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Eukaryome Foreword

I am so pleased to see we have finally come to the point where we start to
understand that parasites and us are not alone in infections. We and parasites are not
fighting (or parasites are simply utilizing us) one-on-one, but microbial community
(including bacteria, archaea, and eukaryotes) plays, as a whole, a significant role in
modulating gene expression, metabolism, and virulence of the parasites, and also,
on the contrary, physiology, immunity, and tolerance of the host. Such mechanisms
have started to unveil. This book is a showcase of such orchestration of human and
microbial community including eukaryotic microorganisms, which, eukaryotic
microorganisms, had been almost neglected. This book also gives the most updated
overview by experts in the fields on genetic diversity and evolution of microbial
eukaryotes, immune response to and immune modulation by parasitic eukaryotes,
genome organization, gene regulation, pathogenesis, and drug resistance, as well as
cutting-edge models and analytical systems to investigate crosstalk of eukaryome-
microbiome-host in commensal and symptomatic infections.

Tomo Nozaki
The University of Tokyo
Tokyo, Japan



Preface

The first international congress on Eukaryome Impact on Human Intestine
Homeostasis and Mucosal Immunology was held in October 2019 at Pasteur
Institute, Paris, France. This congress brought together experts in the fields of
genomics, infection, pathogenicity and new technologies to enrich concepts, share
methodologies, and advance interdisciplinary research programs.

Our knowledge of the influence of microbes on the fate of intestinal diseases is
scanty, particularly with regard to the major parasitic diseases. Multiple demo-
graphic or economic parameters of our societies could contribute to the origin of
emerging infections; for example, poverty, urbanization, climate change, conflict,
and political instability, as well as population migration. These features challenge
us to know the impact (present and future) of parasitic diseases on public health.
The intestine is a nutrient-rich environment harboring a complex and dynamic
population of 100 trillion microbes, the microbiome. Until now, the scientific
attention has been mainly focused on the bacterial part of the microbiome, which
constitutes the most abundant and diverse fraction of intestinal ecosystem.
Moreover, bacteria are sharing the gut ecosystem with a population of uni- and
multicellular eukaryote organisms. Our interest focuses on the eukaryotes
microbes inhabiting the intestine named intestinal eukaryome (including fungi,
protists, and helminths). The knowledge about the reciprocal influence of the
microbiome on the eukaryome and their independent or combined impact on
homeostasis and intestinal diseases is scanty and can be considered as an important
emerging field.

The objectives of EUKARYOME congress were in three areas of research:

1. Phylogenetic, prevalence, and diversity of intestinal eukaryotic microbes, their
enigmatic historical evolution and their potential contributions to mucosal
immune homeostasis.

2. Integrative biology to study the molecular cell biology of parasites—host inter-
actions and the multiple parameters underlining the infectious process.

vii
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3. Forefront technologies to develop and exploit tissue engineering and micro-
fluidics to establish three-dimensional (3D) systems helping to understand
homeostasis and pathological processes in the human intestine and for drug
discovery.

These topics were organized in four parts according to the following interplay:

Evolution of eukaryome species @

Impact of microbial species and human association
' Genetic Diversity of microbial eukaryotes

4

Tissue homeostasis
immune-modulatory roles of the eukaryome
Immune responses to intestinal parasites

!

Intestinal models to study eukaryome-microbiome-host interplay
Crosstalk between cells, bacteria and parasites in the onset of infection
v H

Genome organization, gene regulation and encystation @

Traffic and secretion of pathogenic factors

Fate of intestinal human cells upon parasite interaction
___Resistance to anti-parasitic drugs

Part 1: Evolution of Eukaryome Species. Impact of Microbial
Species and Human Association. Genetic Diversity of Microbial
Eukaryotes

A direct association between the presence of eukaryotic microbes and changes in
the bacterial intestinal microbiome has been observed in the absence of gastroin-
testinal disorders, disease, or inflammation. Thus, the eukaryome should be con-
sidered as a member of the intestinal ecosystem with contributors that regulate the
diversity and composition of the community. The presentations and discussions
were on the coevolution of humans and parasites and cellular processes, such as
encystation, as important evolutionary features of unicellular organisms (Session 1
and 2). Then session 2 ended with a comparison between the eukaryome of healthy
and infected people. We have also discussed genetic diversity and focused on
commensal and opportunistic protists. The objective was to specify the impact
of the presence of parasites on the fate of intestinal diseases.
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Session 1: Evolution and impact of parasite species in humans

Laure Segurel Human lifestyles, protozoa and the gut microbiota

Jan Tachezy Mastigamoeba balamuthi at the cross of evolutionary roads

Anastosios Tsaousis Exploring the biology and evolution of Blastocystis and its
role in the microbiome

Cecilia Ximenez Bacterial intestinal microbiota changes associated with
Blastocystis infection: consequence of protist colonization?
or the result of local inflammation

Robert Hirt The molecular basis of Trichomonads' capacity to jump
between hosts and mucosal sites

Session 2: Cell differentiation and species diversity of unicellular eukaryotes

Upinder Singh ~ Regulation of gene expression during conversion in Entamoeba

Pauline Schaap  Resolving Amoebozoan encystation from Dictyostelium
evo-devo, comparative genomics and transcriptomics

David Carmena The current molecular epidemiological scenario of
Cryptosporidium, Giardia and Blastocystis in Implication for
Public Health

Carol Gilchrist  Cryptosporidium infection in malnourished children

Part 2: Tissue Homeostasis. Immune-Modulatory Roles
of the Eukaryome. Immune Responses to Intestinal Parasites

There is an emerging paradigm that the human microbiome is central to many
aspects of health and may have a role in preventing enteric infections, but very little
is known on the role of the eukaryome in these aspects. The mechanisms underlying
the immune response to parasite embedded in the bacterial-host ecosystem and the
consequences due to environmental changes, as alimentary diet, are unexplored to
date. The possible immuno-modulatory role of eukaryote microbes was discussed
(Session 3). The potential mechanism of action of these microbes supporting the
immune response and the stimulation of mucus production, which alleviates the
symptoms of colitis improving intestinal health was of interest. Internationally
recognized specialists in eukaryome, microbiome, and immunity (Session 4) gave
new insights on these topics.

Session 3: Tissue homeostasis, immune-modulatory roles of the eukaryome

William A. Petri Role of Innate Lymphoid Cells and Th17 in
regulation of intestinal infection and immunity
Arthur Mortha Commensal protozoa shape mucosal immune

homeostasis
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Philippe Jay Epithelial sentinels linking luminal danger to
immune responses
Katefina Jirkd Pomajbikova Helminth therapy—nowadays and tomorrow

Marie Claire Arrieta Contribution of fungi to gut microbiome ecology,
early-life immune development and airway
inflammation

Stacey Burgess Innate trained immunity in Giardia and

Entamoeba infection

Session 4: Tissue protection and immune response to infections

Malin Johansson  Gut mucus- protection and interaction

Eric Martens Combined low dietary fiber and mucus-degrading gut bacteria
cause lethal colitis in genetically susceptible mice
Kris Chadee Roles of the mucus layer and microbiota in innate host defense

against Entamoeba histolytica

Hannelore Lotter Immune responses underlying hepatic amebiasis

Alfonso Olivos Redox, oxidative stress and heat stress in experimental amoebic
liver abscess

Part 3: Intestinal Models to Study Eukaryome-Microbiome-Host
Interplay. Crosstalk Between Cells, Bacteria and Parasites
in the Onset of Infection

The relationship between eukaryotic commensal or invasive parasite activities may
be conditioned (at least in part) by differences in the host’s gut microbiota.
However, the mechanisms underlying the molecular switch from a commensal
phenotype to a pathogenic phenotype have not been characterized in detail; in
particular, because of the lack of experimental models to study human diseases and
intestine homeostasis. In addition, pathogenesis depends on the interplay between
tissue renewal, microbes, and the immune system. The objective was to explore the
three components “parasites-bacteria-host” interplay in the intestine. Firstly, the
functional interplay between the parasites and the human host during invasion
of the tissue was discussed (Session 5 and 6) and then a focus was made on the
contribution of tissue engineering and microfluidics as forefront technologies to
build intestinal models allowing the study of the human complex intestinal
microbial ecosystem (Session 7).

Session 5: Host response and cell damage upon parasite interaction

Alok Bhattacharya Phagocytosis by Entamoeba histolytica.
Serge Ankri Parasite-bacteria responses to host immune stresses
Kumiko Nakada-Tsukui What determines trogocytosis and phagocytosis
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Katherine S. Ralston Acquisition of host cell membrane proteins during
Entamoeba histolytica trogocytosis
Sunando Datta Role of EhC2B, a C2 domain containing actin modu-

lator in amoebic erythrophagocytosis

Session 6: Host modulation on infection outcome

Tomoyoshi Nozaki ~ Host modulation by Entamoeba histolytica via secreted
lysine glutamic acid rich protein 2

Julio Cesar Carrero  Role of Extracellular Traps on intestinal parasites.
Relationship with virulence

Elisabeth Labruyere Impact of tissue components on Entamoeba histolytica

migration
Chelsea Marie Host factors involved in Cryptosporidium invasion
Staffan G. Svérd The Giardia secretome and its role during host-parasite
interactions

Session 7: Intestinal models to study eukaryome-microbiome-host

Nancy Allbritton Large intestine on chip for mucus and microbiome
studies

Arturo Aguilar An intestinal 3D model gives insight on
amoebiasis

Magdalena Kasendra Synergistic engineering of human intestine: orga-
noids meet organs-on-chips

Nathalie Sauvonnet Mechanical forces and 3D topology of the colonic

epithelium are critical for enteric pathogens inva-
sion using a biomimetic human gut on a chip
interplay

Jean Christophe Olivo Marin  Cells, images and numbers

Part 4: Genome Organization, Gene Regulation and Encystation,
Traffic and Secretion of Pathogenic factors, Fate of Intestinal
Human Cells Upon Parasite Interaction. Anti-parasitic Drugs
and Therapies

The molecular mechanisms underlying the virulent phenotype of intestinal parasites
are mostly unknown. The sessions 8, 9, and 10 were devoted to parasite biology
focusing on (i) genome organization and gene regulation; (ii) the processes of traffic
and secretion of pathogenic factors allowing to feed on bacteria, kill human cells
and to invade the tissue; (iii) the parasite organelles involved in the survival in
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anaerobic environments such as the human colon and (iv) the persistence of pro-
tozoan species due to both, encystation in the intestinal lumen and resistance to
anti-parasitic drugs.

Session 8: Traffic and secretion of pathogenic factors

Mark Field Evolution, traffic and membrane transport.

Esther Orozco  Arming the puzzle of Entamoeba histolytica phagocytosis: New
pieces.

Som Lata PIP3 binding protein screening reveals unique molecules involved

in endocytic processes of Entamoeba histolytica.
Carmen Faso  The ins and outs of Giardia lamblia endomembrane trafficking.

Session 9: Gene expression, regulation sustaining pathogenicity

Iris Brucchaus Gene silencing and overexpression to study pathogenicity
factors of Entamoeba histolytica

Nancy Guillen The transcriptome from a compact genome

Laurence Marchat Polyadenylation machineries in intestinal parasites: latest
advances in Entamoeba histolytica

Samie Amidou Molecular characterization of Entamoeba histolytica
tRNA genes

Michael Duchene Entamoeba glycan biosynthesis genes, how the lipopep-
tidophosphoglycan (LPPG) might be made

Janna Alazzaz Probiotics as anti-Giardia defenders: determination of the

control mechanism
Gretchen Ehrenkaufer Identification of drugs with activity against multiple
pathogenic amoebae

In addition to the 46 presentations, 20 posters were selected and three of them
were awarded by the Springer Scholarship:

e EhRho6 mediated actin degradation in Entamoeba histolytica by A. Narooka,
A. Apte, P. Yadav, S. Datta

e Quinoxaline T-001 affects pathogenicity mechanisms of Entamoeba histolytica
associated with cytoskeleton functions by J. Soto Sanchez, A. Garcia,
O. Medina Contreras, L. Caro Gémez, A. Paz Gonzales, L. Marchat, G. Rivera,
R. Moo Puc, E. Ramirez Moreno

e CXXC-rich proteininvolvesin RBC phagocytosis and cell-monolayer degradation
abilities of the E. histolytica parasite by N. Khomkhum, S. Leetachewa, T. Nozaki,
F. Moreau, A. L. Coria, C. Chadee, S. Moonsom.

Overall, this first edition of the EUKARYOME congress (92 participants) brought
together international experts to discuss the latest developments and the latest
procedures to understand the impact of eukaryotic microbes on intestinal home-
ostasis and infectious disorders. This research is in its infancy but appears as one
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of the most promising avenues of discovery in infectious diseases. The meeting
ended with a discussion of the areas of interest that permeated the meeting, par-
ticularly the exciting new models of 3D-intestinal models as systems of interest for
moving toward translational applications.

Paris, France Nancy Guillen
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Chapter 1 ®)
Eukaryome: Emerging Field e i
with Profound Translational Potential

Nancy Guillen

Abstract The human intestinal eukaryome comprises a diverse set of eukaryotic
organisms living in the intestinal lumen. These are in permanent or transient interac-
tion with commensal organisms such as bacteria. This interaction has a direct impact
on human well-being. The eukaryome remains one of the least understood compo-
nents of the gut microbiota despite its permanent association with the host during
the natural selection of species. The emerging work hypothesis is that eukaryome
and bacteria in synergy influence the complex mechanism underlying the micro-
bial crosstalk with the human gut during health or disease. New microbiota studies
should therefore include the characterization of the components and function of the
eukaryome to discover its role in homeostasis and intestinal diseases.

Keywords Eukaryome - Microbiome + Human populations + Immune response *
Tissue models

Introduction

The human gastrointestinal tract (from the mouth to the rectum) is home to a complex
and dynamic population of microorganisms, the microbiota, which exerts a strong
influence on the host during homeostasis and disease.! The role of bacteria, as the
most abundant microbial population component of the microbiome, has been a topic
of interest in recent decades (Proctor et al. 2019; Alivisatos et al. 2015). Typical
commensal bacterial species present in the intestine are normally beneficial and
fulfill useful and necessary functions such as aiding the digestion of food. In addition,
intestinal bacteria play a crucial role in maintaining homeostasis as well as in the

"Microbiota is the complex community of microorganisms including bacteria but also viruses
(including bacteriophages), Archaea, eukaryotes such as fungi and protozoa living in consortia in
sites such as the gastrointestinal tract (Lokmer et al. 2019).

N. Guillen ()
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protection against pathogens. According to abundant literature, the microbiota plays
a fundamental role in the induction, education and function of the immune system
of the host. However, the microbiota is very versatile and one of the main factors
that determine the composition of the intestinal microbiota over the course of life
is the alimentary diet, which is diverse. The microbiome is thus considered as a
complex ecosystem reaching the equilibrium during homeostasis by the interaction
of microbial species with human tissues but also according to the chemical nature
of their environment. Altered intestinal bacterial composition, named dysbiosis, has
been associated with effects of inflammatory diseases and infections (Thursby and
Juge 2017).

Bacteria are not the only microorganisms living in the intestine. Other complex
interactions exist between different microbial populations and the intestinal tract;
they must also be considered when analysing homeostasis and diseases (Parfrey et al.
2011). These organisms include archaea, eukaryotic microorganisms and multicel-
lular parasites colonizing the luminal part of the gastrointestinal tract. Particularly,
the eukaryotic microbial population has evolved with the host over thousands of
years and in combination with bacteria, it forms a complex ecosystem for which
there is very little information on their mutually beneficial relationship; this is an
important fact because the success of pathogenic processes that can be generated by
eukaryotic microorganisms is undoubtedly influenced by their relationship with the
intestinal flora. This review has the intention to comment on some rare but inter-
esting results linking the presence of eukaryotic microbes to the modulation of the
immune response during homeostasis and intestinal infection. The evolutionary traits
of eukaryotic microbes and their relationship with bacteria and the host leading to
their survival are also of interest in this summary. All these features have been the
core of the EUKARYOME congress. In the next paragraphs there is a summary of
the central points discussed during the eukaryome meeting. In addition, the articles
in this proceeding book make the point on numerous data that have been presented
in the meeting.

The Diversity of Species Within the Human Intestinal
Eukaryome

Culture-independent molecular techniques (e.g. DNA extraction from faeces and
high throughput sequencing) have been used to estimate the occurrence of eukaryotes
in the human intestine, thereby revealing the diversity of these ubiquitous organisms.
These studies, reviewed in (Hamad et al. 2016), indicate the presence of four major
groups of eukarya colonizing the intestine of humans. The first group, the Exca-
vata Phyla Metamonad, comprises two classes: Parabasalides (Dientamoeba frag-
ilis, Pentatrichomonas hominis and Trichomonas spp.) and Diplomonadida (Giardia
lamblia). The second group, RAS, includes three of the most diverse eukaryotic divi-
sions (Alveolates, Rhizaria and Stramenopiles). Alveolates are parasites distributed
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in three principal lineages: (i) Apicomplexans, which cause severe parasitic intestinal
infection in humans (Cryptosporidium, Cyclospora, Cystoisospora and Sarcocystis);
(i1) non-pathogenic Ciliates (Balantidium coli, Stentor roeseli and Vorticella cam-
panula); and (iii) Stramenopiles, which have morphological characteristics similar to
fungi, such as Blastocystis which is the sole member of Stramenopiles that inhabits
the human gut and eventually may cause enteritis. The third group consists of Amoe-
bozoa with the Conosa phylum (Entamoeba, lodamoeba and Endolimax) which can
cause diseases in humans. The fourth group, Opisthokonta, includes all uniflagellate
eukaryotes as well as metazoans and fungi. Platyhelminths and nematode species
belonging to the metazoan kingdom correspond to the genera of helminthic para-
sites (including cestodes, trematodes and nematodes) causing infection in millions
of people worldwide. More than 140 fungal genera (including ascomycetous, basid-
iomycetous and zygomycetous) have been discovered as permanent or transient biota
in the intestinal tract; many of them are either beneficial or commensal (e.g. Saccha-
romyces) and are considered as probiotics with a role in the treatment of diarrhoea
(Gouba and Drancourt 2015). Recent data, summarized below, show the impact of
several of these species in the intestinal ecosystem and therefore on public health.

Evolution of Microbial Eukaryotes in the Human Intestine

In the literature, it is common to assume that parasitic species (and their pathogenic
factors) derive from an ancestral organism capable of adapting to the parasitic lifestyle
(Parfrey et al. 2014). This hypothesis is difficult to assess because of the lack of infor-
mation concerning the nature of specific factors of the ancestral organism predispos-
ing to parasitism. Comparative genomics and subsequent studies in cell biology
provide two related functions that should help us figure out the transition from a free
lifestyle to the parasitic life mode of protozoan organisms; these are respiration and
encystation. Both functions are essential to the survival of ancient protozoa with-
out mitochondria, including Entamoeba, Giardia, and Trichomonas, which all live
in low-oxygen environments, or Cryptosporidium and Microsporidia, which have
reduced their metabolic abilities as intracellular parasites (Liu et al. 2016).

A good example to address the issue of the transition from the free life style to
parasitism lies in the genomic comparisons between free-living Mastigamoeba and
parasitic Entamoeba, both from the Amoebozoa group. These studies revealed in
Entamoebae a remarkable loss of genes related to adaptation to low oxygen niches
(e.g. those involved in the tricarboxylic acid cycle and oxidative phosphorylation),
a mitochondrion-derived organelle called mitosome (Embley and Martin 2006) was
instead preserved. Mitosomes are mitochondrion-related organelles that have largely
lost typical mitochondrial functions; these also exist in Giardia, Cryptosporidium and
Microsporidia (Shiflett and Johnson 2010). In E. histolytica, the major function of
mitosomes is sulfate activation leading exclusively to the synthesis of sulfolipids (e.g.
cholesteryl sulfate) through the activity of sulfotransferases as cholesteryl sulfotrans-
ferase, which is also necessary for encystation (Mi-ichi etal. 2015a, b). Sulfatases and
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sulfotransferases encoding genes have been acquired by lateral gene transfer in the
Entamoeba lineage. Consequently, the metabolism of sulfolipids is not conserved
in Mastigamoeba indicating specialization of this pathway (Mi-ichii et al. 2017).
These findings suggest (i) that sulfolipid metabolism has a causal relationship with
parasitism (Mi-ichi et al. 2017), (ii) LGT from bacteria play a role in some functions
that modifies the free-living style of ameobazoan, and (iii) Mastigamoeba is at the
cross road of evolution of Amoebazoan.

Encystation is highly relevant for human health because encysted pathogens are
resistant to treatment and the spreading of cysts in the environment is a major cause
of prevalence of infectious diseases such as amoebiasis, giardiasis and thrichomo-
niasis. Due to the impact of these infectious diseases in humans, notable efforts
are made to understand the molecular bases of encystation. For instance, a recently
identified transcription factor (ERM-BP) regulates Entamoeba encystation (Manna
et al. 2018). ERM-BP binds to NAD+ and promotes gene transcription. Remark-
ably, increased levels of NAD+ enhance encystation consistently with the role of
carbon source depletion in triggering Entamoeba encystation. Other pathogenic free-
living Amoebozoa, such as Acanthamoeba, survive environmental starvation stress
by encystment and non-pathogenic free-living amoebae such as Dictyostelia develop
spores (Kawabe et al. 2015), although many Dictyostelia can also encyst. Sporula-
tion is triggered by cAMP activation of the protein kinase PKA, with cAMP levels
being controlled by the adenylate cyclases ACG and ACR and the phosphodiesterase
RegA. In Amoebozoa, RegA, AcrA and PKA are deeply conserved (Du et al. 2014).
Examples of encystation also exist in other intestinal eukaryotic microbes includ-
ing Giardia, Cyptosporidium, Blastocystis, and Blantidium. There are exceptions,
however, as in the case of Entamoeba gingivalis found in the dental cavities of
humans or Diantemoeba fragilis, which is widespread in the colon. For these two
last Amoebozoa clear evidences showing encystation in their life cycle are so far
non-existent.

Impact of Eukaryome Species in Human Populations

To examine how the gut microbiome differs among human populations, several inves-
tigations have been conducted to identify bacterial species in fecal samples. The loss
of bacterial diversity among people living in the United States was found when
compared to residents of the Amazonas of Venezuela or from rural areas in Malawi
(Yatsunenko et al. 2012). These distinctive features were evident in early childhood
and adulthood. Other explorations have shown that the decrease in bacterial diversity
is systematic in the intestinal microbiome of individuals from industrialized countries
compared to that of non-industrialized countries (Chabe et al. 2017). These studies,
conducted in countries located at latitudes distant from each other, have concluded
that human diet, urbanization levels, hygiene practices and the use of antibiotics
of the industrialized lifestyle affect the diversity of bacteria in the intestinal micro-
biome. However, further studies suggest that the geographical distance of latitudes



1 Eukaryome: Emerging Field with Profound Translational Potential 5

could have a significant effect on the interpretation of microbial diversity data in the
human gut (Dikongue and Segurel 2017). Indeed, studies on the microbiota diver-
sity at the local level with populations differing only in a limited number of factors
have been more informative than studies comparing very remote populations. For
example, small-scale comparisons of rural populations in Africa with contrasting
livelihoods but similar local environmental and urban levels, and shared or distinct
genetic ancestry, have shown an increase in bacterial diversity of the microbiome.
Interestingly, increased bacterial diversity is more common in human populations
infected with Entamoeba (Morton et al. 2015). In addition, many bacterial taxa
for which abundance was significantly correlated with Entamoeba infection have
opposite abundance profiles to those correlated with various autoimmune disorders
(Morton et al. 2015). The impact of intestinal colonization by a protozoan on the
composition of the bacterial microbiota was also demonstrated during infection with
Blastocystis (Audebert et al. 2016; Nieves-Ramirez et al. 2018), a component of
the microbiota detected with a high prevalence in healthy people. The question of
whether Blastocystis is a pathogen or a commensal of the human gut still has no
definitive answer. However, analysis of bacterial microbiota composition in indi-
viduals with Blastocystis showed higher bacterial diversity with greater abundance
of Clostridia and a lower level of Enterobacteriaceae. These findings indicate that
colonization by this protist could be associated to a healthy intestinal microbiota.
In addition, in healthy patients, Blastocystis has also been found in association with
other protozoa such as non-pathogenic species of Entamoebae (Lokmer et al. 2019).
In addition, co-colonization by Entamoeba spp. and Blastocystis hominis has been
linked to a healthy condition in patients from the Ivory Coast, whereas samples from
patients infected by Giardia duodenalis were related to a dysbiotic condition (Iebba
et al. 2016). These findings indicate that multiple protozoa are common residents
of the healthy human gut worldwide and the key open question is to know whether
the increase in bacterial diversity associated to the presence of protozoa (in mono or
multicolonization) is a fact concerning only non-pathogenic protozoa.

Overall, the data suggest a specific role of intestinal eukaryotes in increasing
intestinal microbial diversity. Deciphering the mechanisms governing the interaction
of protozoa with the intestinal flora is the matter of emerging research.

Protozoan Feed on Bacteria from the Microbiome

In addition to encystation occurring in the colon after growth and starvation of tropho-
zoites, the survival of enteric parasites such as Entamoebae is dependent on nutri-
tional sources in part derived from the phagocytosis of bacteria. Thus, infection
by E. histolytica is significantly correlated with intestinal microbiome composi-
tion and diversity. For instance, in some individuals, the symptomatic infection due
to E. histolytica correlates with changes in the level of bacteria members of the
Prevotellaceae family. Elevated levels of P. copri were found in patients with diar-
rheagenic E. histolytica infections suggesting the influence of the microbiome on
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the state of the gut (Gilchrist et al. 2016). Furthermore, significant changes in the
indigenous gut flora of amoeba infected individuals show an increase in abundance
of Bifidobacterium and at the same time, depletion of Bacteroides, Lactobacillus,
Clostridium leptum, Clostridium coccoides subgroup, Campylobacter and Eubac-
terium (Verma et al. 2012). Using rRNA based metagenomic analysis it has been
shown that E. histolytica preferentially phagocytoses some of the beneficial bacteria
that are required for the maintenance of a healthy gut amongst which are Lacto-
bacillales, Erysipelotrichales, Clostridales, and Bifidobacteriales. Phagocytosis of
these bacteria may cause dysbiosis in the gut and create conditions for parasite pro-
liferation in the human intestinal lumen (Iyer et al. 2019). Further, phagocytosis of
pathogenic Escherichia coli by amoebae increases epithelial cell damage (Galvan-
Moroyoqui et al. 2008). Recently, it has been shown that live bacteria of the fam-
ily Entereobacteriaceae including commensal components of the microbiota help E.
histolytica to survive oxidative stress (Varet et al. 2018) and to establish itself in the
intestinal mucosa (Shaulov et al. 2018). In a global view, it is possible to conclude
that the presence of intestinal protists such as E. histolytica, G. duodenalis, and B.
hominis can induce significant changes in the bacterial diversity of the microbiome.

The Eukaryome, Public Health and Zoonosis

The intestinal eukaryotic microbes vary from parasitic to opportunistic, to commen-
sal or mutualistic. Historically, parasites are considered to have a pathogenic effect on
the human host with high medical incidence in malnourished or immuno suppressed
hosts. This is the case of Cryptosporidium spp., Giardia intestinalis and Entamoeba
histolytica, as well as the helminths Ascaris lumbricoides and Strongyloides sterco-
ralis. Nevertheless, some intestinal eukaryotic microbes associated with humans do
not cause damage (e.g. Entamoeba dispar, Entamoeba coli, Dientamoeba fragilis).
An interesting example is Blastocystis, which has been linked to intestinal disor-
ders but whose pathogenicity still remains controversial due to its high prevalence
in asymptomatic carriers. Epidemiological studies have indicated that Blastocystis
spp. have high predominance in underdeveloped countries ranging to over 50% of
the population in some developing countries (Alfellani et al. 2013; Ramirez et al.
2014). Furthermore, colonization rates for Blastocystis are close to 20% in Europe
(EI Safadi et al. 2016; Bart et al. 2013). Gastrointestinal dwelling nematodes infect
approximately 1 billion people worldwide causing significant ill health (Pullan et al.
2014), Cryptosporidium accounts for more than 60,000 deaths (Troeger et al. 2017).
In addition, Cryptosporidium spp., Giardia and Blastocystis sp. are able to infect a
wide range of animal species other than humans, indicating that the study of these
pathogens should be ideally approached under the One Health concept (Robertson
et al. 2019). Accurate diagnosis of intestinal parasites is important to properly man-
age infected populations, in particular of severely malnourished children (Mmbaga
and Houpt 2017).
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Tissue Homeostasis and Immune-Modulatory Roles
of the Eukaryome

The gastrointestinal tract is colonized by a large number of commensal microbes
and is constantly exposed to ingested antigens and potential pathogens. The regu-
lation of intestinal tolerance therefore represents the main task of the immune sys-
tem of the intestinal mucosa. The bacterial component of the microbiota has been
extensively studied for its contribution to the immune system during homeostasis
and subsequent infection (Reinoso Webb et al. 2016; Hooper et al. 2012). Nowa-
days, thanks to research models based on mice, it is well accepted that commensal
bacteria play a vital role in the development of a fully functional immune system
in the intestine. For example, germ free animals remove their deficiencies in the
immune system upon colonization by microorganisms. Thus, interactions between
commensal bacteria and intestinal mucosa induce highly regulated, innate and adap-
tive immune responses (Maynard et al. 2012). Some non-exclusive examples follow.
The segmented filamentous bacterium (SFB) is a commensal that induces T helper
17 (Th17) cells differentiation in the small intestine (Ivanov et al. 2009). Activated
Th17 cells produce IL-17A, IL-17F, IL-6, IL-22, TNF-a. and GM-CSF and protect
the host against fungal and bacterial infections. IL-22 promotes the formation of
tight junctions in epithelial cells and increases the production of mucin and antimi-
crobial proteins (Zindl et al. 2013), all of which limit bacterial invasion of the lamina
propria. Bacteria such as Clostridia and Bacteroidetes induce immunoregulatory T
cells (Tregs), which are known to suppress immune responses to self and to bacterial
antigens promoting epithelial repair and microbe tolerance (Atarashi et al. 2011).
The key question is: how can this solid panorama of bacterial contribution to the
immune system be influenced (or modified) by eukaryotic microbes?

An important recent finding is that dysbiose of the intestinal microbiome (after
antibiotic treatment) increases susceptibility to amoeba colitis in humans and in a
mouse model of intestinal infection. The mechanism of this increased susceptibility
is based on the reduced recruitment of neutrophils in the intestine (Watanabe et al.
2017), which is in part due to a decrease in the surface expression of the CXCR2
chemokine receptor. Other interesting data show that bone marrow-derived dendritic
cells (BMDC) from SFB-colonized mice have higher levels of IL-23 production in
response to stimulation with E. histolytica. IL-23 is involved in the differentiation
of Th17 cells in a pro-inflammatory context and, in particular, in the presence of
cytokines as TGF-p and IL-6. The adoptive transfer of BMDC from an SFB (+)
mouse to an SFB (-) mouse is therefore sufficient to provide protection against E.
histolytica, and induction of IL-17A is necessary to provide this protection. These
data indicate that colonization of intestinal mice with a specific commensal bacterium
may provide protection during amoebiasis (Burgess et al. 2014). In addition, BMDCs
isolated from mice (fed with sufficient protein diet) infected with Giardia produce
more IL-23 compared to uninfected controls; while BMDCs from mice fed with a
low protein diet and infected does not. These results suggest that Giardia intestinal
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infection and the nutritional status of the host may have a role on inflammatory
cytokine production (Burgess et al. 2019).

Cytokines as Major Players of Intestinal Immunity During
Parasite Infection

Interleukin-33 is a cytokine of the IL-1 family produced by endothelial cells, epithe-
lial cells and fibroblasts, it acts as an alarmin released after cellular necrosis, altering
the immune system in the event of tissue injury or stress (Miller 2011). Amoebic
infection significantly increased the level of IL-33 protein in the murine model of
amoebic colitis, and the IL-33 mRNA level was significantly higher in intestinal biop-
sies of patients infected with E. histolytica. Indeed, IL-33 seems to protect against
amoebic infection. An increase in the expression of IL-5 and IL-13, as well as an
increase in the number of M2 macrophages, at the site of infection, are correlated
with this protection. IL-33 is also an important guardian of the gut barrier during
Clostridium difficile infection via activation of group 2 innate lymphoid cells (Fris-
bee et al. 2019). In contrast, helminths neutralize alarm in signals of infection by
suppressing IL-33 release as one of the multiple mechanisms of immunomodulation
exerted by helminths, which are considered master manipulators of host immunity
(Hotez et al. 2008) because the host accommodates and tolerates these parasites that
release multiple immunomodulatory factors (Maizels et al. 2018). This feature leads
to the development of a therapeutic strategy called helminthic therapy, which relies
on the use of controlled exposure to non-pathogenic or slightly pathogenic worms
in order to beneficially regulate host immunity (Maizels et al. 2018).

Microbiome studies from humans naturally infected with intestinal nematodes
including whipworm have been carried out with varied outcomes regarding the influ-
ence of helminth infection (Lee et al. 2014). Potentially, it should depend on factors
including co-infection, diet, age and the level of worm burden (Cooper et al. 2013).
Protists, such as Trichomonads, which colonize the intestinal tract, are parasites
that also manipulate immune responses. For instance, Tritrichomonas musculis acti-
vates epithelial inflammasome to induce the release of IL-18 (Escalante et al. 2016),
which in turn promotes dendritic cell-driven Th1 and Th17 immunity, thereby alter-
ing the ability of the tissue to respond to bacterial infections (Chudnovskiy et al.
2016). Expansion of a Th1 immune response is observed in the large intestine and
cecum. The consequences of T musculis immunomodulation have been observed
upon infection of the caecum by Salmonella, which causes massive inflammation in
mice lacking 7. musculis; on the contrary, mice colonized with 7. musculis remained
unaffected by the bacterial pathogen. These data suggest that Trichomonas species,
as permanent members of the healthy mouse microbiome, are regulators of immune
homeostasis and immune responses. 7. musculis has orthologs in humans (Chud-
novskiy et al. 2016), it belongs to the parabasalides class of the Excavata group,
which includes other species infecting humans such as Pentatrichomonas hominis
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and Dientamoeba fragilis, but it is still unclear whether these protists are commensal
or pathogen (Barratt et al. 2011). Dientamoeba fragilis exhibits a morphology similar
to Histomonas meleagridis (except for the lack of flagella) and a close phylogenetic
relationship between Dientamoeba fragilis and Histomonas has been described. H.
meleagridis is a microaerophilic flagellated extracellular protozoan parasite of the
Tritrichomonadida order infecting gallinaceous birds. This parasite lacks a cyst stage
and is transmitted via the eggs of a nematode, but in vitro H. meleagridis can be
propagated only in the presence of bacteria (Hess et al. 2015). Remarkably, the sole
presence of H. meleagridis induces histomoniasis in turkeys and chickens but it
depends on the presence of intestinal bacteria (Doll and Franker 1963).

Tissue Protection Against Microbial Eukaryotes

The mucosal surfaces of the gastrointestinal tract are the first barrier protecting the
tissue from pathogens and are the support of the intestinal microbial ecosystem. A
major component of the intestinal lumen is mucus that acts as a physical barrier, a
trap for pathogens and a nutritional source. It is rich in the net-forming heavily gly-
cosylated MUC2 mucin (Johansson et al. 2011; Pelaseyed et al. 2014). The intestine
epithelium is composed of proliferative crypts, which contain intestinal stem cells
and villi. Specialized cells present in the villi are: absorptive enterocytes, mucus-
secreting goblet cells, hormone-secreting enteroendocrine cells and Paneth cells.
Blood flow and peristaltic motion waves provide a dynamic environment for the
epithelial cells. Fundamental to the intestinal epithelium is the extracellular matrix
that provides structural and biochemical support to cells and contributes to the trans-
fer of the biochemical signals required for tissue morphogenesis, differentiation
and homeostasis. The population of luminal commensal bacteria generates chemi-
cal gradients that probably affect the physiology of the epithelial cells (Goto 2019).
Pathogenic organisms have however evolved mechanisms to penetrate the mucus
barrier and to gain access into the epithelium. Goblet cells are known to play an
important role in intestinal immunity by producing mucin (Mahapatro et al. 2016).
These cells are also involved in the transit of luminal antigens to lamina propria den-
dritic cells suggesting that goblet cells couple mucus to the immune system (McDole
et al. 2012). Infection of mice with the helminth Trichuris muris indicates that goblet
cell number and size increases throughout the course of the infection until immune
resistance is established (Glover et al. 2019). E. histolytica overcomes the protec-
tive mucus layer using a combination of mucinase/glycosidase and the potent mucus
secretagogue activity (Ohshima et al. 2014) of globet cells (Cornick et al. 2017). E.
histolytica binds colonic MUC2, which they degrade using the cysteine proteinase
AS5. Commensal microbiota colonizing the outer mucus layer increases innate host
defense against E. histolytica and dysbiosis (antibiotic and/or alterations in the mucus
layer) renders the colonic epithelium susceptible to E. histolytica, which suppress
the activity of the goblet cell transcription factor Math1 (Leon-Coria et al. 2018). All
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these data indicate that an important effect on goblet cells biology is exerted by E.
histolytica.

Environmental factors such as diet also play a critical role in intestinal diseases.
The bacterial microbiota is essential to ensure important metabolic functions that
cannot be accomplished by the host. Certain intestinal bacteria (obligate anaerobes)
are able to degrade complex non-digestible carbohydrates (fibers) to produce short
chain fatty acids (SCFA) such as acetate, butyrate and propionate. These metabo-
lites, rather than glucose, are the preferred energetic substrate of colon epithelial cells
and, as we discussed before, the nutritional status of the host is important for para-
sitic infections (Burgess et al. 2019). SCFA prevent encystation in Entamoebae and
hyperacetylation of histone 4, indicating unusual sensitivity of this parasite’s histone
modifying enzymes to SCFA (Byers et al. 2005; Byers and Eichinger 2008). Further-
more MUC?2 and butyrate (an SCFA) contribute to the synthesis of cathelicidin (an
antimicrobial peptide) in response to E. histolytica (Cobo et al. 2017). Apart from
dietary fiber, an alternative energy source for the microbiota is the glycoprotein-rich
mucus layer. For instance, it has been found that fiber deprivation leads the gut micro-
biota to degrade the colonic mucus barrier (Desai et al. 2016) and promotes severe
colitis in mice lacking IL-10, a cytokine for which loss of function is associated with
intestinal diseases.

Close below the mucus layer there is the epithelial barrier. Intestinal epithelial cells
(IECs) are central players in homeostasis as they integrate microbial and immunolog-
ical cues to orchestrate the complex network of microbes-host interactions. [ECs con-
stitute a physical and immune barrier to pathogens, the presence of butyrate increases
barrier integrity through an increase in the synthesis of tight junction proteins (Peng
et al. 2009). Among IECs, Tuft cells are critical for protection during enteric infec-
tions and inflammatory responses (Steele et al. 2016). As sensory cells these are
able to detect luminal signals including nutrients and harmful components. Tuft
cells have a role in Type 2 immune responses (Th2) typically initiated by parasites
(Howitt et al. 2016), including commensal protozoan or helminths, and represent the
primary source of interleukin-25, which induces their expansion (Howitt et al. 2016;
Gerbe et al. 2016; von Moltke et al. 2016). In mice colonized with Tritrichomonas
species (undergoing Tuft cell differentiation via the IL-13-STAT6 pathway), there
is an increase of type II innate lymphoid cells (ILC2) numbers. ILC2 are cells that
produce high levels of Th2 cytokines and in particular epithelial cytokines IL-25
and IL-33 activate ILC2, as in the case of helminths infection (Huang et al. 2018;
Burrows et al. 2019).

Metabolites such as succinate, derived from rich diet or as a fermentative end-
product of protist, engage the succinate receptor 1-GPR91- on Tuft cells and trigger
ILC2 cytokine production. During infection with Tritrichomonas, activation of Tuft
cells by succinate triggers a signalling pathway leading to the crosstalk between
Tuft and ILC2 cells necessary for anti-parasite response (Schneider et al. 2018); this
response is also induced by helminths (Schneider et al. 2018).



1 Eukaryome: Emerging Field with Profound Translational Potential 11

Intestinal Models to Study Eukaryome-Microbiome-Host
Interplay

The understanding of parasite behaviors during intestinal infection is limited by the
lack of experimental models similar to human in vivo conditions. Despite the great
complexity shown by the human intestine, several approaches have been adopted
to diminish the gap between the conventional cell culture models and human intes-
tine. Tissue substitutes are emerging as promising tools for understanding human
intestinal diseases (Dutton et al. 2019). Several 3D-tissue scaffolds and microfluidic
systems mimic the natural microenvironment of the small intestine (Costello et al.
2014; Kim et al. 2012; Shin and Kim 2018; Jalili-Firoozinezhad et al. 2019). The
structure of colon crypts has recently been recapitulated by the cultivation of human
intestinal epithelium on a collagen scaffold microfabricated with an array of crypt-
like invaginations (Wang et al. 2014), and a thick layer of mucus has been produced
in these models (Wang et al. 2019). Although all of these substitutes for intestinal
tissue are emerging as promising tools for understanding human tissues behavior
in health and disease conditions, their implementation in daily laboratory work is
complex.

A human gut-on-a-chip microdevice has been used to analyse the interaction of
commensal microbes with human intestinal epithelial cells. The data showed that
probiotic bacteria and antibiotic treatments can suppress villous lesions induced
by pathogenic bacteria (Kim et al. 2016). A gut-on-a-chip microdevice recently
allowed the identification of metabolites secreted by the human microbiome, capable
of regulating infection with enterohaemorrhagic Escherichia coli (Tovaglieri et al.
2019). A complex human gut microbiome has been cultured in an anaerobic intestine-
on-a-chip (Jalili-Firoozinezhad et al. 2019).

The first attempt to use 3D-intestinal models for parasitic infection has been done
with Cryptosporidium. A bioengineered three-dimensional (3D) human intestinal
tissue model was build using silk protein as the scaffolding biomaterial. This model
supports long-term Cryptosporidium infection (DeCicco RePass et al. 2017; Carde-
nas et al. 2020), with the achievement of intracellular stages, including those involved
in asexual and sexual replication. In addition, Cryptosporidium can infect, propagate
and complete its complex life cycle in epithelial organoids derived from human small
intestine and lung. Temporal analysis of the Cryptosporidium transcriptome during
organoid infection reveals dynamic regulation of transcripts related to its life cycle
(Heo et al. 2018). Another 3D-intestinal model mimics human amoebic intestinal
infection (Rojas et al. 2020). This 3D-intestine model, derived from co-cultured cell
lines, has important features for the disease such as the presence of a mucus barrier
and an epithelial barrier. Tissue imaging, proteomics and transcriptomics highlight
the importance of several virulence markers occurring in patients or in experimental
models, but they also demonstrate the involvement of under-described molecules and
regulatory factors in the amoebic invasive process. Certainly, the advances in the field
of tissue engineering provide clues on how the construction of a human colon model
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could help us understand the host’s intestinal physiology and its changes following
parasite infection.

The following parts of the EUKARYOME meeting are not discussed here because
they were extensive. Several sections featured presentations on how intestinal par-
asites hijack the cellular machineries of human cells to proceed with infection. In
particular, injecting factors to control gene expression, using secreted cytokines to
further invade the intestinal tissue, degrading the intestinal parenchyma, etc. Interest-
ing discussion focused on the mechanisms of pathogenic factors secretion leading to
parasite-cells interactions and subsequent cell death (e.g. phagocytosis and trogocy-
tosis). Finally, numerous conferences detailed the molecular mechanisms underlying
the virulent phenotype of intestinal parasites. It was an extensive section devoted to
parasite biology focusing on (i) genome organization and gene regulation; (ii) the
processes of traffic and secretion of pathogenic factors allowing to feed on bacteria,
kill human cells and to invade the tissue; (iii) the parasite organelles involved in the
survival in anaerobic environments such as the human colon and (iv) the persistence
of protozoan species due to both, encystation in the intestinal lumen and resistance
to anti-parasitic drugs. Finally, forefront technologies as bioimaging and strategies
for drug discovery were introduced and discussed.
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Chapter 2 ®)
Resolving Amoebozoan Encystation I
from Dictyostelium Evo-Devo

and Amoebozoan Comparative Genomics

Qingyou Du, Yoshinori Kawabe, and Pauline Schaap

Abstract Amoebozoa, such as Entamoeba and Acanthamoeba, survive environ-
mental stress by encystment, but also comprise the Dictyostelia which form spores
in multicellular fruiting bodies to survive starvation stress. Sporulation is triggered
by cAMP activation of cAMP-dependent protein kinase (PKA), with cAMP levels
being controlled by the adenylate cyclases ACG and ACR and the phosphodiesterase
RegA. Many Dictyostelia can also alternatively encyst and we showed that environ-
mental stress acts on ACG and ACR to increase cCAMP and thereby activate PKA
to trigger encystation, with RegA preventing precocious encystation and inducing
cyst germination. RegA activity requires phosphorylation of its response regulator
domain, which is controlled by Sensor Histidine Kinases/Phosphatases (SHKPs),
which in Dictyostelium respond to developmental signals. Comparative genomics
showed that RegA, AcrA and PKA and a wealth of SHKPs are deeply conserved in
Amoebozoa, where SHKs may sense food and SHPs environmental stress.

Keywords Encystation -+ cAMP dependent protein kinase + RegA -
Acanthamoeba + Entamoeba + Giardia

Encystation as a Universal Protist Survival Strategy

Unicellular protists populate all nine major eukaryote divisions, where several have
given rise to multicellular forms. Protists can be free-living in a wide range of ecosys-
tems or spend at least part of their life cycle as a commensal or parasite of plants
or animals. In most of these habitats they are periodically subjected to stress in the
form of starvation, drought and extreme temperatures, and lack of light for photosyn-
thetic protists. To survive these life-threatening conditions the cells most commonly
differentiate into a dormant encapsulated stage, called a cyst (Schaap and Schilde
2018). The divisions of Amoebozoa and Excavates contain several obligatory and
opportunistic pathogens, such as Entamoeba histolytica, Giardia lamblia and Acan-
thamoeba castellani for which the cyst either propagates the disease outside the host
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body (Entamoeba and Giardia) (Mi-Ichi et al. 2016; Lauwaet et al. 2007) or, due to its
high resilience, prevents the disease to be eradicated by either the immune system or
antibiotics (Acanthamoeba) (Anwar et al. 2018; Lloyd 2014). For this reason, there
are increasing efforts to understand the mechanisms and crucial proteins involved
in the encystation process, with the ultimate goal to develop therapeutic agents to
prevent encystation.

During encystment cells commonly loose motility and assume a spherical shape.
Vesicles with cell wall precursors are exocytosed and a rigid cell wall is constructed.
In Dictyostelium and Acanthamoeba cellulose is the main structural component of the
cyst wall, while for Entamoeba this is chitin ((1-4) linked N-acetyl glucosamine)
(Arroyo-Begovich et al. 1980) and for Giardia a polymer of B(1-3)-N-acetyl-D-
galactosamine (Gerwig et al. 2002). After wall synthesis is complete, the cells enter
a long period of metabolic dormancy, which is broken in free-living protists by
renewed food and water availability or removal of other stress factors, and in Giardia
and Entamoeba by oral uptake.

Information on the mechanisms that control encystation in Entamoeba and Acan-
thamoeba is limited. In Entamoeba invadens encystation is induced by glucose deple-
tion and hypo-osmolarity and is also stimulated by cholesteryl sulfate and by cate-
cholamines (Vazquezdelara-Cisneros and Arroyo-Begovich 1984; Coppi et al. 2002;
Mi-ichi et al. 2015). Cholesteryl sulfate synthesis is inhibited by chlorate, which also
inhibits encystation. The catecholamine effects were specific for f 1-adrenergic recep-
tor agonists. Antagonists of the B-adrenergic receptors prevented catecholamine, but
not di-butyryl-cAMP induced encystation, suggesting that, similar to mammalian 1-
adrenergic receptors, the Entamoeba receptors activate an adenylate cyclase (Coppi
et al. 2002). However, the Entamoeba genome contains neither adenylate cyclases
nor mammalian-type B 1-adrenergic receptors (Loftus et al. 2005; Wang et al. 2003),
indicating that Entamoeba processes the catecholamine signal differently. Studies
with inhibitors for specific heat-shock proteins and cysteine proteases indicated that
HSP-90 prevents (Singh et al. 2015) and cysteine proteases promote encystation,
respectively, although the latter were also required for growth (Sharma et al. 1996;
de Meester et al. 1990).

Acanthamoeba encystation is problematic for the treatment of Acanthamoeba ker-
atitis. Candidate proteins involved in regulation of encystation have in recent years
emerged from transcriptome studies that identified genes upregulated in encystation.
This is the case for autophagy genes, and a requirement for autophagy in encystation
appeared evident from observations that encystation is inhibited by the autophagy
inhibitors chloroquine and 3-methyladenine (Jha et al. 2014; Moon et al. 2015b)
and by RNAi mediated silencing of the autophagy proteins Atg8 (Moon et al. 2013),
Atgl2 (Kimetal.2015) and Atgl6 (Songetal.2012). PRMTS, an enzyme that methy-
lates histones and other proteins, is also upregulated in encystation, and encystation
is reduced upon PRMTS5 gene silencing (Moon et al. 2016). Protein kinase C (PKC)
was implicated in Acanthamoeba encystation because 21 out of its 27 PKC genes are
upregulated in encystation (Moon et al. 2011) and silencing of one of those reduced
encystation (Moon et al. 2012).
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Insights into Encystation from Dictyostelium Sporulation

To survive environmental stress and to disperse to new feeding grounds, multicellular
organisms such as fungi and mycetozoa form dormant encapsulated spores in fruiting
bodies. The mycetozoan Dictyostelium discoideum is a genetically tractable amoe-
bozoan model system for cell- and developmental research (Annesley and Fisher
2009). Upon starvation, its amoebas aggregate to form a fruiting body consisting of
spores and stalk cells, a process in which the well-known second messenger cyclic
AMP (cAMP) plays a dominant role. cAMP is firstly used as a secreted signal and
chemoattractant that brings the cells together in aggregates (Konijn et al. 1967).
Once aggregated, cAMP acting on cell surface cAMP receptors (CARs) also induces
a proportion of cells to enter the spore differentiation pathway (Schaap and Van Driel
1985). cAMP additionally acts in a classical intracellular messenger role, activating
cAMP-dependent protein kinase (PKA). In this role cAMP triggers the maturation of
stalk cells and spores (Harwood et al. 1992; Hopper et al. 1993) and prevents spore
germination under conditions that are not favourable for growth (Van Es et al. 1996).
Intracellular cAMP levels are controlled by the adenylate cyclases AcaA (Pitt et al.
1992), AcrA (Soderbom et al. 1999) and AcgA (Pitt et al. 1992) and by the cAMP
phosphodiesterase RegA (Shaulsky et al. 1998). AcaA is activated by cAMP in an
autocatalytic feedback loop that produces the cAMP pulses that control aggregation
(Pitt et al. 1992) and by the stalk-inducing signal c-di-GMP in prestalk cells (Chen
etal. 2017). AcgA is activated by high ambient osmolarity in the spore head, which
renders spores dormant (Van Es et al. 1996). RegA is activated by phosphorylation
of its response regulator domain, which is the end-point of a forward or reverse
phospho-relay system initiated by sensor histidine kinases/phosphatases (SHKPs)
(Thomason et al. 1999). The SHKPs are in turn activated by secreted signals that are
exchanged between the prestalk and prespore cells to regulate the timely maturation
of spores and stalk cells (Wang et al. 1999; Anjard and Loomis 2005; Singleton et al.
1998) (Fig. 2.1).

D. discoideum is one of ~150 Dictyostelium species, which are subdivided into
four major groups (Schaap et al. 2006). Group 4, to which D. discoideum belongs, has
lostencystation of individual amoebas, but this strategy is still used by many species in
the other three groups, when conditions for aggregation are not favourable (Romeralo
et al. 2013). Comparative genomics of group-representative species (Heidel et al.
2011; Gloeckner et al. 2016; Urushihara et al. 2015) and of solitary Amoebozoa like
A. castellani (Clarke et al. 2013), Physarum polycephalum (Schaap et al. 2015) and
Protostelium aurantium (Hillmann et al. 2018a) allowed us to retrace the extent to
which the genes that control sporulation are conserved throughout Dictyostelia and
Amoebozoa.

Orthologs of the PKA catalytic (pkaC) and regulatory subunits (pkaR), acaA,
acrA, acgA and regA and most of the 16 D. discoideun SHKP’s were conserved
throughout Dictyostelia (Gloeckner et al. 2016). PkaC, pkaR, acrA and regA were
also conserved in the solitary amoebozoa mentioned above, with each having a
broad range of adenylate cyclases and SHKPs, of which some were orthologs of the
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D. discoideum aggregates

SDF2 —» SHP(DhkA) - RegA—| cAMP —» PKA—» walled spores

respore cells 7 %
presp ACR ACG

A

solute stress

walled
NH,—» SHK(DhkC) = RegA—{ cAMP = PKA—» " "
prestalk cells ACA +
death

c-di-GMP
P. pallidum amoebas

stress —»
¥ RegA — cAMP —» PKA—» encystation

food —» A A X
ACR ACG

solute stress

Fig. 2.1 A conserved cAMP signalling pathway for encystation and sporulation in Dictyostelia.
The D. discoideum multicellular life cycle terminates in the formation of fruiting bodies with viable
spores and dead stalk cells, both encapsulated in cellulose-rich walls. The maturation of spores
and stalk cells is controlled by secreted stimuli (in violet). The peptide SDF2, acting on the sensor
histidine phosphatase DhkA (Wang et al. 1999) inhibits RegA and thereby increases cAMP and
PKA activity to induce spore maturation. High osmolarity acting on the adenylate cyclase ACG
inhibits spore germination (Van Es et al. 1996). In prestalk cells, c-di-GMP acting on the adenylate
cyclase ACA induces stalk maturation (Chen et al. 2017). In slugs stalk maturation is inhibited
by ammonia, which acts on the sensor histidine kinase DhkC to activate RegA, thereby lowering
intracellular cAMP (Singleton et al. 1998). A similar cAMP, RegA and PKA mediated pathway,
operates to activate encystation and prevent excystation in response to stress in P. pallidum (Kawabe
et al. 2015; Du et al. 2014), a dictyostelid which has retained the ancestral encystation pathway.
RegA also negatively regulates encystation in the distantly related A. castellani (Du et al. 2014).
Involvement of pathway components in dark blue was shown by gene knock-out. Those in light
blue are inferred from their abundance in Amoebozoan genomes (see Table 2.1)

Dictyostelium enzymes (Fig. 2.2 and Table 2.1). However, we did not detect pkaC,
pkaR, SHKP’s, adenylate cyclases or cAMP phosphodiesterases in genome of the
obligatory parasite E. histolytica (Loftus et al. 2005), indicating that this organism
has lost cAMP mediated signalling altogether. Remarkably, the excavate amoeboid
pathogen, Naegleria gruberi hasregA, PKA and many SHKPs and adenylate cyclases
(Fritz-Laylin et al. 2010) and on the whole cAMP signalling, PKA and/or SHKP
mediated signalling are conserved across free-living eukaryote protists. The excavate
obligate parasite Giardia appears to have only single PkaR, adenylate cyclase, and
cAMP phosphodiesterase genes and similar to Entamoeba, no SHKPs. This suggests
that obligate parasites lost most of their environmental cognition and possibly rely
more on internal metabolic cues to regulate cell differentiation.
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Fig. 2.2 Conservation of Dictyostelid encystation genes across Amoebozoa and Excavates. The
genomes of the indicated amoebozoan and excavate species were queried with PkaC, PkaR, RegA

and AcrA protein sequences. Phylogenies were constructed from the aligned sequences, which were
annotated with the functional domain architectures of the proteins

Gene conservation is by no means conclusive evidence that the conserved genes
perform the same biological role. Such evidence has to come from experiments
that disrupt the function of the gene in question. Initially from an interest in under-
standing how developmental signalling evolved in the Dictyostelia, we developed
gene modification procedures for Polysphondylium pallidum, a species belonging to
taxon group 2, which in addition to sporulation in fruiting bodies, has retained the
ancestral mechanism of encystation of individual amoebas in response to starvation
and drought stress. In P. pallidum, inhibition of PKA function by overexpression
of pkaRm, a dominant-negative pkaC inhibitor, or deletion of pkaC prevented both
sporulation as well as encystation (Funamoto et al. 2003; Ritchie et al. 2008; Kawabe
et al. 2015). Encystation was also blocked in a double null mutant in acaA and acrA
(Kawabe et al. 2015). Deletion of RegA, which normally acts to reduce cAMP lev-
els, had the opposite effect. In regA null mutants, the amoebas encysted precociously
while still feeding (Du et al. 2014). In wild-type P. pallidum amoebas, cAMP levels
increase upon starvation and upon exposure to increased osmolarity (a signal for
approaching drought) (Ritchie et al. 2008), which, combined with the genetic evi-
dence, strongly suggests that cAMP is a second messenger for perception of stress
that acts on PKA to induce encystation. Evidently, the mechanisms that regulate
sporulation in fruiting bodies are evolutionary derived from the mechanisms that
cause encystation of single-celled amoebas.

Lack of gene modification procedures in solitary amoebas limited our ability to
extrapolate these findings to other Amoebozoa. However, we expressed the A. castel-
lani regA gene in Escherichia coli, purified the RegA protein and tested a range of
PDE inhibitors. Two inhibitors, dipyridamole and trequinsin, were particularly effec-
tive. The inhibitors strongly increased solute-induced cAMP accumulation in intact
A. castellani amoebas and caused precocious and excessive encystation (Du et al.
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2014), similar to the effect of deleting regA from P. pallidum. This experiment demon-
strated that cAMP also mediates stress-induced encystation in A. castellani. Within
Amoebozoa, A. castellani, a member of the major branch of Discosea is relatively
distant from Dictyostelia, which resides in Tevosea (Kang et al. 2017). This suggests
that the use of cAMP as intermediate for stress-induced encystation is wide-spread
in Amoebozoa. This appears to be confirmed by early studies that show enhance-
ment of encystation by cAMP and dibutyryl-cAMP in the Amoebozoan Hartmanella
(Raizada and Murti 1972). However, conclusions that cAMP acts downstream of
catecholamine-induced encystation in Entamoebidae (Coppi and Eichinger 1999;
Coppi et al. 2002) are unlikely to be valid in view of the lack of adenylate cyclase
and PkaR genes in Entamoeba. A PKA inhibitor, amide 14-22, prevented excysta-
tion of Giardia lamblia (Abel et al. 2001), suggesting that in Excavates the effect of
cAMP on encystment is opposite to that in Amoebozoa.

Further gene disruption studies in P. pallidum indicated a crucial role for one of
its two cellulose synthases, DcsA, in encystation and sporulation, with the other,
DcsB, being required for stalk cell differentiation (Du and Schaap 2014). Cellulose
is the major cell wall component of the encapsulated cell types of Dictyostelia.
The Acanthamoeba cell wall is also rich in cellulose (Moon and Kong 2012) and
down-regulation of cellulose synthase expression by small interfering RNAs was
shown to inhibit encystation (Moon et al. 2014; Aqeel et al. 2013). The cellulose
synthesis inhibitors, 2,6-dichlorobenzonitrile and isoxaben that are widely used as
weed-killers, also prevented Acanthamoeba encystation without showing cytotoxic
effects on human cornea cells at the concentrations effective for cyst inhibition (Moon
et al. 2015a). This offers possibilities for the treatment of Acanthamoeba keratites.
While not all Amoebozoa use cellulose as major wall polymer, targeting cell wall
synthesis is evidently an effective means to prevent viable cyst formation.

Glycogen synthase kinase 3 (GSK3), originally known to phosphorylate glycogen
synthase and thereby reduce its activity, is also an intermediate in the wingless/wnt
signalling pathway that determines cell fate in metazoa (Woodgett 1994). In D.
discoideum GSK3 prevents dedifferentiation of prespore cells into basal disc cells (a
subpopulation of stalk cells) (Harwood et al. 1995). This function of GSK3 was not
conserved in P. pallidum (Kawabe et al. 2018), which like all non-group 4 species
does not have a basal disc (Romeralo et al. 2013) and it probably only emerged
in group 4. However, P. pallidum gsk3 knockouts much more readily entered into
encystation than into aggregation and sporulation (Kawabe et al. 2018). This suggest
that GSK3 activity in starving amoebas normally determines the decision between
unicellular encystation and multicellular sporulation.

By using a combination of forward and reverse genetic strategies and phospho-
proteomics, we are pursuing our efforts to identify downstream targets for PKA
and additional signalling intermediates that control and effectors that execute the
encystation programme.
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Abstract Entamoeba histolytica, the etiological agent of amebiasis interacts with
and feeds on the gut microbiota. Several studies have emphasized the close rela-
tionship between E. histolytica and the bacteria and its impact on the parasite’s
pathogenesis. In this work we present an integrated omics analysis of the effect of
E. coli and other bacteria on the resistance of E. histolytica to oxidative stress.
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Introduction

Entamoeba histolytica is an invasive, pathogenic protozoan which inhabits the human
intestine and is the causative agent of amoebiasis. It is the second most lethal disease
caused by a protozoan parasite, mainly in developing countries with poor socioeco-
nomic and sanitary conditions (Marie and Petri 2014). It is estimated that amoebiasis
accounted for 55,500 deaths and 2.237 million disability-adjusted life years in 2010
(Turkeltaub et al. 2015). Only 10% of the infected individuals will develop acute
intestinal and extra-intestinal diseases. E. histolytica’s life cycle consists of two
stages; the trophozoite, an invasive form which can be found in the human large
intestine and the cyst, the infective form, which is found in the external environment.
Infection by E. histolytica occurs by ingestion of these cysts present in contaminated
food or water. Upon ingestion of food contaminated with cysts, these cysts pass
through the stomach and excyst in the small intestine where they produce tropho-
zoites, which later can colonize the large intestine. In the colon, these trophozoites
can either asymptomatically colonize the gut, re-encyst and be expelled in the feces
or cause an invasive disease (Stanley and Reed 2001). As an anaerobic parasite,
E. histolytica must withstand harsh environmental conditions once inside the host.
During invasion of the intestine and the liver, the amoeba is confronted with reactive
oxygen and nitrogen species (ROS and RNS) as a result of the host’s immune system
activation [for a recent review see (Nagaraja and Ankri 2018)]. E. histolytica uses
different protective mechanisms to deal with ROS and RNS. These include thioredox-
ins, superoxide dismutase, peroxiredoxin, rubrerythrin, flavodiiron proteins, hybrid
cluster proteins and NADPH: flavin oxidoreductase. On the other hand, E. histolytica
lacks both catalase and glutathione, the major thiol in most eukaryotes. L-cysteine is
the major thiol in E. histolytica and it is required by the parasite for its proliferation,
survival, attachment and defense against oxidative stress (OS) (Jeelani and Nozaki
2016).

In the gut, the parasite resides, feeds, multiplies and interacts with the surrounding
bacteria, whose contribution to the manifestation of the disease begins to be under-
stood. Although the mechanisms underlying the molecular switch to a virulent phe-
notype have not been fully characterized yet, more and more evidences are supporting
the fact that E. histolytica has a direct effect on the bacterial population and diversity
of the gut microbiota. Patients suffering of intestinal amoebiasis in India have their
predominant flora (Bacteroides, Clostridium sp. and Lactobacillus) altered by the
presence of the parasite (Verma et al. 2012). In areas where amoebiasis is endemic,
mixed intestinal infections of E. histolytica and enteropathogenic Escherichia coli
are common (Paniagua et al. 2007). Prevotella copri is a part of the gut microbiota
associated with inflammation (Scher et al. 2013). An elevated levels of P. copri
were observed in children suffering from diarrheagenic E. histolytica infections in
Bangladesh (Gilchrist et al. 2016). In contrast, the levels of P. copri were down-
regulated in individuals with intestinal amoebiasis in south west Cameroon. Recent
metagenomic studies using the bacterial population present in human faecal samples
(Iyer et al. 2019) found that E. histolytica prefers to phagocytose bacteria that are
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required for the maintenance of a healthy gut. One of these bacteria is Lactobacillus
ruminus, a potential probiotic.

All these combined emphasize the importance of understanding the different
mechanisms and outcomes of the interaction between E. histolytica and the gut
microbiota. To shed light on this interplay we are presenting in this report an integra-
tion of two recent works of transcriptomic and redoxomic analysis aimed at studying
the effect of E. coli on the resistance of E. histolytica to OS (Shaulov et al. 2018;
Varet et al. 2018).

E. coli Confers Resistance to OS to E. histolytica and Has
an Effect on the Redox Proteome of the Parasite

The effect of E. coli on the virulence of E. histolytica was first investigated in the 50s
(Yanai and Okamoto 1952). Later in the 70s (Wittner and Rosenbaum 1970) it was
found that bacteria have a boosting effect which is contact dependent on the virulence
of E. histolytica. In the 80s Mirleman’s group showed that E. histolytica trophozoites
attach to and ingest bacteria by using their surface lectins or by using their mannose
containing cell surface components as receptors for bacterial adhesins (Bracha et al.
1982). They confirmed that the boosting effect that bacteria have on the virulence of
the parasite is contact dependent (Bracha and Mirelman 1984). They also reported
that when E. coli O55 or Shigella dysenteriae are incubated with the parasite prior
to its exposure to OS, the virulence of E. histolytica is preserved. Interestingly, this
boosting effect is lost when the parasite is incubated with a catalase deficient S.
dysenteriae strain (Bracha and Mirelman 1984). This work suggests that a crosstalk
between E. histolytica and bacteria takes place during OS. These findings encouraged
us to investigate more in details the response of E. histolytica to OS in the presence of
bacteria. We found that live E. coli (LB) but not heat-killed E. coli (HKB) protect the
parasite against OS induced by H, O, (2.5 mM; 1 h) (Varet et al. 2018). This protective
effect was specific to OS as no protection was observed against nitrosative stress (NS).
To learn about the cellular mechanisms underlying this protective effect, we analyzed
E. histolytica’ s redox proteome using resin assisted capture (RAC) of oxidized
proteins (OX) (OX-RAC) coupled to mass spectrometry. We determined the oxidation
status of cysteine residues in proteins present in amoebas that were incubated with
LB or with HKB. The purification of OX proteins using OX-RAC is based on the
capture by reactive 2-thiopyridyl disulphide groups attached to Sepharose of oxidized
cysteine residues [for more details see: (Shahi et al. 2016)]. Redox homeostasis, lipid
metabolism and small molecule metabolism are some of the biological processes that
were found to be enriched in E. histolytica trophozoites that were preincubated with
HKB and exposed to OS. On the other hand, in trophozoites that were pre incubated
with LB, the only enriched OX proteins found in this group belong to biological
processes involved in redox homeostasis, represented by thioredoxins. Overall, these
results indicate that preincubation of E. histolytica trophozoites with LB protects the
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parasite’s proteins against oxidation. The fact that OX thioredoxins were present
in trophozoites preincubated with LB or with HKT and then exposed to OS can
be explained by the tendency of this family of proteins to be oxidized and reduced
constantly in the cell as part of their antioxidant activity (Jung et al. 2014; Lu and
Holmgren 2014).

The most surprising result of this work was the finding of 70 E. coli proteins
that were co-purified with E. histolytica’s OX-proteins. 5 out of these 70 bacterial
proteins were selected as potential candidates participating in the parasite’s protective
mechanism against OS. Malate dehydrogenase (MDH) which converts malate to
oxaloacetate protects E. histolytica against OS through the action of oxaloacetate.
Oxaloacetate and other alpha keto acids reduce H,O, to water while undergoing
nonenzymatic decarboxylation at the one-carbon position (Kim et al. 2016). The
exact mechanism of this protection is not fully understood as it is not clear whether
H,0; is detoxified inside the bacteria or whether the detoxification occurs through
secretion of MDH into the culture media and subsequently through its conversion
to oxaloacetate. The latter is probably the most probable mechanism by which this
protective effect takes place as MDH is part of E. coli’s secretome (Nirujogi et al.
2017) and we have shown that addition of recombinant E. coli MDH in presence
of malate confers resistance to E. histolytica trophozoites during OS. Secretion of
oxaloacetate into the media is another possibility, but there is no information on such
ability of E. coli to secrete oxaloacetate.

E. coli Has an Effect on the Transcriptome of E. histolytica
Exposed to OS

Knowledge about the effect of bacteria on the transcriptome of E. histolytica was
limited. Some E. histolytica genes that have their expression modulated in presence
of E. coli 055 had been previously identified (Mendoza-Macias et al. 2009). Interest-
ingly, their expression depends on the time of interaction between the parasite and the
bacteria. For example, the gene coding for ubiquitin-conjugating enzyme was down
regulated in short time interaction (1 h) and short term monoxenic culture (3 months)
but had a normal level of expression following long term interaction (1 year). In con-
trast, genes that encode 40S ribosomal proteins S3a and S6 were found to be down
regulated specifically within the long term monoxenic culture.

To gain more insights into the changes which occur in the gene expression of
E. histolytica trophozoites exposed to E. coli O55, we performed a transcriptomics
analysis. This analysis shows that short term interaction of E. coli 055 with E. his-
tolytica (30 min) has a minor effect on the transcriptome of the parasite with only
43 modulated genes (Varet et al. 2018). This result suggests that the many effects
that bacteria have on the physiology of E. histolytica (Bhattacharya et al. 1992;
Ehrenkaufer et al. 2007) take place at the posttranslational level. Our work on the
redoxome of E. histolytica exposed to OS and to E. coli did provide clues that this
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is indeed the case (Shaulov et al. 2018). However, we still need to gain insights into
the changes occurring in the parasite at the protein level by performing quantitative
proteomics.

Our recent work showed that E. coli has a significant impact on the transcriptome
of the parasite when the parasite is exposed to OS (Varet et al. 2018). Nearly 50%
of the parasite genome coding regions are modulated when comparing E. histolytica
trophozoites that were incubated without E. coli versus E. histolytica trophozoites
incubated with LB during OS. The transcriptomic response of the parasite exposed to
LB and OS can be divided into two patterns: The first pattern (P1) includes genes that
have their expression under OS (upregulated or downregulated) restored to a basal
level when the trophozoites were pre-incubated with LB before OS. This pattern
includes genes encoding antioxidant enzymes, such as peroxidases and thioredox-
ins, genes related to protein synthesis and homeostasis represented by ribosomal
proteins and factors related to translation. The second pattern (P2) includes genes
that have their expression under OS (upregulated or downregulated) reversed by pre-
incubation with LB. Genes encoding enzymes related to glycolytic pathways and
proteins belonging to the Leucine rich repeat protein (LRR) family belong to this
pattern.

The majority of LRR in E. histolytica belong to the BspA family defined by
their homology to bacterial LRR factors (Sharma 2010; Sharma et al. 1998). Not
much is known about the role of LRRs in E. histolytica. A member of the BspA-
like family named “cell surface protein” has a key role in E. histolytica’s ability
to migrate towards a tumor necrosis factor gradient and to invade human colon
explants (Silvestre et al. 2015). The facts that a common BspA expression profile was
observed between the Enterobacteriaceae—E. coli and S. enterica, which protected
the amoeba against OS and that a different expression profile was observed with L.
acidophilus, which did not confer protection to the amoeba during OS suggest that the
BspAs may serve for the recognition of the bacteria by the parasite under OS (Varet
et al. 2018). The most significantly modulated amoebic LRRs genes correspond
to LRR proteins that share structural homology with Toll like receptors (TLRs),
specifically at the ectodomain needed for pathogen-associated molecular pattern
recognition, exemplified by EHI_123820, EHI_119470, EHI_017710, EHI_139980
and EHI_087810. The amoebic LRRs may be cytoplasmic proteins since they lack
transmembrane domain or they may use a co-receptor at the cell surface as it has been
noticed for TLR-4 in B lymphocytes (Schweighoffer et al. 2017). Amoebic LRRs
are transcriptionally regulated in the presence of bacteria and OS similarly to the
transcription of TLR-4 gene in lipopolysaccharides activated leukocytes (Vaure and
Liu 2014). The factors identified here suggest that despite its old age in evolutionary
terms, the protozoan E. histolytica displays characteristics of higher eukaryotes’
innate immune system and that its BspAs are involved in the recognition of bacteria
under OS. Some structural characteristics and properties of these BspAs seem to
have been kept during evolution and transmitted to higher eukaryotes. All together
these mechanisms of gene transcription regulation are of great interest to understand
how bacteria (commensals and/or pathogens) influence the onset of amebiasis.
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Integration of Redox Omics and Transcriptomics Data
on the Response of E. histolytica to OS in Presence of E. coli

To gain additional information about the role of bacteria in the resistance of E. his-
tolytica to OS, we decided to integrate our redox-omics and transcriptomics data. No
significant overlapping or enrichment was found when comparing P1 or P2 with E.
histolytica trophozoites incubated with LB during OS (data not shown). On the other
hand we found that 115 genes are shared between P1 and the group of OXs in E. his-
tolytica trophozoites incubated with heat killed bacteria and exposed to OS (HKBOS)
(Table 3.1). PANTHER analysis (Thomas et al. 2003) of these 115 proteins indicates
that they are enriched (Fold enrichment—7.52, P value—7.48E—04) for translation
initiation family and ribosomal proteins, exemplified by translation initiation factor
elF-5A putative (EHI_151810), elongation factor 1 alpha 1 (EHI_011210) and 60S
ribosomal protein L9 putative (EHI_193080). Oxidation of translation initiation fac-
tors has been reported to inhibit their activity in the yeast Saccharomyces cerevisiae
(Shenton et al. 2006). Therefore, if the activity of translation initiation factors is
also inhibited by oxidation in E. histolytica, then it may be possible that the parasite
compensates their inhibition by overexpressing them. The same compensatory effect
has been reported following the inhibition by nitrosylation of pyruvate: ferredoxin
oxidoreductase (Santi-Rocca et al. 2012).

Another family of enriched protein is the tubulin family (Fold enrichment—
41.53, P value—1.50E—04) exemplified by tubulin alpha chain (EHI_005950,
EHI_010530) and tubulin beta chain (EHI_049920). It is known that cysteine oxi-
dation of tubulin induces microtubule depolymerization, and increases the pool of
soluble tubulin (Hinshaw et al. 1993; Valen et al. 1999). It is tempting to speculate
that the increase of soluble tubulin is sensed by the cell as an excess of tubulin lead-
ing to the repression of its transcription. This hypothesis needs to be examined in E.
histolytica.

We also found that the product of 64 genes are shared between P2 and
HKBOS. One of them is the glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(EHI_008200). This gene was found among genes that were up regulated without
bacteria during OS and whose expression was reversed (downregulated) when incu-
bated with LB. GAPDH expression is up regulated in E. histolytica trophozoites
exposed to NS (Santi-Rocca et al. 2012) and its overexpression makes E. histolytica
trophozoites more sensitive to NS (Shahi et al. 2016). The fact that GAPDH induces
apoptosis in mammalian cells (Sawa et al. 1997) may imply that the induction of
apoptosis as a result of the exposure to OS through GAPDH extends to E. histolytica
trophozoites and is reversed when the trophozoites are incubated with LB.
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Table 3.1 Shared genes
between P1 and the group of
OXs in E. histolytica
trophozoites incubated with
heat killed bacteria and
exposed to OS
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Id

EHI_000610

EHI_000670

EHI_004750

EHI_004810

EHI_005950

EHI_009410

EHI_010340

EHI_010530

EHI_011210

EHI_013220

EHI_013240

EHI_017630

EHI_022960

EHI_023110

EHI_023630

EHI_025380

EHI_026470

EHI_026480

EHI_028550

EHI_029540

EHI_035430

EHI_035730

EHI_039200

EHI_040400

EHI_041950

EHI_042920

EHI_044640

EHI_044740

EHI_048670

EHI_049920

EHI_050800

EHI_065710

EHI_068510

EHI_068520

EHI_068620

EHI_068650

EHI_069460

(continued)
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Id

EHI_072060

EHI_073470

EHI_074150

EHI_077270

EHI_082520

EHI_083250

EHI_086080

EHI_086180

EHI_086530

EHI_093790

EHI_093850

EHI_096570

EHI_098190

EHI_100480

EHI_103450

EHI_104390

EHI_106690

EHI_110010

EHI_118880

EHI_120590

EHI_123280

EHI_130880

EHI_133960

EHI_133970

EHI_138520

EHI_138750

EHI_138770

EHI_143820

EHI_148040

EHI_148770

EHI_150130

EHI_151600

EHI_151800

EHI_151810

EHI_152220

EHI_152310

EHI_152340

(continued)
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Table 3.1 (continued)
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Id

EHI_152850

EHI_152960

EHI_153160

EHI_155420

EHI_155590

EHI_155710

EHI_156670

EHI_161030

EHI_161070

EHI_161650

EHI_162230

EHI_163540

EHI_164460

EHI_166900

EHI_169590

EHI_173460

EHI_173480

EHI_177400

EHI_177440

EHI_177650

EHI_178890

EHI_179330

EHI_179980

EHI_183540

EHI_186480

EHI_186770

EHI_186820

EHI_188120

EHI_190440

EHI_192590

EHI_193080

EHI_194040

EHI_194330

EHI_194450

EHI_194850

EHI_196980

EHI_198760

(continued)
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Table 3.1 (continued) d

EHI_199050
EHI_199110
EHI_199120
EHI_201200

Perspectives

Despite the major recent findings that were presented in this work about the crosstalk
between E. histolytica trophozoites and the gut bacterial flora and the recognition of
this crosstalk as an important factor in the virulence of the amoeba, it is important to
improve our understanding of this interaction and its exact mechanisms. The works
presented here (summarized in Fig. 3.1) strongly suggest that enteric bacteria influ-
ence the course of an amoebic infection and boost the infectious process by supplying
factors like oxaloacetate that lead to the parasite’s survival in the host. In contrast,
L. acidophilus, a probiotic bacteria, did not protect the amoeba against OS, proba-
bly due to its ability to produce endogenously hydrogen peroxide (Hertzberger et al.
2014). Nowadays, metronidazole is the most common standard therapy for amebiasis
owing to its high efficacy and affordability (Lofmark et al. 2010). However, this drug
has side effects (Hernandez Ceruelos et al. 2019) and there is a growing concern of
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Fig. 3.1 Summary of the integration between transcriptomic and redoxomic studies on the role of
E. coli and other bacteria on the resistance of E. histolytica to OS
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the emergence of a metronidazole resistant E. histolytica strains (Bansal et al. 2004).
Impairing the cross talk between the parasite and the bacteria and supporting the
development of amebicide probiotics represent new strategies to fight amebiasis and
the putative selection of metronidazole resistant E. histolytica strains.

The parasite contains different receptors on its surface that enables the bacteria
to attach or to be ingested by the parasite (A) M—Mannose-containing receptors
and Y—carbohydrate-binding (lectin) activity on the surface of the parasite. (B) (1)
E. coli secretes MDH into the media. In presence of malate, MDH converts this
substrate to oxaloacetate. Oxaloacetate detoxifies HyO,. (2) Alternatively, E. coli
are ingested by the parasite and oxaloacetate produced by the bacteria is used by
the parasite to detoxify H,O,. (C) changes occurring in the parasite at the proteome
and transcriptional level during OS. C1—the translation initiation factor family was
found to be oxidized during OS and its transcription is upregulated when the parasite
is incubated with LB during OS. C2—the tubulin protein family is oxidized during
OS and its gene transcription was found to upregulated. C3—GAPDH is oxidized
during OS, in the transcriptomics analysis its transcription is downregulated upon
incubation with LB during OS. (D) Lactobacillus acidophilus is not protecting the
parasite against OS probably due to its ability to secrete endogenous H,O,,
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Chapter 4 ®
Histomonas meleagridis Molecular s
Traits—From Past to Future

Ivana Bilic and Michael Hess

Abstract The protozoan parasite Histomonas meleagridis is the causative agent of
histomonosis, a poultry disease whose significance is underlined by the absence of
any licenced prophylaxis or treatment. Considering the parasite-bacteria interplay,
histomonosis represents an intriguing interaction in medicine. The present review tar-
gets the molecular research on H. meleagridis, covering the period after re-emergence
of histomonosis at the beginning of the twenty-first century until today, from early
phylogenetic studies to recent investigations applying omics techniques.
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Introduction—Histomonas meleagridis and Histomonosis

Histomonas meleagridis is a microaerophilic flagellated extracellular protozoan par-
asite of the order Tritrichomonadida (Cepicka et al. 2010). It causes histomono-
sis (syn. Blackhead disease or histomoniasis), an important disease of gallinaceous
birds (Tyzzer 1920). The destructive outcome of histomonosis is evident in turkeys,
in which it can lead to mortalities of up to 100% (McDougald 2005). In chickens,
the disease is less severe although it might result in substantial production losses,
characterized by drop in egg production and increased mortalities (Hess et al. 2015).
Histomonas meleagridis initially infects the caecum, but the crucial point destining
the disastrous outcome for the host is the translocation of the parasite to the liver. With
this feature histomonosis is similar to amoebiasis in humans, caused by Entamoeba
histolytica, but this is where the similarity recedes. Both protozoan parasites differ
in various aspects of their morphology and are phylogenetically quite distant with
one belonging to the phylum Parabasalia and the other to Amoebozoa (Cepicka et al.
2010; Kang et al. 2017). The transmission of H. meleagridis can be i) indirectly via
an intermediate host, the caecal worm Heterakis gallinarum, whose eggs harbour the
protozoan and ii) directly from bird to bird as shown in turkeys and chickens (Hess
etal. 2006a). Remarkably, the sole presence of H. meleagridis is insufficient to induce
the disease, as the infection of turkeys and chickens is dependent on the presence of
bacteria in the gut. These findings are based upon studies performed in gnotobiotic
birds infected with bacteria-free H. gallinarum eggs harbouring the protozoan and it
was shown that both H. meleagridis and bacteria are needed for histomonosis to occur
(Doll and Franker 1963). Histomonosis is reported worldwide and was efficiently
controlled for decades by the use of chemotherapeutics as preventive and curative
drugs (Liebhart et al. 2017). In the last 15 years, changes in drug legislation in the
European Union and the USA, together with the increasing popularity of free-range
housing, have led to the reoccurrence of the disease (Hess et al. 2015). Up till now,
only a prototype live vaccine, based on an in vitro attenuated strain, has been shown
to be effective against H. meleagridis (Hess et al. 2008). However, the vaccine is not
yet commercially available and it might still take some time until it will be registered.
Licensing of new drugs is also not a realistic scenario considering the demands on
safety and efficacy (Regmi et al. 2016). Currently, in attempt to prevent mortalities
veterinarians can only rely on the implementation of proper flock management and
a very early administration of a licenced aminoglycoside antibiotic Paramomycin
(Clark and Kimminau 2017; Liebhart et al. 2017). Following decades without any
research, the ban of effective drugs against H. meleagridis and the subsequent reap-
pearance of histomonosis revived the research on the parasite and the disease itself.
In the present review we focus on the molecular research on H. meleagridis, which
started only recently as an aftermath to the re-emergence of histomonosis.
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Defined in Vitro Cultures—An Essential Fundament
for Molecular Research

Histomonas meleagridis can be propagated in vitro only in the presence of bacteria
(Hess et al. 2015). The most common H. meleagridis in vitro cultures are so called
xenic cultures, in which the parasite is propagated together with turkey or chicken
caecal flora. Such cultures are usually set up by inoculating the intestinal content
of a bird suffering from histomonosis into appropriate media. Since H. meleagridis
is often not the sole parasite in chicken or turkey caecum, cultures frequently con-
tain Tetratrichomonas gallinarum or Blastocystis sp.. In an attempt to create more
defined in vitro cultures, a mono-eukaryotic or “clonal” culture of H. meleagridis
was developed, in which a single parasitic cell was transferred via micromanipula-
tion into appropriate medium containing caecal bacteria (Hess et al. 2006b). Another
approach showed the successful establishment of a mono-eukaryotic, but not neces-
sarily a “clonal”, culture by inoculating liver lesions of H. meleagridis-infected birds
into culture media pre-incubated with caecal bacteria (Pham et al. 2013). The advan-
tage of mono-eukaryotic cultures is evident in both animal experiments and studies
investigating the biology of the parasite (Hess et al. 2015). However, dynamic and
unclear composition of bacterial strains co-cultivated with H. meleagridis impeded
detailed molecular investigations. A breakthrough was the establishment of a monox-
enic mono-eukaryotic (clonal) H. meleagridis culture, by replacing the caecal flora
with a single bacterial strain (Ganas et al. 2012). In this way, the complexity and
obscurity of the initial xenic culture was strongly minimized, resulting in a composite
culture in which all micro-organisms are well-defined.

Since any H. meleagridis in vitro culture generally originates from an outbreak
of histomonosis, initial isolates are virulent strains. A long-term cultivation results
in the attenuation of H. meleagridis (Hess et al. 2008). Considering this feature,
a system consisting of a virulent and an attenuated H. meleagridis monoxenic
mono-eukaryotic (clonal) culture, both originating from the same parasite cell, was
developed (Ganas et al. 2012).

Histomonas meleagridis—Phylogenetic Positioning

The re-emergence of histomonosis at the beginning of this century incited molecular
research on H. meleagridis. The majority of the early studies focused on the phy-
logenetic position of H. meleagridis and the development of molecular methods to
detect the parasite (Bleyen et al. 2007; Gerbod et al. 2001; Grabensteiner and Hess
20006; Hafez et al. 2005; Hauck et al. 2006; Hauck and Hafez 2009, 2010; Liebhart
et al. 2006; Mantini et al. 2009; van der Heijden et al. 2006). Based on the 18S
rRNA and beta tubulin sequences, H. meleagridis was shown to be closely related
to the disputed human parasite Dientamoeba fragilis. Despite their amoeboid-like
morphology under the light microscope both taxa are considered trichomonads and
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are placed in the class Tritrichomonadea (Cepicka et al. 2010; Gerbod et al. 2001;
Malik et al. 2011).

The first molecular study aside to phylogenetic investigations, confirmed the
presence of hydrogenosomes in H. meleagridis, mitochondrion-related organelles
involved in anaerobic energy metabolism (Mazet et al. 2008). The study reported
three genes encoding proteins involved in the hydrogenosomal carbon metabolism
and showed the localization of this organelle by immunohistochemistry. Another
study characterized in detail the a-actinins of H. meleagridis (Leberl et al. 2010).
For the first time three a-actinin proteins, bearing different length of a central rod
domain, were described for a protozoan. Furthermore, the immunogenicity of a-
actinins for the mostimportant hosts of H. meleagridis, turkeys and chickens, could be
demonstrated. Further progress in molecular characterization of H. meleagridis was
achieved in a study reporting a broad spectrum of partial protein-coding sequences
with homology to both intracellular and surface proteins (Bilic et al. 2009). By this,
the panel of available sequences could be extended considerably. Since the majority
of identified sequences showed the highest homology to Trichomonas vaginalis, the
study indicated that in many cellular processes H. meleagridis might be very similar
to this human parasite.

Applying the extended spectrum of available sequences, multi-locus analysis of
over 250 diagnostic samples positive for H. meleagridis demonstrated the presence
of two genotypes (Bilic et al. 2014). The majority of investigated diagnostic sam-
ples from histomonosis outbreaks grouped into genotype 1, a tendency confirmed
throughout different later case reports (Sulejmanovic et al. 2019a, b) and generally in
the field (personal observation). Genotype 2 has been detected in only a small subset
of samples largely from France. A case report indicated that the clinical appearance
of histomonosis caused by strains belonging to the genotype 2 seems to be aberrant,
with the majority of lesions restricted to the caeca and a lower overall mortality (Grafl
et al. 2015).

Histomonas meleagridis—Omics Studies

The first study on “big data” of H. meleagridis revealed a cDNA library obtained
from a xenic culture material (Klodnicki et al. 2013). It reported 3425 H. melea-
gridis sequences of which the majority remained not annotated with the exception
of 81 genes encoding putative hydrogenosomal proteins. A high AT content of H.
meleagridis sequences was noticed and authors determined a codon usage frequency
for the parasite, a valuable tool for molecular studies. A more recent investigation
on de novo transcriptome of H. meleagridis sequenced normalized cDNA libraries
of a virulent and an attenuated strain, both propagated as clonal monoxenic culture
(Mazumdar et al. 2017). Considering the background of such H. meleagridis cultures,
data analysis was straightforward and an assignment of H. meleagridis-specific con-
tigs was facilitated. Even though the study sequenced two phenotypically different
strains of the parasite, due to the normalization of sequencing libraries no specific
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differences between two strains were described and a single transcriptome reference
database containing 3356 contigs was disclosed. Gene ontology analysis of obtained
sequences combined with data mining provided novel biological insights into vari-
ous cellular processes of H. meleagridis, such as proteostasis, cytoskeleton network,
metabolism, environmental adaptation and potential pathogenic mechanisms. Addi-
tionally, transcriptome data were used to perform an in silico drug screen to iden-
tify potential anti-histomonal compounds. A list of promising effective compounds
was noticed, however as licencing of drugs for food producing animals extends far
beyond the in vivo efficacy, results were suggested to be taken as a starting point for
identification of possible treatment options.

The first study on the proteome used H. meleagridis cells enriched by flow cytom-
etry, an elegant approach to separate the parasite from co-cultivating caecal bacteria
(Pham et al. 2016). However, it seems that acquired H. meleagridis material was
below the amount optimal for two dimensional gel electrophoresis, as only 44 pro-
tein spots were detected. Mass spectrometric analysis of spots identified the majority
of spots as putative actin, with the exception of two spots which were mapped to
putative a-actinin and superoxide-dismutase. The dominance of different actin spots
in H. meleagridis proteome was brought in connection to potential existence of dif-
ferent actin genes in the parasite’s genome and an effect of post-translational mod-
ification or protein degradation. Indeed, transcriptome analysis reported a complex
transcript composition regarding the cytoskeleton composition, especially actin, and
processes concerning reorganization of actin microfilaments (Mazumdar et al. 2017).
The notion of active cytoskeletal reorganization is also corroborated by changes in
H. meleagridis morphology observed both, in vitro and in vivo (Gruber et al. 2017;
Tyzzer 1919). The abundance of different actin spots was recently confirmed by
comparative proteome studies (Monoyios et al. 2017, 2018). However, in contrast to
the first proteome study, actin spots were detected (i) as up-regulated in a virulent
strain and (ii) as an addition to the major actin spot which, contrary to numerous actin
spots, displayed a predicted gel position in respect to the calculated molecular weight
(MW) and the isoelectric point (pI). It was noticed that all actin spots mapped to the
same contig, indicating that different forms of actin probably derived from post-
translational modification and/or degradation of actin protein encoded by the same
gene, rather than different genes (Table 4.1). Furthermore, the up-regulation of actin
in the virulent strain was detected only in gel-based approaches, whereas a label-
free gel-free method failed to detect this phenomenon (Monoyios et al. 2018). This
indicated rather subtle changes that involved certain post-translational modifications
and/or degradation of actin, visible only when proteins were separated on the gel,
but were masked in the gel-free approach by a bulk of unmodified actin. Recently,
N-terminal acetylation of actin was reported as the most abundant post-translational
modification of this protein in E. histolytica, with an implication in cell morphology
and division, actin filament organisation and parasite invasion in an in vitro model of
amoebic human infection (Hernandez-Cuevas et al. 2019). The nature and the role of
actin modifications observed in the virulent H. meleagridis are unknown, however
considering that certain biological relationship between two parasites exists, one can
hypothesize that a comparable process is likely to occur.
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Table 4.1 Summary of H. meleagridis proteins identified in proteomic studies

Protein

Conventional
2D
experiment

2D-DIGE «a
experiment

2D-DIGE B
experiment

SWATH
proteome

Exoproteome

Cytoskeleton

Actin (HAGI01002078)
PTM*

4 Virulent

1 Virulent

1Virulent

Actin (HAGI01002078)

Identified

a-actinin 2
(HAGI01000004) PTM*

4 Virulent

Actin family protein
(HAGI01000438)

1Virulent

a-actinin (HAGIO1000323)

4 Virulent

Actin-binding protein
(HAGI01000491)

4 Virulent

Identified

Coronin (HAGI01002072)

1 Attenuated

1 Attenuated

1Attenuated

Identified

Coronin (HAGI01001177)

1 Attenuated

Identified

Coronin (HAGI01001043)

1 Attenuated

Identified

a-actinin (HAGI01002778)

1 Attenuated

Adenylyl cyclase-associated
protein (HAGI01001260)
PTM*

1 Attenuated

Adenylyl cyclase-associated
protein (HAGI01001260)

Identified

Peptidases

Clan CD, family 13,
asparaginyl
endopeptidase-like c\ysteine
peptidase (HAGI01000042)

4 Virulent

1 Virulent

Clan CD, family 13,
cparaginyl
endopeptidase-like cysteine
peptidase (HAGI01002270)

4 Virulent

Clan MG, family M24,
aminopeptidase P-like
metallopeptidase
(HAGI01000029) PTM*

4 Virulent

Clan MG, family M24,
aminopeptidase P-like
metallopeptidase
(HAGI01000029)

Identified

Clan CA, family C1,
cathepsin L-like cysteine
peptidase (HAGI01002930)

4 Virulent

Clan CA, family C1,
cathepsin L-like cysteine
peptidase (HAGI01002235)

4 Virulent

Identified

(continued)
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Protein

Conventional
2D
experiment

2D-DIGE «a
experiment

2D-DIGE B
experiment

SWATH
proteome

Exoproteome

Clan CA, family C1,
cathepsin L-like cysteine
peptidase (HAGIO1001652)

4Virulent

NIpC/P60 superfamily
cysteine peptidase
domain-containing protein
(HAGI01001764)

4 Virulent

Identified

NIpC/P60 superfamily
cysteine peptidase
domain-containing protein
(HAGI01002646)

4Virulent

Identified

LysM peptidoglycan domain
containing peptidase
(HAGI01001637)

4 Virulent

Identified

Clan MG, family M24,
aminopeptidase P-like
metallopeptidase
(HAGI01001269)

1 Attenuated

Identified

Clan MH, family M20,
peptidase T-like
metallopeptidase
(HAGI01001053)

1 Attenuated

Identified

Adaptation to stress

Endoplasmic reticulum
HSP70 (HAGI01001009)

4Virulent

Identified

Cytosolic HSP70
(HAGI01000755)

4 Virulent

1 Virulent

Identified

14-3-3 (HAGI01001863)

4 Virulent

1 Virulent

Identified

Chaperonin containing
TCP-1 (CCT) subunit y
(HAGI01002092)

4Virulent

Cell division

Cell division cycle protein
48 —like (Cdc48-like)
(HAGI01000996) PTM*

1 Attenuated

1 Attenuated

a-Tubulin 1
(HAGI01001402)

1 Attenuated

B-Tubulin (HAGI01000230)

1 Attenuated

Chromosome partitioning
protein ATPase Mrp-like
(HAGI01001677)

1 Attenuated

Metabolic processes

Glyceraldehyde-3-phosphate
dehydrogenase-GAPDH
(HAGI01000443) PTM*

4 Virulent

4 Virulent

(continued)



52

Table 4.1 (continued)

I. Bilic and M. Hess

Protein

Conventional
2D
experiment

2D-DIGE «a
experiment

2D-DIGE B
experiment

SWATH
proteome

Exoproteome

Glyceraldehyde-3-phosphate
dehydrogenase -GAPDH
(HAGI01000443)

1 Attenuated

1 Attenuated

Identified

Phosphoribulokinase
uiridine kinase family
protein (HAGI01000159)

1 Attenuated

Enolase (HAGI01001135)
PTM*

4 Virulent

Enolase (HAGI01001135)

1 Attenuated

1 Attenuated

Identified

Fructose biphosphate
aldolase (FBAL)
(HAGI01000595)

4 Virulent

Identified

Pyruvate phosphate dikinase
(PPDK) (HAGI01001086)

4Virulent

Identified

Iron-containing alcohol
dehydrogenase
(HAGI01000356)

4Virulent

Identified

Phosphoenolpyruvate
carboxykinase (PEPCK)
PTM* (HAGI01001872)

4 Virulent

4 Virulent

Phosphoenolpyruvate
carboxykinase (PEPCK)
(HAGI01001872)

Identified

Alcohol dehydrogenase
iron-containing family
protein (HAGI01000245)

1 Attenuated

Phosphomannomutase
(HAGI01001842)

4 Virulent

Identified

Phosphoglycerate mutase
(HAGI01001716)

4 Virulent

Identified

Adenylate kinase family
protein (HAGI01002611)

4 Virulent

Dihydroorotate
dehydrogenase family
protein (HAGI01000099)

1 Attenuated

Dihydroorotate
dehydrogenase family
protein (HAGI01000288)

tAttenuated | Identified

Amidohydrolase family
protein (HAGI01000242)

1 Attenuated

1 Attenuated

Phosphofructokinase family
protein (HAGIO1001514)

1 Attenuated

Phosphofructokinase family
protein (HAGI01000564)

1 Attenuated

Pyridoxal-phosphate
dependent enzyme family
protein (HAGI01000329)

1 Attenuated

Fumarate hydratase
(HAGI01000271)

1 Attenuated

Identified

(continued)
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Protein

Conventional
2D
experiment

2D-DIGE «a
experiment

2D-DIGE B
experiment

SWATH
proteome

Exoproteome

Iron hydrogenase
(HAGI01001174)

1 Attenuated

Identified

Iron hydrogenase
(HAGI01002119)

1 Attenuated

Iron hydrogenase 64kDa
(HAGI01000826)

1 Attenuated

Iron hydrogenase 64kDa
(HAGI01001036)

1 Attenuated

NADH dehydrogenase
51kDa (HAGI01000290)

1 Attenuated

AMP-binding enzyme
family protein
(HAGI01000098)

1 Attenuated

Transketolase family protein
(HAGI01001062)

1Attenuated

Identified

Xantine dehydrogenase
(HAGI01000700)

1 Attenuated

Identified

Xantine dehydrogenase
(HAGI01000019)

1 Attenuated

Identified

Amidohydrolase family
protein (HAGI01000242)

1 Attenuated

Pyridoxal-phosphate
dependent enzyme family
protein (HAGI01000329)

1 Attenuated

Aminotransferase classes I
and II family protein
(HAGI01002389)

1 Attenuated

Malic enzyme AP-65/
adhesin AP-65
(HAGI01002133)

1 Attenuated

Identified

Transcription

Polyadenylate-binding
protein (HAGI01002937)

1 Attenuated

Translation/protein synthesis

Seryl-tRNA synthetase
family protein
(HAGI01000166)

1 Attenuated

Glycyl-tRNA isoform A
(HAGI01000007)

1 Attenuated

Elongation factor 2
(HAGI01001476) PTM*

1 Attenuated

Aspartyl-tRNA synthetase
(HAGI01001075)

1 Attenuated

Identified

(continued)
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Table 4.1 (continued)

Protein Conventional | 2D-DIGE o | 2D-DIGE B SWATH Exoproteome
2D experiment experiment proteome
experiment

60S acidic ribosomal protein 4Virulent

P1 (HAGI01002520)
Protein transport/membrane trafficking

Sec23/Sec24 trunk domain 1 Attenuated
containing protein
(HAGI01001023)

C2 domain containing 1 Attenuated
protein (HAGI01000999)
PTM*

C2 domain containing Identified
protein (HAGI01000999)

C2 domain containing 4 Virulent
protein (HAGI01001617)

SNARE domain-containing 4 Virulent
protein (HAGI01002630)

Pore-forming protein

Surfactant protein B-like 4 Virulent
(HAGI01003015)

Protein degradation

Ubiquitin-activating enzyme | 1 Attenuated Identified
(E1) (HAGIO1001756)

Signal transduction

Rab family GTPase 1 Virulent
(Rab1Iclike)
(HAGI01001951)

EF hand family protein 4 Virulent
(HAGI01001994)

G protein a subunit
(HAGI01001440)

Unknown function

Hypothetical protein 1 Virulent
(HAGI01001468)

Hypothetical protein 4 Virulent
(HAGI01003301)

Hypothetical protein 4Virulent
(HAGI01002296)

Hypothetical protein 4Virulent
(HAGI01000587)

Hypothetical protein 4 Virulent
(HAGI01002399)

Hypothetical protein 1 Attenuated
(HAGI01000628)

Hypothetical protein 1 Attenuated
(HAGI01002115)

* PTM post-translational modification
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Similarly to actin, the glyceraldehyde-3-phospate dehydrogenase (GAPDH) was
detected as up-regulated in the virulent strain on multiple gel positions, which did not
correspond to the predicted position according to calculated MW and pl (Table 4.1)
(Monoyios et al. 2018). The possible contribution of modified or truncated actin
and GAPDH to processes not related to their original function, such as binding
of host plasminogen was speculated. An analogy was found in some other para-
sitic pathogens in which the localization on the parasites’ surface and plasminogen-
binding for these two ubiquitous cellular proteins was shown (Gonzalez-Miguel
et al. 2015; Lama et al. 2009). The binding of plasminogen to the surface receptor
molecules is an important step in its activation to plasmin, a potent serine peptidase
that degrades extracellular matrix (Miles and Parmer 2013). By executing this func-
tion, plasmin assists the pathogens in dissemination to other organs and establishing a
systemic infection (Gonzalez-Miguel et al. 2016). Considering that in the final stages
of an infection, H. meleagridis spreads to numerous organs in the turkey (Singh et al.
2007; Tyzzer 1934), the ability to bind host plasminogen and its subsequent activation
to plasmin might be part of the underlying mechanism.

In addition to actin and GAPDH, comparative proteome studies reported a num-
ber of other proteins up-regulated in either the virulent or attenuated H. meleagridis
strain (Monoyios et al. 2017, 2018). The expression pattern generally mirrored the
adaptation process of the parasite to the in vitro conditions, which was not surprising
as in vitro propagated H. meleagridis was used for analyses. The majority of proteins
up-regulated in the virulent strain were related to cellular stress management, whereas
proteins up-regulated in the attenuated strain reflected increased metabolism, amoe-
boid morphology and the adaptation to in vitro propagation (Table 4.1). In addition,
possible functional contribution of some proteins, especially legumain cysteine pep-
tidase, towards virulence was hypothesized. In contrast to gel-based analyses, which
often re-identified up-regulated proteins, gel-free shotgun proteomic analysis iden-
tified considerably different set of proteins as up-regulated in each strain (Table 4.1)
(Monoyios et al. 2018). Overall, the tendency towards cellular stress management
in the virulent strain versus metabolic proteins in the attenuated parasite remained,
but many more proteins with potential role in virulence, such as cytolytic factors and
proteins involved in cytoadherence mechanisms were identified as up-regulated in
the virulent strain. Particularly, the detection of three clan CA, family C1 cathepsin
L-like cysteine peptidases (CPs), as significantly up regulated in the virulent strain,
is noteworthy (Table 4.1). Cathepsin L-like cysteine peptidases were also identified
as the most represented group of peptidases in the H. meleagridis transcriptome
(Mazumdar et al. 2017), and are brought in connection to the virulence mechanisms
for several trichomonad parasites including Trichomonas gallinae, an aetiological
agent of avian trichomonosis (Amin et al. 2012; Hirt et al. 2011). Whether H. melea-
gridis CPs are involved in virulence mechanisms at all and what are the underlying
mechanisms still needs to be shown. Regardless of this, it seems that the virulent
H. meleagridis strain has stronger intrinsic proteolytic activity than the attenuated
parasite. This is particularly apparent in gel-based experiments where a higher abun-
dance of low molecular weight proteins in the virulent as compared to the attenuated
strain can be perceived.
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A first study is also available focusing on the parasite’s exoproteome, whose
shotgun analysis identified 176 proteins in the extracellular milieu of H. melea-
gridis (Mazumdar et al. 2019). Only a minor part of identified proteins displayed
a secretion signal motif, which indicated the dominance of non-classical secretion
pathways in H. meleagridis. It was already hypothesized for Giardia intestinalis,
a protozoan parasite mainly present in mammals; that alternate secretory pathways
might dominate, as the majority of secreted proteins do not possess a premeditated
export signal peptide motif (Ma’ayeh et al. 2017). Furthermore, proteins not guided
by the secretion signal motif might undertake two unrelated functions in different
cellular compartments and/or extracellularly, displaying their moonlighting feature.
This, in turn, could aid to H. meleagridis survival and/or virulence by expanding the
function of its’ proteome. In that respect, the identification of actin and several gly-
colytic enzymes, such as enolase, fructose bisphosphate aldolase (FBA), GAPDH,
and triosephosphate isomerase (TPI) is particularly interesting (Table 4.1). Prevail-
ing traits of all these proteins are their alternate localization on parasite’s surface and
the ability to bind host plasminogen. Comparative proteome studies already sug-
gested that post-translationally modified forms of these enzymes, which were found
as up-regulated in virulent H. meleagridis, might be part of an alternative mechanism
(moonlighting) unrelated to their original functions (Monoyios et al. 2017, 2018).

Aside from H. meleagridis specific proteins, proteome and exoproteome analyses
identified a number of bacterial proteins with differential up-regulation depending on
the phenotype of the co-cultivating parasite (Mazumdar et al. 2019; Monoyios et al.
2017,2018). Remarkably, in the exoproteomic study the majority of differences were
of E. coli origin, whereas variations in up-regulation of H. meleagridis proteins were
limited to two proteins in the virulent strain. The identification of some E. coli proteins
was expected due to monoxenic cultivation of H. meleagridis, but a considerable
diversity of their abundance which could be linked to the phenotype of the co-
cultivating parasite was surprising and intriguing. Despite that a fresh subculture
of E. coli was added at every passage and inoculation of an individual experiment,
results demonstrated that even a relatively short period of co-cultivation with the
parasite was enough to induce a differential gene expression. All this indicates that
the relation between H. meleagridis and bacteria is complex and of more mutualistic
nature than previously recognized (Bilic and Hess 2020).

Conclusions and Future Aspects

Over the past decade molecular data on H. meleagridis have been accumulating,
especially recent omics studies contributed extensively to this field. With this, pro-
teins (or their coding sequences) involved in metabolism (carbohydrate, amino acid,
nucleotide), energy production (hydrogenosomal proteins), ribosomal biogenesis,
oxidative stress, degradome, cell signalling and cytoskeleton formation and function
have been identified. Based on the information from homologous protozoa, proteins
potentially involved in the virulence of H. meleagridis, such as adhesins, cysteine
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peptidases and pore-forming toxins were described. Comparative proteome analyses
primarily reflected the level of adaption to the in vitro growth, although for some pro-
teins a possible role in the virulence of the parasite was suggested. The exoproteome
analysis supplied the information on the H. meleagridis extracellular milieu indicat-
ing its’ active microenvironment. Aside to information on H. meleagridis proteins,
quantitative proteomics supplied the first molecular support for the interdependence
and complex interactions between H. meleagridis and bacteria. It is undeniable that
acquired data opened new avenues in the research on this important poultry para-
site, and these should be pursued. However, despite its high significance for future
research, a fundamental part for molecular research, the complete genomic sequence
of the parasite, is not yet publicly available. Apart from being a superior database to
the existing one, it will facilitate an array of experiments involving genome manip-
ulation of the parasite, an essential approach to tackle functional dissection of genes
involved in virulence. Determining the genomic sequences from the clonal monox-
enic virulent and attenuated strain used in the studies mentioned above should be
advantageous to elucidate the genetic basis of attenuation. Given the fact that the
virulent strain originated from a single H. meleagridis cell and that its’ prolonged
in vitro cultivation resulted in the attenuation; both strains are genetically almost
identical and represent an ideal material to pursue aforementioned investigations.
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Abstract Blastocystis is a microbial eukaryote, considered to be the most preva-
lent microbe in the human gut, colonizing approximately one billion individuals
worldwide. Blastocystis is extremely genetically diverse with 17 distinct genetic
subtypes found in birds and mammals. Although Blastocystis presence has been
linked to intestinal disorders, its pathogenicity still remains controversial due to its
high prevalence in asymptomatic carriers. Blastocystis can withstand fluctuations of
oxygen in the gut and as a result harbors peculiar mitochondrion-related organelles
(MROs). These are considered to be an intermediate form between a typical aero-
bic mitochondrion and an obligate anaerobic hydrogenosome. Genomic analysis has
shown that 2.5% of Blastocystis genes have been laterally acquired from eukaryotes
and prokaryotes. These acquired genes are associated with carbohydrate scaveng-
ing and metabolism, anaerobic amino acid and nitrogen metabolism, oxygen-stress
resistance, and pH homeostasis. In addition, Blastocystis has genes associated with
secretion that are potentially involved in infection, escaping host defense and even
affect composition of the prokaryotic microbiome and inflammation of the gut. In
this chapter, we provide an overview of the state-of-the-art Blastocystis knowledge,
and present published data that can be used to understand the genomic adaptations
of this microbial organism and its role within the microbiome of the hosts.
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General Introduction

Blastocystis is a microbial eukaryote colonizing the gastrointestinal tract of a variety
of hosts, including humans, artiodactyls, marsupials, perissodactyls, proboscideans
and rodents, avian species, reptiles, fish and some insects (Boreham and Stenzel 1993;
Stenzel and Boreham 1996). Alexeieff was the first to provide a detailed description of
Blastocystis from a number of hosts including rats, chickens and reptiles (Alexeieff
1911). At that time, the organism was classified as yeast and named Blastocystis
enterocola. A number of possible earlier accounts of Blastocystis dating as far back
as the 1840 London cholera epidemic also exist (Zierdt 1991). Following its discovery
in humans, Brumpt (1912) adopted the name Blastocystis hominis. The organism is
now classified within the stramenopiles, a diverse group of eukaryotes that includes
diatoms and oomycetes (Silberman et al. 1996). Specifically, in phylogenetic trees
Blastocystis groups with opalinids, Karotomorpha and Proteromonas, all of which
reside in the gastrointestinal tracts of metazoans. Though stramenopiles have at
some stage of their life cycles a flagellum Blastocystis has lost its flagellar apparatus
along with any related protein coding genes (Fig. 5.1) (Gentekaki et al. 2017). Four
morphologically distinct stages of Blastocystis have been identified so far, including
the vacuolar, granular, cyst and amoeboid forms (Tan and Suresh 2006; Tan et al.
2010; Tan 2008; Clark and Stensvold 2016). Due to its very small size (being as small
as 5 pm and averaging 8—12 pwm), immobility and lack of descriptive morphological

[+l MitoTracker

Fig. 5.1 Blastocystis cells. a Light microscopy of a Blastocystis xenic culture in Jones media.
Scale bar: 25 pwm. b Light microscopy of a neutral-red stained Blastocystis axenic culture. Scale
bar: 20 wm. ¢ Staining of Blastocystis mitochondrion-related organelles with MitoTracker red, DAPI
staining of the nucleus and MROs and a differential interference contrast (DIC) image of Blastocystis
cells. Scale bar: 10 wm. d Transmission electron microscopy picture shown a Blastocystis cell with
its nucleus (Nu), various MROs and a large vacuole. Scale bar: 500 nm
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characters, Blastocystis has been often overlooked or mistaken for cell debris when
observed using microscopy.

The Blastocystis life cycle still requires some elucidation. However, it is widely
understood that Blastocystis enters the host in the metabolically inactive dormant
cyst form via the faecal oral route (Tan 2004). The faecal oral route involves a food
or waterborne source being the primary cause of the spread of Blastocystis. There is,
however, evidence for zoonotic transmission as well. Regardless of the source, once
transmission is complete excystation occurs in the large intestine into the vacuolar
form and can then further morph into the granular or ameboid form. At this stage
Blastocystis can replicate by binary fission and can start to proliferate. The organism
encysts in the large intestine. The cyst further develops in the faeces losing the fibrillar
layer it initially possesses. Once it is released into the faeces, the cyst is free to enter
another host.

Blastocystis is one of the most commonly encountered protists in the human gut
with an estimated prevalence of one billion (Stensvold and Clark 2016; Clark et al.
2013). Its colonization rate ranges from 20% in Europe (Bart et al. 2013) to over
30% in some developing countries (Alfellani et al. 2013a; Ramirez et al. 2014), with
one study showing incidence of 100% in a group of children in Senegal (El Safadi
et al. 2014). Numerous animal studies suggest that prevalence of Blastocystis is
higher in animals (Alfellani et al. 2013c; Betts et al. 2018; Cian et al. 2017). Because
asymptomatic carriage is frequent and since presence of other intestinal parasites is
not excluded definitively in patients with gastrointestinal symptoms, questions have
been raised regarding Blastocystis biology, pathogenicity, transmission and possible
impacts on the host and its gut microbiota.

Prevalence, Diversity and Biogeography

The advent of molecular methods has revealed unexpected genetic diversity that does
not correspond to the morphological stasis of Blastocystis; based on SSU rRNA
sequences, 17 known subtypes (STs) that colonize mammals and birds (Fig. 5.2)
along with various isolates from ectothermic hosts have been identified (Noel et al.
2005; Stensvold and Clark 2016; Yoshikawa et al. 2016). These are all considered
separate species. It is highly probable that the genetic diversity of Blastocystis is
greater, but as yet uncovered due to sampling bias towards specific hosts. Specifically,
sampling efforts have centered on humans and animals of importance to us (pets,
zoo animals and livestock), while insects, arthropods and other ectotherms remain
only sparsely sampled (Alfellani et al. 2013c; Cian et al. 2017; Masuda et al. 2018;
Betts et al. 2018; Paulos et al. 2018). Regardless, differences observed in the SSU
rRNA gene are also reflected in the genomes of the various Blastocystis subtypes.
Specifically, not only is the genetic distance between subtypes high, but those also
differ in their GC percent content and gene complement (Gentekaki et al. 2017).
At first look, Blastocystis does not appear to be host specific (Fig. 5.2). Sub-
types 1-9 colonize humans, but these have also been found in several other hosts
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Fig. 5.2 Blastocystis subtypes with various host specificities

(Stensvold and Clark 2016). The exception seems to be ST9, which has only been
found in humans. ST10 to ST17 have only been found in animals with the exception
of ST12, which has been found in humans from South America (Ramirez et al. 2016).
Nonetheless, when considering hosts at higher taxonomic levels, then some degree of
specificity exists (Alfellani et al. 2013b). For instance, ST10 and ST14 are hallmark
subtypes of artiodactyls (Cian et al. 2017; Betts et al. 2018). Notably, sequences from
insects and some other ectothermic hosts have yet to be isolated from endotherms.
Thus temperature might pose a constraint on host specificity of this organism as it
has been speculated for other protists (Jinatham et al. 2019).

The various subtypes colonizing humans are distributed globally, however some
patterns have emerged. Subtype 3 is the most abundant and also the most widespread
worldwide, while ST4 is mostly restricted in Europe potentially suggesting its recent
origin (Stensvold and Clark 2016) (Fig. 5.3). Nonetheless, data suggest that STs
present in fowl (ST6, ST7) and porcine hosts (ST5) are more often present in inhab-
itants from rural regions. Frequent contact between animals and humans in these
regions likely leads to transmission of these subtypes between hosts. In contrast,
such contact is limited in urban centers.

While many subtyping studies from developed countries exist, those lag behind
in low- and middle-income countries (LMICs) (Noradilah et al. 2017; Ramirez et al.
2016; Thathaisong et al. 2013; Yowang et al. 2018). Typically, diagnosis of Blas-
tocystis in LMICs is carried out microscopically and is part of large-scale routine
parasitology surveys. To our knowledge, currently there are less than 40 reports
investigating prevalence and subtyping of Blastocystis in LMICs, many of which are
focusing on immunocompromised patients or patients with gastrointestinal symp-
toms (Fig. 5.3). Based on all these studies, the overall prevalence of Blastocystis
in LMICs of Africa, South America, South East Asia, rest of Asia, and the Middle
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Fig. 5.3 Prevalence and biogeographical distribution of human Blastocystis subtypes in low and
middle income countries

East averages at around 30% (Fig. 5.3). Matching the global trend, ST3 is the pre-
dominant subtype distributed in LMICs, excluding countries in Africa, where ST1
predominates (Di Cristanziano et al. 2019; Abdulsalam et al. 2013). In South Amer-
ica, prevalence rates of ST3 and ST1 are very similar with ST3 being marginally
more dominant (Villamizar et al. 2019; Forsell et al. 2017; Oliveira-Arbex et al.
2018). Subtypes ST5 to ST7 are commonly found in all LMICs often in association
with fowl and pigs highlighting their zoonotic potential.

Typically, humans seem to be colonized by a single subtype with some exceptions
(Meloni et al. 2011; Whipps et al. 2010). Whether this is a methodological issue
(direct sequencing versus cloning) or if indeed a single subtype dominates, remains
unclear. Though similar information on animals is just emerging, it seems that mixed
colonization is more common than in humans (AbuOdeh et al. 2019; Cian et al. 2017;
Betts et al. 2018). This information along with ST-specific functional repertoires
implies distinct interactions in the human gut ecosystem, an area of study that remains
little explored.
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Blastocystis and Microbiome

Several recent studies have found that presence of Blastocystis is strongly corre-
lated to specific microbial profiles. Specifically, Blastocystis carriage in individuals
without gastrointestinal symptoms has been associated with higher bacterial rich-
ness and diversity (Andersen et al. 2015; Audebert et al. 2016; Forsell et al. 2017;
Laforest-Lapointe and Arrieta 2018; Nash et al. 2017; Nieves-Ramirez et al. 2018).
The lower abundance of Bacteroides in Blastocystis carriers is a consistent find-
ing across studies from various regions (Andersen et al. 2015; Forsell et al. 2017;
Beghini et al. 2017; Tito et al. 2019). In contrast, positive associations exist with
Ruminococcus and other clostridia, Prevotella, and Methanobrevibacter (Andersen
et al. 2015; Beghini et al. 2017; Nash et al. 2017). The negative association of Blas-
tocystis with Bacteroides has been attributed to the latter not contributing enough to
a “Blastocystis-favorable” environment (Stensvold and van der Giezen 2018). When
subtype of Blastocystis was taken into account in microbiome studies differential
associations of STs with specific prokaryotic taxa were noted. Specifically, ST3 was
negatively correlated with Akkermansia, while ST4 had the opposite relationship
(Tito et al. 2019). Akkermansia is a mucin utilising bacterium that is considered
beneficial. Abundant evidence suggests that this bacterium is indicative of good
intestinal health and has protective action against metabolic disorders (Cani and de
Vos 2017; Dao et al. 2019; Hanninen et al. 2018). Collectively these results suggest
that subtype characterization is essential for accurately determining the relationship
between Blastocystis, microbiota profiles, and host health.

An important caveat that needs to be taken into account is causality of the observed
microbiota changes. Whether it is Blastocystis that alters the host prokaryotic micro-
biota, or another reason (e.g. low-grade inflammation) is as yet unknown (Nieves-
Ramirez et al. 2018). Differentiating between the two will greatly advance our under-
standing of gut ecology and roles of individual component taxa. A good starting point
is to undertake studies similar to those of Yason et al. (2019). The authors performed
in vitro competitive assays of a laboratory grown strain of ST7 and individual bacte-
ria and extended experiments to cell lines and mice (Yason et al. 2019). The authors
consistently showed decrease of Bifidobacterium longum, which was attributed to
oxidative stress caused by either the host immune system or metabolic activity of
Blastocystis (Yason et al. 2019). Thus the role of Blastocystis in the gut remains
unclear hinting at complex interactions that have yet to be defined. A major chal-
lenge in accurately defining the role of Blastocystis in the gut lies in finding ways to
use native microbial flora, which better represents the gut ecosystem rather than lab
grown strains.

In that vein, in-depth understanding of Blastocystis biology is essential to
disentangle its role in the gut and interactions with microbiota.
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Blastocystis Biology

Currently, the genomes of nine subtypes are available in public databases, but only a
few have been investigated in detail. Comparative genomics of as many subtypes as
possible would provide considerable insights into their biology and pathogenicity.
A recent study showed that up to ~2.5% of Blastocystis genes have been laterally
acquired from prokaryotic and eukaryotic organisms (Eme et al. 2017). These genes
relate to infection and evasion of host defenses, anaerobic amino acid and nitrogen
metabolism, oxygen-stress resistance and carbohydrate scavenging, and have likely
played key roles in Blastocystis adapting to the gut ecosystem (Eme et al. 2017).
Of those laterally acquired genes, only one has been cellularly localized and bio-
chemically characterized. The SufCB gene encodes for a protein that is involved in
the assembly of Fe/S clusters in Blastocystis. Similarly to the archaeal taxon Metha-
nomicrobiales, the SUF system of Blastocystis has a SufCB fusion gene (Tsaousis
et al. 2012). In phylogenetic trees, the Blastocystis and archaeal homologues clus-
ter together into a strongly supported clade, suggesting a lateral gene transfer event
from the Methanomicrobiales. SufCB is also found in the genomes of all Blastocys-
tis subtypes, as well as Proteromonas lacertae, a close relative of Blastocystis. The
Blastocystis SufCB protein is cytosolic, binds [4Fe-4S] clusters, has ATPase activity,
and is overexpressed under conditions of oxygen stress (Tsaousis et al. 2012). This
mirrors findings in various bacteria, where the SUF machinery is also overexpressed
under oxygen stress and iron depletion (Tsaousis et al. 2014; Mettert et al. 2008;
Rangachari et al. 2002).

The alternative oxidase (AOX) is another protein that has played a role to Blasto-
cystis dealing with variable oxygen concentrations in the gut. The AOX was shown
to localize in the mitochondrion-related organelles (MROs) of Blastocystis (Tsaousis
et al. 2018). The localization and functional characterization of this protein in Blas-
tocystis suggest that the cells themselves do respire oxygen (Tsaousis et al. 2018),
questioning previous hypotheses about the “obligate” anaerobic nature of this organ-
ism. By having both SufCB and AOX proteins, Blastocystis might be able to quickly
buffer transient fluctuations of oxygen in the gut. This could also explain the absence
of the organism in patients with established inflammatory bowel syndrome (IBS),
whereby the gut environment is highly permissive to oxygen (Ramirez et al. 2014;
Tito et al. 2019). The peculiarities of Blastocystis MROs likely contribute to the
organism’s ability to survive in the extreme environment of the gut.

Blastocystis MROs

In addition to the AOX, Blastocystis MROs contain many peculiar and potentially
recurrent functions that reflect its unique lifestyle (Fig. 5.4). It is worth mentioning
that the MRO is currently the only organelle of Blastocystis that has been highly char-
acterized (Makiuchi and Nozaki 2014). These MROs combine metabolic properties
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Fig. 5.4 Proposed metabolic map of Blastocystis mitochondrion-related organelles (MROs) based
on the genome predictions [figure modified from (Gentekaki et al. 2017; Tsaousis et al. 2019)]. Var-
ious metabolic features of the Blastocystis MRO’s roles in energy generation, Fe/S cluster assembly,
amino acid and lipid metabolism. Numbers associated with protein descriptions are outlined below:
(1) FeFe-hydrogenase, Flavodoxin; (2) iron-only hydrogenase maturation rSAM protein HydE;
(3) por, nifJ; pyruvate-ferredoxin/flavodoxin oxidoreductase; (4) dihydrolipoamide succinyltrans-
ferase; (5) PDK2_3_4; pyruvate dehydrogenase kinase 2/3/4; (6) 2-oxoglutarate dehydrogenase; (7)
Pyruvate carboxylase, alpha subunit; (8) phosphoenolpyruvate carboxykinase (ATP; (9) Aspartate
aminotransferase; (10) Alanine aminotransferase; (11) Malate dehydrogenase; (12) Acetate: Succi-
nate CoA transferase; (13) Methylmalonyl-CoA mutase; (14) Methylmalonyl-CoA epimerase; (15)
Propionyl-CoA carboxylase alpha subunit; (16) Succinyl-CoA Synthetase; (17) Succinate dehydro-
genase subunit 5; (18) Rhodoquinone Biosynthesis enzyme RquA; (19) Aspartate ammonia lyase.
Proteins/pathways labelled with an asterix (*) were shown to be localised in Blastocystis MROs
using immunofluorescence microscopy. Standard amino-acid abbreviations are used: Ace, acetate;
ACP, acyl carrier protein; aKG, alpha-ketoglutarate; BCD, branched chain amino acid degradation;
CI, Complex I; CII, Complex II; Carn, Carnitine; CDP-DAG, cytidine diphosphate diacylglycerol;
CIA machinery: Cytosolic Iron/Sulphur cluster Assembly machinery; CL, cardiolipin; DHAP, dihy-
droxyacetone phosphate; DHOro, dihydroorotate; Fd, Ferredoxin; Fum, fumarate; Gly3P, glycerol-
3-phosphate; Mal, malate; MMC, methyl-malonyl-CoA; Nd(p), NAD(P); mtDNA, mitochondrial
DNA; Oaa, oxaloacetate; Oro, orotate; PA, phosphatidic acid; PE phosphatidylethanolamine; Pep,
phosphoenol pyruvate; PI, phosphatidylinositol; Prop, propionate; PS, phosphatidylserine; QO/R,
quinone/quinol, oxidized or reduced; RQ, rhodoquinone; SAHC, S-adenosylhomocysteine; SAM,
S-adenosylmethionine; Suc, succinate; SUF; Sulphur mobilization; THF, tetrahydrafolate; ThiMP,
thiamine monophosphate; ThiPP, thiamine pyrophosphate; UQ, ubiquinone
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of aerobic mitochondria, anaerobic mitochondria and hydrogenosomes (Stechmann
et al. 2008) thus blurring the boundaries between all these organelles, as previously
defined (Embley and Martin 2006). In silico predictions have demonstrated that
Blastocystis organelles do harbor a mitochondrial genome, have elements of both
aerobic and anaerobic metabolism having an incomplete tricarboxylic acid (TCA)
cycle, pathways of amino acid metabolism, Fe/S cluster biosynthesis machinery,
mitochondrial protein import, urea cycle, transporters for exchange of metabolites
and quinone metabolism (Fig. 5.4) (Stechmann et al. 2008; Gentekaki et al. 2017).
So far, candidates from the following pathways have been localized in Blastocystis
MROs: the mitochondrial protein import (Tom70) (Tsaousis et al. 2011), components
of the Fe/S cluster biosynthesis machinery (Tsaousis et al. 2012; Long et al. 2011;
Tsaousis et al. 2014), the anaerobic metabolism (FeFe-Hydrogenase) (Stechmann
et al. 2008), the TCA cycle [succinyl-CoA synthesase (SCS)] (Hamblin et al. 2008)
and parts of the glycolytic pathway (Rio Bartulos et al. 2018) (Fig. 5.4).

Biochemically, a large amount of the current knowledge on Blastocystis
metabolism has been resolved by functional characterization of its MROs (Lantsman
et al. 2008). An unusual feature of its metabolism (Fig. 5.4) is a TCA cycle that runs
in reverse to the canonical mitochondrial cycle and with only half of the pathway
being present. This pathway terminates with the reduction of fumarate to succinate
with fumarate acquiring electrons from fumarate reductase, which is ligated to the
membrane bound electron transporter complex II (Tsaousis et al. 2019). The elec-
tron transport chain (ETC) also works in reverse to the canonical mitochondrial chain
with complex III, complex IV and ATP synthase being absent. Complex I acquires its
electrons from NADH (Stechmann et al. 2008), which are then transported to com-
plex II by the reduction of ubiquinone (Q) to ubiquinol (QH;). QH; is oxidised back
to Q at complex II and the cycle keeps repeating (Stechmann et al. 2008; Gentekaki
etal. 2017). There is no aerobic synthesis of ATP, since ATP synthase is absent, thus
the ETC could only be responsible for the production of the proton gradient in the
organelle (Denoeud et al. 2011).

Since no chemiosmotic ATP synthesis takes place in Blastocystis, ATP is synthe-
sized anaerobically (Denoeud et al. 2011; Stechmann et al. 2008). Though the ATP
synthesizing mechanisms of Blastocystis are common in anaerobic protists (Muller
et al. 2012), its pyruvate metabolism is quite unique (see Fig. 5.4) in that there are
three enzymes, which convert pyruvate to acetyl-CoA: pyruvate: ferrodoxin oxi-
doreductase (PFO) and pyruvate: NADP* oxidoreductase (PNO), both of which are
common in anaerobic protists and pyruvate dehydrogenase (PDH), which is almost
universally present in aerobic organisms and canonical mitochondria (Gentekaki
et al. 2017; Tsaousis et al. 2019). Although PFO is present in Blastocystis, activity
of this enzyme has yet to be detected (Eme et al. 2017).

Nonetheless, most biochemical pathways in Blastocystis mitochondria remain
uncharacterized. An ‘omics-based approach, such as metabolomics, could be applied
to map the organism’s metabolic pathways allowing identification of the metabolites
produced by the organism. A metabolomics NMR study has already been conducted
to analyze the metabolism of the protozoan parasite Giardia lamblia (Vermathen
et al. 2018), which would be a practical tool to explore Blastocystis metabolism as
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well. Previous studies have suggested that Blastocystis has a significant impact on the
gut microbiome, thus it is not unlikely that its metabolites might underpin specific
interactions with the microbiota (Andersen et al. 2015; Hanninen et al. 2018; Yason
et al. 2019). Therefore, metabolomic-based studies of Blastocystis positive fecal
samples, as well as, in vitro metabolomics will contribute significant information.

Conclusion

Blastocystis is a microbial eukaryote that has attracted considerable research interest
in the last decade. Despite this, we have only scratched the surface on the role of
Blastocystis in the complex and extreme habitat of the gut. Significantly, the question
of its pathogenicity, which was raised decades ago, remains unanswered. While
hypotheses have been brought forth about differential pathogenicity of subtypes,
this has not been shown unequivocally. Future studies should include all subtypes
of Blastocystis and combine in silico analysis, in vitro culturomics and classical cell
biology and biochemistry approaches. New tools that will characterize Blastocystis
and interactions within its native environment (the gut) are urgently needed. Only
then can valid conclusions be drawn about the pathogenicity of the different subtypes.
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Clinical Association and Their Possible

Role in the Human Intestine
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Abstract Blastocystis spp. has a worldwide distribution, and it has been associated
with gastrointestinal symptomatology; however, its role in health or disease remains
unclear. Subtype 3 is the most frequently reported subtype in different populations,
with a high haplotype diversity. The recent diversity of this protist may be related
to the migration of the human population. The ST3 haplotype network shows that
haplotype 1 is ancestor from which the other haplotypes are derived. In the studied
community (Xoxocotla, Morelos), a direct association exists between the presence of
Blastocystis spp. and the changes in the bacterial and eukaryotic intestinal microbiota
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in the absence of gastrointestinal or inflammatory diseases, indicating that Blasto-
cystis ST3 favors the diversity and richness of bacterial populations and decrease the
inflammatory processes. Thus, there is important evidence that suggests that Blasto-
cystis spp. plays an important role as a mutualist in the regulation of the inflammatory
response in the studied healthy individuals.

Keywords Blastocystis spp infection + Subtypes + Subtype genetic diversity *
Bacterial and eukaryotic microbiota changes

Background

Blastocystis spp. (Heterokonta, Stramenopiles) is and enteric protist with a world-
wide distribution that can be inhabiting the digestive tract of several metazoans, such
as fishes, amphibians, birds, reptiles, rodents, and humans (Yoshikawa et al. 2007,
Silberman et al. 1996; Stechmann et al. 2008; Stenzel and Boreham 1996; Tan 2004).
Blastocystis spp. has been proposed as an emerging pathogen for humans, replacing
traditionally endemic parasites in developing countries, such as Entamoeba histolyt-
ica and Giardia duodenalis (Rodriguez et al. 2008). In the last two decades, there
has been an increase in the reported data relative to the frequency of Blastocystis
spp- worldwide (Tan 2008). However, the microscopic examination of fresh fecal
samples is a routine diagnostic method for Blastocystis spp. detection; that can lead
to erroneous diagnosis and the underestimation or subestimation of the prevalence
of this protest (Baldo et al. 2004).

The prevalence of Blastocystis spp. varies between 0.5 and 62% (Clark et al.
2013). The real frequency of Blastocystis spp. cannot be established based on this
range because of two main factors, the predisposition of the individual to be colonized
and the diagnostic tool used microscopic analysis or molecular biology through
polymerase chain reaction (PCR); studies with both methods were not comparable
in sensitivity or specificity, resulting in inconsistent parasite prevalence data (Clark
et al. 2013).

This increase in frequency of Blastocystis spp. infections has been the most
reported for an intestinal protist, and Blastocystis spp. infections are more predomi-
nant in underdeveloped countries where the hygiene conditions, exposure to domestic
and peridomestic animals, as well as the consumption of food and/or contaminated
water, represent an ideal environment for Blastocystosis (Clark et al. 2013). However,
Blastocystis spp. is not exclusive to underdeveloped countries; it is also prevalent in
developed countries (Beyhan et al. 2015). The presence of Blastocystis spp. has been
associated with a variety of symptoms, mainly gastrointestinal symptoms, such as
diarrhea and abdominal pain, which in most cases are self-limiting. In addition, irri-
table bowel syndrome (IBS) has been associated with Blastocystis infection (Yakoob
et al. 2004).

Studies on the taxonomic classification of Blastocystis spp. have helped to better
understand this organism; however, knowledge on its genetic diversity, its geography
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distribution, the specificity of the host and its role in the human intestine is still
lacking. Molecular evidence based on the small subunit ribosomal RNA (SSU rDNA)
gene suggests that at least 17 genetic subtypes can be recognized within Blastocystis
spp. species and nine of these subtypes are found in humans (Silberman et al. 1996;
Stenzel and Boreham 1996). Therefore, molecular epidemiology studies of infection
by this protist would help us to better understand the role of Blastocystis spp. in health
and disease, clarifying whether Blastocystis spp. is truly a parasite or pathogen or
rather a commensal or even a mutualist in the human intestine.

Advances in the Study of Blastocystis spp. in Mexico

Five years ago, clinical studies reported in Mexican individuals with gastrointestinal
symptoms or irritable bowel sindrome is associated with Blastocystis spp. infection
authors suggest that this protist could be the etiological factor (Villalobos et al.
2014; Vargas-Sanchez et al. 2015). To date, there are studies in Mexican populations
that consider Blastocystis spp. infection as an important factor for the presence of
specific symptoms such as chronic abdominal pain (Toro Monjaraz et al. 2018) or
consequences of poliparasitism (Galvan-Ramirez et al. 2019; Garcia-Flores et al.
2019).

The massive treatment of the scholar to eradicate helminths infection in Mexico
seems to creative an empty ecological niche that has been occupied by other intesti-
nal protozoa including Blastocystis spp. (Rodriguez et al. 2008; Rojas et al. 2016).
In the last three years, has been reported an important interaction of the intestinal
protozoa (Eukaryome) and the intestinal microbiota (Partida-Rodriguez et al. 2017).
Eventhough, the mechanisms of interaction between the intestinal microbiota and
Blastocystis spp. are not well understood, efforts have been made to identify the
STs of Blastocystis spp. and their potential pathogenic proteins that could be used
as genetic biomarkers (Villalobos et al. 2014; Vargas-Sanchez et al. 2015; Rojas-
Velazquez et al. 2018). Furthermore, there are reports that mention the posssible role
of Blastocystis spp. in the modulation of some intestinal bacterial populations and
the Immune response (Nieves-Ramirez et al. 2018).

Genetic Diversity and Geographical Distribution
of Blastocystis Subtypes

Blastocystis spp. is globally distributed, showing a high rate of human infection from
underdeveloped to developed countries (Clark et al. 2013; Alfellani et al. 2013). In
countries such as Mexico, the phenomenon of epidemiological change of Blastocystis
spp. increasing the prevalence of infection in the general population (Villalobos et al.
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2014; Vargas-Sanchez et al. 2015; Villegas-Gomez et al. 2016; Rojas-Veldzquez et al.
2018).

Due to the improvements in molecular biology and the use of polymerase chain
reaction (PCR) and sequencing, Blastocystis spp. has been studied for its genetic
diversity, and currently 17 subtypes have been identified using the small subunit
ribosomal RNA gene (SSUrRNA) as a target. Within the 17 subtypes described,
with a couple exceptions, only the first 9 subtypes are capable of infecting humans.
The molecular analysis of Blastocystis spp. showed the genetic variation among
Blastocystis spp. isolates with 3—5% divergence between subtypes, which increases
the possibility that more than one species can infect a host (Silberman et al. 1996;
Kukoschke and Mdller 1991; Boreham et al. 1992). Despite the great genetic diver-
sity, the distribution of Blastocystis spp. subtypes is not homogeneous worldwide.
There is a predominant distribution of subtypes; subtypes 1, 2, 3 and 4 have a higher
frequency and have been associated with gastrointestinal symptoms (Alfellani et al.
2013; Engsbro et al. 2014; Forsell et al. 2012). In the literature, there are reports that
subtypes 1, 2 and 3 have a worldwide distribution, unlike subtype 4, which seems to
be more frequent in the European and Asian continent (Alfellani et al. 2013; Ramirez
et al. 2016).

Recently, Blastocystis spp. subtypes 1, 2 and 3 were identified in five states from
Mexico (Ciudad de México, Michoacan, Sonora, Estado de Mexico and Morelos)
(Villalobos et al. 2014; Vargas-Sanchez et al. 2015; Villegas-G6émez et al. 2016;
Rojas-Veldzquez et al. 2018; Alarcon-Valdes et al. 2018). In the last state is where
our research group has investigated the genetic diversity, geographic distribution and
the possible implications that this protist may have on the human intestine, taking
as a study model a rural population of the state of Morelos in Mexico. We collected
fecal samples from 182 volunteers (86 men and 96 women) from Xoxocotla, State
of Morelos (Mexico), aged between from 2 to 51 years. We found a high frequency
of Blastocystis spp. in 39.56% of the samples through PCR analysis and sequencing,
which also showed the presence of three different subtypes of Blastocystis. These
three subtypes of Blastocystis (ST) were recorded according to the following fre-
quencies: Blastocystis ST1, 9.7% (n = 7 samples); ST2, 15.3% (n = 11 samples);
and ST3, 75% (n = 54 samples) (Rojas-Velazquez et al. 2018) (Fig. 6.1).

Additionally, we provided new data on the geographic distribution and genetic
diversity of Blastocystis ST3 of the rural human population in Xoxocotla, Morelos,
Mexico and we compare its diversity and structure genetics with what was previously
observed in the populations of Blastocystis ST3 from other regions of the planet
(Rojas-Velazquez et al. 2018) and through the construction of a network of haplotypes
of Blastocystis subtype 3 isolates from humans, we discovered that this subtype has
a high diversity of haplotypes and a high genetic structure in many countries of the
world, in contrast to rural populations in Mexico such as the state of Morelos, which
seems to have a low diversity of haplotypes. This study also revealed evidence that
suggests a recent increase in the diversity of Blastocystis ST3 worldwide and may be
related to the migration of human populations (Fig. 6.2). One haplotype (Haplotype
1) was the most frequently detected haplotype, and it is perhaps the ancestral type
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Fig. 6.1 Frequency of Blastocystissubtypes in the Xoxocotla, Morelos population. Targeting
the SSU-rDNA according to DNA-barcoding. Three Blastocystis subtypes (ST) were recorded
according to the following frequencies: Blastocystis ST1, 9.7% (n = 7 samples); ST2, 15.3% (n =
11 samples); and ST3, 75% (n = 54 samples) (Rojas-Velazquez et al. 2018)

from which all the other haplotypes have been generated recently (Rojas-Velazquez
et al. 2018).

Clinical Association or Commensal Behavior of Blastocystis
Spp-

This parasite is often transmitted via the oral-fecal route to people who work directly
or indirectly with animals, such as those involved in animal farming or industrial
livestock production, and it is estimated that one billion humans are colonized by
Blastocystis spp. (Tan 2008).

Previously, Blastocystis spp. was considered an opportunistic parasite only
reported in immunocompromised and immunosuppressed patients, such as HIV-
infected patients, who, due to immunodeficiency, could be more susceptible to infec-
tion by parasites than general population (Zali et al. 2004; Hailemariam et al. 2004;
Gassama et al. 2001). In clinical practice, Blastocystis spp. has been considered as
non pathogenic infectious agent without clinical importance. However, a number
of publications have referred the association between Blastocystis spp. and irritable
bowel syndrome (Yakoob et al. 2004; Poirier et al. 2012; Beatty et al. 2014; Jimenez-
Gonzalez et al. 2012; Ramirez-Miranda et al. 2010). Although Blastocystis spp. has
been detected in patients with gastrointestinal symptoms such as diarrhea, abdominal
pain and distention the prevalence of this infection in asymptomatic individuals is
considerably high (Rodriguez et al. 2008; Alfellani et al. 2013; Pandey et al. 2015;
Scanlan et al. 2014) in our results, we reported a high frequency of infection in
asymptomatic healthy individuals (Rojas-Veldzquez et al. 2018).

The existence of genetically diverse infection sources has been recently reported
and the human host can be co-colonized with multiple different subtypes or haplo-
types. Previous studies have opened the possibility of competition or cooperation
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Fig. 6.2 Haplotype network of Blastocystis ST3 of human populations and the statistics data
of genetic diversity observed within different geographical populations around the world.
N: number of sequences; S: number of segregating sites; 4: number of haplotypes; Hd: haplotype
diversity; : nucleotide diversity; ns: not significant. **p < 0.01. Latin America: Blastocystis pop-
ulations of North and South America (i.e., Mexico, Colombia, Brazil, Ecuador, Bolivia, Peru, and
Argentina), except that of Morelos. Eurasia: Blastocystis populations of Europa and Asia (i.e., Nepal,
Switzerland, Iraq, Italy, and France). Haplotype network of Blastocystis ST3 of human populations
at different regions from Latin America, Europe, and Asia. Each circle represents a haplotype, and
each color represents the place where it was obtained. The size of each circle is proportional to the
frequency of the haplotype in each population, where it was found.The circles in black stand for
missing haplotypes and the short lines show the mutational steps (Rojas-Veldzquez et al. 2018)

between Blastocystis spp. subtypes for a successful gut colonization (Scanlan et al.
2015). Blastocystis mixed infections has been estimated to be 6% worldwide (Alfel-
lani et al. 2013). Scanlan et al. (2015) developed and applied Blastocystis ST-specific
PCRs for the investigation of the most common subtypes of Blastocystis (ST1to ST4)
to a healthy human cohort (n = 50). They reported mixed infections in 22% of the
cases, all of which had been identified as single-ST infections in a previous study
using state-of-the-art methods (Scanlan et al. 2015).
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Recently, had been reported that next generation amplicon sequencing (NGS) was
a powerful tool to investigate mixed infections and detect low abundance subtypes
of Blastocystis (Maloney et al. 2019). Using this technology, we identified mixed
Blastocystis infections in the aforementioned population (Xoxocotla, Morelos). The
study identified 17 mixed infections representing 13.7% of all Blastocystis infections.
Mixed subtype infections are underrepresented compared to expectations from sub-
type prevalence (Rojas-Veldzquez et al. 2019). However, mixed infections in this
study were within the range of observations from other human studies (Alfellani
et al. 2013; Scanlan et al. 2015). In our work, we reported co-infections of ST1/ST3,
ST2/ST3, and ST1/ST2/ST3. This study provides important information about the
epidemiology of Blastocystis and represents the first application of a Blastocystis-
specific NGS protocol to study Blastocystis in humans. More studies are needed to
characterize mixed subtype infections and intrasubtype variation to understand the
transmission dynamics, epidemiology, and potential pathogenicity of Blastocystis in
humans and animals hostess, and NGS provides a valuable tool for achieving this
goal (Rojas-Velazquez et al. 2019).

Interaction of Blastocystis spp. and the Gut Microbiota
of Asymptomatic Individuals

The relationship between human-associated gut protists and the resident gut bacterial
community has only recently begun to be explored (Barash et al. 2017; Burgess and
Petri 2016). A number of human-associated microbiome studies have been focused
on the role of the microbiome in health and in disease and or the factors that might
influence its diversity and composition (Brown et al. 2013). The intestinal micro-
biota is highly variable among human host, and its diversity is affected by factors
such as diet, sociogeographic setting, antibiotic use, disease, age, and to a lesser
degree, the human genetics (Yatsunenko et al. 2012; Goodrich et al. 2014; Cho and
Blaser 2012). A direct association between intestinal parasites, and human intestinal
microbiota both in composition and diversity has been previously reported (Morton
et al. 2015; Zaiss et al. 2015). We found that colonization with Blastocystis spp. is
strongly associated with broad shifts in the gut-resident bacterial community and
an increase in bacterial alpha and beta diversity. A correlation analysis between the
abundances of the 100 most abundant taxa of the 16S versus 18S genes showed
that Blastocystis sp. ST3 was positively correlated with members of the Ruminococ-
caceae family and negatively correlated with Prevotella copri (Fig. 6.3). However we
observed a more discrete correlation between the colonization by Blastocystis spp.
and eukaryotic microbiota diversity, detecting statistically significant differences in
diversity (Shanon) but no in the abundance (Chao). Therefore, the rural commu-
nity of asymptomatic individuals from the state of Morelos, Mexico, provides an
ideal study cohort to better understand how the most commonly found protist in
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Fig. 6.3 Heatmap of biweight correlations (bicor method) between top 100 bacterial (x axis)
and top 100 taxon (y axis) OTUs in fecal simples from study participants. Colors denote positive
(red) and negative (blue) correlation values. Significant correlations are denoted with a plus sing (p
< 0.05, FDR) (Nieves-Ramirez et al. 2018)

the gastrointestinal tract alters the ecology of the bacterial and eukaryotic micro-
biome in the absence of symptoms of inflammation, which correlates with the most
abundant phylotypes in the microbiome of the human intestine. Additionally, this
suggests that Blastocystis spp. might exert a predatory grazing effect on the more
abundant bacteria, as observed with P. copri (Nieves-Ramirez et al. 2018). This is
supported by food web theory and is an example of macro- and microecology where
the increase in community diversity through grazing or predation occurs through a
top-down control on the strongest competitors, which consequently allows for the
colonization and persistence of weaker competitors in the community (Kato et al.
2018; McDonald-Madden et al. 2016; Paine et al. 2016).

Blastocystis spp. and Their Effect on the Immune Response

The role of Blastocystis spp. in the intestine is very important since there is a direct
interaction between the intestinal epithelium and the underlying immune system
(Belkaid and Hand 2015). We found that the immunological effects in individuals
without gastrointestinal symptoms colonized by Blastocystis spp. displayed lower
levels of fecal calprotectin, which is a marker of intestinal inflammation and is derived
from the secretion of cytosolic proteins from neutrophils (Walsham and Sherwood
2016), compared to non-colonized individuals. Additionally, individuals colonized
with Blastocystis spp. show low levels of IgA (the most abundant mucosal anti-
body) and have a fundamental role in maintaining homeostasis with the microbiome
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(Nieves-Ramirez et al. 2018; Gutzeit et al. 2014) by binding and neutralizing invading
pathogens and eliminating microbes near the mucus layer (Johansen et al. 1999).

In summary, there are aspects of this parasitosis in the human host that are highly
controversial and that, will be resolved as the populations studied increase, both
in groups of asymptomatic carriers and in patients with various gastrointestinal
pathologies. On the other hand, our results in the population studied, suggest that,
colonization by this interesting protist could have a regulatory role of the intestinal
bacterial structure, metabolic processes and the immune response that would seem
to have a more protective role of intestinal homeostasis than being conditioning of a
pathological state.
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Chapter 7
Cryptosporidium Infection in Bangladesh I
Children

Carol A. Gilchrist

Abstract In humans in addition to diarrheal disease and sub-clinical infections the
Cryptosporidium parasite can cause developmental delays and growth failure in mal-
nourished infants. We hypothesized that genetic variants may be responsible for the
differences in pathogen phenotypes. Resequencing thirty-two Bangladesh C. homi-
nis isolates identified both polymorphic regions and evidence of frequent genetic
recombination. This increased the genetic diversity of the parasites. Additional stud-
ies are now needed to identify the genetic changes predisposing the parasite to the
different phenotypes.

Keywords Cryptosporidium + Genome - gp60 - Whole genome sequencing

Introduction

The eukaryotic protozoan Cryptosporidium is a member of the apicomplexan phy-
lum of parasitic alveolates. Unlike some of the other parasitic members of this
phyla (Plasmodium and Toxoplasma) Cryptosporidium can complete its lifecycle
in a single host (Kosek et al. 2001). The lifecycle of this parasite features a sexual
reproductive stage which produces environmentally resistant and infective sporulated
oocysts which are shed in the host faeces. While several different Cryptosporidium
species can infect humans three species Cryptosporidium hominis, C. meleagridis
and C. parvum are the main pathogens (Pumipuntu and Piratae 2018). The source of
new Cryptosporidium hominis and Cryptosporidium parvum anthroponosum sub-
type infections is expected to be contamination of drinking-water or food by human
fecal material containing the infective environmentally resistant oocysts (Rossle and
Latif2013; King et al. 2019; Nader et al. 2019). Similarly, the source of new C. melea-
gridis and C. parvum infections is thought to involve either human or zoonotic fecal
contamination (C. meleagridis: avian; C. parvum: a wide range of other mammals)
(Pumipuntu and Piratae 2018).
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Human infections with members of the Cryptosporidium species was previously
viewed as a cause of self-limited mild diarrhea, and a concern only in poorly con-
trolled HIV-positive patients (Cama et al. 2007). One of the surprises of the recent
multicenter enteric disease surveys (Global Enteric Multicenter Study (GEMS) and
Malnutrition and Enteric Disease Study (MAL-ED)) was that cryptosporidiosis was
one of the top causes of diarrhea in malnourished infants (Kotloff et al. 2013; Acosta
etal. 2014; Platts-Mills et al. 2014; Checkley et al. 2015; Korpe et al. 2016; Sow et al.
2016). In low and middle income countries where the death rate of children under
5 years of age is high it was estimated that at least 5% of the deaths of children under
5 were due to water borne diarrheal disease such as cryptosporidiosis (Priiss-Ustiin
et al. 2019).

Genomic Diversity in Bangladesh Cryptosporidium hominis

In our Bangladesh longitudinal birth cohort 77% of children experience at least one
infection with Cryptosporidium spp. in their first two years of life (Korpe et al. 2016).
We recently investigated the species causing human cryptosporidiosis in Bangladeshi
infants (Steiner et al. 2018). The children involved in this study were born into an
urban slum of Dhaka, Bangladesh (Section 11 of Mirpur Thana). This neighbourhood
was densely populated, and the annual median household income of participants
was 12,950 Taka (approximately €138 EUR). Surveillance samples were collected
monthly and from every diarrheal infection until the infants were 2 years of age
(Steiner et al. 2018). In this work we defined a new infection as occurring when
we identified a discordant genotype or when more than 2 months had elapsed from
the prior positive stool sample. The species responsible for cryptosporidiosis at this
urban site was mainly C. hominis and the frequency was dependent on the age
of the child and the time of year (Fig. 7.1) (Gilchrist et al. 2018). In our cohort
children less than 6 months of age were exclusively breastfed (no supplementary
water) and therefore were presumably either simply not exposed to the waterborne
Cryptosporidium parasite or protected by maternal antibodies (Korpe et al. 2013;
Steiner et al. 2018). The risk of exposure to contaminated drinking water thereafter
increased (Pal et al. 1989; Sirajul Islam et al. 2007; Gilchrist et al. 2018).

The majority of the households of the children enrolled into our study were con-
nected to the municipal water supply (99.6%) but, as the municipal water supply
is frequently interrupted in Mirpur, community water tanks are used to store water
prior to household use (Steiner et al. 2018). The sampling of this municipal water
has shown that it is commonly contaminated with fecal material possibly due to the
frequencies of water leaks and the low water pressure which allows surface water
to enter the water pipes (Islam et al. 2010; Pickering et al. 2019). Dhaka surface
water is contaminated with human faecal material especially during the rainy season
(June—August) when the Mirpur area of Dhaka is prone to flooding (Alam 2009). It is
therefore not surprising that Cryptosporidium infections were more frequent during
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Fig.7.1 Ininfants>6 months of age Cryptosporidium hominis infections occur more frequently
during the rainy season. The common x axis indicates the month and year the y axis in the
upper panel indicates total monthly rainfall (mm) in the Dhaka area. The lower panel indicates the
number of typed new C. hominis infections (subclinical or diarrheal) occurring within in that month.

Monsoon months are indicated by the red bars. Figure modified and reproduced from Gilchrist et al.
(2018) with permission

the monsoon (early June—late September of 2015 and 2016) (Fig. 7.1: red bars) (Pal
et al. 1989; Gilchrist et al. 2018).

Boiling or filtering water kills or removes Cryptosporidium oocysts and we
observed less cryptosporidiosis in the 56% of our study households which did this
prior to consumption of municipal water (p = 0.044) (1995; Steiner et al. 2018).
While chlorine decontamination of the community water tanks or at point of use has
been proposed the Cryptosporidium parasite is resistant to chlorine (Sirajul Islam
et al. 2007; Pickering et al. 2019). Chlorination tablets were in fact used by one
of our study households and the child living in this household was one of the ones
infected with Cryptosporidium (Steiner et al. 2018). It is however worth noting that
the Dhaka municipal water supply is not the only source of cryptosporidiosis in our
study population (Korpe et al. 2018). In our study 14% of the children from house-

holds where drinking water was treated were still infected with the Cryptosporidium
parasite.
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Recent advances in genomic sequencing coupled with the development of new
protocols for Cryptosporidium research are allowing us to study one of the fun-
damental sources of information on these organisms, the genomic DNA sequence
(Hadfield et al. 2015; Gilchrist et al. 2018). The dry season population bottleneck
may result in random fixation of alleles in the parasite population irrespective of their
effect on parasite virulence (Lequime et al. 2016). This bottleneck could also however
result in the selection for of mutations facilitating transmission during the dry season
and increasing the virulence of the parasite over time (Rafaluk et al. 2015; Van den
Bergh et al. 2018). Cryptosporidium parasites are variable with symptomatic disease
occurring in only a subset of cases, all children therefore do not experience cryp-
tosporidial diarrhea upon infection (Korpe et al. 2016). However the consequences of
an infection with the Cryptosporidium parasite in the early years of life in low income
households (subclinical or symptomatic) can also exacerbate the effects of malnutri-
tion, and result in long term effects on child health (Korpe et al. 2016; Steiner et al.
2018). The differences in disease severity could be the result of genetically encoded
changes in parasite virulence (Bouzid et al. 2013; Li et al. 2013).

Bangladesh Cryptosporidium oocysts were isolated and DNA purified from the
fecal material of children infected during 2016-2017 (Gilchrist et al. 2018). Illu-
mina sequence libraries were prepared and the resulting Bangladesh sequence reads
were mapped against the Cryptosporidium reference genome assemblies (Abraham-
sen et al. 2004; Xu et al. 2004; Hadfield et al. 2015; Ifeonu et al. 2016). This work
provided us with information on the genetic variation present in 32 Bangladesh
C. hominis isolates (Gilchrist et al. 2018). The allele ratio in the heterozygote SNPs
were similar to those expected for a single diploid genotype indicating that the
infection arose from a single oocyst which contained sporozoites with different
alleles.

Polymorphic DNA

The heterozygosity was calculated across contiguous bp genomic intervals and sev-
eral DNA regions where the nucleotide diversity was particularly high were identified
in the Bangladesh parasite population. The genes within these DNA regions encoded
several membrane proteins one of which was the highly polymorphic gp60 gene
(Cama et al. 2007). The polymorphic sequences could not however be associated
with differences in parasite virulence but this may be due to the fact that currently
this genetic information on all these areas is only available from a relatively small
number of C. hominis isolates (Abrahamsen et al. 2004; Xu et al. 2004; Isaza et al.
2015; Guo et al. 2015a, b; Hadfield et al. 2015; Ifeonu et al. 2016; Sikora et al. 2017,
Gilchrist et al. 2018). Historically the polymorphic region within the gp60 gene has
been used to genotype Cryptosporidium (Cama et al. 2007). While the gp60 geno-
type has been correlated with clinical phenotype in some studies in our Bangladesh
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population we have not found any link between the gp60 genotype and parasite vir-

ulence (Cama et al. 2008; Jex and Gasser 2010; Widmer and Lee 2010; Insulander
et al. 2013; Korpe et al. 2016).

Recombination

Interestingly the phylogenetic trees derived from the polymorphic DNA were not
congruent with the phylogenetic trees derived from the entire genome of the isolate.
This suggested that sexual recombination might occur frequently in these parasites.
To investigate this possibility the decay in linkage between common SNPs (SNPs
with a frequency >0.2) was measured and it was found that on average SNPs sepa-
rated by greater than 300 bp were inherited independently from each other (Fig. 7.2).
The size of the DNA in linkage disequilibrium (LD) is dependent on the amount inter-
breeding between populations (admixture), SNP density and the amount of genetic
recombination. In humans the functional mapping of SNPs requires that the analysis
is done in a large population (Consortium et al. 2015) as there often large regions
of DNA in which the single nucleotide polymorphisms (SNPs) are all in strong LD
with each other in the human genome “haplotype blocks” (Wang et al. 2002). Cryp-
tosporidium seems to have a rapid break-down in linkage disequilibrium similar to
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Fig. 7.2 High rates of recombination are apparent in this C. hominis population. Average
linkage disequilibrium (LD) (y-axis) between neighboring (SNPs) as a function of the distance (bp)
separating them in the genome (x-axis). The graph was generated using the using data from 32
Bangladesh C. hominis genomes which had >80% genome coverage of at least 10x. The pairwise
values were calculated using the SNPs with a minor allele frequency >0.20. Y axis indicates the
average R? value (the square of the correlation coefficient of two SNPs) and X axis the physical
separation 0-2000 bp. Figure reproduced from Gilchrist et al. (2018) with permission
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that occurring in the well-studied Plasmodium falciparum, another apicomplexan
(Mu et al. 2005).

In Plasmodium, this high rate of recombination has facilitated identification of
mutations responsible for drug resistance (Haldar et al. 2018). Currently, the only
approved drug for the treatment of diarrhea caused by Cryptosporidium infection is
nitazoxanide (NTZ) (U.S. Department of Health and Human Services 2003). While
no resistance to this drug has been reported it is not in broad use as it has been shown
to have an low efficacy in the malnourished infants and the AIDS patients whose need
for treatment is greatest (Amadi et al. 2002; Rossignol et al. 2006; Manjunatha et al.
2016). Additional drugs are however undergoing development and strategies that
block adaption of the parasite to these anti-cryptosporidial drugs may be essential to
protect this investment (Antony and Parija 2016; Manjunatha et al. 2017).

Conclusions

Cryptosporidium intra-host changes in the infecting parasite population may occur
either via selection of parasite sporozoites or merozoites or by genetic recombina-
tion. The relatively short DNA in linkage disequilibrium indicates that high rates of
recombination take place during parasite sexual reproduction. This is evident even
when the parasites are collected within a small community and over a relatively
short period of time. This finding is not only biologically interesting in its own right
it might greatly facilitate the identification of virulence associated mutations.
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