challenges persist, urging the continuous development of advanced 
tools such as CT, MRI scans, and serological tests. Treatment strategies, though in 
place, face challenges of drug resistance and surgical complications, necessitating 
ongoing research into innovative solutions. The significance of a One Health approach 
cannot be overstated, emphasising collaborative efforts across human, animal, and 
environmental health.

Socioeconomic impacts and ethical considerations highlight the broader implica-
tions of neurocysticercosis on communities, urging research to delve into economic 
burdens, productivity loss, and social stigmatisation. Integrating technology, particu-
larly telemedicine, stands as a promising avenue for improving access to healthcare, 
especially in underserved regions.
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Capacity building and training programs emerge as pivotal components, empow-
ering healthcare workers and community health workers for more effective disease 
control. The collaboration of diverse stakeholders, including healthcare professionals, 
veterinarians, environmental scientists, and policymakers, is essential for a compre-
hensive and sustainable approach.

In envisioning the future of neurocysticercosis research, addressing these dimen-
sions will not only enhance our understanding of the disease but also contribute to 
the development of practical, culturally sensitive, and globally applicable strategies 
for prevention, diagnosis, and treatment. As the scientific community collectively 
advances towards these goals, the potential for meaningful global health impact in the 
realm of neurocysticercosis becomes increasingly tangible.

List of abbreviations

NCC neurocysticercosis
CT computed tomography
MRI magnetic resonance imaging
CNS central nervous system
LMIC low- and middle-income countries
FDA food and drug administration
qPCR quantitative polymerase chain reaction
CSF cerebrospinal fluid
MAPK mitogen-activated protein kinase
ERK extracellular signal-regulated kinase
ROS reactive oxygen species
EITB enzyme-linked immunoelectrotransfer blot
SP3VAC  synthetic vaccine composed of three peptides (GK1, KETc1, 

and KETc12)
PCC porcine cysticercosis
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Chapter 9

Zoonotic Risk of Cryptosporidium 
spp. Prevention with One Health 
Approach in Indonesia
Wiwien S. Utami

Abstract

An important part of the One Health approach to preventing Cryptosporidium spp. 
infection is to better understand the environmental, epidemiologic, and aetiologic 
factors associated with Cryptosporidium infection to formulate better risk manage-
ment. The future One Health strategy aims to integrate multidisciplinary knowledge 
and coordinate actions to create global synergies that benefit all aspects of human, 
animal, and environmental health (the One Health Triad). This multidisciplinary 
approach recognizes the complexity of the ecosystems in which humans and animals 
coexist. To prevent disease transmission to humans, it is necessary to control and 
eliminate disease in animals. This is not only to protect human health but also to 
protect animal health and welfare, maintain food security, and reduce poverty.

Keywords: Cryptosporidium spp., One Health approach, zoonotic, parasite, Indonesia

1. Introduction

Cryptosporidiosis is an infection of the small intestine caused by intracellular 
unicellular organisms, Cryptosporidium spp., infecting microvillous epithelial cells in 
the gastrointestinal and respiratory tract of vertebrate animals [1]. Cryptosporidiosis, 
one of the neglected zoonotic diseases, is a disease whose transmission depends 
on interactions between humans and domestic animals or surrounding wildlife 
reservoirs [2]. Oocysts, the infective stage of Cryptosporidium, are environmentally 
resistant, especially Cryptosporidium parvum, which is widely distributed and can be 
transmitted to humans through direct contact with animals via oocyst contamination 
of water and food. Transmission between animals and humans does not occur to the 
same extent either in the wild or in some more favorable environments, such as inten-
sive and confined animal farms, where animals are more isolated from humans or 
have been conditioned [3]. Although they do not spread rapidly at a global scale and 
are limited by ecological boundaries, the disease can be fatal if not treated early or 
properly. These diseases tend to be missed by doctors and other health-care providers 
and are not regularly screened, resulting in underdiagnosis and underreporting [4]. 
The underreporting makes it difficult to estimate the true burden of the disease, so 
published studies tend to be conservative or cited broadly [5]. Consequently, there is 
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a lack of accountability for these zoonotic diseases at provincial, national, and even 
regional levels and a lack of priority for control in human and animal health [6]. 
Eventually, these diseases may impact animal health and productivity and may cause 
animal deaths. Thus, there are double burdens on human and animal health in dealing 
with these issues [7].

An important part of the One Health concept for the prevention of 
Cryptosporidium infection is a better understanding of the environmental, epidemio-
logical, and etiological factors associated with Cryptosporidium infection to formulate 
better risk management [8]. The future One Health strategy aims to integrate mul-
tidisciplinary knowledge, and coordinate interventions, to create global synergies 
that serve all aspects of health care for humans, animals, and the environment (One 
Health Triad) [9]. This multidisciplinary approach takes into account the complexity 
of ecosystems where humans and animals coexist. To prevent disease transmission in 
humans, it is necessary to control and eliminate disease in animals. This is not only 
to protect public health but also to protect the health and improve animal welfare, 
maintain food security, and reduce poverty.

2. Cryptosporidium spp.

Cryptosporidiosis is a small intestinal infection caused by intracellular protozoa, 
Cryptosporidium spp., which infect microvillous epithelial cells of vertebrate gas-
trointestinal and respiratory tracts. It causes chronic diarrhea in children, adults, 
AIDS patients, and other immunocompromised individuals. The oocysts, the 
infective stage of Cryptosporidium, are known to be environmentally resistant and 
widely distributed. They can be transmitted to humans through direct contact with 
animals by contamination of water and food with oocysts and can cause outbreaks 
in various locations [10]. Common symptoms of cryptosporidiosis are sometimes 
underdiagnosed, leading to suboptimal treatment and prevention efforts [11]. 
Cryptosporidiosis is self-limiting, localized to the intestinal tract, and relatively 
resistant to reinfection in immunocompetent individuals. In patients with impaired 
cellular immune response (e.g., AIDS, malnourishment, and CD40-CD154 system 
deficiency), Cryptosporidium spp. often leads to persistent or chronic diarrhea, and it 
is not uncommon for the infection to reach the bile ducts, which is potentially life-
threatening and is known to contribute to poorly absorbed antivirals and treatment 
failure in HIV [12].

Understanding the epidemiology of human and environmental cryptosporidiosis 
is critical to preventing and controlling the disease. There are also several factors that 
promote the transmission of Cryptosporidium infections, such as rapid moderniza-
tion, exponential population growth, increased population movement, and higher 
rates of HIV/AIDS [13]. Cryptosporidiosis epidemics are linked to lack of clean water, 
poor sanitation, overcrowded housing, many animals in the environment at risk of 
water contaminated by infected human or animal fecal matter, proximity to rivers or 
farms, flooded housing, season, nutrition, drinking water from lakes or swimming 
pools, poor diapering, unsanitary practices in nurseries, exposure to sick people in 
hospitals, and exposure to infected animals in zoos, farms, or veterinary hospitals. 
The increase in the means of transportation, both within and between countries, and 
the development of tourism in developing countries have also increased the potential 
for the spread of several infectious diseases, including cryptosporidiosis [10].
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In recent years, more research has focused on the high prevalence of 
Cryptosporidium infections in farms and the role of these animals in the risk of zoo-
notic transmission of the parasite either directly or indirectly through water or food, 
such as contaminated vegetables and fruits through aboveground fertilization or irri-
gation with contaminated water [14]. Cryptosporidium oocysts in livestock products 
such as milk, eggs, and meat have also been found in several cases. Livestock appears 
to be a source of transmission in outbreaks occurring in several countries. On the 
other hand, livestock living close to rivers may also be a potential source of transmis-
sion to the surrounding water. Animals suspected of harboring these pathogens are 
sometimes asymptomatic, even appearing healthy, without signs of illness or other 
symptoms indicating the presence of the pathogen. Transmission occurs through 
people touching, handling, feeding, or being around these animals or through contact 
with animals during birthing and cage cleaning or through contamination of clothing, 
shoes, cage floors, or other hygienic items [15].

The current methods of examination for the detection of these parasites in feces 
are still based on light microscopy or immunoassays, which have a low level of 
sensitivity and specificity. Molecular techniques, especially PCR-based genotyping 
techniques, aim to determine the coding genes and gene structure of Cryptosporidium 
isolates [16]. Molecular characterization provides useful information not only in 
the differentiation of genotypes/subgenotypes between isolates of different species 
strains but also in the knowledge of the coevolution and adaptation mechanisms of 
the host-parasite and the spread of the infection in the host population [17]. Similar 
to human and veterinary samples, water and environmental samples should also be 
tested for oocyst contamination using molecular techniques [18].

3. Zoonotic transmission of Cryptosporidium spp.

There have been many reports of outbreaks or cases of cryptosporidiosis in 
various countries. Children with a history of contact with cattle or goats are par-
ticularly susceptible. Recent genotyping studies have showed that only C. parvum 
is capable of zoonotic transmission but was found in several host species (humans, 
cattle, pigs, and goats) [19]. The high incidence of C. parvum in cattle and goats and 
the presence of large numbers of oocysts, especially in young animals, make these 
species very important sources of infection for environmental contamination with 
Cryptosporidium oocysts, which can spread to humans [20].

The genotyping and subtyping of parasites can be an effective added value for 
the surveillance and epidemiology of infectious diseases. Using the 18S rRNA gene 
is widely recommended as a target for screening Cryptosporidium from fecal and 
environmental samples due to the high copy number of sequences in the genome, thus 
increasing detection sensitivity [21]. Therefore, more comprehensive molecular epi-
demiological studies of genetic diversity, mode of transmission, and zoonotic poten-
tial should be performed in different host types (human, animal, and environment) 
[22]. Molecular screening techniques, such as polymerase chain reaction (PCR), are 
an important part of the One Health approach as they can facilitate the understanding 
of zoonotic transmission routes by identifying parasite species with a much higher 
degree of specificity than traditional microscopy [23]. Proper management of sources 
of infection, including animals, their housing, water sources, and the surrounding 
environment, can reduce the risk of zoonotic transmission [8].
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The World Health Organization (WHO) states that except for emerging zoonoses 
such as SARS ,HPAI, and H5N1, most other zoonoses are not prioritized by national 
and international health systems. They are therefore referred to as Neglected Zoonotic 
Diseases (NZD) [24]. The morbidity and mortality associated with these neglected 
zoonotic diseases are difficult to assess in their entirety. Many of the neglected zoono-
ses are difficult to diagnose [25]. They are found in poor communities where surveil-
lance and medical or veterinary care are inadequate. This leads to underreporting of 
the true prevalence of disease and does not receive the attention it deserves.

Research conducted in a community of cattle farmers in Sleman Regency 
Yogyakarta, Indonesia, demonstrated the transmission of Cryptosporidium spp. from 
animals to their owners through phylogenetic examination [26]. Cryptosporidium 
species were identified through PCR examination using specific primers, namely, 
Cr18S-S1: 5′TAAACGGTAGGGTATTGGCCT-3′ (forward) and Cry18S-AS1 3′-CAGAC 
TTGCCCTCCAATTGATA-5′ (reverse) with a target of 240 bp [27]. The results of the 
DNA electrophoresis were then sequenced according to the Sanger method. A phy-
logenetic analysis of Cryptosporidium in the 18S small subunit (SSU) rRNA gene was 
carried out to determine the genetic diversity and relationship between the human 
samples and several animal samples with other isolates from the gene banks as shown 
in Figure 1.

Phylogenetic analysis of human isolates revealed 21 human, six bovine, and seven 
goat isolates clustered with Cryptosporidium parvum and Cryptosporidium hominis. 

Figure 1. 
Phylogenetic tree Cryptosporidium spp. from human and livestock isolates using the neighbor-joining method in 
the Mega X application, based on the 18S rRNA gene. Bootstrap analysis was performed with 1000 replications to 
assess the reliability of this phylogenetic tree.
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In another branch, there were five human isolates and two bovine isolates that clustered 
with Cryptosporidium meleagridis but were still in the same clade as Cryptosporidium 
parvum. There were nine human isolates clustering with Cryptosporidium hominis, six 
bovine isolates clustering with Cryptosporidium bovis. On the other branch, two bovine 
and one human isolates clustered with Cryptosporidium andersoni. In this phylogenetic 
tree, species clustered very strongly, with high bootstrap values (99%).

Cluster groupings between human and animal species are shown in the phylo-
genetic tree above. This indicates that there is a relationship, or close relationship, 
between Cryptosporidium species in animals and that in humans. The relation may 
be due to ownership of the animals or due to environmental sources, such as cages 
owned by other people or water sources contaminated with feces from other infected 
animals. The transmission of infection from one animal to another is facilitated by the 
placement of cages in proximity in a group of animals. The results of this molecular 
analysis revealed zoonotic Cryptosporidium clusters of Cryptosporidium parvum, 
Cryptosporidium hominis, Cryptosporidium andersoni, Cryptosporidium bovis, and 
Cryptosporidium meleagridis species in the farming community in Mulati Sleman 
Regency, Yogyakarta. The clusters detected were from both animal and human 
samples, indicating close contact between animals and humans within the farm com-
munity. Thus, the presence of or some contact with animals (livestock) is essential 
for zoonotic disease transmission. Initiatives to control animal-associated zoonotic 
diseases are usually already in place at each farm site. However, a better understand-
ing of the contact patterns of microorganism transmission from animals to humans is 
necessary for prevention and therefore deserves more attention.

In general, the results of this study indicate the possibility of transmission of 
Cryptosporidium infection from animals to humans (zoonosis) and/or from humans to 
humans (anthroponosis). Statistical analysis results indicate that livestock ownership 
plays a significant role in Cryptosporidium infection, especially when there is a history 
of diarrhea. Cryptosporidium parvum, Cryptosporidium hominis, Cryptosporidium 
andersoni, Cryptosporidium bovis, and Cryptosporidium meleagridis have been identi-
fied as zoonotic organisms in humans and animals. All cases of Cryptosporidium 
infection found in this study were asymptomatic in humans as they occurred in 
immunocompetent individuals; these results should raise our awareness of similar 
infections in immunocompromised individuals. It has the potential to cause an out-
break that threatens public health if not handled and managed appropriately. The lack 
of routine screening for Cryptosporidium at the first level of health care and the lack of 
specific and sensitive diagnostic tools to detect this oocyst parasite mean that cases of 
Cryptosporidium infection are still rarely found in Indonesia [28].

Bases encoding the 18S rRNA gene can be used to construct phylogenetic trees 
showing an organism’s ancestry and relatedness [29]. In most genomes, multiple 
copies of the 18S rRNA bases are arranged in tandem on a single chromosome, and 
many of these occur many times due to frequent gene conversions. Sequence homoge-
neity among these simultaneously produced 18S rRNA copies is required for accurate 
inference of phylogenetic relationships. Some genomes have divergent copies of 18S 
rRNA distributed along the chromosome. As previously described, the diversity of 
Cryptosporidium species is also distinguished based on 18S rRNA gene phylogenetics 
[30]. Rooney explained that genetic variation in this 18S rDNA gene results from the 
evolutionary process of birth and death, where new genes arise through duplication 
and self-evolution and acquire new functions, become nonfunctional, or are deleted 
[31]. Due to the high number of copy sequences in the genome of the 18S rRNA 
gene, more than one species can be found in an individual, so it can be referred to as 
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a mixed infection. Similarly, Kurniawan et al. [32] found single (C. hominis, C. felis, 
and C. meleagridis), double (C. hominis and C. meleagridis), and triple (C. hominis, C. 
meleagridis, and C. parvum) infections [32]. However, this mixed infection may result 
from failure to concentrate the fecal sample prior to DNA extraction. Morphological 
differentiation is still difficult, and species differences in this host can be determined 
only by PCR and sequencing. In general, the information provided by the identifi-
cation of genotypes and subgenotypes of Cryptosporidium species in humans and 
animals in different geographical areas is useful for understanding the transmission 
patterns of the parasite and the zoonotic potential of animals in the population. 
Further comprehensive epidemiologic studies are needed to determine whether 
zoonotic transmission is closely linked to this immunocompromised population, 
given the significant prevalence of potentially zoonotic C. parvum. This is in line with 
the study by Iqbal et al. [33], where a more in-depth analysis of the level of genetic 
diversity of Cryptosporidium is required to determine a more comprehensive molecu-
lar epidemiology in Malaysia [33].

Detection of zoonotic genotypes of Cryptosporidium spp. allows the preven-
tion of potential risks and consequences of zoonoses in immunocompetent human 
populations. Therefore, further investigations are needed, considering different 
spatiotemporal factors, using molecular diagnostic tools, and simultaneously assess-
ing Cryptosporidium spp. genotypes in other domestic animals, water sources, and 
environments such as soil contaminated with animal or human waste. There is an 
urgent need for better diagnostic tools to identify Cryptosporidium infections [34]. 
Several studies point to the importance of health-care workers in rural areas or in 
close contact with at-risk animals being trained to recognize zoonotic diseases they 
encounter as well. Many studies have shown that misdiagnosis of Cryptosporidium 
infection results from misinterpreting microscopic findings. These errors lead to a 
differential diagnosis beyond the actual infection and may eventually lead to failed 
disease control efforts [35].

In terms of exposure to infected animals, farm workers are at increased risk 
of infection because they are the first to be exposed to infected animals and are 
therefore at higher risk of acquiring several zoonotic infections. Farm workers are 
exposed to these microorganisms daily in every aspect of their work. Direct contact 
with animals and animal butchering have been identified as the highest risk factors 
for Cryptosporidium infection [36]. For people who have occupational contact with 
livestock, the risk of becoming infected with Cryptosporidium oocysts can occur in 
any activity related to livestock, from handling, bathing, feeding, cleaning manure, 
and providing water to slaughterhouses. For farm family members who do not have 
contact with livestock, infection can be acquired through contact at home. Nonanimal 
workers are much less exposed to zoonotic agents than animal workers [11]. However, 
in developing countries, where people are exposed to animal infections either at work 
or at home, it is often impossible to distinguish the route of microbial transmission.

From an environmental perspective, optimizing the management of water 
sources, reclaimed water, and water for tourism must also be considered in efforts 
to prevent waterborne Cryptosporidiosis. The protection of water sources and 
swimming pools is an important element of cryptosporidiosis control, as contamina-
tion of drinking water and swimming pools is the primary mode of infection [37]. 
Primary prevention in the management of infections can be achieved only through a 
good understanding of transmission routes, sources of contamination (human and 
animal), disease prevalence in a population, and host risk factors. Although most of 
the sources of Cryptosporidium infection in this study population were due to contact 
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with livestock because of living in farm communities, there is still a need for efforts 
in public health education and intervention. Health-care providers and the public 
need to be aware of the multiple modes of transmission of Cryptosporidium to prevent 
sporadic Cryptosporidium infections in asymptomatic individuals [38]. The fact that 
zoonotic properties of Cryptosporidium have been detected in both human and animal 
samples suggests that zoonotic transmission may be an important piece of informa-
tion at this study site. Considering the risk factors that influence the transmission of 
Cryptosporidiosis in the livestock population, it seems that the zoonotic potential 
of this parasite needs to be further studied in other communities to formulate better 
strategies for the prevention of this infectious disease.

In addition, there remains a need to improve the compatibility of reporting 
systems for neglected diseases in humans and livestock to understand the burden of 
disease in an area. The results of this research need to be disseminated to the livestock 
population, as well as knowledge on how to avoid the spread of Cryptosporidium 
infection to other livestock or the surrounding population.

4. One Health approach

One Health is an approach, not a new discipline, highlighted as “the collabora-
tive efforts of multiple disciplines - working at local, national and global levels - to 
achieve optimal health for humans, animals and the environment” [39]. Another 
definition of One Health is the effective application of interdisciplinary expertise to 
improve human, animal, and environmental health in the management of zoonoses 
and zoonotic emergencies that are complex and include prevention, surveillance, and 
response to zoonoses [40]. The One Health Initiative was launched in November 2009 
by the One Health Commission, a national nonprofit partnership of the National 
Institutes of Health (NIH), Centers for Disease Control and Prevention (CDC), Food 
and Drug Administration (FDA), Department of Agriculture (USDA), and other 
global health agencies, and the Institute for Laboratory Animal Research, to identify 
the linkages between human, animal, and ecosystem health and to quantify the 
potential value of a One Health approach at the national and global levels [41].

One Health Concept (one health, one medical science, and one world) has the goal 
of reducing the risk of high-impact diseases in the animal-human ecosystem [42]. It is 
an approach to addressing complex challenges at the interface of animal, human, and 
environmental health, such as emergency pandemic diseases, the global food crisis, 
and climate change, through integrated and expanded multi-sectoral and multi-
professional collaboration to improve long-term health and well-being [43].

Hippocrates, a Greek physicist, said that air, water, and place play an important 
role in public health, illustrating that environmental factors can affect human health 
and leading him to write: “The concept of public health is highly dependent on envi-
ronmental health” [44]. This concept emphasizes that human health, animal health, 
and environmental health are interconnected. This suggests a coordinated, collabora-
tive, transdisciplinary, and cross-sectoral approach to address potential and existing 
risks from the interface between animals, humans, and ecosystems [45].

Although this is not a new concept, the approach is increasingly being used to 
address health issues such as infectious diseases in developing countries, food and 
environmental safety, and chronic diseases [46]. One Health requires systems think-
ing, the ability to build successful multidisciplinary teams, and the leadership skills to 
coordinate effectively with stakeholders from a range of disciplines and sectors [47].
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We know that there are many threats to our health status, both globally and 
locally. Cryptosporidiosis is currently very widespread globally, with high prevalence 
in several countries [48]. The disease could pose serious problems for Indonesia as 
well if it cannot effectively address the threat. Cryptosporidium is highly contagious, 
and only a few oocysts are needed to transmit the disease to a healthy person. Another 
factor that contributes to the transmission and spread of Cryptosporidium is the 
limited number of treatments available. The only drug approved by the US Food and 
Drug Administration (FDA) is nitazoxanide. However, nitazoxanide is moderately 
effective only in malnourished children and immunocompetent people and fails to 
treat immunocompromised people such as those living with HIV.

One Health, as defined by Schwabe [43], is a global strategy to improve health 
and well-being by reducing and preventing disease risks arising from interactions 
between people, animals, and their environment. An essential part of the One Health 
approach to preventing Cryptosporidium infection is to understand the environmen-
tal, epidemiological, and human factors associated with Cryptosporidium infection 
to formulate better risk management. The objectives of the approach focus on the 
prevention of cryptosporidiosis, including improved detection, diagnosis, and treat-
ment; the importance of understanding zoonotic transmission; risk management; 
and better environmental stewardship. Global livestock trade, climate change, patho-
gen ecology, and bioterrorism are all interlinked threats that need to be addressed 
professionally using a One Health (OH) approach, where multidisciplinary teams 
work across disciplines and sectors to respond [49]. This requires engaging people 
who share the vision of improving health in Indonesia.

One Health is the unity of multiple practices working together locally, nationally, 
and globally to achieve optimal human, animal, and environmental health. Humans, 
animals, and the environment combine to form the One Health Triad as seen at Figure 2 
[50]. The One Health strategy aims to integrate multidisciplinary knowledge and 
coordinate actions to create global synergies that benefit all aspects of human, animal, 
and environmental health. This multidisciplinary approach recognizes the complexity of 
the ecosystem in which humans and animals coexist. Efforts to control disease in animals 
will be easy in humans. The goal is not only to protect human health but also to protect 
animal health and welfare, maintain food security, and reduce poverty [51].

Figure 2. 
The One Health Triad shows the interplay of health issues between wildlife, domestic animals, the environment, 
and human health that are interconnected [50].



175

Zoonotic Risk of Cryptosporidium spp. Prevention with One Health Approach in Indonesia
DOI: http://dx.doi.org/10.5772/intechopen.1004735

5. One Health implementation in Indonesia

The interaction between livestock and humans is increasing due to the increase of 
basic human needs. In developing countries such as Indonesia, livestock play an impor-
tant role in household welfare. Under certain conditions, livestock can serve to alleviate 
poverty [40]. Furthermore, interacting with animals also provides many benefits for 
children and adults, including reducing anxiety and lowering blood pressure [52]. 
Environmental degradation caused by land conversion, waste (domestic and industrial), 
and natural disasters are factors that increase vulnerability to disease. The world is facing 
an increasing threat of new infectious diseases, known as emerging infectious diseases 
(EIDs), 70% of which are zoonotic or transmitted from animals to humans and include 
bacteria, viruses, fungi, protozoa, and parasites [42]. In Southeast Asia, social and cul-
tural practices combined with weak health infrastructure facilitate zoonoses to occur and 
spread. Southeast Asia has become a hotspot for the emergence of new infectious diseases 
(EIDs) due to significant changes in population growth and corresponding climatic 
conditions and abundant wildlife [53]. Due to the unpreparedness of the system to work 
synergistically, the outbreak of EIDs has caused multiple impacts and many casualties. 
World experts recommend One Health as a concept for addressing zoonotic threats [54].

One Health is a global strategy to expand interdisciplinary collaboration and 
communication in all aspects of health care for people, animals, and the environment. 
These strategies will advance 21st century health care by accelerating biomedical 
research discoveries, improving public health outcomes, rapidly expanding scientific 
knowledge, and improving medical education and clinical care. If properly imple-
mented, this concept will help protect and save millions of lives in our present and 
future generations [55].

One Health has been implemented and applied in Indonesia. The implementation 
at the level of education in universities has been carried out in the form of training 
activities, workshops, seminars, and forms of cooperation that have been developed 
by several agencies from different sectors. There remains a need to improve and 
expand the understanding of the main concepts of One Health, the health pursued 
in the approach, and the actions broken down into several forms of intersectoral 
cooperation that can be applied, solved, and sustained for the welfare of human lives 
in relation to the national social governance system [40]. In Indonesia’s One Health 
system, cross-sectoral roles still focus on health (physicians, veterinarians, public 
health, dentists, etc.). In the field, cross-sectoral roles should not stop at the concept, 
but should have directly implemented activities in a sustainable and integrated man-
ner that are actively reported and published. In Cryptosporidium infection transmis-
sion, pathogenic Cryptosporidium oocysts affect animals and humans, where the 
parasite shares the same ecosystem for living and circulating. The efforts of one sector 
alone will not be enough to prevent or reduce the spread of Cryptosporidium infec-
tion. The concept of One Health or multi-sectoral approach in the management of 
Cryptosporidium infection, including the laboratory network, is expected to prevent 
or overcome the spread of Cryptosporidium infection [56].

The One Health approach in Indonesia has been advanced and is in the process 
of being prepared for the next stage of development. Seminars, trainings, and 
workshops in collaboration with health sectors, as well as incorporating One Health 
approach into health courses at each university, have been gradually implemented. 
There is a need to increase the understanding of One Health concept, starting from 
individual health, which focuses on health management in health sector, to One 
Health concept, which focuses on more complex individual health [57].
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In order to develop an effective and integrated zoonosis prevention and control 
plan, the first step is the identification of potential zoonotic problems and knowledge 
gaps in specific areas and mapping of zoonotic diseases in Indonesia. For a more 
global understanding of knowledge gaps and research needs in zoonosis prevention 
and control, an expansion of surveillance methods is needed in Indonesia as part of an 
interdisciplinary and multi-sectoral strategic network on zoonoses [58].

Neglected zoonotic diseases (NZDs) are diseases that are a major cause of animal 
and human illness and death, especially among poor people living near animals, 
often in unsanitary conditions and with inadequate health services. The best way 
to combat these diseases is to manage the livestock reservoir because it is the most 
cost-effective. However, control and elimination of these diseases requires human 
intervention, increased public awareness to reduce human–animal contact, and/or 
modification of the environment to control the rate of spread of infection. To date, 
cryptosporidiosis has not been included in the 2019 WHO-OIE list of neglected 
zoonotic diseases, following anthrax, bovine tuberculosis (Mycobacterium tuberculosis 
complex), brucellosis, rabies, cysticercosis/taeniasis, echinococcosis, and trypanoso-
mosis [24]. Similarly, in the list of strategic diseases in Indonesia, cryptosporidiosis 
is still not included as one of the potential epidemic diseases or strategic infectious 
animal diseases. So far, there have been many studies on cryptosporidiosis worldwide 
but not many in Indonesia [59]. It is time that more attention is paid to this disease in 
Indonesia, as it has a major impact when it breaks out.

Cryptosporidiosis, as one of the neglected zoonotic diseases, is a disease whose 
transmission is dependent on the interaction between humans and domestic animals 
or the wildlife reservoirs that surround them. Whether in the wild or in some more 
favorable environments, such as intensive and controlled animal production, where 
animals are more isolated from humans or are conditioned, transmission between 
animals and humans does not occur to the same degree. Although the disease does not 
spread rapidly on a global scale and is limited by ecological boundaries, it can be fatal 
without early or appropriate treatment. Neglected zoonotic diseases (NZDs) not only 
represent a significant burden to human health on a global scale but also place a sig-
nificant financial burden on their owners in terms of livestock production. The One 
Health approach aims to reduce the economic losses caused by human-animal NZDs, 
in addition to controlling diseases caused by the interaction between people, animals, 
and their environment. There is a strong link between human health, livestock 
health, and household economic well-being in livestock-dependent communities. It 
is estimated that nearly a billion people depend on livestock for their livelihoods and 
nutrition [51]. However, the relationships between animal health and productivity 
and human health and well-being are complex, and a quantitative understanding of 
these relationships is important for poverty reduction and public health interventions 
through improved human and animal health.

Early warning systems for livestock diseases and prediction of their occurrence 
and spread to new areas are important requirements for the control of zoonoses, 
including cryptosporidiosis. This system is easier and more economical than dealing 
with the disease after it has spread. The prevention and control of zoonotic diseases 
is dependent on the early detection of the disease agents. The early detection of 
such agents plays an important role in the formulation of disease control policies, 
for prevention and mitigation. One of the pillars for early and rapid detection of 
these diseases is targeted surveillance of the environment and livestock at high risk 
of zoonotic infection. The presence of a well-equipped laboratory with qualified 
staff and the ability to detect zoonoses is very important in support of early disease 
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detection. Good communication with all stakeholders is essential to identify the 
needs for disease surveillance, epidemiology, and capacity building of the laboratory 
[60]. Detection and mapping of the distribution of the parasite can be accelerated by 
molecular characterization and visualization of different Cryptosporidium genotypes 
from all regions of Indonesia. Screening techniques can be developed by collaborat-
ing with several universities and the private sector in Indonesia. The strength of 
Indonesian laboratories in disease control and prevention will be demonstrated 
through bioinformatics reporting of Cryptosporidium infections.

In line with the One Health approach, synchronized surveillance with laboratory 
capacity building for detection and prevention of zoonoses will be implemented. 
This will include surveillance at the animal-human interface for early detection of 
Cryptosporidium infection. We can learn how zoonotic agents emerge and spread 
through the livestock-human interface by testing samples from infected livestock and 
comparing the results with similar surveillance of human and other livestock samples. 
This surveillance requires good community cooperation, especially farmer/livestock 
groups as main community, village or hamlet officials, local government, district or 
provincial health, and livestock services in coordination with the General Livestock 
and Health Agencies. The report will be used to prevent and control zoonotic crypto-
sporidiosis at national, provincial, and district/city levels.

6. Conclusions

A better understanding of the environmental, epidemiological, and etiological 
factors associated with Cryptosporidium infections is a future One Health strategy 
aimed at improving health outcomes for humans, animals, and the environment. This 
multidisciplinary approach considers the complexity of ecosystems where humans 
and animals live together to prevent and control disease transmission to humans. This 
is not only to protect human health but also to protect animal health and welfare, 
maintain food security, and reduce poverty.
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Chapter 10

Trophically Transmitted Parasites 
and Their Responses to Microbial 
Pathogens and Consumed Plastic 
Contaminants
Kate L. Sheehan, Sonja Barber, Ryan F. Hechinger,  
Brian S. Dorr and Douglas Causey

Abstract

Trophically transmitted parasites, which move from one host to the next through 
host feeding activities, are subject to direct and indirect stressors within their hosts 
and the surrounding ecosystem. Infection success can be disrupted by host defenses 
and environmental conditions that exceed the tolerances of the parasites or their 
hosts. These interruptions can be caused by various factors, including host-derived 
antagonists, alterations in the host’s environment, exposure to toxic molecules, and 
disruption to the host’s microbial communities. Here, we present novel findings on 
the responses of intestinal helminth infracommunities to stressors associated with 
shifts in the microbiome due to bacterial infection and under a range of conditions 
where microplastics were consumed.

Keywords: helminths, disease, microplastics, avian botulism, land use

1.  Introduction

1.1  Helminths are ubiquitous and important

Parasitism is one of the most common ways that organisms acquire critical 
resources. While the exact numbers are not fully resolved, several studies [1, 2] 
suggest that for every type of vertebrate host (free-living organisms), one or more 
species of parasitic helminths occur, and this only counts parasites of three phyla. 
Despite its commonness, parasitism remains an underexplored trophic strategy that 
may shape direct and indirect interactions among free-living organisms and other 
symbionts. Moreover, parasites are not passive players in this dynamic; they respond 
to the behaviors of their hosts that introduce other symbionts and foreign substances 
to their sites of infection, particularly the gastrointestinal tract (GIT).

The ecological consequences of parasitism include impacts on biodiversity 
through modifications of community structure, genetic diversity, and trait frequency 
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distributions [3]. Further, parasites can influence niche development and host 
specialization by altering the behaviors of intermediate hosts and modulating 
trophic interaction strengths between predators and prey [4]. Because trophically 
transmitted parasites exploit predator-prey interactions, these parasites can be useful 
ecological indicators [5, 6]. For instance, Kuris et al. [7] used parasites to infer that 
shortfin mako sharks and sperm whales are common predators of oarfish, a teleost 
that is rarely observed in the wild and has no previously documented predators. The 
utility of parasites in shedding light on host interactions is, thus, impactful at scales 
that range from cellular processes to predator-prey interactions within ecosystems 
and beyond. Alterations to parasite community composition and structure can have 
nuanced yet sweeping consequences on individuals, populations, communities, and 
ecosystems.

Losses in parasite diversity can have major implications on overall biodiversity, 
considering that around half of Earth’s animals are parasitic [1]. Losses to parasite 
diversity result from intentional anthropogenic actions designed to eliminate human 
and veterinary diseases but also stem from losses in host diversity that occur from 
changing distributions, densities, and the carrying capacities of hosts’ habitats [8, 9]. 
As parasite communities respond to host distributions, their infections can adapt to 
new surroundings, sometimes becoming more threatening and sometimes rendered 
benign [10].

Trophically transmitted parasites will only infect hosts that have consumed 
them, and thus, can be used to learn about shifting diets in their hosts. For example, 
altered frequencies of the echinostomatid Drepanocephalus auritus in Double-crested 
Cormorants indicate the extent to which the trematode’s intermediate host (catfish) 
[11] are included or excluded from a bird’s diet [6, 12]. In some cases, these altered 
feeding habits occur as hosts migrate through areas where the parasite is absent [13] 
because the intermediate host is locally rare due to invasions or extirpations [14] or 
because the feeding preferences of individual hosts lead to niche partitioning and 
differentiation of parasite infracommunities [15]. Similarly, when intermediate host 
populations are threatened by anthropogenic landscape alterations, parasite popula-
tions with complex life cycles can be reduced or eliminated [16].

1.2  Parasites live in ever-changing conditions

Although parasitism costs the host, the severity and type of those consequences 
occur along a spectrum. Deadly outbreaks can occur when endemic pathogens 
mutate, as occurred with the Zika virus in an avian outbreak from 2014 to 2016 [17]. 
The host-parasite relationship becomes lethal when a parasite’s survival depends 
on the host’s death. Likewise, when direct contact is not needed because vectors or 
other transport agents spread propagules, deadly diseases can persist unchecked 
[18]. However, many such relationships are not sustainable through evolutionary 
time. Highly virulent diseases often remove the genes of high susceptibility from 
host populations, leaving a larger proportion of tolerant or resistant individuals [19]. 
Consequently, virulence in some contagions is reduced as the host-parasite interac-
tion evolves [18, 20]. Benign infections are widespread for typical parasites infecting 
definitive hosts, as symbiont fitness increases with host longevity.

In established relationships between hosts and parasites, the host can tolerate 
some parasite load without experiencing detrimental impact [21]. This is likely 
more of a reflection of the faculties of parasites that manipulate host immune 
function and evade detection and immune responses. However, when parasites use 



187

Trophically Transmitted Parasites and Their Responses to Microbial Pathogens and Consumed…
DOI: http://dx.doi.org/10.5772/intechopen.1005786

cellular commodities produced by the host, the immune system can be activated 
by danger-associated molecular patterns (DAMPs) that occur when host tissue is 
damaged [22]. The innate and adaptive immune systems can eliminate parasitic 
propagules, but many parasites are well-defended and highly evolved to escape host 
defenses [23, 24]. Additionally, host chronic immune responses can be energetically 
costly, disrupting tissues with systemic inflammation and inducing lethal health 
problems like tumorigenesis, fibrosis, and sepsis [25]. Because animal predators 
cannot eliminate all infectious agents within their prey, they are exposed repeatedly 
to trophically transmitted parasites while feeding. Because immune responses are 
not feasible solutions to parasite avoidance, definitive hosts often tolerate infections 
and isolate damaged tissues rather than defend against parasites [26]. This tolerance 
and stability can change when climatic, environmental, and biotic conditions shift. 
Anthropogenic changes are currently the greatest drivers of change affecting local 
and global environments.

With an estimated 45% of the Earth’s habitable land used for agriculture, the 
widespread replacement of diverse communities with monocultures has important 
implications [27]. The expansion of agriculture pasture and turf at the expense 
of previously diverse communities profoundly impacts the forage base, feeding 
behavior, and the transfer of nutrients and energy in these systems. Agriculture as a 
primary land cover can prompt some avian species to adjust their migration patterns, 
impacting their regional abundances [28, 29]. In turn, ecosystem alteration, exten-
sive retooling of landscapes for agriculture, and consequent changes in energy and 
nutrient transfer can alter parasite communities. Some of these changes could harm 
host organisms or agriculture [30]; however, the full extent of large-scale ecosys-
tem change caused by agriculture on organisms and parasite communities remains 
unknown. One challenge for elucidating the impacts of landscape change on specific 
taxonomic groups, such as birds, arises from the diverse trophic positions occupied 
within the class Aves. Comparing bird species with varying dietary preferences, such 
as those consuming plants, freshwater invertebrates, marine invertebrates, freshwater 
fishes, marine fishes, and combinations across different ranges and seasons, presents 
analytical complexity. The dynamic nature of dietary needs and prey availability fur-
ther complicates the assessment of avian feeding behaviors. An established approach 
to categorically assess these organisms involves evaluating their trophic position by 
analyzing stable isotope concentrations of elements like Carbon and Nitrogen.

Many elements can vary in their number of neutrons, affecting their atoms’ 
isotopic weight. Lighter isotopes move more freely in biological processes and chemi-
cal reactions, while heavier isotopes accumulate in tissues during slow metabolic 
processes [31]. The fractionation of heavy and light isotopes in organisms’ tissues 
correlates with the biology of the organism. For example, plants using the C3 pho-
tosystem cycle tend to have a higher accumulation of the heavy carbon isotope (C13) 
compared to those using the C4 photosystem, making it possible to differentiate 
between basal photosynthetic groups and those from which higher organisms derive 
[32]. Similarly, Nitrogen15, being heavier than N14, tends to accumulate in higher 
trophic level organisms due to its slower metabolic processing, representing a form of 
bioaccumulation [31]. Thus, we can learn about the implications of ecosystem change 
to hosts and parasites with stable isotope concentrations. Human-made products can 
also disturb parasite communities. Anthropogenic waste management introduces 
pollutants and other contaminants into the environment, affecting food webs. Plastic 
debris is a recently emerged concern, posing physical and chemical threats to wildlife, 
agriculture, and human health [33].
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1.3  Helminths and contaminants

Parasites have long been recognized as valuable bioindicators for habitat and host 
disruption [34–36]. Unfortunately, the responses that different parasite taxa exhibit 
vary with the type of stressor [37, 38]. As biomarkers, monogeneans and acantho-
cephalans have been sensitive to changing concentrations of dissolved oxygen, fecal 
coliform, and total ammonia nitrogen in water [39]. Some trematodes and nematodes 
increase in prevalence when hosts are exposed to heavy metal contaminants [34], and 
reductions in acanthocephalans are documented in fishes downstream of pulp mill 
discharges [40]. However, some groups, like cestodes, tend to increase or decrease 
depending on the combination of contaminants [35].

Beyond the direct effects of contaminants on helminths in situ, polluted systems 
can also disrupt the life cycle of parasites. When these interferences include reduced 
densities or richness of obligate or facultative hosts, the cycle can contract to levels 
where it is no longer supported [41]. For example, the tapeworm Bothriocephalus 
acheilognathi has a 2-host life cycle that includes a copepod (Cyclops strenuus) and a 
freshwater fish. When exposed to cadmium pollution, copepod populations decline 
(especially when copepods are parasitized with tapeworms: [42]), and infections in 
the fish hosts become rare. This is problematic in highly dynamic and stochastic sys-
tems, where temporary removal of hosts via migration or extirpation could eliminate 
the parasite from the system or alter its host specificity and virulence [43].

Contaminants can also modulate the trophic interactions of organisms by chang-
ing their behaviors, physical conditions, and crypsis [44]. For example, fishes 
exposed to microplastic contaminants were more difficult to capture by a simulated 
predator than controls [45]. Contrastingly, Zebra Finches exposed to fluoxetine 
reduced avoidance of high-risk locations for predation and freezing behavior in 
the presence of a simulated predator, increasing the likelihood of predation [46]. 
The system-wide consequences of these altered trophic interactions can modify the 
transfer of energy and cycling of nutrients, indicators of ecological integrity [47].

Considering the migratory nature of many bird host species, there is an increased 
risk of their exposure to threats at large spatial and climactic scales [48]. Climate 
change contributes to the altered distributions of organisms as abiotic conditions vary 
spatially, and biotic communities respond to them. Within these new climate regimes, 
all organisms have the potential to respond to changed conditions, and the presence 
of additional contaminants can further modify the impacts that organisms experi-
ence. Of particular concern in contamination science is the added presence of plastics 
that represent persistent chemical compounds and durable physical composites that 
enter food webs [49].

Marine debris impacts the environment, wildlife, and human communities, espe-
cially in remote islands and coastal areas. These areas have experienced environmental 
degradation due to the accumulation of marine debris on their shorelines [50]. This 
issue interests community members who rely on subsistence species, such as seabirds 
and marine mammals, which can ingest or become entangled in marine debris [51–53].

Plastic debris does not degrade; it only gets smaller [54]. Some of the smallest 
components, microplastics (1–10 mm) and nanoplastics (<1 mm), are increasingly 
seen as serious contaminants in marine ecosystems. They have been implicated in 
altering physiological processes in the organisms that come into contact with them 
[55–57]. Furthermore, micro- and nano-plastics affect parasite presence [58, 59] 
and host-parasite interactions [60, 61] in marine phytoplankton [62], invertebrates 
[63], and vertebrates [57, 64]. Overall, it seems that micro- and nano-plastics have 
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harmful effects on the interactions between living and non-living elements in 
host-parasite systems at all levels of the food chain. Therefore, the implications of 
plastic contamination on helminth communities occur at both large and small scales. 
In addition to helminths, the distributions of other symbiotic organisms, such as 
bacteria, also respond to human-caused environmental changes, climate change, and 
contamination.

1.4  Microbe-helminth interactions

The host microbiome is crucial in resistance to parasitic infections. It harbors 
symbiotic organisms, particularly mutualistic bacteria, pivotal for combating para-
sitic threats through various mechanisms such as antibiotic production, enhanced 
digestion efficiency, and pathogen resistance [65, 66]. These bacteria, specialized and 
sensitive to specific environmental conditions, are subject to influences from abiotic 
factors like the microclimate and pH of the infection site and biotic factors such as the 
host’s taxa and diet [67, 68].

Extensively studied, GIT microbiome composition varies among individuals 
and is shaped by sex, migration status, age, and the host’s physiological condition, 
including nutrition, stress hormones, and parasitic infections [69, 70]. Under normal 
circumstances, a delicate balance exists among microbial mutualists and commensals, 
ensuring sustained symbiotic benefits. Disruptions, like the reduction or loss of these 
beneficial microbes, may lead to dysbiosis, favoring colonization by other pathogens 
and exogenous microbes, thereby jeopardizing host health [71–73].

The microbiome extends its influence beyond the GIT to other host compart-
ments, engaging in microbial exchanges between the skin, blood, and vectors, facili-
tating pathogen dissemination [74, 75]. Notably, helminthic parasites and microbial 
symbionts share infection sites and immune evasion strategies, with interactions 
shaping host defenses and microbial richness [76, 77]. While complimentary associa-
tions between microbes and helminths are well-documented, antagonistic dynamics 
underscore the complexity of these relationships [77, 78].

Mouse studies have further elucidated the intricate interplay between hel-
minths and the gut microbiota, demonstrating how host defenses are modulated in 
response to infection and affect digestion efficiency and fecal composition [79, 80]. 
Perturbing the microbial community through dysbiosis or specific bacterial triggers 
can impede parasite colonization pathways, underscoring the interconnectedness of 
host-microbe-parasite dynamics and ecosystem health [81, 82]. Moreover, microbial 
metabolic reactions can activate virulence factors in pathogenic bacteria, impact-
ing community structure and ecosystem resilience, thus highlighting the broader 
implications of microbial dysbiosis beyond host-parasite interactions [83, 84]. 
Understanding these interactions offers insights into managing host-parasite dynam-
ics and underscores the broader ecological consequences of microbial disruptions.

While fewer instances document reductions of helminths by bacteria [78], the 
absence of Escherichia coli and Salmonella typhimurium, or dysbiosis that impedes 
their function, reduces the ability of nematodes like Trichuris muris to colonize a host 
successfully. E. coli and S. typhimurium are triggers that initiate the opening of T. 
muris eggs in the host intestine [81, 85]. Thus, treatments that disrupt the microbial 
community can lead to various pathways where parasites are reduced or eliminated 
from hosts [82, 86].

Here, we present findings from multiple bird collections in which avian hosts were 
examined for gastrointestinal helminths and ingestion of plastics. Some of the birds 
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were sourced from an outbreak of Avian Botulism, where it is believed that the hosts 
perished due to botulinum neurotoxin (BoNT) poisoning and experienced distinct 
shifts in their surficial microbial communities. Although all the birds in the collection 
are waterbirds, they represent various taxonomic and trophic groups. As such, many 
birds were also analyzed for stable isotope concentrations. This allowed us to assess 
the effects of two stressors on the infracommunities of their internal parasitic hel-
minths: contamination by microplastics and pathogenic bacteria capable of causing 
dysbiosis of the GIT.

2.  Empirical evidence and hypothesis testing

2.1  Methodologies

Since 2015, we have simultaneously assessed the GITs for trophically transmitted 
parasites and consumed plastics of 26 species (n = 124 for whole birds and another 
241 GITs for a total of 366 birds). All birds were collected on the water, at roost sites 
over water, or soon after death from natural causes, like Avian Botulism. Whole 
carcass assessments (n = 102) included quantitative necropsy, where morphometric 
weights of each primary organ system were measured and evaluated for condition. 
Although several organ systems besides the GIT were assessed, we focus on the hel-
minth parasites of the gut here. Because the sources of birds varied in time and space, 
the handling of carcasses varied by agency, and the condition of GITs or their con-
tents varied by project, we do not attempt to make conclusions regarding individual 
parasite species but instead use the community composition (=infracommunity) of 
each bird, using parasite morphotypes as operational “species.” These morphotypes 
were based on general morphological characteristics and were consistent at the host 
species level.

Most of the whole birds were sourced from natural populations of seabirds in the 
Western Aleutian Islands in cooperation with the U.S. Fish and Wildlife Service. We 
shot these birds on the water, froze them within 1 hour of collection, and wrapped 
them in aluminum foil to ensure minimal contact and contamination of plastics. We 
took body measurements and qualitatively assessed body condition [87], washed 
the external surfaces with soap and water, and retained the resulting “ectowash” 
(containing ectoparasites) before opening the birds for qualitative necropsy [88]. We 
sampled liver tissue during necropsy for stable isotope measurements and various 
tissues for plastic congener quantification. For these 124 samples, we compare the 
host trophic position with parasite metrics and the frequencies of consumed plastics 
and their chemical congeners.

Within the whole bird samples, we had a subset (n = 21) associated with a die-off 
event on Middleton Island, Alaska, in the summer of 2021. Black-legged Kittiwakes 
(Rissa tridactyla: BLKI) (n = 21) and Glaucous-winged Gulls (Larus glaucescens: 
GWGU) (n = 2), were frozen within hours of death and later were also fully pro-
cessed with quantitative necropsy, gut parasitology, and stable isotope analyses. 
Further, we performed microbial assessments of the parasites from the ectowashes 
(lice, mites, ticks, and fleas) of the BLKI to learn whether there were differences 
between their microbiomes and those of the same species from the 2016 Aleutian 
Island collection [89].

In addition to the whole-body assessments, we include host data collected by the 
U.S. Department of Agriculture, Animal Plant Health Inspection Service, Wildlife 
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Services, National Wildlife Research Center (NWRC) on commercial aquaculture 
facilities or at roost sites near aquaculture. The first set of samples (n = 136) consisted 
of two bird species, Double-crested Cormorants (Nannopterum auritum) and Lesser 
Scaup (Aythya affinis), foraging on baitfish aquaculture farms in Arkansas and roost-
ing near catfish aquaculture ponds in Mississippi in 2016 and 2017. These birds were 
shot in the field, individually wrapped and placed on ice, and transported to an NWRC 
lab for necropsy within 24 hours of collection. We emptied the gut contents into warm 
saline and transferred them into formalin, and liver tissue samples were taken for 
stable isotope analyses [12, 90]. The second sample set consisted of seven waterbird 
species (N = 105) shot on shrimp aquaculture farms in Alabama and Florida in 2020 
and 2021. Gut contents were processed similarly to the former group, except half of the 
samples were preserved in ethanol and the other half in 10% buffered formalin.

Parasite analyses following quantitative necropsy were separated by the anatomi-
cal regions of the digestive system: the esophagus, stomach/gizzard, duodenum, 
jejunum, ileum, colon, and cloaca. For these assessments, we could evaluate the co-
infections of parasites and infer the preferential infection sites for many parasites. In 
contrast, in gut content analyses from birds processed from aquaculture collections, 
all GIT sections were combined into a single sample. We could not ascertain infection 
localities beyond upper and lower GIT. While assessing digestate from samples, we 
scrutinized the liquid diluted with 0.04% saline (Instant Ocean) in square, gridded 
sorting under 4–40× total magnification (stereoscope). Any parasites or plastics were 
removed, placed into 9-well borosilicate glass plates, sorted into morphologically 
distinct groupings (i.e., “morphospecies”), and preserved in either 10% buffered 
formalin for long-term preservation or 90% ethanol for DNA conservation. Each 
morphospecies was counted for abundance estimates and plastic type (fiber, shard, 
etc.) was enumerated and recorded.

Data from each project were combined into a database where each row pertained 
to a given morphospecies present in the GIT. When assessments had previously split 
components of the GIT into several sections (n = 124), we summed the counts of 
each morphospecies to calculate a total infrapopulation for each bird. In addition, 
we summed the number of plastics found within each organ, when applicable, and 
for birds where we measured them, we included mean stable isotope values for each 
species, as well as mean plastic chemical congener concentrations.

We extracted the microbiome of diseased BLKI samples using a combination 
of 2.3 and 0.5 mm silica beads for homogenization. DNA extraction followed the 
Qiagen DNeasy Blood and Tissue Kit protocol with an extended 36-hour incubation 
period at 56°C [91]. 16S metagenomic sequencing was conducted on the Illumina 
MiSeq platform using standard Illumina primers for the hypervariable region V3-V4. 
Data processing occurred in QIIME2, denoising sequences with DADA2, and filter-
ing based on quality scores and expected errors for chloroplasts, mitochondria, and 
unclassified sequences. Sequences were clustered to 99% similarity, and taxonomy 
was assigned using a combination of the Silva 138 and GreenGenes databases, resolv-
ing discrepancies in favor of higher confidence assignments [92–95].

We used a sampling depth of 29k for the core metrics function in QIIME2 to 
analyze the microbial community composition. The Jaccard dissimilarity matrix was 
exported to R and assessed with Canonical Analyses of Principal Coordinates (CAP: 
vegan). The CAPs were constrained separately by helminthic parasite assemblage, 
host plastic consumption, and year. P-values were based on PERMANOVA with 999 
permutations of each variable to determine statistical significance and the R2 values 
indicate the variation attributable to that environmental variable.
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  2.2  Ecological differentiation of hosts 

 Using δC 13  and δN 15  isotopic ratios of the 11 assessed bird species, we grouped 
the hosts into five distinct trophic clusters (K-means clusters based on Principal 
Components,   Figure 1  ). Two singleton clusters contain species that are high-order 
predators yet feed in distinctly different habitats: Double-crested Cormorants, 
piscivorous birds that breed primarily in freshwater habitats but also feed in coastal 
habitats during non-breeding seasons, and the Northern Fulmar ( Fulmarus glacialis ), 
a highly marine species that breeds on oceanic islands. While these species appear 
to share a similar trophic level, suggesting a highly piscivorous diet, the habitats in 
which they occur provide sufficient separation in trophic ordinate space, separating 
them through cluster analysis. The remaining three groups (  Figure 2  ) include bird 
species that persist in low-to-intermediate trophic levels.   

 The invertebrate-specialist group (cluster 2) spans habitat types and includes 
freshwater and marine specialists. This group contains Lesser Scaup, a ubiquitous 
species that can consume a range of prey from plant seeds and small invertebrates to 
small fishes; the Crested Auklet ( Aethia cristatella ), a consumer of marine/pelagic 
arthropods and sometimes small fish; and the Horned Puffin ( Fratercula cornicula-
tus ), a frequent consumer of small fishes, all of which might share similar trophic 
positions with predatory invertebrates in freshwater systems. 

  Figure 1.
  Of the five clusters identified from distinct heavy nitrogen and carbon isotope concentrations, three multi-species 
clusters could be differentiated. These groups included invertebrate consumers (2: orange), coastal predators 
(4: green), and offshore predators (3: blue). BLKI = Black-legged Kittiwake, COMU = Common Murre, 
CRAU = Crested Auklet, GWGU = Glaucous-winged Gull, HOPU = Horned Puffin, LESC = Lesser Scaup, 
PECO = Pelagic Cormorant, PIGU = Pigeon Guillemot, TUPU = Tufted Puffin.          
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 The coastal-specialist group (cluster 3) includes bird species that breed and forage 
near coastlines or shallow marine communities. It includes Pelagic Cormorants ( Urile 
pelagicus ), Pigeon Guillemots ( Cepphus columba ), and Glaucous-winged Gulls. While 
cormorants are often considered fish specialists (like the Double-crested Cormorant 
above), feeding on small coastal fish can shift their isotopic signatures to be similar to 
those of trophic generalists and coastal predators like gulls and guillemots [ 31 ]. 

 The coastal-pelagic group (cluster 4) consists of species that typically feed in 
areas beyond the continental shelf, where certain groups of organisms (such as 
Gastropoda) are largely absent. By feeding on small pelagic fishes, krill, and intra-
guild predators of these prey, the isotope similarities indicate that Tufted Puffin 
( Fratercula cirrhata ), Common Murre ( Uria aalge ), and Black-Legged Kittiwakes 
belong to a similar trophic guild. Despite all being waterbirds, their varied diets and 
geographic ranges make them valuable bioindicators for other avian groups at similar 
trophic levels.  

  2.3  Trends of plastic contamination in hosts 

 Some correlations between plastic abundances and their congeners were detected 
within the isotopic trophic groupings. Considering mean values for tissue total 
phthalates for each species where they were measured (n = 9 species, 110 hosts), 
as plastic consumption increased, so did phthalate concentrations (  Figure 2  ). 
Within the trophic clusters of this sample set, plastic consumption increased in the 
invertebrate-consumers group (cluster 2), as did the concentration of DEHP, a plastic 
phthalate congener. This contaminant also increased in the coastal generalist/pisci-
vore group, although the relative frequencies of plastics consumed were consistent. 
The offshore piscivorous birds showed consistent patterns for plastic frequencies 
(count), and the amount of plastic ingested by these birds was consistent with the 

  Figure 2.
  Mean concentrations of total phthalates and the plastic prevalence (proportion of birds with plastic in 
gastrointestinal tract) of nine species of seabirds (colored by American Ornithological Union code) with sample 
sizes of 3 or more individuals. BLKI = Black-legged Kittiwake, COMU = Common Murre, CRAU = Crested 
Auklet, GWGU = Glaucous-winged Gull, HOPU = Horned Puffin, NOFU = Norther Fulmar, PECO = Pelagic 
Cormorant, PIGU = Pigeon Guillemot, TUPU = Tufted Puffin.          
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DEHP plastic congener concentration in their muscle tissues. These results agree with 
previous works of plastic phthalate congeners of the same species [ 54 ], where the for-
aging strategy explained more variance in congener concentrations than geographic 
locality, size, or sex. 

 The relationship between plastic consumption and parasites has yet to be fully 
resolved [ 58 ,  94 ], yet some trends emerge from the entire dataset evaluated here 
(n = 356). From the individual host perspective (  Figure 3  ), those that contained more 
helminths (higher intensities) also contained the most plastics. Thus, these trends 
appear among individuals and species. Similarly, from the host species’ perspective 
(  Figure 4  ), we find that waterbirds that harbor higher maximum abundances of par-
asites also contain higher abundances of consumed plastics. Further, the maximum 
species richness of helminths increased with parasite load (abundance) and plastic 
frequencies at the host species level  (  Figure 5  ). The causality associated with this 
correlation has yet to be established, and it is unclear whether species that interact 
with higher frequencies of parasites also interact with more plastic debris. These are 
important considerations for future exploration, as contaminants and parasites can 
alter the probability of consumption for intermediate hosts [ 95 ], and whether they 
have confounding, additive, or synergistic effects on definitive host plastic consump-
tion remains unknown.    

 As hosts migrate, they move from one foraging location to another and are 
exposed to differential compositions of infectious agents and contaminants. Double-
crested Cormorants and Lesser Scaup collected in 2016 and 2017 were documented 
as consistently consuming microplastics; however, the prevalence of microplastics in 

  Figure 3.
  Species richness (left) and count data (right) for gut helminth infracommunities and consumed plastic 
microfibers for individuals from 22 species of waterbirds (colored by American Ornithological Union code). 
BEKI = Belted Kingfisher, BLKI = Black-legged Kittiwake, COMU = Common Murre, CRAU = Crested Auklet, 
DCCO = Double-crested Cormorant, GBHE = Great Blue Heron, GREG = Great Egret, GRHE = Green 
Heron, GWGU = Glaucous-winged Gull, HOPU = Horned Puffin, LBHE = Little Blue Heron, LEAU = Least 
Auklet, LESC = Lesser Scaup, NOFU = Northern Fulmar, PAAU = Parakeet Auklet, PBGR = Pied-billed Grebe, 
PECO = Pelagic Cormorant, PIGU = Pigeon Guillemot, RECO = Red-faced Cormorant, TBMU = Thick-billed 
Murre, TUPU = Tufted Puffin, WHAU = Whiskered Auklet.          
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our samples differed seasonally and by species (  Figure 6  ). These birds were arriving 
in their southern non-breeding territories and using baitfish and catfish aquaculture 
facilities to feed opportunistically. In some instances, birds continued southward after 
stopping at the fishponds. In other instances, individual birds apparently alternated 

  Figure 4.
  Count data for gut helminth infracommunities and consumed plastic microfibers for 18 species of waterbirds 
(colored by American Ornithological Union code) with sample sizes of 3 or more hosts. BEKI = Belted Kingfisher, 
BLKI = Black-legged Kittiwake, COMU = Common Murre, CRAU = Crested Auklet, DCCO = Double-
crested Cormorant, GBHE = Great Blue Heron, GREG = Great Egret, GWGU = Glaucous-winged 
Gull, HOPU = Horned Puffin, LBHE = Little Blue Heron, LEAU = Least Auklet, LESC = Lesser Scaup, 
PAAU = Parakeet Auklet, PBGR = Pied-billed Grebe, PECO = Pelagic Cormorant, PIGU = Pigeon Guillemot, 
TBMU = Thick-billed Murre, TUPU = Tufted Puffin.          

  Figure 5.
  The maximum species richness of intestinal helminths reported for a waterbird species compared to plastic 
frequencies (left = count of plastics for a species: middle = mean count of plastics within an organ) and total 
parasite intensity (load). Bird species are colored based on trophic cluster: large piscivores (1: black), invertebrate 
consumers (2: orange), coastal predators (4: green), and offshore predators (3: blue), offshore small piscivores 
(5: red).          
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between inland and more coastal foraging habitats [96]. We observe higher frequen-
cies of plastics in the GIT of cormorants as they arrived on the ponds from northern 
and southern trips, whereas just before leaving for their northern breeding grounds, 
fewer individuals contained plastics (R2 = 0.20, df = 6, F = 3.02, p = 0.0109), but the 
plastic load did not differ (p = 0.3558).

Scaup showed a peak of plastic prevalence in January (R2 = 0.111, df = 3, F = 2.846, 
p = 0.044); however, with only 4 months of collection data to compare (n = 71), we 
do not suggest that a seasonal change can be readily recognized from this analysis. 
Further, given that there are likely shifts in the loads of microplastic contaminants 
depending on when and where a host is, the individual and species-level trends we 
report above are compelling. As the distributions and collection times of the aggre-
gated datasets represent what should amount to a considerable variation within a 
host, even moderate trends are telling of large-scale trends.

2.4  Impacts of bacterial dysbiosis on helminth communities

Birds associated with the summer 2021 die-off event on Middleton Island, Alaska, 
were infected with the pathogenic C. botulinum/phage combination, resulting in 
intoxication with BoNT/C. We note that none of the birds assessed here were directly 
tested for the toxin. However, following several tests, other birds from the die-off 
were found to contain the neurotoxin and were absent of any other disease agents and 
toxins [97]. As such, we consider the birds from Middleton as “diseased” birds and 
those we compare them to from the Western Aleutian Islands as “healthy” because 
there was no die-off occurring at those locations during that summer collection. 
The geographic distance between our two sites is more than 2000 km, and this, 

Figure 6. 
Monthly frequencies of plastics combined by month over 2 collections (2016–2018) of Double-crested Cormorants 
(DCCO) and Lesser Scaup (LESC) during the non-breeding seasons in Arkansas and Mississippi, USA.
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too, has the potential to influence the trophic interactions that a host experiences, 
whether that be from different prey populations, vectors, or pathogens present in the 
Pacific/Beringean oceanic realm (Aleutian samples) and those in the Gulf of Alaska 
(Middleton Island samples). Here, we present comparisons of the microbial and 
helminth communities of diseased and healthy birds from those collections. 

 We processed birds for the Middleton-Aleutian comparisons for C 13  and N 15 . 
We found slight differences in isotopic signatures between kittiwakes and gulls but 
pronounced shifts in the signatures between the two seabird collections (  Figure 7  ). 
Whether dysbiosis in the microbial community is influenced by  C. botulinum  infec-
tion or local microbe community contributions has yet to be definitively addressed; 
however, there appears to be distinct differentiation of isotopic signatures between 
both species and possibly health status.  

 The endoparasites and plastics consumed by this subset of birds also differed 
based on location/year/disease status (  Figure 8  ). Kittiwakes (hereafter BLKI, n = 42) 
from the Middleton Island die-off in 2021 contained larger counts ( R2  = 0.16, df = 1, 
p  = 0.0216) and types ( R2  = 0.32, df = 1,  p  = 0.0008) of parasites; however, the 
number of organs infected within the GIT was lower ( R2  = 0.72, df = 1,  p  < 0.0001). 
Conversely, diseased birds contained fewer plastic particles when compared to 
healthy conspecifics collected from the western Aleutian Islands in 2016. With a 
smaller sample size (n = 12), Glaucus-winged Gulls exhibited similar parasite fre-
quencies ( p  = 0.340), richness ( p  = 0.166), and plastic frequencies (0.680). However, 
like the BLKI, parasites were distributed among more organs in healthy birds com-
pared to diseased conspecifics from the Middleton disease event ( R2  = 0.95, df = 1, 
p  < 0.0001).  

 In addition to differences in the endoparasite communities of birds associated 
with a die-off event, similar trends in ectoparasite ecological metrics occurred in 
these birds [ 89 ]. Moreover, differences occurred in the microbiome of these hosts 
based on ecological metrics (alpha, beta, and gamma diversity) for BLKI [ 89 ]. 

  Figure 7.
  Stable isotopic heat maps indicating the trophic position of Black-legged Kittiwakes (BLKI) and Glaucus-winged 
Gulls (GWGU) for birds collected during non-die-off conditions (“Healthy”) between 2009 and 2019 from the 
western Aleutian Islands and birds of the same species collected during a presumed Avian Botulism outbreak on 
Middleton Island in 2021 (“Diseased”).          
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Although the microbial communities were based on each bird’s ectoparasites and 
surficial symbionts, we document marginal differences in microbial composition 
based on Constrained Analysis of Principal Coordinates informed by helminth 
communities and year (  Figure 9  ). We found differences between healthy and 
diseased birds ( p  = 0.046;  R2  = 0.67; CAP 1 = −0.32, CAP 2 = −0.58); however, we 
cannot conclusively say whether geographic, temporal, or disease status differ-
ences drove these differences. Further, no parasite metrics provided explanatory 
power of host separation in ordinate space ( p  = 0.298). Similarly, plastic ingestion 
did not impact the surficial microbial communities of the birds assessed here 
( p  = 0.283).  

 Helminthic communities can drive microbial community alterations [ 83 – 85 ], so 
the interplay between microbial responses to helminthic parasites and helminths’ 
responses to microbial pathogens remains to be elucidated. This will likely require 
laboratory experiments where helminth and pathogen infection dynamics can be 
controlled.   

  Figure 8.
  Frequencies of parasites and plastics in two species of seabirds (Black-legged Kittiwakes [BLKI] and Glaucus-
winged Gulls [GWGU]) from a die-off event in 2021 on Middleton Island (diseased) and the western Aleutian 
Island (healthy) of Alaksa. Metrics include the number of parasites found in a host (abundance), the number 
of parasite species in a host (richness), the mean number of host organs that were infected, and the frequency of 
consumed plastics observed (plastic number). Lines above paired bars indicate significant differences at 0.05 (*), 
0.001 (**) and <0.0001 (***).          
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  3.  Conclusions 

 The utility of endoparasites as ecological indicators for host foraging behavior 
allows researchers and managers to understand the consequences of land use change, 
expanding reaches of plastic contamination, and expanding ranges of pathogens like 
C. botulinum . 

 When assessing the complete suite of waterbirds included in these analyses, 
we found that the infracommunities of birds varied by location (  Figure 8  ), season 
(  Figure 6  ), and, most importantly, bird species (  Figures 2  –  5  ). As waterbird hosts are 
also recognized as sentinels of ecosystem change [ 49 ], the prospect of parasite assess-
ments to more fully evaluate alterations in trophic structure is compelling. Further, 
the differentiation resolution observed here confirms the utility of parasite intracom-
munity assessments in the niche divergences of birds that forage in similar habitats 
and at similar trophic levels (  Figure 5  ). 

 Previous works demonstrate that trophic strategies can correlate with plastic con-
tamination [ 54 ]; however, many of those studies report macroplastics as opposed to 
microplastics evaluated here and did not find that phthalate concentrations correlated 
with increased plastics consumption. Here, we provide evidence that this is the case 
so long as microplastics are also considered, as plastic consumption increased, so did 
phthalate concentrations in tissues, especially total phthalates and DEHP. 

 While the contaminant concentrations in host tissues were not reflected in 
parasite infracommunity metrics, plastic frequencies did correspond with higher 
intensities. However, causality between parasite burden and plastic consump-
tion remains unclear. There is the potential for parasitized intermediate hosts to 
have an increased probability of plastic exposure or entanglement. Likewise, it 
could be that intermediate hosts interacting with plastic are more susceptible to 
parasitic infection. Further experimentation would help understand the dynamic 
relationships. 

  Figure 9.
  Ordination plot based on principle coordinates analysis of microbial communities of Black-legged Kittiwakes 
from a collection of birds taken in the Western Aleutian Islands in 2016 (blue) and a presumed Avian Botulism 
outbreak in the Gulf of Alaska in 2021 (red). Metadata for evaluation of ordinate separation based on parasite 
infracommunity compositions (left) and consumed microplastic frequencies (right).          
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It is necessary for the prosperity and security of human populations to con-
sider the impact of land use change and contamination from anthropogenic waste 
products, such as single-use plastics, on natural systems and organisms. We have 
discovered a notable positive correlation between parasites and plastic frequencies 
and have found that aquaculture facilities appear to be sinks rather than sources of 
plastic contamination. The interaction of human-created stressors on organisms and 
their symbionts undoubtedly responds to changes in these systems. There is an urgent 
need for highly replicated and robust research to determine their consequences.

Birds from Middleton Island, affected by a 2021 die-off, likely due to C. botulinum/
phage exposure, had distinct parasite communities compared to healthy birds from 
the Western Aleutian Islands. Geographic distance between sites may affect trophic 
interactions, and the isotopic signatures of birds from the die-off suggest a substan-
tial shift and contraction of dietary niche breadth in the diseased hosts. Middleton 
birds had more parasites but fewer plastics in their GI tracts than healthy Aleutian 
birds. Ectoparasite metrics and microbial diversity varied between diseased and 
healthy birds, possibly influenced by helminth communities. Further study is needed 
to understand microbial responses to helminths and vice versa.

The Bering Sea region faces numerous environmental threats impacting its health 
and the sustainability of its communities and fisheries, from global climate change to 
marine debris pollution. Bering Sea communities are working to maintain a healthy 
ecosystem in many ways, including taking leadership actions to clean up marine 
debris. Efforts to manage this ecosystem would be informed by a better understand-
ing of the ecological and physiological relationships of seabirds with their prey, their 
parasites, and plastic contaminants.
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Chapter 11

Major Parasites in Fish Affecting 
Public Health
Said Dahani and Rachid Khatouf

Abstract

In Morocco, the fishing sector plays a crucial socio-economic role and constitutes 
one of the cornerstones of the country’s economy. However, the role of these products 
in transmitting parasitic diseases to humans has been acknowledged. The issue of 
parasites in fish holds significant importance in terms of health, socio-economics, 
media coverage, and environmental impact. The primary parasites found in fish 
include nematodes (Anisakis), cestodes (Gymnorhynchus gigas), protozoa, and isopods. 
Anisakids take the lead in terms of prevalence in certain fish species, causing the anisa-
kiasis disease in humans. Preventing these diseases in humans relies on actively search-
ing for parasites in fish that are visibly parasitized before their commercialization in the 
market. Mastering the hazard of “parasites in fish” for humans is a shared responsibility 
between fishing industry professionals and the relevant health authorities.

Keywords: Anisakis, control, fish, hazard, Morocco, parasites

1. Introduction

The fishing sector plays a crucial socio-economic role in Morocco and constitutes 
one of the pillars of the national economy. However, the role of these products in 
transmitting parasitic diseases to humans has been recognized. To date, the consump-
tion of raw fish is increasingly widespread globally, which represents an emerging 
risks for consumers. Indeed, the role of fish products in transmitting parasitic dis-
eases to humans is well-established. They may contain parasites, including those from 
the Anisakidae family, which is most implicated in human infestations, primarily with 
two genera: Anisakis and Pseudoterranova.

Parasites are naturally present in fish of all species worldwide. Specifically, 
Anisakidae circulate in the marine ecosystem, using marine mammals, birds, or 
fish as definitive hosts. Through the consumption of raw, undercooked, or inad-
equately processed fish, humans become accidental hosts. Nevertheless, the ingested 
Anisakidae cannot reach the adult stage in humans.

2. Replace main parasites of fishery products

Like any animal species, fish and cephalopods (mollusks) are susceptible to 
parasites. These parasites are naturally present in the marine environment, fish and 
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cephalopods are part of their life cycle. Among them, the Anisakidae family (Anisakis 
and Pseudoterranova) poses a hazard to consumer health and can be responsible for 
anisakidosis in humans.

2.1 Anisakids

Zoonoses account for approximately 75% of emerging diseases. The increasing 
attention to foodborne zoonoses is the result of two main factors. The first is the rising 
prevalence of these diseases linked to changes in dietary habits, an increasing rate of 
international travel, trade exchanges, as well as cultural and demographic changes. 
The second factor is related to improved diagnostic capabilities through advanced 
techniques and a higher number of instrumental investigations [1].

However, parasitic zoonoses remain insufficiently studied because their actual 
and potential economic and health impact are not well unknown. Any infestation 
caused by nematode larvae belonging to various genera of the Anisakidae family is 
called anisakidosis, which manifests as either acute or chronic gastric or intestinal 
forms after several hours to several days, months, or even years post-infestation. The 
most common Anisakids in humans are Pseudoterranova, such as Pseudoterranova 
decipiens, and Anisakis simplex, the latter can also induce allergic problems. 
Moreover, some 33 allergens of Anisakis simplex are thermostable, increasing the 
allergic risk for consumers. Allergies can result in hives, itching, angioedema, 
bronchospasm, or, more rarely, anaphylactic shock. Other less common Anisakids 
in humans, Contracaecum spp., which can pose public health issues but remain 
very rare. Hysterothylacium spp. does not cause any public health problems as it is 
destroyed at a temperature of 37°C. However, like other genera, its presence in fish 
can lead to rejection by the consumer.

Indeed, anisakidosis has around 20,000 reported cases to date, with the vast 
majority (90%) in Japan. Human anisakidosis is usually more common than 
human pseudoterranovosis in Japan and Europe, although in North America, 
Pseudoterranova spp. is the most frequent. Cases of human pseudoterranovosis have 
been reported in Chile and Peru [2].

2.1.1 Morphology

For the classification and differentiation of various genera within the 
Anisakidae family, criteria such as the morphology of excretory and digestive 
systems, as well as the sexual organ (spicule), are used [2]. However, the similarity 
and the morphological resemblance of these worms, including size, shape, differ-
ences between males and females, the presence or not of the cuticular striations on 
the body, as well as the shape of the head and tail, unfortunately complicate their 
identification [3].

2.1.1.1 Anisakis

The name Anisakis is composed of “anis-” (a Greek prefix meaning different) and 
“akis” (Greek for spine or spicule). The worms belonging to the genus Anisakis are 
usually found in herring, which serves as the paratenic host, and in whales, which are 
the definitive hosts.

Anisakis, being nematodes, are unsegmented roundworms with a thick cuticle, 
ranging in color from light white to yellowish, measuring 2 to 6 cm in length and a 
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few millimeters in diameter. The cuticle is characterized by large, irregular, and dis-
continuous transverse grooves across the body, with fine parallel ridges between the 
grooves. On a live larva, a visible white portion of 2 mm in length corresponds to the 
esophageal ventricle. At the other end, there is a triangular penetration tooth, next to 
which is the excretory pore followed by the excretory canal.

The larva has a ring-shaped nervous system. Regarding internal morphology, 
the larva possesses a complete digestive system consisting of a trilabiate mouth (one 
dorsal and two subventral), an esophagus with two parts (an anterior muscular 
and a posterior glandular), ending in the anus. The excretory system terminates in 
ventro-lateral lips, and numerous peri-anal papillae are present. There is no cecum or 
esophageal appendix [4].

The L3 larva found in fish can measure from 9 to 39 mm in length. Whitish in 
color, it may be coiled and encysted. Most L3 larvae are located in the body cavity, on 
the liver, and on the wall of the digestive tract, and less commonly, in the flesh of the 
fish (Figure 1).

2.1.1.2 Pseudoterranova

Worms of the genus Pseudoterranova are also known as codworms or sealworms. 
The L3 larvae of these worms are typically found in the flesh of fish and less com-
monly in the visceral cavity. The larvae found in fish measure approximately 9 to 
58 mm in length and can have a whitish-cream, yellow-brown, or reddish-brown 
color. They are coiled within irregularly shaped cysts. Morphologically, they are 
characterized by the presence of an anterior boring tooth near the excretory pore. The 
esophagus consists of a relatively long proventriculus and a ventricle. The intestine, 
located immediately behind the ventricle, extends forward as a cecum (retrograde) 
and narrows backward to enter the rectum, which opens at the anus. The posterior 
end of the larva bears a small spine called the mucron [5].

Figure 1. 
Larva of Anisakis spp. in Silver scabbardfish.
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2.1.1.3 Contracaecum

The worms belonging to the Contracaecum spp. genus are whitish-yellow to 
 greenish, and sometimes tinged with red. They have a length of 1.5 to 28.1 mm and a 
width of 0.13 to 1.18 mm. In adults, males measure between 15 and 70 mm in length 
and 0.8 to 1.5 mm in width, while females measure between 15 and 90 mm in length 
and 0.8 to 2 mm in width. The larvae have a pointed tail without a mucron. The 
excretory pore opens between the two subventral lips. The piercing tooth is small. The 
esophageal appendix is longer than the cecal appendix. The caudal papillae consist of 
2 pairs subventrally and 2 to 3 pairs sublaterally [6–8].

2.1.1.4 Hysterothylacium

Worms belonging to the genus Hysterothylacium spp. are Anisakidae with a whitish 
to gray and highly active larva. The larva has a length of 1.5 to 2.5 mm, and the female 
can reach 8 cm. They have fish as definitive hosts, with the same individual host-
ing both larval and adult forms. Hysterothylacium does not pose health problems for 
humans as they are killed at low temperatures. They are very active at 10°C but die at 
30°C. The survival of these larvae requires a low temperature [2].

The nematode is characterized by a three-lipped head, each with a pair of triangu-
lar ridges, and the presence of semi-interlabia and cervical wings. The worm also has 
a cuticle with fine transverse striations, an anterior cecum and an esophageal ventricle 
with a posterior appendix; the appendix and cecum are roughly equal in size, the 
excretory pore is located at the level of the neural ring, the tail has a terminal “cactus,” 
and the male spicules are approximately equal in size [9].

2.1.2 Life cycle

The Anisakidae have a heteroxenous life cycle (Figure 2). Unembryonated eggs 
of Anisakidae are excreted with the feces of the definitive host into the marine 
environment. The larvae L1, L2, and L3 mature within the egg before hatching into 
free-living L3 larvae in the marine environment. The hatching rate of the larvae 
depends on the water temperature, with higher temperatures leading to faster 
hatching [10].

The free-living L3 larvae are more often ingested by crustaceans (shrimp, crab, 
amphipod, krill, etc.), intermediate hosts. Fish and cephalopods then act as paratenic 
hosts by feeding on the infected crustaceans. If a fish or mollusk carrying L3 larvae is 
ingested by another non-definitive predator fish, the capsules containing Anisakidae 
larvae are digested, and the larvae encyst again in this new host, which, in turn, 
plays the role of a paratenic host. This is crucial from an epidemiological and food 
safety perspective as larvae can be transferred from one fish to another, leading to an 
accumulation of these parasites throughout the food chain. Some Anisakidae migrate 
from the digestive tract to the body cavity and reach various organs. Definitive hosts 
for the genera Pseudoterranova and Anisakis are marine mammals, while Contracaecum 
also includes piscivorous birds. Hysterothylacium has predator fish as definitive hosts.

After being ingested by this definitive host, L3 develops into L4, L5, and then 
reaches adulthood and sexual maturity. In some cases, L3 does not progress to the 
adult stage and causes definitive eosinophilic granulomas, as seen in the Balaena 
mysticetus [11].
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Humans are accidental hosts that do not allow the normal development of the larva. 
Infection occurs through the ingestion of L3 larvae present in raw or undercooked fish. 
These larvae can cause two types of pathologies: digestive and allergic [10].

Other accidental hosts have been mentioned in the literature, including mammals 
such as bears, monkeys, dogs [12], cats, raccoons [13], birds, amphibians, and reptiles 
such as turtles [14], and crocodiles [15].

2.1.3 Impact of Anisakidae on public health

The first case of Anisakid disease was described in 1876 by Leuckart [16]; how-
ever, the disease was not widely recognized until the 1960. The larva was identified 
as A. simplex at the 3rd larval stage. Since that time, numerous cases of this zoonotic 
infestation have been described in other countries, such as Japan where the consump-
tion of raw fish is common. Over 20,000 cases of anisakiasis had been reported world-
wide by EFSA on 2010, with the highest prevalence (over 90%) coming from Japan, 
reporting an annual rate of 2000 to 3000 cases of anisakiasis. The adoption of diverse 
cuisines worldwide, the development of better diagnostic tools, and an improved 
understanding of Anisakis and its infestation have led to a significant increase in the 
reporting of anisakiasis cases. Among other countries where anisakiasis cases have 
been reported are Korea, China, Malaysia, Taiwan, the UK, Australia, Spain, Italy, 
France, Germany, Denmark, Norway, Croatia, the USA, South America, Egypt, South 
Africa, indicating the presence of anisakiasis on every continent except Antarctica.

A strong tradition of consuming raw or undercooked fish, through traditional 
recipes such as “ceviche” in South America, marinated anchovies in Spain, and raw 
fish prepared in traditional Japanese dishes like “sushi” and “sashimi,” coupled with 
an exponential increase in the number of restaurants worldwide, are the major risk 
factors for the spread of anisakiasis [17].

Figure 2. 
Anisakis life cycle [2].
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2.1.3.1 Pathogenic power

Humans are accidental hosts of the Anisakis parasite. Infestation occurs through 
the consumption of fish and marine crustaceans contaminated with third-stage 
larvae. Two main mechanisms are believed to be responsible for anisakiasis: allergic 
reactions and direct tissue damage resulting from the penetration of larvae into the 
site of the target organ [2].

The survival duration of Anisakis in humans is very short, and they are typically 
expelled or destroyed within a few days or weeks. However, a few hours after ingest-
ing this parasite through an infested fish, the worm burrows into the human intestinal 
wall, causing an acute and transient infection with symptoms such as abdominal pain, 
vomiting, or diarrhea. The invasion of the intestinal wall by the parasite sometimes 
leads to the development of a granuloma or perforation, causing direct tissue damage.

The part of the gastrointestinal tract in which the Anisakis larva lodges, and 
the type of Anisakis spp. ingested, largely determine the clinical manifestations of 
observed anisakiasis. Penetration of the gastric mucosa leads to inflammation, giving 
rise to some of the symptoms. Anisakis can cause gastrointestinal infections, which 
can be classified into acute, chronic, ectopic, or allergic reactions [17].

2.1.3.2 Gastric form

In gastric anisakiasis, a predilection for penetration into the greater curvature of 
the stomach has been suggested. The larva burrows into the walls of the stomach. 
Typically, significant edema of the gastric mucosa around the penetration site is 
observed through endoscopy. The typical clinical presentation is often reported as 
acute and severe epigastric pain, nausea, vomiting, mild fever, excessive salivation, 
and heartburn occurring a few hours after the consumption of infected fish, with 
symptoms developing within 12 hours [8].

2.1.3.3 Intestinal form

Intestinal anisakiasis presents with non-specific clinical features such as nausea, 
vomiting, or diarrhea, typically developing 1 to 5 days after the consumption of 
infected fish. It is known to take more time for symptoms of intestinal anisakiasis 
to manifest as the incubation period is longer (3 to 72 hours). However, it has been 
recognized that patients are often misdiagnosed with other diseases such as intestinal 
inflammation, intestinal obstruction, ulcer, acute appendicitis, diverticulitis, mad 
cow disease, etc. [6].

2.1.3.4 Allergic reaction

In all cases, the body responds to the intrusion of the parasite with an eosinophil-
mediated immune reaction. When the parasite lodges in the organism, it secretes 
biochemical substances foreign to the immune system, triggering the migration of 
eosinophils towards the parasite, forming a granuloma around it and isolating it from 
the organism. This immune response is responsible for the inflammatory reaction 
in the host, manifested by hives, rhinitis, bronchoconstriction, coughing, asthma, 
conjunctivitis, contact dermatitis, gastrointestinal symptoms (epigastric pain and 
nausea), intestinal edema, and potentially anaphylactic shock [2].
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2.2 Gymnorhynchus gigas

Pomfret, among the most consumed fish by humans worldwide, exhibits a high 
level of parasitism by Gymnorhynchus gigas. However, since it is not transmissible to 
humans, and its potential relevance to human health has not been questioned, and 
it poses no hazard to consumers, it is noteworthy that this parasite, despite its abun-
dance in nature, has not been studied to date [18].

2.2.1 Morphology

Gymnorhynchus gigas is a flatworm visible to the naked eye. When young, it is 
dark white, almost transparent, and as it ages, it becomes larger, with its color shift-
ing towards yellowish-white and becoming more opaque. G. gigas consists of three 
distinct parts:

• Anterior or cephalic part: It contains the scolex, usually invaginated, measuring 
approximately 11 × 1.9–2 mm. It has four botryoids at the apical end and four 
proboscides enclosed in a sheath that can be reversible from the scolex, containing 
hooks at the end of the stalk.

• Central part: Formed by an ovoid vesicle, about 12 × 12 cm in diameter.

• Caudal part: Its length and width are highly variable, sometimes measuring up to 
1 m long. It performs complex convolutions within the fish’s musculature, making 
the parasite difficult to remove in its entirety (Figure 3) [18].

Figure 3. 
Larva of Gymnorhynchus gigas in Pomfret.
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2.2.2 Life cycle

Life cycle involving at least two hosts. Fish can serve as final or intermediate hosts 
for these tapeworms, which are oviparous, and their eggs are transmitted in the feces 
of the final host. The eggs hatch in water to release free-swimming larvae, propelled 
by cilia. In the order Trypanorhyncha, these larvae are called coracidium and must be 
ingested by a suitable invertebrate intermediate host, typically a crustacean, mol-
lusk, clupeid, or scombrid. The tapeworm larva penetrates through the intestinal 
wall of the host and undergoes a transformation process in the abdominal cavity to 
the procercoid stage, capable of infecting the fish host. If the procercoid is ingested 
by a suitable fish host, it penetrates the intestinal wall and encysts in the viscera or 
musculature, where it develops into the plerocercoid stage.

Fish in which a plerocercoid stage is formed act as second intermediate hosts, such 
as teleosts. The life cycle completes when an infected fish is eaten by a definitive host, 
which is an elasmobranch (rays and sharks), in whose intestine the tapeworm devel-
ops to maturity.

The plerocercoids of Gymnorhynchus gigas are often found in the musculature of 
the Ray’s bream (Brama raii), causing a mass invasion in the fish muscles. The mode 
of infection appears to be either through the fish’s skin or by ingesting zooplankton or 
parasitized crustaceans [19].

2.2.3 Health aspect

The parasite Gymnorhynchus gigas is capable of causing significant changes in the 
musculature. These changes are sometimes visible in freshly caught fish, appearing 
as grayish spots that become more evident when the parasite is in the superficial 
layers of the musculature, closer to the skin. The muscle tissue around the parasite 
may have a yellowish color compared to the pinkish-white color of healthy muscle 
and histologically shows interstitial myositis. The parasite itself and these lesions 
are likely to reduce the shelf life and assessment of fish inspection, directly affect-
ing organoleptic characteristics; the muscle is less firm, and analytical parameters 
(chemical and microbiological) used for freshness evaluation are indirectly dis-
rupted [20].

This parasite contributes to the fish’s unpleasant taste and poses an economic issue 
by being a reason for rejecting Moroccan fish intended for export.

2.3 Protozoa

Protozoa are commonly encountered in fish, with major groups including ciliates, 
flagellates, microsporidia, and myxosporidia. They can accumulate in large numbers 
in fish, leading to weight loss, debilitation, and mortality. Ciliates and flagellates have 
direct life cycles and particularly affect fish populations raised in ponds. Some of 
these protozoans can cause more or less pathogenic effects in their fish hosts. This is 
the case for myxosporidia and microsporidia.

2.3.1 Kudoa spp

The genus Kudoa belongs to the phylum Myxospora, class Myxosporea, order 
Multivalvulida, and family Kudoidae.
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Myxosporean parasites affect many fish families and are common in cichlids, cyp-
rinids, and mugilids [21]. In Africa, more than 135 species of Myxosporea are known 
to infect freshwater, brackish, and marine fish [22].

Kudoa spp. have a global distribution and infect a wide range of host species. One 
of the main concerns is that these species are responsible for economic losses in the 
fishing sector by causing post-mortem myoliquefaction.

K. septempunctata was recently identified as the causative agent of a previously 
unidentified foodborne illness associated with the consumption of olive flounder 
(Paralichthys olivaceus) in Japan. Since 2003, outbreaks of unidentified foodborne 
illnesses associated with the consumption of raw fish have increased, and this 
Myxosporean is implicated as the etiological agent, demonstrating the pathogenic 
potential of Kudoa spores. Clinical symptoms include severe diarrhea and vomiting 
2–20 hours after ingesting raw, parasitized fish. In a study, anti-Kudoa spp. IgE anti-
bodies were observed in patients experiencing allergic reactions after consuming fish. 
In experimental models, oral administration of pseudocysts to mice induced specific 
IgE antibodies. These IgE responses confirm the possible allergenic nature of certain 
parasite components [23].

Depending on the site of infestation, two forms of Myxosporea have been defined:
Coelozoic forms are free in the lumen of organs such as the gall bladder and 

urinary bladder.
Hystozoic forms are localized in host tissues where they generally induce cyst 

formation. Hystozoic species are the most pathogenic. In severe infestations, they 
can lead to the destruction of parasitized tissues and result in the death of the host. 
Additionally, Myxosporea infestation can expose fish to secondary contamination by 
other microorganisms such as viruses or bacteria (Figure 4) [24].

2.3.2 Glugea spp

The genus Glugea spp. is a microsporidian belonging to the phylum Microsporidia, 
class Microsporea, order Glugeida, and family Glugeidae [25]. They are strict 

Figure 4. 
Xenoparasite formation in Axillary seabream.
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intracellular parasites that infect both vertebrates and invertebrates. There are more 
than 1300 species of microsporidia worldwide. Their classification is primarily based 
on morpho-anatomical characteristics obtained through light and electron micros-
copy. All microsporidia exhibit a form of resistance and dissemination, the spore, 
which is often small (1 to 5 μm long, rarely reaching 20 μm) and usually ovoid or 
spherical [24].

Fish hosts become infected by ingesting infectious spores from contaminated fish 
or food. Infected cells generally enlarge (xenomes) to accommodate proliferating 
parasites, which develop through merogony and sporogony inside the xenomes, lead-
ing to spore production. Infected cells hypertrophy and can reach macroscopic sizes, 
often resulting in characteristic pathological signs, such as multiple whitish nodules 
in tissues or, in the case of the bladder, significant thickening of the walls. The impact 
of microsporidia infestation on fish hosts varies. Some fish hosts seem to survive even 
in the presence of huge xenomes exerting pressure on organs, while in others, micro-
sporidia have a morbid effect. Intranuclear infection of hematopoietic cells is often 
associated with acute anemia [22].

2.4 Parasitic crustaceans

Crustacean parasites are arthropods characterized by two pairs of antennae and 
branchial respiration. In higher forms, their chitin is calcified. Their adaptation to 
parasitism often leads to significant regression of organs and limbs, and they are 
 classified as crustaceans mainly based on their characteristic larval stages [26].

They pose increasingly serious problems in both farmed and wild fish populations. 
These ectoparasites attach to the gills, body, and fins of fish hosts [22].

2.4.1 Copepods

Copepods are a group of small crustaceans found in almost all freshwater 
and saltwater habitats. There are planktonic species (living in seawater) and 
benthic species (living on the ocean floor). Their size varies considerably, but 
they  generally measure 1 to 2 mm in length, with a tear-shaped body and large 
antennae. Like other crustaceans, they have a tough exoskeleton, but they are so 
small that in most species, this fine armor and the entire body are almost entirely 
transparent.

Parasitic copepods are characterized by monoxenous and heteroxenous cycles, 
going through several larval stages (molts) to reach the adult stage. Nauplius, 
copepodite, chalimus, and preadult stages are characteristic stages of the copepod 
development cycle. Parasites with a complex life cycle, using multiple hosts, are 
generally less specific than those with a direct cycle. Parasites with a direct life 
cycle often actively search for their host, while the transfer of parasitic stages 
in species with a complex cycle occurs passively, mainly through predation 
 interactions [27].

Copepods have a pathogenic effect that manifests as tissue destruction dur-
ing parasite penetration, anemia, extensive damage to the gills, and skin erosion. 
Generally, the attachment points are marked by a circular red depression, while the 
peripheral area becomes hemorrhagic and inflamed, sometimes ulcerated with partial 
loss of the epithelium. Pathogenic copepods include the Pennellidae and Sphyridae 
families (Figure 5) [24].
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2.4.2 Isopods

Parasitic isopods measure from 1 to 100 mm in length and are easily distinguished 
from other crustaceans by their body segmentation (seven thoracic segments and six 
posterior segments). The most significant ones belong to the family Cymothoidae, 
the adult forms are found in the mouth or gill cavities. Juveniles are swimming 
forms looking for a host, on which they attach, transform into males, and later into 
females [26].

These parasites often cause various pathologies in their hosts, such as epithelial 
erosions, inflammation, and necrosis of the dermis developing at the attachment 
point of the parasite to the skin, as well as deformations of gill filaments, and 
sometimes significant mortality. Infested individuals become unsuitable for con-
sumption [24].

3. Search for parasites in fish

We adopted a fieldwork approach, examining 354 pieces of fish belonging to 29 
different species. This examination involves looking by eye, firstly for ectoparasites 
on the skin, oral cavity and fins, and secondly for internal parasites in the abdominal 
cavity and flesh. At the end of this research, we found 60 pieces of infested fish con-
taining 657 parasites of different species, thus giving an overall prevalence of 16.94%, 
an overall abundance of 1.86, and an absolute intensity of 10.95. These infestation 
parameters vary depending on the species of fish and the type of parasite.

The L3 infesting larva of the Anisakis nematode dominates with a prevalence of 
11.30%. The plerocercoid larva of the cestode Gymnorhynchus gigas was found with 
a prevalence of 3.11% and appears to exclusively infest the pomfret (Brama brama), 
in which the prevalence is 100%. Xenomas, a whitish nodular formation, were found 

Figure 5. 
Ergasilus sp. (a genus of copepod crustaceans) females, each carrying a pair of eggs on the gills.
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only in species of the sparid family, with a prevalence of 1.42%. Isopod parasitic 
crustaceans were found in the pomfret and the Axillary seabream (Pagellus acarne) 
with a prevalence of 1.12%. The pomfret and the Silver scabbardfish (Lepidopus 
caudatus), show a higher level of risk for parasitism with respective prevalences of 
100 and 76.92%.

A positive correlation was demonstrated between the total length, the weight of 
the fish and the intensity of parasitism.

Fish caught off the Moroccan coast as everywhere in the world are infested by 
nematodes, trematodes and cestodes with varying prevalence depending on the 
species of fish and therefore constitutes a subject of concern to the consumer and 
a challenge for the health authorities and professionals in a co-regulatory frame-
work. These parasites are responsible for emerging zoonotic diseases and can be 
transmissible to humans despite being generally neglected in discussions on the 
safety of fish products [28]. These zoonosis were considered specific to low-income 
populations, but tend to evolve due to the diversification of international markets, 
the development of means of transport and demographic changes [29]. According 
to the Health Organization World, more than 18 million people are infected with 
fish-borne parasites; worldwide, more than half a billion people are at risk of being 
infected [30]. Prioritization of public health systems in countries must give more 
resources and attention to these parasitic zoonosis of fish and must overcome the 
lack of data on their health and economic impact. Fish parasites are transmitted to 
humans following the consumption of raw or undercooked fish, inducing a form of 
morbidity rather than mortality [31]. Food inspection and control rules vary from 
country to country and are often inadequate [32]. Indeed, European Union legisla-
tion specifies in Commission Regulation No. 1276/2011 of December 8 [33], 2011 
amending Annex III to Regulation (EC) No. 853/2004 of the European Parliament 
and of the Council [34], the axes measures to combat these parasites, namely their 
removal when they are visible and the application of a sanitizing treatment for 
products intended to be consumed raw, making it possible to kill any parasites that 
may have escaped visual inspection. Regulation (EC) No. 2074/2005 defines the 
visual inspection of fishery products as non-destructive, and specifies the methods 
of carrying it out in terms of sampling [35]. The visual inspection is carried out with 
the naked eye, and can be supplemented by the candling technique when the latter 
is adapted to the products subject to inspection (thin-thickness parts). However, 
despite the sanitizing treatment, the presence of dead larvae has been associated 
with allergenicity in sensitive people, due to the thermostability of certain allergens, 
notably Anisakis [36].

4. Conclusions

The phenomenon of fish parasitism remains a serious health problem (Fish 
products that are visibly parasitized can transmit parasitic diseases to humans), also 
leading to significant economic losses since it is considered as main reason for refoule-
ment and seizure. Controlling the hazard of parasites in fish is based on a shared 
responsibility between professionals in the fishing industry and the competent health 
authorities. In this regard, the search for parasites in fish should be systematically 
conducted before their commercialization in markets. Raising consumer awareness 
about methods to kill parasites, namely: freezing (−20°C for 24 hours or −35°C for 
15 hours), cooking, or hot smoking.
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Abstract

Nowadays, intestinal parasite infections (IPIs) continue to be a serious public 
health issue worldwide. Helminth and protozoa are common examples of infections 
caused by poverty and inadequate sanitation, which act as two variables linked to IPIs. 
In response to the growing impact of IPIs, more advanced detection techniques have 
been researched and developed. To identify these parasites, the diagnostic method’s 
efficacy is paramount. In view of the above, microscopy as a traditional method is 
now assisted by serology and molecular biological tools. The modern technological 
tools will help to assess the efficacy of eliminating these parasitic illnesses and future 
control programs.

Keywords: intestinal parasites, helminths, diseases management, infection, protozoa

1.  Introduction

Infectious illnesses have long posed a hazard to the global population throughout 
history. Nowadays, intestinal parasites account for a significant portion of the world’s 
illness burden. A variety of parasite species are known to be common worldwide, 
particularly in sub-Saharan Africa, the United States, and Asia [1–3]. The intestinal 
parasitic infections (IPIs) are widely documented in underdeveloped nations and 
nowadays also continue to impair human well-being in affluent countries. Ascaris 
lumbricoides, Trichuris trichiura, and hookworm are examples of helminths that com-
monly cause infections, while protozoa such as Blastocystis hominis, Cryptosporidium 
sp., Entamoeba histolytica, and Giardia duodenalis causes infections that are typically 
due to significant morbidity and mortality, especially in endemic countries [4]. An 
estimated 2 billion people suffer intestinal parasite infections, and the number is esti-
mated to have increased significantly every year, with an additional 4 billion people 
at risk of contracting infections [5, 6]. Among the reasons causing these diseases are 
extreme poverty, inadequate sanitation, social stigma, and a lack of knowledge about 
the prevention and treatment of these conditions [7]. Moreover, in a study it was 
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reported that the host immune system, the afflicted organ, and the type of parasite 
were all factors that affect IPIs [8]. IPIs seldom result in death, but they can stunt a 
person’s development, especially in young children [9].

As the parasite infections increase, new advanced techniques and methods for 
the identification of parasite have been used [10]. Modern methods should also 
take less time to complete without sacrificing the caliber of the output. Many 
researchers prompt diagnosis is so essential and has remained a top goal to accu-
rately identify the parasites, provide the proper treatment, and ultimately prevent 
patient deaths [11]. This brief review article will go over the various methodologies 
that were frequently employed in previous laboratory diagnostics, although each 
method has its own pros and cons. Here provides an additional summary of the 
techniques utilized in the diagnosis of many parasites that cause IPIs, the data was 
tabulated (Table 1) [40–42].

2.  Advancement in parasite diagnosis

Several assays have been developed during the past few decades to improve the 
sensitivity and specificity of the test done for parasite identification. The diagnosis 

Diagnostic approaches

Microscopy-based Serology-
based

Molecular-
based

Proteomics References

Helminth

Schistosoma 
species

Using Kato-Katz 
technique

IHA, ELISA, 
dipstick

PCR, real-time 
PCR, multiplex 
PCR

LC-MS/MS [12–18]

Soil-
transmitted 
helminths

Using sedimentation 
or concentration 
techniques

ELISA Multiplex real-
time PCR

— [19, 20]

Taenia solium Using sedimentation 
or concentration 
techniques

ELISA, 
Immunoblo

Nested PCR LC-MS/MS [21–24]

Protozoa

C. parvum, C. 
hominis

Using modified 
acid-fast staining

DFA, ICT 
assay kit

PCR, real-time 
PCR, multiplex 
real-time PCR, 
LAMP, Luminex

LC-MS/MS [21, 25–29]

Giardia 
lamblia

Using trichrome or 
ion hematoxylin 
staining; Using 
concentration or 
sedimentation 
techniques

DFA, ICT 
assay kit

Multiplex real-
time PCR

— [21, 30–33]

Entamoeba 
histolytica

Using staining 
methods

IHA, IIF, 
ELISA, ICT 
assay

Multiplex 
real-time PCR, 
LAMP

LC-MS/MS [34–39]

Table 1. 
Diagnostic approach for the detection of intestinal parasites.
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of parasitic illnesses has reached a new height because of advances in knowledge and 
technology. These methods have been used in many research projects around the 
globe, which has made it possible to combat with disease [41].

2.1  Microscopy-based approach

The only method available at the time for identifying parasites from cerebrospinal 
fluid, feces, blood smears, and tissue specimens was routine laboratory diagnosis, 
which includes the conventional microscopy technique. For the morphological identi-
fication of parasites, this technique has been widely used as this approach just needs a 
microscope and cheap reagents or dyes [11]. Nevertheless, over the time, even though 
microscopy examination has been regarded as the gold standard, it has become 
increasingly challenging to identify or differentiate the species with the unaided eye. 
This is because high-quality results require the expertise of a skilled microscopist, 
and the entire process—from sample collection to the concentration of the parasite’s 
identification—takes time. This condition was further demonstrated by the fact that 
morphological inspection alone was insufficient to differentiate between the species. 
Dual procedures such formalin-ether sedimentation, trichrome, and Ziehl-Neelsen 
staining are typically applied jointly despite the drawback.

Furthermore, other methods like Kato-katz and McMaster counting methods 
are also widely used nowadays and have been considered as standard techniques 
for the detection and quantification of IPIs for nearly forty years. Since then, the 
WHO has recommended them. In the meanwhile, the McMaster counting method is 
widely used to evaluate STHs or soil-transmitted helminths. The sensitivity of both 
approaches was shown to vary significantly across trials. The McMaster technique is 
based on the floating of eggs, whereas the Kato-Katz method covers a larger quantity 
of feces but has a downside when the infection intensity is relatively low. Additionally, 
both methods can be used to diagnose IPIs, though, because of its robust factor, the 
latter is better suited for additional standardization.

2.2  Serology-based approach

If the parasite density is low, for example, as in the case of Toxoplasma gondii, it 
cannot be directly identified because of its life cycle in the host. Therefore, an indirect 
method of parasite identification employed a serology-based technique needs to be 
used. Together with the ability to view the parasites under a microscope, the advent 
of serology-based approaches has made it possible to diagnose IPIs more quickly and 
effectively. The two subcategories of serology-based diagnosis are antigen detection 
assays and antibody detection assays. It includes hemagglutination (HA) test, comple-
ment fixation (CF) test, immunoblotting, enzyme-linked immunosorbent assay 
(ELISA), indirect or direct immunofluorescent antibody (IFA or DFA), and rapid 
diagnostic tests (RDTs) [41]. In the laboratory diagnosis techniques, ELISA test is the 
most widely used antibody detection test. Although, dipstick assays that are simpler 
and have a higher sensitivity than microscopy when it comes to identifying intestinal 
schistosomiasis, have also been thought to be a more sensible option [16].

Because of their sensitivity, two more serology-based tests are also frequently used 
in laboratories, i.e., indirect hemagglutination (IHA) and indirect immunofluores-
cence (IIF). However, few researches have been done to examine their repeatability 
[43]. Moreover, immunoassays have emerged as a primary diagnostic method for 
parasites [44, 45]. Several commercial kits in the market use an immunoassay-based 
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method to test the parasites using FITC-monoclonal antibodies that target cell wall 
antigens to detect Giardia and Cryptosporidium [41]. It took less time to conduct the 
test and is easier to comprehend the assay’s results. But one drawback of the serology-
based approach is that, because antibodies are present at different times after infec-
tion, the diagnosis is made retrospectively (Figure 1) [40, 41].

2.3  Molecular-based approach

Polymerase chain reaction (PCR) technology has grown in importance as a tool 
for quantifying parasites and assessing the effectiveness of treatment regimens. 
This method provides higher specificity and sensitivity than the existing diagnostic 
tests. As technologies have developed, nested, multiplexed, and real-time PCR 
have replaced classical PCR. By focusing on the 18S rRNA, the PCR technique has 
effectively identified Cryptosporidium from ambient samples in cases of protozoan 
illnesses [26]. Furthermore, as noted, the multiplex real-time PCR assay, which was 
utilized to identify E. histolytica, G. lamblia, and C. parvum/C. hominis, was shown to 
be similar to microscopy and permit the simultaneous detection of several sequences 
within a single reaction tube [21]. By using a pentaplex real-time PCR approach, in 
a previous study four species of soil-transmitted helminths: Ancylostoma, Necator 
americanus, Ascaris lumbricoides, and Strongyloides stercoralis was effectively detected 
[20]. For the detection of DNA of Taenia solium based on the TSO31 gene, nested PCR 
has demonstrated 100% sensitivity and specificity [48]. Other earlier research has 
shown the sensitivity of real-time PCR in identifying Giardia and Cryptosporidium 
(oo) cysts [49, 50]. The traditional PCR-based approach takes a long time and yields 
non-quantitative results [51]. Though cost is an issue for both real-time and multiplex 
PCR, both have produced quick results in comparison to 64 Advances in Parasite 
Diagnosis and Challenges using the traditional approach [11]. Additionally, one of 
the most used methods for identifying parasites like Toxoplasma gondii is restriction 
fragment length polymorphism (RFLP) [11, 52]. This method can identify several 
genotypes from a single sample, based on the digestion of PCR products by restriction 
enzymes, is appropriate for environmental samples [53].

In addition to the PCR-based methods, numerous alternative amplification tech-
niques also have been developed. Loop-mediated isothermal amplification (LAMP) is 

Figure 1. 
Representing serology-based approach (figure taken from De Vriese et al. [46], see reference [47]).
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a unique gene amplification method that was first employed in several investigations 
[54]. The advantages of the LAMP approach are its excellent specificity for the target 
sequence and its capacity to amplify DNA with high efficiency under isothermal 
condition [54]. This procedure just needs four primers, DNA polymerase, and a 
standard laboratory water bath or heat block for the reaction; it is also thought to be 
straightforward and simple to carry out [11]. Additionally, LAMP may amplify RNA 
sequences very effectively when combined with reverse transcription. Furthermore, 
as stated reagents can be stored at room temperature without the need for any post-
PCR procedures [41]. LAMP has been utilized in the identification of DNA and RNA 
viruses, including SARS and West Nile viruses, as per earlier research conducted 
[55, 56]. Additionally, a previous study compared LAMP with multiplex PCR using 
stool samples from taeniasis patients [57]. In the meantime, a recent work described a 
unique diagnostic strategy that combines the LAMP and MinION sequencing technol-
ogy to identify human Plasmodium species [58].

Furthermore, in recent years, the analysis of proteins expressed by parasites has 
been a fast-expanding field of proteomics research [59]. The demand for sensitiv-
ity has since grown as a result of the present interest in proteomics, which helped 
researchers overcome the obstacles to early diagnosis and therapy [60]. Two meth-
ods were used to identify the proteins: top-down and bottom-up. In the top-down 
approach, two-dimensional polyacrylamide gel electrophoresis was used [40]. 
Proteomics has been applied to a number of different disorders, including taeniasis, 
malaria, and Chagas disease [61–63]. A different novel strategy known as microsatel-
lites was based on simple sequence tandem repeats and was also reported in studies 
on parasites that could rapidly evolve and were taken from both people and animals 
[64, 65]. Due to the prominent polymorphism shown, microsatellites are regarded as 
valuable genetic markers [66]. Luminex-based assays, which integrate flow cytom-
etry, fluorescent beads, lasers, and digital signal processing, have also surfaced as 
a potential method for identifying parasite infections [11, 67]. In a study, Luminex 
was used to distinguish between the C. hominis and C. parvum species using just 
one nucleotide. Other serological testing or antigen detection cannot differentiate 
between the two species [28]. The assay’s research enhances the other PCR proce-
dures’ speed, accuracy, and dependability [11, 68, 69].

3.  Challenges in the management of parasitic infections

A disease arises from the daily exposure of the human body to parasites from our 
surroundings. It has been demonstrated that intestinal parasites, which were formerly 
thought to be benign commensals, may potentially be pathogens [68]. More number 
of parasites can be discovered at the same time with further improvement of diagnos-
tics procedures as the researchers increasingly try to concentrate on refining existing 
diagnostic techniques rather than developing new ones. Mass screening and quick 
diagnostics are helpful features that will increase our knowledge of parasites and 
lessen the spread of illness [69]. Moreover, to prevent significant delays, the develop-
ment of field-based diagnosis is also required. Cost is still a problem, as are sensitivity 
and specificity. Particularly in endemic areas, renewed and sustainable intervention is 
required. The status of public health, particularly in the area of medical parasitology, 
can be improved globally in several ways, including by enacting appropriate regula-
tions or policies and by tracking, assessing, and bolstering the surveillance of parasitic 
diseases [70, 71]. Monitoring the resistance to anti-parasite medications and other 
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options is essential for creating improved patient treatments. Increased awareness is 
required, especially in targeted areas, and preventive interventions including routine 
deworming [72]. To improve and eradicate possible diseases, more financing for 
parasitological research and interventions is also required [73].

4.  Conclusion

The utilization of microscopy-based techniques is still beneficial in the diagno-
sis of patients with parasitic illnesses, even with the rapid advancement of other 
methods. On the other hand, molecular and serology-based techniques are seen to be 
superior substitutes, particularly for infections with a narrow spectrum of parasites. 
The current state of research and methodologies for illness detection offers a bet-
ter foundation for the development of more effective, dependable, and affordable 
approaches, thereby enhancing life quality and paving the way for future drops in 
the global disease burden. Higher authorities, including public health and healthcare 
organizations, medical experts, and funding suppliers, must fully commit to imple-
menting these recommendations. The efforts to combat IPIs would be strengthened 
by the support of all stakeholders, and more work needs to be done to fulfill the 
largest gap in science.
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New Developments in Diagnosis of 
Intestinal Parasites
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Abstract

The field of intestinal parasite diagnosis has experienced significant advance-
ments in recent years, propelled by technological innovations and the pursuit of 
more precise and effective diagnostic methods. A notable development in this area 
is the widespread adoption of molecular diagnostic techniques, such as polymerase 
chain reaction and loop-mediated isothermal amplification. These cutting-edge 
methods provide improved sensitivity and specificity compared to traditional 
microscopy-based approaches, enabling the detection of intestinal parasites even 
at low concentrations and in complex clinical samples. Additionally, the creation 
of multiplex polymerase chain reaction assays allows for the simultaneous iden-
tification of multiple parasite species in a single test, streamlining the diagnostic 
process and reducing turnaround time. Furthermore, the integration of artificial 
intelligence and machine learning algorithms into diagnostic platforms shows great 
potential for enhancing the accuracy and efficiency of parasite detection. In con-
clusion, these recent advancements present unparalleled opportunities to enhance 
the precision, speed, and accessibility of parasite diagnosis, ultimately leading to 
better patient outcomes and more effective public health interventions in endemic 
regions.

Keywords: parasites, intestinal, diagnosis, microscopy, molecular techniques, new 
developments

1. Introduction

Intestinal parasites continue to present significant health risks on a global scale, 
particularly in regions where sanitation and hygiene practices are lacking. These 
parasites, varying in pathogenicity, remain prevalent and continue to cause illness and 
discomfort in both animals and humans. Despite the advancements made by the phar-
maceutical industry in developing treatments for parasitic infections, these infections 
persist and impose a substantial burden of disease in many parts of the world.

For instance, as indicated by the recent Pan-European Economic Assessment, the 
economic impact of helminth infections in ruminants is estimated to be comparable 
to or greater than that of animal diseases, amounting to an estimated €941 million 
annually [1]. The repercussions of neglected parasitic diseases on human popula-
tions, particularly children in low-resource settings, are profound [2]. Furthermore, 
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zoonotic parasites have the ability to move between different hosts, compounding the 
disease burden for individuals who come into contact with contaminated food, water, 
soil, or vectors [3, 4].

Parasites, though minuscule and imperceptible to the naked eye, can be observed 
under a microscope. The community of parasites that pose a threat to human health 
includes protozoa, helminths, and ectoparasites. It is estimated that 357 million 
cases of morbidity, predominantly caused by protozoa such as Cryptosporidium, 
Entamoeba, and Giardia, resulted in 33,900 deaths and the loss of 2.94 million 
disability-adjusted life years annually [5] Furthermore, over 1.4 billion individu-
als are afflicted with helminth infections [6]. In addition to their impact on human 
health, parasites also play a role in causing diseases in plants and other organisms. 
Notable examples include Giardia, which is transmitted through contaminated water, 
toxoplasmosis, which is spread by cats, and malaria which is spread by mosquitos 
[7]. Globally, one species of helminth parasite alone infects over 800 million people 
[8]. The prevalence and impact of parasitic infections underscore the importance of 
continued research and intervention efforts to mitigate their detrimental effects on 
public health.

In developing regions such as East Asia, South America, and Saharan Africa, there 
exists a plethora of over 100 species of human intestinal parasites that collectively 
produce an astonishing 200,000 eggs daily. Alarmingly, an estimated 41,500 human 
fatalities are reported annually as a direct result of parasitic infections [9]. The manifes-
tations of these infections vary widely, encompassing clinical presentations that range 
from malnutrition to asymptomatic anemia, and in some cases, even leading to the 
development of cancer [10, 11]. Despite advancements in diagnostic techniques, conven-
tional light microscopic examination continues to serve as the gold standard method for 
the detection and diagnosis of several parasitic diseases, notably malaria [12].

Timely and accurate diagnosis is paramount for the effective management and 
control of parasitic infections. Throughout the years, a multitude of diagnostic 
techniques have been developed and refined to improve sensitivity, specificity, and 
efficiency. Understanding the composition of parasite communities and their impact 
on disease risk is crucial for any surveillance program aimed at reducing the para-
site burden. Equally important is the utilization of cutting-edge diagnostic tools to 
optimize resource allocation for parasite control.

For many years, parasitologists have predominantly relied on traditional diag-
nostic methods involving microscopic examination. Conventional light microscopy 
remains the preferred method for diagnosing certain parasitic diseases, such as 
malaria [12]. While these techniques are cost-effective and straightforward, they 
are often plagued by issues of reproducibility and lack the necessary specificity and 
sensitivity. Moreover, microscopic methods are labor-intensive and necessitate skilled 
personnel for accurate interpretation.

As we transition toward a future centered around molecular tools, the reliance 
on traditional diagnostic techniques may pose challenges [13]. The shortage of 
trained professionals proficient in identifying parasites through conventional means 
underscores the importance of embracing advancements in diagnostic technology. By 
staying abreast of the latest tools and methodologies, we can enhance our ability to 
combat parasitic infections effectively. In this chapter, we will be exploring the latest 
advancements in the diagnosis of intestinal parasites. Prior to delving into these new 
developments, it is imperative to provide a brief overview of the traditional diagnos-
tic methods that have been utilized in the past.
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2. Conventional methods

Traditional diagnostic methods for identifying intestinal parasites primarily rely 
on microscopic analysis of stool samples. These methods include direct smear micros-
copy, formalin-ether concentration technique, Kato-Katz thick smear technique, and 
Fecal Floatation Technique. These techniques allow for the visualization of parasite 
eggs, larvae, or cysts under a microscope, aiding in the detection of various parasitic 
infections. In addition to these conventional methods, Fecal Immunoassays, specifi-
cally enzyme-linked immunosorbent assays (ELISA), are also utilized for diagnosing 
intestinal parasites. These tests target specific antigens or antibodies produced by 
parasites in the stool sample, making them particularly effective in identifying certain 
protozoan infections such as Giardia and Cryptosporidium. Overall, these diagnostic 
approaches play a crucial role in accurately identifying and treating intestinal para-
sitic infections, ultimately contributing to improved patient outcomes.

While cost-effective, these methods have limitations in terms of sensitivity, 
particularly for low-intensity infections, and they may necessitate skilled personnel 
for accurate interpretation. There are also additional numerous shortcomings associ-
ated with these methods, including variable sensitivity, resource, and time consump-
tion, all of which have the potential to significantly impact the results of clinical 
examinations.

Additionally, the traditional clinical parasitology classification and detection pro-
cess faces challenges in maintaining staff competency and engagement. The clinical 
parasitology laboratory is further hindered by the fact that educated technologists are 
increasingly drawn to technology-driven and automated disciplines within the labora-
tory, leaving a shortage of adequately trained personnel to manage the traditional 
methods effectively [14]. Results obtained through the diagnosis of parasites are often 
reliant on clinical signs and symptoms, which are susceptible to human error. This can 
result in higher mortality rates, unnecessary drug purchases, and economic burdens 
[15]. Consequently, there is a pressing need for alternative methods that can provide 
more accurate and reliable diagnosis results.

3. Point-of-care testing (POCT) devices

Point-of-care testing (POCT) devices are sophisticated medical diagnostic tools 
engineered to swiftly and conveniently provide diagnostic results directly at the 
patient’s point of care, whether it be in a clinic, doctor’s office, or out in the field. 
These devices are typically compact, user-friendly, and have the ability to produce 
precise results with minimal sample processing. The advent of POCT devices for 
diagnosing intestinal parasites has revolutionized decentralized testing and enhanced 
access to diagnostic services, particularly in areas with limited resources. These por-
table and intuitive devices employ a variety of detection methods, such as immuno-
chromatographic assays, nucleic acid amplification, and digital microscopy. Examples 
include rapid diagnostic tests (RDTs) for identifying specific parasite antigens in stool 
samples and smartphone-based microscopy systems equipped with advanced image 
analysis algorithms for automated parasite detection.

Some drawbacks of point-of-care testing (POCT) devices include the potential for 
user error, limited test menu options, and the need for proper training and quality 
control measures. User error can occur if healthcare providers are not adequately 
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trained on how to use the devices, leading to inaccurate results. Additionally, POCT 
devices may have a limited test menu, which could restrict the types of tests that can 
be performed at the point of care. Finally, maintaining quality control measures and 
ensuring the accuracy of results can be challenging with POCT devices, requiring 
ongoing monitoring and oversight.

4. Molecular techniques

The introduction of nucleic acid-based detection methods has the potential to 
not only enhance the accuracy of diagnosis but also improve the efficiency and 
impartiality of intestinal parasite diagnosis. This is particularly significant given the 
opportunity to integrate complementary assays into highly automated platforms. 
Through the refinement of diagnostics, there is a likelihood of better assigning effec-
tive antiparasitic treatments, a critical consideration in light of the escalating cases of 
drug resistance.

In recent years, molecular diagnostic techniques have transformed the field of 
parasitology by enabling swift and precise detection of parasites. PCR, first described 
in 1985, is a groundbreaking technique that allows for the in vitro amplification of 
a specific DNA fragment through a cyclic process involving denaturation, primer 
hybridization, and DNA strand elongation using a thermostable DNA polymerase 
[16, 17]. Polymerase chain reaction (PCR)-based assays, such as conventional PCR, 
real-time PCR, and multiplex PCR, offer exceptional sensitivity and specificity in 
identifying a broad spectrum of intestinal parasites. These advanced techniques 
enable the detection of parasite DNA even at minimal concentrations, facilitating 
early diagnosis and treatment [16, 17]. Following the initial publications on DNA 
amplification by PCR, it was foreseen that this innovative technology would revolu-
tionize molecular parasitology and the diagnosis of parasitic infections [18, 19]. Prior 
to this breakthrough, the use of specific DNA probes in research and diagnostics was 
hindered by the limited sensitivity of direct hybridization assays without amplifica-
tion. The advent of PCR offered a solution by enabling the specific amplification of 
minute DNA quantities. In 1995, a comprehensive review by J.B. Weiss highlighted the 
abundance of research papers on DNA-based methods for detecting and identifying 
various parasitic infections [20].

During that period, the utilization of polymerase chain reaction (PCR) was 
still restricted, with most studies focusing on malaria, leishmania, trypanosome, 
and toxoplasma parasites, all of which are tissue parasites. Furthermore, with the 
exception of toxoplasmosis, the application of PCR on DNA extracted directly 
from patient samples was limited. In the past decade or so, numerous clinical 
microbiology laboratories have been equipped with the necessary tools to conduct 
molecular diagnostics [21]. Technical advancements, particularly the introduction 
of real-time PCR, have addressed many of the challenges associated with early PCR 
methods, such as the risk of contamination from amplified products. Additionally, 
the ability to incorporate multiple targets in a single multiplex assay has become 
more straightforward. The implementation of automated DNA/RNA isolation 
techniques has enabled the use of nucleic acid-based detection methods in a high-
throughput manner. Various molecular detection, differentiation, and genotyping 
techniques for numerous parasites have been developed and integrated into both 
diagnostic and research environments.
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4.1 Techniques of DNA isolation

In the absence of a suitable nucleic acid isolation method, the reliability of DNA 
amplification techniques is compromised. It is imperative to consider two key factors. 
Firstly, the isolation method must effectively liberate nucleic acids from the parasitic 
stage present in the clinical sample, such as cysts, spores, or eggs. Secondly, the 
isolated nucleic acids should be devoid of any substances that could impede or hinder 
the amplification reaction. This is particularly crucial when isolating parasite DNA 
from complex matrices like feces [22].

Various strategies can be employed to prevent inhibition of the amplification 
reaction, such as heating the stool specimen, incorporating absorbent substances like 
polyvinyl polypyrrolidone, or utilizing inhibitor-resistant DNA polymerases in the 
PCR mixture [21, 23–25]. Additionally, the inclusion of an internal inhibition control 
in each reaction mixture is essential. For instance, the use of phocin herpesvirus 
(PhHV) as a control allows for monitoring of inhibition within the amplification 
process [26].

Maintaining consistency in the amplification cycles across samples is also crucial, 
as any deviation may indicate inhibition. In such instances, repeating the DNA isola-
tion and PCR processes using a diluted sample is recommended. The efficient release 
of nucleic acids is contingent upon a well-balanced approach in the DNA isolation 
procedure.

The amplification of a target sequence in PCR relies on the activity of a DNA 
polymerase enzyme, which catalyzes the synthesis of new DNA molecules by adding 
free nucleotides to a pre-existing DNA template. Primers play a crucial role in initiat-
ing DNA synthesis by providing a starting point for the polymerase. These primers 
are short, single-stranded nucleic acid sequences typically consisting of 16–30 base 
pairs that are designed to be complementary to the specific target sequence being 
amplified.

During PCR, the polymerase enzyme initiates replication at the 3′-end of the 
primer and proceeds to synthesize a new DNA strand that is complementary to the 
target sequence. This process allows for the selective amplification of the desired DNA 
target, enabling the detection and analysis of specific genetic sequences [27].

4.2 Conventional PCR

Conventional PCR, also known as traditional PCR, is a widely used molecular 
biology technique that amplifies a specific segment of DNA through a series of 
temperature cycles. This method involves the use of a DNA template, primers, DNA 
polymerase, and nucleotides to generate multiple copies of the target DNA sequence. 
The conventional polymerase chain reaction (PCR) plays a crucial role in the accurate 
diagnosis of intestinal parasites. By targeting specific DNA sequences of the parasites, 
conventional PCR can detect even low levels of infection with high sensitivity and 
specificity. This method is particularly valuable in cases where traditional diagnostic 
techniques may yield false-negative results. The precision and reliability of con-
ventional PCR make it an indispensable tool in the identification and management 
of intestinal parasite infections. Conventional PCR offers a sensitive and specific 
method for the diagnosis of intestinal parasites like Giardia lamblia. It allows for 
rapid detection of parasite DNA in clinical samples, aiding in accurate diagnosis and 
appropriate management of patients with parasitic infections.
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However, there are several limitations associated with conventional PCR in the 
diagnosis of intestinal parasites. One major drawback is the potential for false-
negative results due to the presence of PCR inhibitors in the sample. Additionally, 
conventional PCR may not be able to detect all species of intestinal parasites, leading 
to incomplete or inaccurate diagnoses. Furthermore, the sensitivity and specificity 
of conventional PCR can be affected by variations in sample collection, storage, and 
processing techniques.

4.3 Reverse transcriptase PCR

To enhance the capabilities of PCR amplification to the transcriptome level, the 
initial step involves the reverse transcription of RNA into complementary DNA 
(cDNA). Reverse transcriptase PCR (RT-PCR) emerges as a superior method for 
scrutinizing RNA transcripts, particularly when dealing with limited quantities of 
starting material. In contrast, traditional blotting hybridization assays necessitate a 
larger amount of RNA for analysis and lack the efficiency and convenience provided 
by PCR-based techniques. RT-PCR boasts numerous advantages, including its adapt-
ability, sensitivity, swift processing time, and the ability to concurrently compare 
multiple samples. Within the realm of reverse transcriptase PCR (RT-PCR), cDNA 
replicas are generated from RNA, followed by the standard PCR amplification of the 
desired target.

Reverse transcriptase PCR (RT-PCR) plays a crucial role in the diagnosis of intes-
tinal parasites. This molecular technique allows for the detection of parasite genetic 
material in clinical samples, providing a highly sensitive and specific method for 
identifying infections. By targeting specific RNA sequences of the parasite, RT-PCR 
can accurately differentiate between different parasite species and strains. This 
precision is essential for guiding appropriate treatment strategies and monitoring the 
effectiveness of interventions. In addition, RT-PCR can detect low levels of parasite 
DNA, making it particularly useful in cases of low parasite burden or chronic infec-
tions. Overall, the use of RT-PCR in the diagnosis of intestinal parasites represents a 
valuable tool in the clinical management of these infections.

4.4 Real-time PCR

Real-time PCR, or quantitative PCR, is a powerful molecular biology technique 
used to quantify and monitor the amplification of specific DNA sequences in real 
time. This technique allows researchers to accurately measure the amount of DNA 
present in a sample at each cycle of the PCR reaction, providing precise and quan-
titative results. Real-time PCR is widely used in research, clinical diagnostics, and 
forensic analysis due to its sensitivity, specificity, and speed. It has revolutionized the 
field of molecular biology by enabling rapid and accurate detection of genetic mate-
rial in a wide range of applications.

In the realm of real-time PCR, the quantification of amplicons occurs in “real 
time” as the amplification process unfolds. Various techniques have been developed, 
ranging from the utilization of non-specific staining of double-stranded DNA with 
intercalating dyes to the incorporation of fluorescence-labeled DNA probes.

A significant advancement in the field of diagnostic applications of PCR was the 
emergence of real-time or quantitative PCR (qPCR) assays. This development led to 
the rapid introduction of various detection chemistries for real-time PCR, resulting in 
the gradual disappearance of older detection methods such as gel electrophoresis and 
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allele-specific oligonucleotide blots from laboratory practices. qPCR integrates the 
amplification steps of traditional PCR with simultaneous detection steps that elimi-
nate the need for post-PCR manipulation, as the PCR process is directly monitored 
within the reaction vessel.

In qPCR, the exponential phase of PCR is closely monitored in real time using 
fluorescently labeled molecules, allowing for the direct correlation between the 
amount of PCR product present in the reaction vessel and the emitted fluorescence, as 
well as the initial target quantity. This quantitative aspect of qPCR makes it a valuable 
tool in molecular diagnostics.

There are two primary types of detection chemistries utilized in qPCR: those 
employing intercalating DNA binding dyes like SYBR Green I, and those utilizing 
various fluorescently labeled probes such as TaqMan. The key advantages of qPCR 
include the rapid analysis of samples without the need for post-PCR processing steps, 
the closed-tube design that minimizes the risk of contamination, and its quantitative 
capabilities.

Following qPCR, two main post-analysis methods are commonly employed: 
amplification curve analysis for quantifying the amount of amplicon by comparison 
to a known standard, and melt curve analysis based on the denaturation property 
of double-stranded DNA with heat. This denaturation process is monitored using 
fluorescent dyes that emit fluorescence when bound to double-stranded DNA.

As the temperature is increased, the double strand begins to dissociate, releasing 
the dye and causing a decrease in fluorescence intensity. The resulting fluorescence 
data is depicted as a curve of fluorescence intensity plotted against temperature. The 
melting temperature (Tm) is the point at which 50% of the DNA is in the double-
stranded state, and it is indicated by the peak of the melting curve derivative. When 
DNA binding dyes are present in saturating concentrations, a specific amplicon 
sequence will exhibit a distinct Tm and melting curve shape. This unique melting 
curve can be utilized to identify DNA sequence variations within the amplicon 
without the need for post-PCR processing.

The streamlined nature of probe-based real-time PCR chemistry, such as scorpion 
probes, reduces the risk of contamination, minimizes labor time, and optimizes 
reagent costs, making it a valuable tool in molecular biology research [28, 29]. The 
individual quantification of probes utilizing distinct fluorophores that emit fluo-
rescence at varying wavelengths facilitates the execution of multiplex polymerase 
chain reactions (PCRs) involving DNA fragments of comparable sizes with uniform 
efficacy.

The advancement of high-resolution qPCR instruments and novel saturating DNA 
dyes has enabled a more accurate assessment of sequence variations through melting 
analysis. High-resolution melting analysis (HRMA) can differentiate DNA sequences 
based on factors such as composition, length, GC content, and strand complementar-
ity. It is valuable for mutation scanning, methylation studies, and genotyping. The 
method’s ease of use, high sensitivity and specificity, cost-effectiveness, and rapid 
turnaround time make it well-suited for routine diagnostic applications. However, the 
accuracy of HRMA is contingent upon the quality of the instrumentation, saturation 
dyes, and analysis software employed, potentially leading to variability in different 
clinical diagnostic settings [30, 31].

Real-time PCR plays a crucial role in the diagnosis of intestinal parasites by 
providing a rapid and accurate method for detecting the presence of these pathogens 
in clinical samples. This advanced molecular technique allows for the amplification 
and quantification of specific DNA sequences from parasites, enabling healthcare 
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professionals to identify the exact species causing the infection. Real-time PCR is 
particularly beneficial in cases where traditional microscopy techniques may yield 
false-negative results or fail to differentiate between similar parasite species. By 
offering high sensitivity and specificity, real-time PCR aids in the timely and precise 
diagnosis of intestinal parasites, ultimately guiding appropriate treatment strategies 
for patients.

4.5 Multiplex PCR

Another significant advancement in the progression of PCR technology is the 
enhancement of assay multiplexing capabilities. Multiplex PCR is a highly effec-
tive technique that enables the amplification of two or more products simultane-
ously within a single reaction tube. This method typically involves the utilization 
of different primer or probe pairs in the same reaction to amplify multiple targets 
concurrently.

Multiplex PCR is extensively utilized in various genotyping applications and 
across multiple areas of DNA testing within research, forensic, and diagnostic 
laboratories. Its applications range from gene expression and deletion analysis to SNP 
genotyping, forensic identity testing such as STR typing, and pathogen detection. The 
ability to quantify multiple genes within a single reaction not only reduces reagent 
costs and conserves sample material but also enhances throughput capabilities [27].

Multiplex PCR plays a crucial role in the diagnosis of intestinal parasites by allow-
ing for the simultaneous detection of multiple parasite species in a single test. This 
advanced molecular technique offers increased sensitivity and specificity compared 
to traditional methods, enabling healthcare providers to accurately identify a wide 
range of parasites in a timely manner. By detecting multiple parasites at once, multi-
plex PCR streamlines the diagnostic process and helps guide appropriate treatment 
decisions for patients with suspected intestinal parasitic infections. Its ability to 
identify a diverse array of parasites makes it an invaluable tool in the field of diagnos-
tic medicine, providing healthcare professionals with a comprehensive and efficient 
approach to diagnosing intestinal parasites.

4.6 Random amplified polymorphic DNA

Random amplification of polymorphic DNA (RAPD) is conducted using single 
primers with arbitrarily selected short nucleotide sequences to amplify products from 
genomic DNA. Following optimization, distinct banding patterns specific to genus, 
species, or strain can be observed, representing various DNA regions across the 
entire genome. The utilization of these non-specific primers necessitates DNA from 
a pure isolate free from contamination by DNA from other organisms, rendering this 
method unsuitable for genomic DNA extracted from clinical samples. Specific DNA 
products can be isolated, sequenced, and utilized for the development of targeted 
assays [32].

Random amplified polymorphic DNA (RAPD) analysis plays a crucial role in the 
diagnosis of intestinal parasites by providing a highly sensitive and specific method 
for detecting genetic variations within parasite populations. This technique allows 
for the identification of unique DNA markers that can differentiate between differ-
ent parasite species, strains, or isolates. By analyzing the RAPD profiles of parasite 
samples, healthcare professionals can accurately diagnose and monitor infections, 
track the spread of parasites, and assess the effectiveness of treatment strategies.
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Addressing the limitations of current molecular techniques, Next-generation 
sequencing (NGS) was introduced. NGS is a cutting-edge technology that allows for 
rapid and high-throughput sequencing of DNA or RNA. This advanced method has 
revolutionized the field of genomics by enabling researchers to efficiently analyze 
large amounts of genetic information in a shorter amount of time. Next-generation 
sequencing has opened up new possibilities for studying complex biological pro-
cesses, identifying genetic variations associated with diseases, and advancing person-
alized medicine.

NGS has revolutionized the rapid generation of extensive data from parasitic 
species in a single individual, population, or environmental sample within a single 
sequencing run. NGS technologies have emerged as robust tools for comprehensive 
parasite detection and genomic analysis [33, 34]. NGS offers numerous advantages 
over traditional Sanger sequencing, including high throughput, cost-effectiveness, 
rapid processing, enhanced sensitivity (detecting as low as ~10 ng DNA), and 
decreased labor to mitigate cloning bias. Platforms like Illumina and Oxford 
Nanopore can sequence complete parasite genomes from clinical samples, yielding 
crucial insights into parasite diversity, drug resistance, and transmission dynamics. 
Furthermore, metagenomic strategies enable the concurrent detection of multiple 
pathogens in complex clinical specimens, improving diagnostic accuracy in cases of 
polyparasitism.

5. Imaging studies

Imaging plays a pivotal role in the diagnosis of intestinal parasites, providing 
a range of techniques to visualize the gastrointestinal tract and identify parasitic 
infections. Radiographic imaging methods, including X-rays, barium studies, and 
computed tomography (CT) scans, can unveil structural abnormalities in the gastro-
intestinal tract resulting from parasitic infections. Specific parasites, such as Ascaris 
lumbricoides (roundworm), may be discernible on abdominal X-rays due to their 
distinctive appearance, aiding in the diagnostic process. Barium studies, encompass-
ing barium swallow and barium enema, can pinpoint irregularities like strictures or 
obstructions caused by large parasites or their associated complications [35].

Ultrasonography proves particularly valuable in detecting liver and biliary tract 
involvement in parasitic infections, such as liver flukes (e.g., Fasciola hepatica) or 
echinococcosis (caused by Echinococcus spp.). It can also pinpoint intestinal wall 
thickening, fluid collections, or abscesses stemming from parasitic infections. 
Endoscopic procedures, such as esophagogastroduodenoscopy (EGD) and colonos-
copy, enable direct visualization of the gastrointestinal mucosa and the sampling of 
suspicious lesions. Endoscopy may unveil characteristic mucosal alterations linked 
to specific parasitic infections, such as ulceration, nodularity, or inflammation. In 
certain instances, parasites may be directly observed during endoscopy, facilitating 
the diagnostic process. For instance, adult worms of Strongyloides stercoralis or 
Enterobius vermicularis (pinworm) may be identified in the gastrointestinal lumen.

Recently, Capsule endoscopy involves the ingestion of a pill-sized camera that 
captures images as it traverses the digestive tract, providing a comprehensive view of 
the small intestine. This non-invasive procedure is particularly valuable for diagnos-
ing small bowel parasitic infections, such as hookworms (e.g., Ancylostoma duodenale, 
Necator americanus) or Giardia lamblia, which may not be easily identified through 
traditional endoscopy or stool analysis. Wireless video capsule endoscopy, which 
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operates similarly to capsule endoscopy, enables real-time visualization of the small 
intestine, facilitating the detection of mucosal irregularities and parasitic infections. 
This advanced technology is instrumental in diagnosing conditions like giardiasis, 
as it allows for the direct observation of characteristic changes in the small bowel 
mucosa, such as mucosal inflammation or villous atrophy.

Furthermore, the integration of various imaging modalities or contrast agents for 
the simultaneous detection of multiple parasites or gastrointestinal abnormalities, 
along with the utilization of nanoparticles that are specifically tailored to bind to 
parasite antigens, holds promise for enhancing the sensitivity of parasite detection in 
imaging techniques.

6. Nanoparticles in the diagnosis of intestinal parasites

Nanoparticles are minuscule particles with dimensions on the nanometer scale, 
typically ranging from 1 to 100 nanometers in size. These particles exhibit unique 
physical and chemical properties due to their small size, high surface area-to-volume 
ratio, and quantum effects. Nanoparticles, owing to their distinctive physical and 
chemical attributes, have generated considerable interest in the realm of biomedical 
applications, particularly in disease diagnosis. In the domain of intestinal parasites, 
nanoparticles present a plethora of benefits, including high sensitivity, specificity, 
and adaptability. Various diagnostic methodologies for detecting intestinal parasites 
have leveraged the advantages offered by nanoparticles, encompassing:

Immunoassays: nanoparticles adorned with antibodies or antigens tailored to 
parasite biomarkers facilitate the highly sensitive detection of parasite antigens in 
clinical specimens. Immunoassays such as enzyme-linked immunosorbent assays 
(ELISA) and lateral flow assays (LFAs) expedite the specific identification of parasite 
proteins or antigens in stool samples, thereby expediting early diagnosis.

Nucleic acid detection: nanoparticles coupled with nucleic acid probes, such 
as DNA or RNA aptamers, enable the precise detection of parasite DNA or RNA 
sequences with exceptional sensitivity and specificity. This approach, often integrated 
with polymerase chain reaction (PCR) or loop-mediated isothermal amplification 
(LAMP), enables the swift and accurate identification of parasite genetic material in 
clinical samples.

Imaging and contrast agents: nanoparticles possessing imaging capabilities, 
such as quantum dots, gold nanoparticles, and magnetic nanoparticles, function 
as contrast agents for imaging modalities like fluorescence microscopy, computed 
tomography (CT), and magnetic resonance imaging (MRI). These nanoparticles can 
be customized with targeting ligands to specifically target and visualize parasites in 
the gastrointestinal tract, thereby facilitating diagnostic imaging and localization.

Recent research efforts have been devoted to the development of innovative 
nanoparticle-based diagnostic platforms for intestinal parasites. Nanostructured bio-
sensors, which incorporate nanoparticles into biosensor platforms, enable label-free 
and real-time detection of parasite biomarkers in clinical samples. Biosensors utiliz-
ing surface plasmon resonance (SPR), impedance spectroscopy, and electrochemical 
techniques offer rapid and sensitive detection of parasite antigens or nucleic acids, 
with potential applications in point-of-care diagnostics.

Theranostic nanoparticles, capable of both diagnosis and therapy, show 
promise for targeted treatment of intestinal parasitic infections. These multifunc-
tional nanoparticles can deliver therapeutic agents, such as antiparasitic drugs or 
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immunomodulators while facilitating non-invasive imaging for disease monitoring 
and assessment of treatment response.

The utilization of nanotechnology presents numerous unique opportunities for 
enhanced diagnostics of parasitic diseases in the future. Current diagnostic tools for 
detecting parasitic diseases include light and fluorescence microscopy, rapid diagnos-
tic tests (RDT) like immunochromatographic lateral flow tests, serology, quantitative 
Buffy-coat (QBC) techniques, and nucleic acid amplification techniques such as 
polymerase chain reaction (PCR) [36–39]. Various types of nanoparticles, includ-
ing fluorescent, magnetic, and metal nanoparticles, are being investigated for their 
diagnostic potential. Among these, gold and silver nanoparticles are the most exten-
sively studied, as they exhibit intense absorption when stimulated by electromagnetic 
radiation [40]. Molecules like antibodies, antigens, and enzymes can be attached to 
nanoparticles as electrochemical markers, optical probes, and signal enhancers. For 
instance, magnetic nanoparticles with an iron oxide core and silver coating are being 
explored for early detection of malaria [41, 42].

7. Artificial intelligence and machine

Deep technology, also known as deep tech, currently lacks a universally accepted 
formal definition. However, it can be understood as a fusion of science, engineer-
ing, and design, aimed at providing societal benefits that surpass those of individual 
technologies [43]. This interdisciplinary approach is geared toward generating 
innovative solutions in various sectors such as healthcare, agriculture, space, and 
energy [44–46]. Deep tech projects are rooted in problem-focused research, with 
a focus on creating unique and complex products that are challenging to replicate. 
Cutting-edge technologies like machine learning, artificial intelligence, robotics, and 
quantum computing play a pivotal role in the design, development, and testing of 
these advanced solutions [47].

The integration of artificial intelligence (AI) and machine learning algorithms 
into diagnostic platforms is becoming increasingly prevalent, aimed at enhancing 
accuracy and efficiency. AI-based image analysis software is now capable of swiftly 
analyzing microscopic images of stool samples, accurately detecting and quantifying 
parasite eggs, cysts, and larvae. Furthermore, AI algorithms, trained on extensive 
datasets, can assist healthcare providers in interpreting intricate diagnostic results, 
offering diagnostic recommendations and treatment guidelines tailored to individual 
patient parameters. The field of medical diagnostics is undergoing a profound trans-
formation with the advent of artificial intelligence (AI).

A study titled “Detection of Intestinal Protozoa in Trichrome-Stained Stool 
Specimens by Use of a Deep Convolutional Neural Network” sheds light on this 
paradigm shift, focusing on the pivotal role of convolutional neural networks (CNN) 
in parasitology. The findings of the study are unequivocal: the CNN model exhibited 
remarkable accuracy, successfully identifying parasites in specimens that had previ-
ously eluded detection through manual methods. This underscores the immense 
potential of AI in significantly enhancing diagnostic precision [48].

A significant increase in literature has been observed regarding the research, 
development, and utilization of deep tech innovations in the identification of 
parasites (both single and multispecies in a sample), detection of life cycle stages, 
and classification of eggs from human intestinal parasites [49–51]. There has been 
a particular focus on the application of deep learning for the analysis of protozoan 
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images, leading to highly sensitive parasite detection. This has facilitated the creation 
of extensive public datasets for various parasites such as plasmodium, toxoplasma, 
leishmania, and trypanosome [52–54].

Within the framework of the Department of Biotechnology (DBT), advanced 
machine learning modules, both supervised and unsupervised, have been estab-
lished and trained with vast amounts of data using artificial intelligence algorithms 
and neural network models. These modules have been seamlessly integrated into 
user-friendly interfaces, including mobile applications, resulting in unparalleled 
performance with no interpretation bias [55]. A groundbreaking approach utilizing 
computer vision screening and visualization algorithms analyzed over 19.6 billion 
floating point operations (flops) of digitized blood smears, achieving an impressive 
99.52% accuracy in detecting malarial parasites [56].

Furthermore, a more computationally efficient model requiring only 4600 flops 
demonstrated a 99.23% accuracy rate, highlighting its enhanced commercial viability 
[56]. Deep technologies are also delving into the assessment of parasitic motility as a 
biomarker for precise parasite detection [57]. Zhang et al. developed a platform utiliz-
ing lensless holographic speckle analysis and deep learning to automatically detect 
and count motile parasites in body fluids by analyzing holographic time-lapse speckle 
patterns [58].

Despite the significant research and development progress in the field of deep 
technologies, the commercial utilization of these advancements remains relatively 
constrained, with minimal indications of widespread market adoption. An example 
of a cutting-edge commercial tool within this realm is the VETSCAN IMAGYST 
scanning and analyzing systems. When utilized in conjunction with the VETSCAN 
IMAGYST fecal preparation techniques, this innovative system enables the swift and 
accurate detection of Ancylostoma, Toxocara, Trichuris vulpis, and taeniid eggs in 
the fecal matter of both dogs and cats, all within a mere 15-minute timeframe and 
without the necessity for highly specialized personnel [59].

8. Challenges and future directions

Despite the considerable advancements in diagnostic methodologies, obstacles 
persist in the integration of these technologies into everyday clinical practice, espe-
cially in resource-limited environments. Challenges such as financial constraints, 
infrastructure demands, and the necessity for skilled personnel may impede wide-
spread utilization. Furthermore, continued endeavors are essential to authenticate 
and establish standardized novel diagnostic assays, guaranteeing their dependability 
and consistency across various contexts.

9. Conclusion

Recent advancements in diagnostic techniques present promising opportuni-
ties for the precise and timely detection of intestinal parasites. Molecular methods, 
point-of-care testing (POCT) devices, nanoparticles, and artificial intelligence-driven 
approaches hold the potential to transform parasite diagnosis, ultimately enhancing 
patient outcomes and bolstering the efficacy of parasitic infection control measures. 
Nevertheless, overcoming current obstacles and ensuring equal access to these 
innovations are imperative for their effective deployment across a range of healthcare 
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incorporate these diagnostic tools into standard clinical protocols, thereby playing a 
pivotal role in the worldwide campaign against intestinal parasitic diseases.
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Chapter 14

The Immunodominant 
Determinants of the  
Host-Protective Recombinant 
Oncosphere Antigens of Cestode 
Parasites are Conformational 
Epitopes
Emmanuel Assana and André Pagnah Zoli

Abstract

Host-protective antigens isolated from the oncosphere of taeniid cestodes are 
highly effective vaccine antigens against cysticercosis and hydatid diseases in 
mammals, achieving 99 to 100% of protection in vaccinated intermediate hosts 
against an experimental challenge infection and in field trials. The principal 
immune mechanism induced by recombinant oncosphere antigens is believed 
to be complement-fixing antibodies that kill the oncosphere or early developing 
parasites. Knowledge of the nature of antigenic sites recognized by antibodies is 
an important component in understanding the characteristics of a vaccine antigen 
and the development of associated immunological assays. Efforts to identify and 
characterize protective epitopes have been made for two recombinant oncosphere 
antigens: EG95 and TSOL18 vaccines against Echinococcus granulosus in sheep and 
Taenia solium in pigs, respectively. The objective of this paper is to give a short 
review of the investigations that were undertaken to characterize whether the prin-
cipal antibody specificities raised by these oncospheral antigens are against linear 
or conformational determinants.

Keywords: antigen, antibody, conformational epitopes, cestodes, oncosphere

1. Introduction

Cysticercosis and hydatid diseases are parasitic diseases of humans and several 
mammals with important public health and economic impacts in low- and middle-
income countries. These diseases are caused by the larvae stage of cestode parasites. 
An attractive strategy to control cysticercosis and hydatid diseases is the use of 
vaccines to prevent infections in the animal intermediate hosts, thereby breaking 
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the parasite’s life cycle and removing the source of infections for definitive hosts [1]. 
The first effective recombinant oncosphere vaccine was developed against Taenia 
ovis [2, 3]. This vaccine has been recognized as a milestone in the history of para-
sitology [4]. The success in the development of the vaccine against Taenia ovis was 
the basis of the research on vaccines against other cestode parasites. Recombinant 
oncosphere vaccine antigens have been developed against Taenia saginata in cattle 
[5], Echinococcus granulosus [6] and Taenia multiceps in sheep [7], and Taenia solium 
in pigs [8, 9]. Oncosphere vaccine antigens seem to target the parasites at the early 
stage of their development [10]. The principal immune mechanism is believed to 
be complement-fixing antibodies that kill activated oncosphere or early developing 
parasites [10, 11]. Evidence of the implication of complement in antibody-mediated 
protection against cestode infection was provided in an early investigation on Taenia 
taeniaeformis infection (reviewed by Lightowlers et al. [12]). Cobra venom factor 
blocks the classical and alternative pathways of the complement cascade system on 
the parasite surface and abrogates the protective effect of antibodies against Taenia 
taeniaeformis in mice and rats. However, high level of immune protection induced by 
a single recombinant oncosphere remains a mystery in parasitology. Helminths are 
known as efficient immune manipulators able to modulate and modify the innate and 
adaptive immune responses of mammals through specific molecules [13]. Why are 
antigens from oncospheres of cestodes highly protective in intermediated hosts? Part 
of the answer may be linked to the fibronectin type III domain (FN-III) found in all 
oncosphere vaccines [14, 15]. FN-III domains are folded modules found in a variety 
of multidomain proteins of eukaryotic organisms [16]. It is believed that FN-III is 
associated to the host-protective and conformational epitopes of oncosphere antigens 
of cestodes parasites [9, 14]. The objective of this paper is to give a short review of the 
investigations that were undertaken to characterize whether the principal antibody 
specificities raised by the oncospheral antigens are against linear or conformational 
determinants.

2.  Antibody specificities raised by the oncosphere antigens in sheep and 
pig models

The EG95 and TSOL18 recombinant oncosphere vaccine antigens against 
Echinococcus granulosus in sheep and Taenia solium in pigs, respectively, have provided 
models for investigations to characterize whether the principal antibody specificities 
raised by the oncosphere antigens in animals are against linear or conformational 
determinants. Echinococcus granulosus oncosphere protein EG95 is a 16.5 kDa antigen 
as a fusion protein with glutathione S-tranferase (GST). Linear antibody-binding 
epitopes on EG95 were mapped using 25 overlapping synthetic peptides [17]. Four 
immunodominant regions of EG95 were found. Sheep were immunized with these 
four synthetic peptides corresponding to these immunodominant epitope peptides 
and challenged with E. granulosus eggs. All of the peptides induced specific antibod-
ies, but these antibodies did not kill the parasite in in vitro culture assays and the 
challenged sheep were not protected [18, 19]. Three overlapping truncated regions 
of EG95 were also expressed in E. coli. In vaccination trials, none of the truncated 
regions provided any significant protection of sheep against challenge infection [20]. 
Since linear epitopes did not protect against infection, it was concluded that the pro-
tective epitopes of EG95 are conformational and the full length of the EG95 molecule 
is required to produce immunity.
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The investigations that were undertaken to characterize linear or conforma-
tional determinants of T. solium oncosphere protein TSOL18 were similar to those 
undertaken with EG95 antigen, with slight differences in immunoassays based 
on inhibition enzyme-linked immunosorbent assay (i-ELISA) as described by 
Assana et al. [9]. The TSOL18 antigen used in these investigation was identical to 
the vaccine protein used in the successful vaccine trials described by Assana et al. 
[21]. The protein was expressed as a C-terminal fusion to glutathione S-transferase 
(TSOL18-GST) and to maltose-binding protein (TSOL18-MBP) [9]. TSOL18 was 
also expressed in two truncated forms fused to GST (TSOL18-1-GST and TSOL18-
2-GST) representing either the amino terminal portion or the carboxy-terminal 
portion of the antigen. TSOL18-1 contained 71 amino acids starting from 
the amino terminus of TSOL18. TSOL18-2 consisted of the carboxy-terminal 66 
amino acids of TSOL18. The two truncated proteins overlapped each other by 25 
amino acids. The whole protein (TSOL18) and the two truncations (TSOL18-1 and 
TSOL18-2) were used in i-ELISA to determine their ability to inhibit the binding of 
pig antibodies to TSOL18. TSOL18 was shown to be capable of completely inhibit-
ing the binding of pig anti-TSOL18 antibodies to TSOL18 in i-ELISA [9]. However, 
neither TSOL18-1 nor TSOL18-2, either alone or combined, was capable of inhibit-
ing any detectable amount of reactivity of pig anti-TSOL18 antibodies (Figure 1). 
Taking in account these results described by Assana et al. [9] and also the results 
from the investigations on EG95 [20], it was concluded that the dominant antibody 

Figure 1. 
Inhibition enzyme-linked immunosorbent assay (i-ELISA) using a serial dilution of antiserum from mouse 
immunized with TSOL18-GST.
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specificities, and probably the host-protective specificities, of recombinant onco-
sphere vaccines developed against cysticercosis and hydatid diseases are conforma-
tional epitopes [9, 20].

3.  Similarity of pig and mouse antibody responses to Taenia solium 
oncosphere protein TSOL18

Studies were undertaken to compare antibody responses of pig and mouse to 
TSOL18 for further monoclonal antibody production in mouse against the antigenic 
epitopes of oncospheres antigens [22]. Two hypotheses have directed this part of 
investigations: (1) Antibody responses to TSOL18 pigs and mice are not similar; 
therefore, it would not be relevant to produce mouse monoclonal antibodies for 
further characterization and identification of conformational epitopes on the recom-
binant oncosphere proteins [23, 24] and (2) the structure of recombinant oncosphere 
proteins fused with GST or MBP causes interference with the binding of antibodies to 
some epitopes.

Inhibition ELISA (i-ELISA) and competition ELISA (c-ELISA) were used as 
described by Assana et al. [9] and Assana [22], respectively, to provide the evidence 
of the similarity of pig and mouse antibody responses to TSOL18 antigen. As dem-
onstrated previously in pigs, the i-ELISA indicated that the entire TSOL18 inhibited 
completely mouse anti-TSOL18 antibodies, but the truncated forms (TSOL-18-1 and 
TSOL18-2) caused no inhibition in i-ELISA, suggesting that mice also recognized 
predominantly conformational epitopes of TSOL18 (Figures 1 and 2).

Antibody responses in pigs and mice for the same epitopes on TSOL18 were evalu-
ated with the c-ELISA [22]. Briefly, serum samples collected from 10 pigs immunized 

Figure 2. 
Inhibition enzyme-linked immunosorbent assay (i-ELISA) using constant dilution of antigen.
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with TSOL18 antigen were serially diluted in phosphate buffered saline-bovine 
serum albumin (PBS-BSA) and distributed on the plates coated with TSOL18-MBP 
antigen. Constant dilution (1/50) in PBS-BSA of pooled mouse serums immunized 
with TSOL18 was added to serial diluted pig serums. Pre-immune serum was used as 
control (no competition). Goat anti-mouse IgG conjugated to horseradish peroxidase 
was used to reveal the competition between pig and mouse anti-TSOL18 antibodies 
for the same epitopes on TSO18 antigen. The results indicated that pig serums exhib-
ited strong and different inhibition profiles of the binding of pooled mouse serums 
from optical density (OD) approaching 0 to approximately 1, suggesting the majority 
of pig and mouse antibodies raised to TSOL18 recognized by the same epitopes on 
TSOL18 (Figure 3).

Phage display mimotope technology has been used to identify the conformational 
epitopes EG95 [23, 24]. Only one momotope was identified representing a minor 
component of the protective antibody produced by the EG95 vaccine [24]. An 
alternative technology that may be applied to identify and characterize the antigenic 
epitopes of the recombinant oncosphere antigens is the use of monoclonal antibodies. 
From the results demonstrating the similarity of pig and mouse antibody responses 
to TSOL18 protein, monoclonal antibody technology may provide a suitable method 
to further characterization and identification of the conformational epitopes of 

Figure 3. 
Competition ELISA for pig and mouse anti-TSOL18 antibodies reacting with the same epitopes.
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host-protective recombinant oncosphere antigens of cestode parasites developed 
to date. Consequently, investigations were undertaken for the generation of mouse 
monoclonal antibodies against TSOL18 [25].

4.  Generation and characterization of mouse monoclonal antibodies 
against TSOL18 protein

Monoclonal antibodies were generated against TSOL18 protein as described by 
Assana et al. [22, 25]. The production procedure resulted in 20 cell clones producing 
MoAb (Table 1). An i-ELISA was carried out as described above [9] for the selection 
of MoAb directed against conformational epitopes of TSOL18. The isotypes of the 
MoAb were determined by an immunoassay kit [20]. Subsequently, 18 IgG1 and 2 
IgM monoclonal antibodies were identified (Table 2). All IgG1 (18), representing 
90% of generated MoAb to TSOL18, reacted only with full-length TSOL18 protein 
and not with the two linear forms of TSOL18 (TSOL18-1 and ISOL18-2) suggesting 
that the great majority of the specific antibodies induced in pigs and mice following 

Plate N° Line Column ELISA optical density Cryopreserved cell lines

2 F 4 0,836 2F4 Assana

4 A 9 0,73 4A9 Assana

4 D 6 0,73 4D6 Assana

9 B 8 1316 9B8 Assana

10 D 8 0,187 10D8 Assana

10 D 9 0,144 10D9 Assana

10 H 1 1209 10H1 Assana

12 C 8 0,282 12C8 Assana

13 A 3 0,965 13A3 Assana

13 H 8 0,439 13H8 Assana

15 F 1 1177 15F1 Assana

17 G 9 0,37 17G9 Assana

19 A 2 0,289 19A2 Assana

21 C 2 0,191 21C2 Assana

21 H 7 0,219 21H7Assana

22 A 12 0,7 22A12 Assana

22 B 7 0,246 22B7 Assana

25 D 12 0,593 25D12 Assana

25 E 9 0,389 25E9 Assana

25 H 7 1005 25H7 Assana

Table 1. 
Cell lines producing monoclonal antibodies to TSOL18 protein [22].
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immunization with TSOL18-GST are IgG1 subtypes directed against conformational 
determinants rather than linear determinants of TSOL18. Predominant IgG1 isotypes 
induced by TSOL18-GST in pigs were previously reported by Kyngdon et al. [11]. This 
may suggest the IgG1 isotypes are implicated in the protection against cestode para-
sites in intermediate hosts. The IgM isotype MoAb against TSOL18 reacted only with 
the Tsol18-2 [25], suggesting that the linear epitopes of TSOL18 are located within the 
amino acid sequence AKTIYRVDVDGYRNEIMVFGSQRFATTLPKKQIKHKKVRRS. 
Surprisingly, linear epitope(s) of TSOL18 recognized by 93% of pig antisera react-
ing with linear overlapped peptides 13 and 14 described by Kyngdon et al. [11] are 
located within amino acid sequence FATTLPKKQIKHKKVRRS, which is the terminal 
portion of TSOL18-2. Taking into account the results of overlapped linear synthetic 
peptides reacting with pig antisera to TSOL18 protein [11] and the mouse monoclonal 
antibodies against TSOL18 [22, 25], it could be concluded that the immunodominant 
linear epitopes of TSOL18 are located within the carboxy-terminal 41 amino acids of 
TSOL18 (Table 3).

MoAB MoAbs isotypes reacting in immunoassay kit 
(Southern Biotechnology, Associates, USA)

Reactivity of MoAbs with full length 
and the two truncated TSOL18 proteins 
in i-ELISA

IgM IgG1 IgG2a IgG2b IgG3 IgA TSOL18 TSOL18-1 TSOL18-2

4A9 — + — — — — + — —

21C2 — + — — — — + — —

25D12 — + — — — — + — —

10H1 — + — — — — + — —

19A2 + — — — — — + — —

22A12 — + — — — — + — —

2F4 — + — — — — + — —

15F1 + — — — — — + — +

13H8 + — — — — — + — +

21H7 + — — — — — + — —

25H7 — + — — — — + — —

13A3 — + — — — + — —

4D6 — + — — — + — —

9B8 — + — — — + — —

10D8 — + — — — + — —

10D9 — — — — — + — —

17G9 — + — — — + — —

12C8 — + — — — + — —

22B7 — + — — — + — —

25E9 — + — — — + — —

Table 2. 
Characterization of anti-TSOL18 monoclonal antibodies (MoAbs) [25].
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5. Concluding remarks

Investigations that were undertaken to characterize linear and conformational 
determinants of EG95 and TSOL18 recombinant oncosphere antigens [9, 17–20] and 
the generation of monoclonal antibodies against conformational and linear epitopes 
of Taenia solium oncosphere protein TSOL18 [22, 25] provide a foundation for the 
understanding of the antibody responses to host-protective recombinant oncosphere 
antigens of cestode parasites in intermediate hosts. To this time, definitive studies 
have not been undertaken for all oncosphere antigen vaccines; however, it can be 
concluded from the data and studies described above that the dominant antibody 
specificities, and likely the host-protective specificities of the various oncosphere 
vaccine antigens developed to date, are conformational epitopes. These antigens 
comprise predicted FN-III domains, which may be responsible for their tertiary 
structure [14, 15]. The similarity of pig and mouse antibody responses to conforma-
tional epitopes of TSOL18 [22, 25] and homology between recombinant oncosphere 
antigens developed to date [14, 15] would suggest that monoclonal antibodies gener-
ated against these oncosphere antigens are suitable tools for the identification of the 
conformational antigenic epitopes and the development of synthetic peptide-based 
vaccines [23, 24] and associated immunological assays [25].
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J. Léonard on the Digestive 
Strongyles of Grazing Goats in 
Lubumbashi (DR Congo)
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Abstract

In order to evaluate the efficacy of the root bark powder of Oldfieldia dactylophylla 
(Welw. ex Oliv.) J. Léonard (a Picrodendraceae), 32 locally breed grazing goats 
naturally infested with various gastrointestinal helminths were randomly assigned 
to four groups of eight animals: one untreated control, one positive control group 
treated with a reference anthelmintic (albendazole, 5 mg/kg), and two groups treated 
per os with O. dactylophylla root bark powder (100 and 200 mg/kg body weight, 
respectively). Four doses of these respective treatments were administered monthly. 
To evaluate parasitological, blood and zootechnical parameters, samples were taken 
on day 0, just before administration of the first treatment and on 14, 31, 45, 62, 76, 
92 and day 126. O. dactylophylla was effective on day 14 after treatment with 69% 
strongle egg fecal excretion (both doses) versus 90% albendazole. However, efficacy 
was stabilized at 85, 86 and 89% for O. dactylophylla (100 and 200 mg/kg) and 
albendazole, respectively. These data support the ethnoveterinary use of this plant in 
the control of digestive parasitism in goat breeding. However, phytochemical studies 
support that the plant should make contributions to human studies in the future.

Keywords: gastrointestinal parasite, Oldfieldia dactylophylla, Haemonchus contortus, 
goat, Haut-Katanga

1. Introduction

In Lubumbashi (Haut-Katanga Province, southeastern DR Congo) and in its 
green belt, as in most tropical areas, goat husbandry has low productivity because of 
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inadequate management and poor animal health [1]. Parasite infections by gastro-
intestinal helminths remain among the main causes of this weak production [2–4]. 
Haemonchus contortus is one of the nematode species that dominate the parasite 
spectrum of goats in sub-Saharan Africa [5–7].

It is therefore of great importance, because of its prevalence and pathogenicity [8].
Control of these infections is generally based on the strategic use of anthelmintics 

[9, 10]. However, these anthelmintics are not always available or, when they are, their 
costs are so high that they are not readily available to farmers and breeders [11]. And 
so, in developing countries, that are heavily affected by these parasitic infections, the 
traditional methods of control used by herders remain largely dependent on medici-
nal plants [12–14]. It is therefore essential to find means of control that would be 
inexpensive and accessible to breeders.

In a survey we conducted in the regions of Kamina and Kaniama (Haut-Katanga 
province, DR Congo), Vitex thomasii De Wild (Verbenaceae) was the most cited 
traditional plant-based remedy applied to the control of gastrointestinal disorders 
in livestock [13, 15]. We have however recently determined that this species name is 
incorrect, the plant being locally confused with Oldfieldia dactylophylla (Welw. ex 
Oliv.) J.Léonard (Picrodendraceae); all the “Vitex thomasii “ samples we could exam-
ine so far are in fact Oldfieldia dactylophylla [15].

O. dactylophylla is found in Africa, south of the Sahara (DR Congo, Tanzania, 
Angola, Zambia, Malawi), at altitudes from 1000 to 1800 m [16]. Our survey among 
breeders showed that root bark powder is used in animals on wounds or given, per os, 
against gastrointestinal parasitosis [13]. In humans, it is administered, always per os, 
against gastrointestinal parasitosis, back pain, hip or various joint pain. Its decoction 
is also administered orally in case of threats of miscarriage, asthenia, rheumatism, 
gonorrhea and diarrhea [17].

The aim of the present work was to evaluate the purported antiparasitic efficacy of 
the root bark powder of O. dactylophylla in grazing goats raised under natural condi-
tions in DR Congo.

2. Material and methods

2.1 Plant material

The root barks of O. dactylophylla (vernacular name, kikoto muchi); previously 
wrongly identified as were harvested in Kelambwe (8°35′335 S; 24°414′422 E), 
Kankundwe (8°45′636 S; 24°50′491 E) and Kiabukwa (8°44′270 S; 24°54′253 E). 
A voucher sample was deposited in the Kipopo herbarium (Botanic Laboratory of 
the University of Lubumbashi; specimen N°9-OKOMBE). The plant was identified 
by Nsenga Nkulu (Université de Lubumbashi, UNILU) and confirmed by P. Meerts 
(Université Libre de Bruxelles, ULB). The material was dried in the shade and pow-
dered. The powder was cohesive enough to be compressed “as is” into 500 mg tablets 
that were administered per os to the animals.

2.2 Chromatographic profiling of Oldfieldia dactylophylla root bark

O. dactylophylla root bark powder (1.0 g) was extracted with 10 mL of n-heptane; 
after vortexing, ultrasonication and centrifugation, the supernatant was evaporated 
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to dryness and dissolved in 1 mL of methanol. The plant residue was then similarly 
extracted with 10 mL of dichloromethane and the extract was dissolved in 1 mL of 
methanol. The high-performance thin-layer chromatography (HPTLC) of extracts was 
performed according to the procedure of the European Pharmacopoeia 10 [18] using 
Camag Automatic TLC Sampler (ATS 4), Automatic Developing Chamber 2 (ADC 2), 
Derivatizer and TLC Visualizer 2. The Camag systems were driven by the software 
visionCATS version 2.5. The HPTLC was performed on silica gel 60 F254 HPTLC 
plates (Merck, Germany); 5 μL of samples were applied in 8-mm wide bands, the 
plates were activated on MgCl2 (~33% RH) and the tank saturated for 20 min; the sol-
vent system was petroleum ether (40–60°C)—acetone—ethyl acetate (85: 15: 5, v/v/v). 
The plate development was performed at 70 mm from the lower edge of the plate. 5 
mL of a vanillin reagent (2 mL of sulfuric acid added to 100 mL of a 10 g/L solution 
of vanillin in 96% ethanol) was applied on the plate that was then heated at 110°C for 
3 min. The plate was examined under visible light and UV366nm (Figure 1).

2.3 Experimental setup and treatment

The applied sampling protocols met the Unified Ethical Principles and an Animal 
Research ‘Helsinki’ declaration [19]. The study was conducted at the Naviundu Farm 
of the University of Lubumbashi (RD Congo). It included 32 locally breed goats, at 
least 2 months old, naturally infected with various gastrointestinal helminths and 
randomly assigned to four groups of eight homogeneous animals. All animals graze 
together on the same pastures and the groups were not physically separated through-
out the study period. No anthelmintics were received in the 4 months prior to the 
experiment.

Four consecutive treatments (excluding the control group) were administered 
once a month to the different groups for four consecutive months according to the 
scheme described below:

Figure 1. 
Chromatographic profiles of Oldfieldia dactylophylla root bark. HPTLC plate (20 × 10 cm), silica gel 60 F254. 
Mobile phase, petroleum ether (40–60°C)—acetone—ethyl acetate (85: 15: 5, v/v/v); derivatization with vanillin 
reagent and visualization (A) under white light; (B) under UV light (365 nm). Tracks 1 and 3, O. dactylophylla 
root bark n-heptane extract; Tracks 2 and 4, O. dactylophylla root bark dichloromethane extract.
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• group 1 was the untreated control group (control);

• group 2 was treated with albendazole orally (Vermitan®, Laprovet) at a dose 
of 5 mg/kg body weight (positive control); albendazole is a broad-spectrum 
benzimidazole anthelminthic, effective against most nematodes, but at these 
doses would have little efficacy against cestodes [20];

• group 3 was treated with a tablet containing bark powder from the root of 
O. dactylophylla per os, 100 mg/kg body weight;

• group 4 was treated with a tablet containing bark powder from the root 
of O. dactylophylla per os, 200 mg/kg body weight.

The treatments were administered on the same day by two experimenters used 
to handling animals, one of whom assisted with the restraint by raising the neck of 
the animal and the other by inserting the drug into the pocket of the animal’s cheek 
with a small amount of water to facilitate the administration of the treatment. Our 
ethnopharmacological study indicated that, in traditional veterinary treatments, 
the doses of kikoto muchi (vernacular name of O. dactylophylla root bark) are not 
standardized and depend on the experience of individuals [13]; we determined the 
doses to be tested by considering the dosages indicated by interviewed farmers. All 
procedures performed were in accordance with the ethical standards committee 
of the University of Lubumbashi (license N° UNILU/CEM/167/2011). Fecal, blood 
samples and weight measurements were taken on day 0 (before administration 
of the first treatment) and on days 14, 31, 45, 62, 76, 92 and 126 post-treatment 
(Figure 2).

2.4 Stool specimens and coprological analyzes

Individual fecal samples were taken directly from the rectum of animals early 
in the morning and immediately placed in separate plastic bags, clearly identified 
with the animal identification number. When the stool examination did not directly 
follow the collection, samples were temporarily placed at a temperature of 4°C for not 
longer than 24 h.

For qualitative coprological analyzes, the Willis flotation method [21] was applied. 
The eggs per gram of fecal matter (EPG) were quantified by the Mc Master technique 
with a solution of NaCl of density 1.2 (sensitivity: 1 egg observed = 50 EPG, i.e. 50 
EPG).

Figure 2. 
Time scale of the experiment.
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2.5 Blood sampling and analyzing

The blood was collected from the jugular vein using a syringe and transferred in test 
tubes with or without anticoagulant. The blood collected on tubes with anticoagulant 
(sodium citrate) was used for the establishment of the hematocrit and the count of total 
leukocytes. Blood collected on dry tubes was used to obtain serum after centrifugation 
at 3000 rpm for 10 min for biochemical assays. The hematocrit was determined by a 
microhematocrit method [22]. The biochemical parameters (total proteins, albumin, 
creatinine and transaminases) were measured using standard kits from Biomérieux.

2.6 Measure of efficacy of treatments

The efficacy of the treatment was calculated according to the method of 
Presidente [23], that considers the average EPG before and after the treatments:

   = − × ×  
  

1 2% 1 100
2 1

T CE
T C

 (1)

With E% = rate of effectiveness;
T1 = EPG on the day after treatment;
T2 = initial EPG of the treated lot;
C1 = EPG on the day after treatment of control batch.
C2 = initial EPG of the control batch.

2.7 Statistical analysis

For each of the four groups, we performed Multiple Factor Variance Analysis 
(ANOVA) to compare the various parameters. The EPG values did not follow a Gaussian 
distribution and were therefore transformed according to the log (x + 10) function. 
These different statistics were calculated using the software R. For each of the tests, the 
standard criterion of p < 0.05 was used to check whether the measured differences were 
statistically significant. The effects were noted as very highly significant (p < 0.001), 
highly significant (p < 0.01), significant (p < 0.05) and not significant (p > 0.05).

3. Results

3.1 Chromatographic profiling of Oldfieldia dactylophylla root bark

Figure 1 presents HPTLC profiles of the n-heptane and dichloromethane sequen-
tial extracts of O. dactylophylla root bark. These profiles are quite characteristic, 
yielding bands probably attributable to terpenoids; a phytochemical study is on-going 
to identify the compounds of interest.

3.2 Animals

Table 1 shows that all four groups were equilibrated at baseline, regarding sexes, 
weights and EPG.



Intestinal Parasites – New Developments in Diagnosis, Treatment, Prevention and Future Directions

274

3.3  Effects of Oldfieldia dactylophylla root bark powder on the gastrointestinal 
strongyles and evaluation of efficacy

From the 2nd week after the first treatment (day 14), the EPG study indicated a 
decrease of more than half for the fecal excretion of strongyle eggs in goats receiving 
O. dactylophylla root bark powder (p < 0.001 vs. negative control). There was no dose-
effect relationship as the two doses of O. dactylophylla root bark powder showed non-
significant differences in eggs counts. Although a 90% EPG decrease was obtained in 
the control group treated with albendazole, the within-group variabilities were such 
that the differences between all treated groups were non-significant. The effective-
ness of treatments was also evaluated using the method of Presidente (Table 2) [23]. 
On day 126, the decrease in EPG stabilized at 85, 86 and 89% compared to the initial 
infestation in O. dactylophylla 100 mg/kg, O. dactylophylla 200 mg/kg and albenda-
zole-treated groups, respectively.

3.4  Effects of Oldfieldia dactylophylla root bark powder on serum total proteins 
and albumin

The total proteins and albumin of the control group showed non-significant 
differences throughout the study and remained significantly lower (p < 0.001) 

Groups Day of treatment

T1 T2 T3 T4

0 14 31 45 62 76 92 126

Effectiveness (%)

Control 0 0 0 0 0 0 0 0

Albendazole (5 mg/kg) 0 90 89 89 90 87 90 89

O. dactylophylla (100 mg/kg) 0 69 78 80 82 83 83 85

O. dactylophylla (200 mg/kg) 0 69 78 77 79 83 84 86

Table 2. 
Effectiveness rate of Oldfieldia dactylophylla root bark powder treatment.

Groups Sex Body weight (kg) Fecal worm egg count (EPG)

Control Female (n = 4) 18.9 ± 3.8a 500.0 ± 20.5a

Male (n = 4) 17.9 ± 2.3a 497.0 ± 19.9a

Albendazole (5 mg/kg) Female (n = 4) 18.6 ± 4.7a 491.3 ± 16.5a

Male (n = 4) 18.2 ± 3.6a 498.6 ± 17.1a

O. dactylophylla (100 mg/kg) Female (n = 4) 19.3 ± 4.5a 496.0 ± 15.9a

Male (n = 4) 19.0 ± 4.6a 500.2 ± 13.4a

O. dactylophylla (200 mg/kg) Female (n = 4) 20.2 ± 5.2a 487.1 ± 17.5a

Male (n = 4) 19.9 ± 4.3a 498.9 ± 17.2a

Values expressed as mean ± sd of body weight and EPG for all groups before the experiment. Means with the same 
letters are not significantly different through ANOVA and the Tukey test (p < 0.05).

Table 1. 
Baseline characteristics of study animals.
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compared to those of the groups treated either with albendazole or O. dactylophylla 
root bark powder. The total proteins and albumin in the treated groups significantly 
increased (p < 0.001) from day 14 of treatment and remained steady over the study, 
with no differences between the two dosages of O. dactylophylla and albendazole.

3.5 Effects of Oldfieldia dactylophylla root bark powder on total leucocytes count

Total leucocytes of the treated animals and control group showed a marked and 
significant (p < 0.05) decrease in all treated groups throughout the study. Comparison 
of data at different dates revealed non-significant differences between the two dos-
ages of O. dactylophylla root bark powder and albendazole.

3.6 Effects of Oldfieldia dactylophylla root bark powder on the hematocrit

The mean values of hematocrit of the control group compared to those of the 
batches treated with O. dactylophylla root bark powder or albendazole showed signifi-
cant differences (p < 0.001) throughout the study.

3.7 Effects of Oldfieldia dactylophylla root bark powder on transaminases

The base levels of alanine aminotransferase (ALT) slightly differ (p < 0.001) in 
the groups treated with O. dactylophylla (100 mg and 200 mg/kg) compared to the 
other groups whereas the aspartate aminotransferase (AST) levels slightly differ from 
group to group (p < 0.001). The levels of these enzymes in all groups remained stable 
throughout the study.

3.8  Effects of Oldfieldia dactylophylla root bark powder treatments on serum 
creatinine

There was no difference in serum creatinine levels between the different groups 
throughout the experimentation.

3.9 Effects of Oldfieldia dactylophylla root bark powder on animal weight

Mean weight values compared at different dates between the four groups of animals 
involved in our study showed no significant difference throughout the experiment.

4. Discussion

This study indicates that the levels of parasitic eggs fecal excretion were similar in 
the four groups of goats before onset (p > 0.05). After 2 weeks of treatment, there was 
a significative decrease in the fecal excretion of strongyle eggs in goats receiving O. 
dactylophylla root bark powder at either 100 or 200 mg/kg or albendazole. From the 
14th day to the 126th day, we observed in the animals treated monthly with O. dac-
tylophylla a significant decrease of infestation in comparison to the untreated group 
(p < 0.001). Compared to the group treated monthly with albendazole, the fecal 
excretion of eggs in animals treated with O. dactylophylla monthly at dosages of 100 
and 200 mg/kg showed non-significant differences 14th day after the first treatment 
and the levels of infestation remained similar until the end of the study. There was 
no statistical difference between the two doses of O. dactylophylla tested (p > 0.05), 
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indicating that the lower dosage is sufficient; dose-finding trials are worth conducting 
to determine the lowest efficient dosage. These results are comparable to those found 
in several studies using bioactive plants against digestive strongyles: Eucalyptus staige-
riana leaves [24], Eucalyptus citriodora leaves [25] and Moringa oleifera leaves [26].

Indeed, several families of molecules present in the root bark of O. dactylophylla 
(tannins, flavonoids, iridoids and triterpenoids) have been evoked in previous works 
as possessing anthelminthic properties. The action of these molecules, alone or in 
combination, may explain this decrease of infestation. Similar activities have been 
demonstrated for sesquiterpenes and lactones in sheep [27], triterpenes and alkaloids 
in sheep [28–30], anthraquinones in goat [25] saponins [14] and condensed tannins 
in sheep and goats [14, 31, 32]. In these studies, the use of bioactive plants containing 
these substances (condensed tannins, triterpenes, alkaloids, anthraquinones or sapo-
nins) has been shown to be an alternative to the use of synthetic anthelmintics. As to 
the efficacy of O. dactylophylla monthly administration in our work, we observed a 
considerable reduction in EPG in the three treated groups (up to 86%). These results 
are comparable to those obtained by Kommuru et al. [33] with condensed tannins. 
These molecules have also been identified as effective on some parasites in humans 
[34]. Thus, to some extent, the use of O. dactylophylla may well be extrapolated in the 
treatment of parasitic nematodes in humans.

Compared to the control group, the serum levels of total proteins and albumin, 
measured 1 month after the administration of the four monthly treatments, are mark-
edly higher in the treated groups compared to measurements taken 14 days after the 
first treatment (p < 0.001), and similar for the 2 O. dactylophylla dosages and albenda-
zole. This suggests that the different treatments have improved the availability of amino 
acids from dietary proteins. These results are in line with those of Hassan et al. [35] who 
observed a remarkable increase in serum proteins during treatment with ivermectin; 
it is likely that the reduction of intestinal parasites burden reduces the diversion of 
proteins, improving their bioavailability. On the other hand, condensed tannins have 
been proposed to explain such an increase by an indirect mechanism, the precipitation 
of food proteins; this would prevent protein degradation in the rumen, improving their 
intestinal bioavailability [36]. However, certain types of condensed tannins are known 
for a high toxicity on the digestive mucosa with a consequent reduction of nutrient 
absorption [37]. But, in goats, physiological adaptations allow them to consume large 
quantities of plants rich in secondary metabolites, notably tannins [38]; these adapta-
tions include an increase of salivary glands size with the secretion of salivary proteins 
and three amino acids (glutamine, glycine and proline) with high affinity for tannins 
[39, 40]. Goats also possess a particular rumen flora that secretes enzymes, such as 
tannases, active in the rumen [41]. These enzymes specifically break the ester linkages 
of hydrolyzable tannins, reducing their molecular weight and thus their ability to bind 
proteins, probably increasing the bioavailability of proteins farther in the digestive 
tract; such enzymes were notably isolated from the ruminal enterobacteria of goat [42].

From day 14th onwards after the first treatment, the hematocrit of groups treated 
with albendazole and O. dactylophylla show a statistically significant increase com-
pared to the control group. This increase probably corresponds to an anthelmintic 
activity of tested treatments toward hematophagous parasites [43], including 
Haemonchus contortus that was diagnosed in our study animals. The values of the 
transaminases (ALT and AST) remained stable in all groups along the study, indicat-
ing no hepatotoxicity of tested treatments. There was no difference in serum creati-
nine levels between the different groups throughout the experimentation, indicating a 
probable absence of renal toxicity.
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Despite the effectiveness of albendazole and O. dactylophylla treatments, indicated 
by a marked decrease in Haemonchus contortus bioburden (as seen from EPG data), 
the evolution of corporeal weights was similar in the treated and control groups 
throughout the experiment. In a previous study on goats’ anthelminthic treatment 
in Tanzania, during a long dry season, goats were orally dosed with 7.5 mg/kg alben-
dazole and the weight gains were quite limited [20]. At that dosage, albendazole 
is effective against nematodes but may not be effective against trematodes. The 
authors explained that their animals may have been infected either with a low level 
of nematodes, so clearing these would have a small effect, or with a mix of different 
worms, some of the infections not being cleared by albendazole. In our study, goats 
are grazing and so are also likely co-infected with different worms, which may explain 
the non-effectiveness of albendazole on weights. For O. dactylophylla treatments, an 
anti-nutritive effect of tannins on energy production by the rumen flora could yield 
an additional explanation.

5. Conclusion

The significant decrease, in field conditions, in fecal excretion of parasite eggs 
after administration of O. dactylophylla root bark powder as observed in this study is 
in line with data obtained in many other earlier works on secondary plant metabo-
lites possessing anthelmintics activities. Moreover, this decrease in fecal excretion 
underlines the interest that can be gained using O. dactylophylla in the control of the 
digestive parasitism in goat breeding. The goat is an animal particularly well adapted 
by its physiological and digestive particularities. In view of these initial results, the 
plant seems to present an ability to be chosen among the alternatives to the control 
of parasites in agriculture, but it is necessary to complete the analytical approach 
and to better specify the optimal conditions of its use in farming. The present study 
has currently highlighted the antiparasitic properties of O. dactylophylla on animals; 
however, phytochemical studies support that the plant should make contributions to 
human studies in the future.
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Abstract

The intestinal protozoan parasites pose serious health concerns, infecting more 
than one billion individuals every year and mainly causing diarrhea in infants and 
adults. Main pathogens include Giardia intestinalis, Entamoeba histolytica, Cyclospora 
cayetanensis, and Cryptosporidium spp. causing giardiasis, amoebiasis, cyclosporiasis, 
and cryptosporidiosis, respectively. The drug arsenal to treat these diseases is lim-
ited (<25 drugs are in clinical use) for the treatment of all protozoal infections. The 
existing treatment options are decades of years old (discovered in 1930–1980s) and 
have limitations such as low therapeutic index, toxic side effects during long-term 
treatment, and drug resistance. Therefore, urgent renewed drug discovery efforts are 
needed to tackle these neglected protozoal diseases. This chapter discusses the current 
status of treatment options and their limitations, along with current drug discovery 
efforts. We conclude that the knowledge gained in the genomic and post-genomic era 
should be appropriately harnessed to accelerate the futuristic drug discovery process 
in this field.

Keywords: protozoan parasites, intestinal diseases, drug resistance, drug discovery, 
therapeutics

1.  Introduction

Worldwide, around 1.7 billion incidents of diarrheal illness are recorded 
annually [1]. According to the WHO report 2024, every year, diarrheal disease kills 
approximately 443,832 children and is the third leading cause of death among chil-
dren aged below 5 years. A diverse group of pathogenic microbes, including bacteria, 
viruses, and parasitic organisms, can cause diarrheal disease. Of these pathogens, 
protozoan parasites are the major contributors [2]. These intestinal protozoans are a 
divergent group of unicellular organisms that reaches the intestine through ingestion 
of contaminated food or drinking water [3], particularly in the tropics and sub-
tropics, causing millions of cases of diarrhea annually.

The intestinal infections are caused by different protozoan parasites such as 
Dientamoeba fragilis, Giardia lamblia, Isospora belli, Microsporidia (Septata intesti-
nalis, Enterocytozoon bieneusi), Entamoeba histolytica, Balantidium coli, Blastocystis 
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hominis, Cyclospora cayetanensis, Cryptosporidium spp., etc. [4]. However, this 
manuscript focuses primarily on Giardia intestinalis, Entamoeba histolytica, 
Cyclospora cayetanensis, and Cryptosporidium spp. causing giardiasis, amoebiasis, 
cyclosporiasis, and cryptosporidiosis, respectively [5]. C. cayetanensis, G. intestina-
lis, and C. pavrum are the small intestinal parasites that affect children and elderly 
persons, whereas Entamoeba, the large bowel parasite, infects all age groups but 
mainly adults [6]. They are transmitted through the oral-fecal route via indirect 
or direct contact with the transmittable phase, leading to cases of mortality and 
morbidity [7].

These intestinal infections can be managed by both preventive measures as 
well as by appropriate drug treatment. For treating different protozoan parasites, 
only 25 drugs are used in clinical settings [8]. However, even after the latest 
advancements in the field, such as the availability of the complete genomes and 
a comprehensive understanding of the life cycles of these pathogens, there are 
limited translational breakthroughs from the lab to the clinic, and no major new 
classes of antiprotozoal drugs have been developed. Moreover, the efficacy of 
currently available drugs is insufficient, and the emergence of drug resistance is 
another challenge resulting in clinical treatment failures [9]. Therefore, due to the 
lack of effective, safe, and reasonable drugs, the impact of protozoan infections 
on humans has been amplified. Understanding the molecular basis of resistance 
facilitates the identification of novel drug targets and helps in the advancement of 
therapeutic agents, thereby necessitating further research to ensure a sustainable 
discovery of effective compounds. Moreover, the lack of vaccines against these 
parasites further demands renewed efforts toward the development of novel drugs, 
especially in the post-genomics era.

This chapter discusses current treatment options for different human intestinal 
protozoa to understand the scenario of drug-resistant strains, available alternatives, 
and future therapeutic strategies for the effective management and cure of these 
infections.

2.  Giardiasis

Giardiasis is a small intestinal disease caused by Giardia intestinalis, known 
as G. lamblia or G. duodenalis. Giardiasis is a global public health concern, with 
approximately 280 million cases per annum [10]. A huge number of cases of parasitic 
infections (2-30%) while in developed countries the infection frequency is in the 
range of 2-7% [11].

G. intestinalis is a human intestinal parasite, that also affects domestic and wildlife 
animals, particularly mammals. The latest study has revealed the existence of tro-
phozoites similar to Giardia in the gut of invertebrate Heterotermes tenuis [12]. It was 
initially elucidated by Antonie van Leeuwenhoek while examining his own diarrheal 
stool in 1681. Subsequently, Vilém Dušan Lambl discovered Giardia in 1859 and 
explained it in detail, and therefore, the protozoan was named after him. The parasite 
is transmitted through contaminated water, either freshwater or public water supply. 
G. intestinalis exists in two forms: trophozoite and cyst. It is transmitted in cyst form 
either through contaminated water or direct oral-fecal route [13]. After consumption, 
excystation takes place, followed by the release of trophozoites. The trophozoites 
infect the duodenum and upper intestine, taking advantage of the favorable alkaline 
pH, resulting in the development of the disease [14].
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2.1  Current drug regimen for giardiasis

The therapy administered for giardiasis includes nitroimidazole compounds, 
which are potent against various bacterial as well as parasitic infections, especially 
a synthetic 5-nitroimidazole derivative called metronidazole primarily used for the 
treatment of trichomoniasis [15]. Eventually, Darbon et al. proclaimed that metro-
nidazole can be used against Giardia infections [16]. Since the 1960s, it remains the 
predominant drug used worldwide for the treatment of giardiasis [17]. Its success rate 
varies from 60 to 100%, and thus is the first-line drug used for the treatment [17, 18]. 
Metronidazole is a pro-drug that, after entering the trophozoite, is reduced by the 
parasite’s electron transport proteins (ferredoxins) that donate the electrons to the 
nitro group [19]. This drug builds oxidative stress through binding with thiol groups, 
resulting in the cysteine adducts and distorting the DNA by developing a double-
strand rupture [20]. The activation of metronidazole is intervened by the enzyme 
nitroreductase-1 (NRT-1) as well as by the reduction pathway mediated by ferredoxin. 
Other enzymes that result in the reduction of metronidazole are pyruvate: ferredoxin 
oxidoreductase (PFOR) and thioredoxin reductase (TrxR) [21]. The reduction of the 
drug creates a gradient that helps in the intracellular transport of the drug, which 
primarily destructs the replication phase of G. intestinalis cell cycle and further results 
in the DNA fragmentation and failure of its functions, leading to the death of tropho-
zoite (Figure 1) [20]. Even though metronidazole is the first-line drug used against 
various parasites, it has been pointed out to be carcinogenic by the US Department of 
Health, stating that it created tumors in mice at higher doses, but no cancer-related 
symptoms have been found in humans (Table 1) [34]. Another compound that is 
extensively used for the treatment of giardiasis is albendazole, a benzimidazole 
class drug. This compound has been utilized as an anthelmintic for humans since 
the 1960s in veterinary medicine and as an antifungal in agriculture. Their inhibi-
tory efficiency as anti-protozoan compounds was discovered in the 1980s as they 
inhibited the growth of Trichomonas vaginalis. Its efficiency against G. intestinalis was 
also discovered afterwards [35]. Due to the low cure rate of this drug, it is observed 

Figure 1. 
Schematic representation of the existing and novel drug targets in G. intestinalis. The figure also illustrates 
the anti-giardia drugs in the current therapy (mentioned in blue) as well as the drugs under various phases of 
research (mentioned in red). Moreover, auranofin (mentioned in violet) is the only novel drug undertaken for 
clinical trial. Created with BioRender.com.
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as a secondary option for the treatment. Also, this drug is not recommended during 
pregnancy due to teratogenic effects in animals and may be in humans as well [17]. 
Trophozoites metabolize albendazole and result in the formation of toxic intermedi-
ates: albendazole sulfone and albendazole sulfoxide with the help of flavohemoglobin, 
a NADH oxidase (gNADHox) present inside the parasite (Figure 1) [36]. It has been 
established that the albendazole binds to the beta-tubulin of the parasite, and the 
presence of two amino acids (Glu-198 and Phe-200) in the beta-tubulin sequence 
renders this protozoan susceptible to benzimidazoles (Table 1). However, E. histo-
lytica displays resistance due to the presence of different amino acids in this particular 
region [37]. Other drugs that are employed include furazolidone [38], acridine 
(quinacrine) [39], aminoglycoside (paromomycin) [40], and nitazoxanide (Table 1) 
[25]. Nitazoxanide, a nitrothiazolide derivative, shows inhibitory activity against bac-
teria, protozoa, and helminths. It was approved for giardiasis treatment in 2004. It is 
hypothesized that this drug inhibits enzymes such as PFOR and nitroreductases [41]. 
Moreover, nitazoxanide destroys the cyst by disrupting the protozoan’s cyst wall [42]. 
Furazolidone is another drug used for the treatment of giardiasis, particularly for 
pediatric cases [29]. However, due to evident genotoxicity and activation of neoplastic 
processes, the use of this drug is prohibited in the United States [17]. Even though the 
mechanism of action of this drug is similar to metronidazole, it is reduced by NADH 
oxidase instead of PFOR [43]. Quinacrine, another drug used for the treatment of 
giardiasis, is an acridine derivative with broad-spectrum activity. The usage of this 

S. No. Drug Parasite Mechanism References

1 Metronidazole Entamoeba histolytica Reduction of nitro groups; 
DNA fragmentation and 
cell cycle arrest.

[22, 23]

Giardia intestinalis

2 Albendazole Giardia intestinalis Binds to β-tubulin; cell 
cycle arrest.

[24]

3 Nitazoxanide Giardia intestinalis Inhibits PFOR, 
nitroreductase, disrupts 
plasma membrane

[25–27]

Entamoeba histolytica

Cyclospora cayetanensis

Cryptospordium parvum

4 Furazolidone Giardia intestinalis Depletes cytoplasm, 
produces toxic 
intermediates

[22]

5 Paromomycin Giardia intestinalis Inhibits protein synthesis [28]

Entamoeba histolytica

Cryptospordium parvum

6 Quinacrine Giardia intestinalis Inhibits DNA production [29]

7 Trimethoprim-Sulfamethoxazole Cyclospora cayetanensis — [30–32]

8 Ciprofloxacin Cyclospora cayetanensis — [33]

9. Roxithromycin Cryptospordium parvum Disrupt bacterial protein 
synthesis

[26]

10. Rifabutin and rifaximin Cryptospordium parvum Inhibits RNA synthesis [26]

Table 1. 
Currently used drugs for the intestinal parasites and their mode of action.



287

Perspectives on the Drug Discovery of Intestinal Protozoan Parasites
DOI: http://dx.doi.org/10.5772/intechopen.1005559

drug is limited due to side effects like vomiting and psychosis, while in some coun-
tries, it is used when patients do not respond to metronidazole.

Resistance to the drugs metronidazole and albendazole used for the treatment 
of giardiasis is a major emerging clinical concern with unspecified consequences. 
Human giardiasis has been primarily treated with metronidazole for the past 
60 years, but the efficiency of this antibiotic has been weakened due to an increase in 
resistance against metronidazole, a first-line drug. This treatment failure has turned 
into a major health concern in the last 15 years [44]. Moreover, a large number of 
giardiasis cases refractory to metronidazole have been documented in low Giardia 
frequency settings. A study conducted in 2010 revealed that the regimen containing 
one or more nitroimidazoles did not succeed in curing 5.8% of patients out of a group 
of 170 [45]. Other data from 2008 to 2013 from the Hospital for Tropical Diseases in 
London reported a sharp rise in metronidazole-refractory cases from 15% to >40% of 
all the cases [46]. Moreover, it has also been discovered that metronidazole-refractory 
patients are difficult to treat with other antibiotics, such as nitazoxanide and alben-
dazole. Furthermore, a sharp rise in refractory patients has also been documented 
in India [47]. In vitro studies have illustrated that the induction of resistance to 
benzimidazole is correlated with β-tubulin mutation, degradation of enzymes 
involed in glycolysis and arginine metabolism, and reduced mRNA expression of 
flavohemoglobin [36]. The detailed molecular mechanisms of resistance that lead to 
5-nitroimidazole refractory Giardia infection as well as other types of resistance is not 
completely understood despite substantial efforts with laboratory as well as clinical 
strains. Therefore, it warrants the search for new compounds through screening of 
libraries or drug repositioning. The drugs commonly used to treat giardiasis are listed 
in Table 1.

2.2  Recent drug discovery efforts against giardiasis

Giardiasis has been overlooked for years, typically in underdeveloped countries. 
The search and development of novel drugs have been poorly researched, mainly 
due to economic reasons. The genome sequencing demonstrated that G. intestinalis 
comprises a compact genome of approximately 12 Mb with around 4800 expressed 
genes [48]. The completion of the Giardia genome project and advanced molecular 
tools helped in the identification of new inhibitors for almost one-tenth of the total 
potent drug targets in the parasite. High-throughput technologies have also benefited 
in screening the repurposed drugs as well as new pharmacophores, escalating the 
depository of anti-giardia compounds, mostly exhibiting activity against metroni-
dazole or albendazole-resistant Giardia [49]. The drugs under investigation against 
giardiasis are highlighted in Figure 1.

Auranofin, a gold (Au) containing anti-rheumatic compound, was repurposed 
against the parasite in 2013. The clinical phase trial IIa (NCT02736968) revealed that 
it decreases the load of Giardia trophozoites and is also safe to use at a dose of 6 mg/
day. Even though auranofin has been described as a TrxR activity inhibitor, the mode 
of action is not fully understood and requires further research [39]. Orlistat, an anti-
obesity drug, also exhibited anti-giardia activity in vitro both against susceptible and 
metronidazole-resistant Giardia, at lower concentrations than metronidazole (4.3 μM 
and 11.0 μM) [50]. Robenidine, an anticoccidial drug classified as a guanidine deriva-
tive, showed better and faster activity than metronidazole against G. intestinalis with 
minimum lethal concentration (MLC) as low as 2.8 μM. Several analogs of this drug 
are developed, researched, and patented [51].
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Azidothymidine (AZT), an anti-retroviral drug, also exhibits inhibitory activ-
ity in-vivo against Giardia, even against the metronidazole-resistant strains [52]. 
Disulfiram, a thiuram disulfide drug used to treat alcohol abuse disorder, also exhib-
ited in vitro anti-giardia activity with a minimum lethal concentration of 1.23 μM 
and modest activity in vivo with a 21% cure rate in mice against Giardia [53]. In 
addition, mavelertinib, an EFGR-TKI (tyrosine-kinase inhibitor), has also displayed 
effective activity in mice infected with G. intestinalis [54]. Several anticancer drugs 
have also been suggested to be repurposed against protozoa including G. intestinalis. 
Trichostatin A, tubastatine A, and nicotinamide have inhibitory effects on the growth 
of trophozoites [55]. Moreover, a new compound, KH-TFMDI, a 3-arylideneindolin-
2-one derivative, and KV-46, a 4-[(10H-phenothiazin-10-yl) methyl]-N-hydroxy 
benzamide, displayed growth inhibitory activity, with IC50 less than 1 μM. While 
these compounds primarily inhibit histone acetylase, there is a possibility that they 
affect other pathways as well (Figure 1) [56].

The cytoskeleton of G. intestinalis serves as a potent target for novel drug dis-
covery as existing as well as proposed drugs affect the components of the parasitic 
cytoskeleton. Giardia depends on substrate-level phosphorylation due to the lack of 
typical mitochondria. Therefore, targeting the enzymes of carbohydrate metabolism 
is a potential strategy. Various compounds that target metabolic pathways associated 
with sterol synthesis have been examined in vitro. For example, azasterol and epimi-
nolanosterol that suppress the activity of ∆24(25) sterol methyltransferase (24-SMT) 
have exhibited activity against trophozoites of Giardia, although the parasite does 
not produce 24-alkyl sterols or ergosterol [57]. The enzymes involved in this process 
can be different from mammalian cells and thus can be potential targets in drug 
discovery (Figure 1) [58]. Few kinase inhibitors against Giardial NEK kinases are 
under investigation. The screening of kinase inhibitors provided five compounds that 
hinder the growth of G. intestinalis. One compound (BKI1213) particularly impacted 
cytokinesis [59], whereas another notable compound (GW843682X) hinders flagellar 
length and thus alters cytokinesis [60]. Moreover, a recently discovered nucleolus 
has also emerged as a potential target [61]. This structure would constitute several 
transcription initiation features that are unique to the parasite [62], making it a strong 
candidate for drug discovery (Figure 1). Natural compounds such as curcumin, 
berberine, garlic extract, and grapefruit seed extract have been investigated to dem-
onstrate anti-Giardia activity [63]. Curcumin inhibits Giardia lamblia trophozoite 
adhesion and growth by altering the microtubule cytoskeleton and preventing para-
site multiplication [64]. These chemicals have the potential as alternative therapeutics 
and represent a viable avenue for the development of novel anti-giardia medicines.

3.  Amoebiasis

Amoebiasis, also known as amebiasis or amoebic dysentery, is a condition caused 
by the infection of Entamoeba spp., which are protozoan parasites that typically 
reside in the intestine. Most of the infections are asymptomatic. However, the inva-
sive disease may develop, showing symptoms of abdominal cramps, acute diarrhea, 
dysentery, and amoebic colitis (bloody diarrhea with mucus). Amoebic liver abscesses 
(ALA) develop if the parasite reaches the liver through the bloodstream. The 
symptomatic manifestation of amoebiasis has been attributed mainly to Entamoeba 
histolytica, but other species such as E. dispar, E. moshkovskii, E. hartmanni, E. polecki, 
and E. bangladeshi are also implicated [65]. However, further research is required 
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to establish the pathogenicity of E. dispar and E. bangladeshi. Amoebiasis has been 
responsible for more than 100,000 annual deaths worldwide [66] and ranks third in 
the category of parasitic diseases (after malaria and schistosomiasis) responsible for 
mortality across the globle [67]. The disease is more prevalent in developing countries 
of Asia, Africa, and Central and South America. It represents the highest disease 
burden in Asia under the category of neglected tropical diseases. South Africa has a 
disease prevalence of 12.4% in 2006 [68] while in 2011, India reported the prevalence 
of intestinal amoebiasis to be ~11.7% [69]. The most affected countries include 
Bangladesh, China, India, Mexico, Columbia, and Brazil [70]. Although it is con-
sidered a tropical disease, it is also being reported in developed countries, especially 
among travelers returning from endemic places.

The life cycle of E. histolytica is a simple two-stage cycle compared to the other 
protozoan parasites. It consists of an infectious cyst that can survive outside its host 
for sufficient time to be able to cause transmission [71]. The transmission of the 
disease occurs by ingestion of the cysts from contaminated food and water [71]. Once 
the cysts reach the small intestine, the process of excystation starts with the action of 
intestinal trypsin enzymes, resulting in the formation of eight vegetative trophozoites 
per cyst that colonize the caecum and colon. The motile trophozoites are responsible 
for invasive disease as they divide and multiply by binary fission, and can migrate to 
other tissues. It may cause extraintestinal amoebiasis and also convert back to cysts in 
a process called encystation to be excreted out in feces. Hence, a new cycle of fecal-
oral transmission starts [72]. E. histolytica remains in the human intestine, causing 
asymptomatic disease in about 90% of the cases, and only a minority of cases develop 
invasive disease. However, the reasons behind this selectivity are poorly understood. 
It is now established that the pathogenesis of E. histolytica is multifactorial, involving 
interactions of parasitic virulent factors, host cells, and components of the immune 
system and microbiota of the intestine [72]. The trophozoites adhere to the intestinal 
epithelium and interact with the TJ junctions, resulting in paracellular permeability 
and destroying the membrane integrity. The parasite ingests the host target cells and 
degrades them, leading to the development of ulcers [73].

3.1  Current drug regimen for amoebiasis

Feder Losch, in 1875, first detected amoebae in fecal samples. In 1903, Fritz 
Schaudinn was the first to distinguish between E. coli and E. histolytica and named 
the latter because of its tissue lysing ability. Maintaining basic hygiene practices can 
easily control the spread of the disease. Prohibiting open defecation, access to toilets, 
effective sewage water treatment, and improved water purification systems could be 
crucial measures in the prevention of amoebiasis [74].

Amoebiasis, despite being a significant global public health concern, currently 
lacks vaccinations or prophylactic drugs for prevention. The WHO recommends 
that all cases of amoebiasis including asymptomatic patients should be treated [75]. 
The treatment of asymptomatic cases is necessary not only to stop the invasive 
disease but also to inhibit the spread and further transmission through excreted 
cysts. The current lines of drugs that are used in the treatment of this infection have 
been categorized into two types. Drugs that are used to treat non-invasive colitis are 
referred to as luminal agents (paromomycin, diloxanide furoate, iodoquinol, and 
nitazoxanide) that kill the intraluminal cysts. Invasive amoebiasis and extraintestinal 
disease have been treated with chloroquine, emetine, tinidazole, and metronidazole, 
which are the elected treatment in patients with symptomatic intestinal amoebiasis 
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(Table 1) [72]. These organic compounds have been the mainstay therapy for this 
disease since the 1960s and are active only against trophozoites [76]. In particular, 
metronidazole is used widely as a first line of treatment for amoebic colitis for at 
least 5 days. The other nitroimidazoles with longer half-lives have also been success-
fully used for shorter durations such as ornidazole, tinidazole, and secnidazole [77]. 
Another relatively newer drug, nitazoxanide, successfully cures 80–90% of patients 
with intestinal amoebiasis in 3 days [78]. The nitroimidazoles are not effective against 
luminal stages. Therefore, an effective therapy should include a course of luminal 
agents such as paromomycin following metronidazole treatment [28]. Despite its side 
effects, metronidazole still remains the chief drug being used in the treatment of 
amoebiasis, and so far, there is no clear evidence for the clinically resistant strains of 
E. histolytica [72]. However, cases of treatment failure, especially with ALA patients, 
have been reported [79]. Other studies have described the increase in MIC values by 
E. histolytica when exposed to increased metronidazole concentrations in vitro [80]. 
The drugs commonly used to treat amoebiosis are listed in Table 1.

3.2  Recent drug discovery efforts against amoebiasis

Auranofin is the latest drug with potential against E. histolytica, even for metroni-
dazole-resistant parasites, and is currently in clinical phase II trials (NCT02736968). 
In the era of drug repurposing, several compounds have been suggested to be explored 
against this parasite. Disulfiram or antabuse, used to treat alcohol dependence, has been 
explored against E. histolytica but showed negligible impact on parasite viability [81]; 
however, its metabolite, ZnDTC, showed efficient antiparasitic effects in a mice 
model at low nanomolar concentration by inhibiting the ubiquitin-proteasome 
pathway (Figure 2A) [82]. A recent study has identified 26 potential compounds 
after screening ~12,000 compounds in cell culture, which could be further developed 
into anti-amoebiasis drugs [83]. Out of them, ponatinib, a multikinase inhibitor, can 
be the most effective for repurposing strategy. It was found to be 30X more potent than 
metronidazole in vitro [83]. Beloranib and TNP470 (analogs of fumagillin), are a class of 
MetAP2 inhibitors that can prevent encystation, block reoccurrence, and are most effec-
tive against metronidazole-resistant E. histolytica parasites. However, the use of beloranib 
is associated with thromboembolism. This warrants further research and development 

Figure 2. 
Schematic representation of recent drug discovery efforts for Entamoeba histolytica and Cryptosporidium 
parvum. A. Potential drug disulfiram’s metabolite, ZnDTC inhibits COP9 signalosome subunit 5 (CSN5) activity 
in Entamoeba histolytica. The mode of action of auranofin is not completely understood. B. Illustration of 
putative drugs and their targets within Cryptosporidium parvum.
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of newer and safer derivatives of MetAP2 inhibitors [84]. Another class of mTOR/PI3K 
inhibitors, including dactolisib, sapanisertib, omipalisib, and a few others, have shown 
inhibitory potential against metronidazole-resistant parasites in vitro. The drugs under 
investigation against amoebiasis are highlighted in Figure 2A.

In addition, exploring the molecular pathways and cellular components of E. 
histolytica for developing novel therapeutics holds an enormous potential that neces-
sitates rigorous efforts in the research and development in the field. The update 
and information on promising drug targets for amoebiasis have been compiled and 
summarized elsewhere [85].

4.  Cyclosporiasis

Cyclosporiasis is an intestinal parasitic disease caused by the coccidian parasite 
Cyclospora cayetanensis [86], first described in 1870. It is the only species known to 
infect humans, with the first recorded instance in Papua New Guinea in 1979 [87]. The 
attention toward the parasite has increased due to its capacity to induce gastrointestinal 
distress among human populations, transcending geographical boundaries and socio-
economic disparities and surge in clinical cases globally [88]. Despite efforts to curtail its 
proliferation, C. cayetanensis infections persist as a significant concern, underscoring the 
complexity of managing this pathogen in contemporary society [89]. Endemic hotspots 
for C. cayetanensis include tropical and subtropical regions, where poor sanitation results 
in environmental contamination with human feces [90]. Contaminated food and water 
sources play a pivotal role in Cyclospora transmission, necessitating stringent sanitation 
measures and enhanced surveillance efforts.

The clinical outcomes of cyclosporiasis are multifactorial and influenced by various 
factors, including the age and immune status of the host [91]. It is a significant challenge, 
especially for vulnerable populations such as immunosuppressed individuals, children, 
and the elderly that are more susceptible to severe forms of the disease, including 
extraintestinal complications like biliary disease, Guillain-Barré syndrome, reactive 
arthritis syndrome, and ocular inflammation [92]. C. cayetanensis has a complex life cycle 
involving both sexual and asexual stages. It begins when an individual ingests food or 
water contaminated with oocysts, which develop into merozoites that invade new epithe-
lial cells [93]. The merozoites then undergo sexual reproduction in the gastrointestinal 
tract, developing into microgametocytes and macrogametocytes, which are released into 
the environment through feces [90]. The fertilization occurs in outside environment. 
The zygote forms sporulated oocysts, capable of infecting new hosts (Figure 3). The 
transmission of C. cayetanensis is facilitated by factors like globalization of food sup-
ply chains and increasing international travel [90]. Public health interventions should 
focus on improving food safety standards, enhancing water sanitation infrastructure, 
promoting hygiene practices, and strengthening surveillance and outbreak response 
systems [94].

4.1  Current drug regimen for cyclosporiasis

Cyclosporiasis, is a highly prevalent disease, particularly among vulnerable 
population like those with HIV/AIDS, organ transplant recipients, and those undergo-
ing immunosuppressive or anticancer regimens [6]. The primary treatment option for 
cyclosporiasis is trimethoprim-sulfamethoxazole (TMP-SMX), also known as co-
trimoxazole, which is a combination antibiotic that inhibits Dihydrofolate reductase 
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(DHFR) in C. cayetanensis (Table 1). This combination therapy disrupts folate metab-
olism, hindering DNA synthesis and thereby leading to parasite death. TMP-SMX has 
shown efficacy in both immunocompetent and immunocompromised patients (HIV/
AIDS), with cure rates exceeding 90% in some studies [95]. However, prolonged use 
can result in antibiotic resistance, hence resulting in drug-resistant strains [96]. The 
extended use of TMP-SMX has been associated with a wide range of harmful effects 
on organs, including hematologic problems, liver damage, and skin responses [97].

For patients who cannot tolerate TMP-SMX due to sulpha allergy or treatment 
failure, alternative antibiotics like ciprofloxacin may be considered. Ciprofloxacin, 
although less effective than TMP-SMX, can be used as an alternative [33]. However, 
there have been situations where ciprofloxacin has been reported to be ineffec-
tive in treating certain condition, although it is generally acknowledged to be 
therapeutic in specific cases. Nitazoxanide is another drug with promise in treating 
cyclosporiasis [98], especially in patients with sulpha allergy (Table 1) [99]. Although 
the drug’s exact mode of action is yet unknown, it is believed to function by inhibiting 
their energy metabolism, damaging cell membranes, and compromising mitochon-
drial function. It interferes with the pyruvate: ferredoxin/flavodoxin oxidoreductase 
(PFOR) cycle, essential for energy production, and induces lesions in cell mem-
branes. Additionally, it disrupts mitochondrial membrane potential and inhibits key 
enzymes, leading to parasite death [100]. Furthermore, it has been observed that 
nitazoxanide exhibits a direct inhibitory effect on coccidian oocysts, resulting in a 
reduction in their viability, as evidenced by the ultrastructural analysis [101]. Studies 
have reported cure rates ranging from 71 to 87% with nitazoxanide treatment, and the 
drug has been well-tolerated with no serious adverse effects [99]. The drugs com-
monly used to treat cyclosporiasis are listed in Table 1.

However, it is important to note that some antibiotics, such as norfloxacin, 
metronidazole, tinidazole, and quinacrine, have been shown to be ineffective against 
C. cayetanensis infections, rendering the treatment of C. cayetanensis infections highly 

Figure 3. 
Life cycle and transmission of Cyclospora cayetanensis. The infection starts with the ingestion of the sporulated 
oocysts. It shows both the asexual and sexual reproduction. Fertilization occurs in the intestine. Unsporulated 
oocysts are excreted out in the environment where they sporulate and start the cycle again. It was noted that no 
drugs for cyclosporidiosis are in the clinical trials. Created with BioRender.com.
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challenging [90]. The research efforts are underway to explore novel drug targets and 
therapeutic strategies for C. cayetanensis infections using high-throughput screening 
assays, structure-based drug design, and drug-repurposing approaches. Advances in 
molecular biology and genomics have provided insights into the molecular mecha-
nisms of Cyclospora pathogenesis, paving the way for the development of targeted 
therapies [1].

4.2  Recent drug discovery efforts against cyclosporiasis

The occurrence of adverse effects linked to trimethoprim-sulfamethoxazole (TMP-
SMX) and ciprofloxacin drugs, coupled with the increase in Cyclospora resistance, 
hinders the efficiency of treatment [96]. This emphasizes the urgent requirement for 
innovative therapeutic approaches to tackle the issue of multidrug-resistant pheno-
types. Recent research has highlighted the promising efficacy of curcumin and cur-
cumin nanoemulsion (CR-NE) as novel therapeutic agents [102]. Studies conducted 
on mice models have demonstrated that CR-NE exhibits increased efficacy compared 
to the standard treatment of trimethoprim-sulfamethoxazole (TMP-SMX). It is 
believed that the anti-protozoal activity of CR is due to its ability to regulate transcrip-
tion pathways and induce cellular death. They can also trigger apoptosis in injected 
cells by the activation of intracellular calcium release and mitochondrial membrane 
depolarization. It also affects cellular signaling pathways by targeting growth factors, 
receptors, transcription factors, cytokines, enzymes, and genes that are involved 
in the regulation of apoptosis. Its interference with the ability of Cyclospora to sur-
vive and proliferate within host cells could potentially lead to new treatments for 
cyclosporiasis [102].

These findings underscore the potential of curcumin and curcumin nanoemulsion 
as promising therapeutic options for cyclosporiasis. The enhanced efficacy of CR-NE, 
as demonstrated by decreased oocyst burden and improved antioxidant biomarkers, 
suggests its potential superiority over conventional therapies such as TMP-SMX. 
Further research and clinical studies are warranted to validate these findings and 
explore the clinical utility of CR-NE in treating cyclosporiasis in humans [102].

Modulating the host immune response represents a novel approach to combat 
Cyclospora infections. Recent research has focused on elucidating the immuno-
pathogenesis of C. cayetanensis and identifying host immune factors associated with 
protection or susceptibility. Immunomodulatory agents, such as cytokine inhibitors 
or immune checkpoint inhibitors, hold promise for enhancing host defenses against 
the parasite [95]. Nanoparticle-based drug delivery systems hold promise for targeted 
drug delivery to the site of infection, minimizing systemic toxicity and enhancing 
therapeutic outcomes. Another study on magnesium oxide (MgO) nanoparticles 
reveals their effectiveness against C. cayetanensis oocysts, suggesting their potential 
as a new treatment approach. MgO nanoparticles show promise in inhibiting the 
viability and infectivity of C. cayetanensis, offering a novel strategy for combating 
this parasitic infection [103]. Further investigation into parasitic-specific research is 
required in order to acquire a more comprehensive understanding of the molecular 
pathways, with the aim of identifying novel therapeutic targets (Figure 3).

The apicoplast of C. cayetanensis, a non-photosynthetic plastid with its own 
genome, presents a potential focal point for developing novel therapeutic agents to 
combat the disease [104]. The ferredoxin-NADP+ reductase/ferredoxin redox sys-
tem, also a key metabolic agent in apicomplexan human parasites, has potential as a 
therapeutic target due to its involvement in electron transfer reactions. Targeting this 
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system could interfere with crucial metabolic processes essential for parasite survival, 
offering a promising opportunity for developing new antiparasitic medications [105]. 
C. cayetanensis also harbors a diverse array of proteases from distinct families such as 
cysteine, serine, and metalloproteases. Understanding the involvement of proteases in 
the biological processes of C. cayetanensis could provide valuable knowledge about its 
pathogenesis and aid in identifying potential therapeutic targets [106].

5.  Cryptosporidiosis

Cryptosporidiosis is a gastrointestinal, watery diarrheal disease of humans, 
affecting children younger than 2 years and immunocompromised individuals more 
severely [107]. Cryptosporidiosis is caused by Cryptosporidium spp. which is an 
intracellular, intestinal protozoan parasite. It was first identified by Ernest Tyzzer 
in 1907 in a common mouse’s gastric glands [108]. Cryptosporidium hominins and 
Cryptosporidium parvum are the main species responsible for 90% of the cases in 
humans, causing the largest known outbreak of waterborne disease in the United 
States in 1993, affecting ~403,000 people [109]. The parasite is transmitted through 
the fecal-oral route via contaminated food and water [110]. Cryptosporidium, a 
Coccidia parasite, has a distinctive life cycle consisting of asexual and sexual stages 
within a single host [111]. It begins with the ingestion of infective oocysts contain-
ing four sporozoites, which then invade intestinal epithelial cells, transforming into 
trophozoites [112]. Trophozoites undergo multiple rounds of asexual replication, 
which amplifies the infection [113]. The sporozoites are excreted in feces, con-
tributing to environment contamination and transmission to new hosts [114]. The 
adaptation of Cryptosporidium to a monoxenous life cycle and persistence in the 
environment pose significant public health challenges.

5.1  Current drug regimen for cryptosporidiosis

Nitazoxanide (NTZ), a nitrothiazole benzamide derivative, is the only FDA-
approved drug used for the treatment of cryptosporidiosis [115]. NTZ treats 
and reduces diarrhea and oocyst shedding in children and adults [116] but 
does not show efficient results against HIV-infected or immunocompromised 
patients [117]. Paromomycin, an aminoglycoside, is another drug used against 
cryptosporidiosis [103]. Roxithromycin, a macrolide, has been found effective in 
patients having cryptosporidium infections along with AIDS, but only 50% of the 
medicated individuals had full clearance of parasites [118].

Rifamycin derivatives are the class of drugs that mainly affect mycobacterial 
infections by binding to DNA-dependent RNA polymerase and inhibiting RNA 
synthesis [119]. Its derivatives such as rifabutin and rifaximin are shown to be effec-
tive in treating cryptosporidiosis in individuals infected with HIV. Additionally, 
rifabutin was found to be more effective than other derivatives [120]. Letrazuril, a 
benzene acetonitrile derivative, has shown modest efficacy against advanced AIDS-
related cryptosporidial diarrhea (Table 1) [121].

Additionally, different combinational therapies have also been used that show 
promising effectiveness for the treatment of cryptosporidiosis. When azithromycin/
paromomycin combination therapy is used to treat cryptosporidial infections, 
there is a significant reduction in the amount of cryptosporidial oocysts excreted 
in feces [122]. A combination of azithromycin and nitazoxanide has been found to 
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effectively treat cryptosporidiosis resulting in the total eradication of both diarrhea 
and parasites [123]. A combination of azithromycin, nitazoxanide, paromomycin, 
or rifaximin used in triple treatment resulted in a complete clinical parasitological 
recovery in kidney transplant recipients, with no instances of the recurrence [124]. 
The drugs commonly used to treat cryptosporidiosis are listed in Table 1.

5.2  Recent drug discovery efforts against cryptosporidiosis

Till now there has been no permanent treatment against cryptospo-
ridium in humans as well as in animals. Due to the limited genetic tractability of 
Cryptosporidium, the absence of conventional targets, unique host cell location, 
and insufficient cell culture platforms, the progress in understanding host-parasite 
interactions is hampered [107], and subsequent drug discovery or development efforts 
are affected. However, recently, there have been advancements in drug discovery for 
the treatment of cryptosporidial infections due to improvements in the methods of 
its culture and genetic manipulation [125]. Currently, certain drugs such as bump 
kinase inhibitors (BKIs), pyrazolopyrimidine-based KDU731, triazolopyradizine 
MMV665917, benzoxaborole AN7973, and compound 2093 have demonstrated poten-
tial in treating cryptosporidiosis in animals (Figure 2B) [126]. Several studies have 
reported that BKI-1294 significantly reduces the shedding of oocysts and improves 
clinical symptoms by inhibiting C. parvum calcium-dependent protein kinase 1 
(CpCDPK1) [127]. This enzyme is necessary for invading host cells [126]. However, 
BKI-1294 does not completely eliminate diarrhea and dehydration in infected bovines 
and neonatal calves [127]. Alternatively, BKI-1369, another inhibitor of CpCDPK1, 
shows its efficacy as a primary agent in combating Cryptosporidium infections in 
animals [126]. Specifically, it has shown effectiveness in treating neonatal calves 
infected with C. parvum [128]. However, these compounds cause cardiotoxicity and 
long QT syndrome in humans; thereby, more research efforts are needed to obtain 
better and safer derivatives of BKIs. Another potential anti-cryptosporidium drug 
molecule can be pyrazolopyrimidine derivative KDU731, which inhibits cryptosporid-
ial lipid kinase PI (4)K (phosphatidylinositol-4-OH kinase) enzymatic activity [129].

The compound MMV665917, a piperazine derivative, showed inhibitory activ-
ity against both C. parvum and C. hominis in vitro as well as in mouse models [130]. 
A study conducted on the gnotobiotic piglet model strongly indicated that the use 
of MMV665917 resulted in the presence of C. hominis parasites in fecal matter, as 
well as a decrease in the shedding of oocysts, intestinal damage, and the severity of 
diarrhea [131]. However, like BKIs, MMV665917 also shows partial hERG inhibition 
and cardiotoxicity in humans [26]. Hence, further studies and research are needed to 
establish this molecule as an anti-cryptosporidial agent. The 6-carboxamide benzoxa-
borole AN7973 is also capable of inhibiting the growth of cryptosporidium and is 
termed safe and stable with good pharmacokinetic characteristics, but its mechanism 
of action and molecular targets in the parasite have not yet been identified [132]. The 
drugs under investigation against cryptosporidiosis are highlighted in Figure 2B.

6.  Conclusions

In recent times, intestinal protozoan diseases, which were traditionally considered 
as tropical problems, are not restricted to tropical countries anymore. Although the 
understanding of genomes and the complex and diverse life cycles of these pathogens 
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has considerably improved, no significant progress is achieved in finding new drugs 
for the treatment. The currently available drugs are inadequate due to limited num-
bers and limited chemical class diversity. Moreover, the available treatment options 
are not completely effective, and drug resistance is emerging. Very few drugs are 
currently in clinical trials. These lacunae highlight stringent need to pay renewed 
attention towords the drug discovery to combat these neglected pathogens. In light 
of modern “omics” based technologies, fundamental research and development 
efforts must be encouraged in order to have a deeper understanding of the molecular 
pathways orchestrating the myriad of novel functions within these pathogens. Lastly, 
the host-pathogen interactions can be another area which can be explored further to 
strenghten  drug discovery efforts.
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